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Abbreviations

AES Auger electron spectroscopy

AFM atomic force microscopy

AHE anomalous Hall effect

AMR anisotropic magnetoresistance

AR area resistance

BL beamline

CIMS current-induced magnetization switching
CMOS complementary metal-oxide-semiconductor
DOS density of states

DRAM dynamic random access memory

EAMS electric-field-assisted magnetization switching
FeRAM ferroelectric random access memory

FL free layer

FM ferromagnetic

FWHM full width at half maximum

GMR giant magnetoresistance

HDD hard disk drive

LM luminescence mode

LT low temperature

MDL magnetic dead layer

MRAM magnetoresistive random access memory
MT] magnetic tunnel junction

OHE ordinary Hall effect

PCRAM phase change random access memory
PMA perpendicular magnetocrystalline anisotropy

pMT] perpendicular magnetic tunnel junction



RAM random access memory

RL reference layer

rms root mean square

RRAM resistive random access memory
RT room temperature

SEM scanning electron microscope
SQUID superconducting quantum interference device
SRAM static random access memory

STT spin-transfer torque

TEM transmission electron microscopy
TEY total electron yield

UHV ultra-high vacuum

XA x-ray absorption

XAS x-ray absorption spectroscopy
XMCD x-ray magnetic circular dichroism
XMLD x-ray magnetic linear dichroism
XRD x-ray diffraction

XRF x-ray fluorescence

XRR x-ray reflectivity



Nomenclature

a in-plane lattice constant

A atomic mass

a Gilbert damping constant

B broadening of the XRD peak

b in-plane lattice constant

B magnetic field

B x-ray absorption of a medium

X compensation factor for the Mn spin magnetic moment
C constant depending on the transition matrix elements
¢ out-of-plane lattice constant

d film thickness

dy lattice plane distance

A gap in the DOS

Dy, density of majority /minority electrons at Ep
E electric field

Eb bias electric field

e electron charge

Ep energy barrier

Er Fermi energy

Eyin kinetic energy

& strain

n post-edge jump height

f; atomic scattering factor

Fyp structure factor

g Lande g-factor

I TMR effect at 300K to TMR effect at 15K ratio



Y gyromagnetic ratio

Hy effective anisotropy field
H. coercive field or coercivity
H magnetic field

H, bias magnetic field

Hp demagnetization field

=

Hg effective magnetic field
ﬁext external magnetic field
H, magnetic stray field

fi reduced Planck constant
(hkl) Miller indices

I current

Tb bias current

Iy zero current

Iy total peak intensity

I* transmission spectra for parallel and antiparallel orientations
of magnetic field and x-ray beam direction

7 current density

7C critical current density

j total angular momentum quantum number

K anisotropy energy

kg Boltzmann constant

k, in-plane wave vector

Ks Scherrer or shape factor

L Langevin function

I azimuthal quantum number (angular momentum)

A wavelength of the incoming light



My, Orbital magnetic moment

Mgy SPIn magnetic moment

ML monolayer

m™ total magnetic moment

1\71, remanence magnetization

]\715 saturation magnetization or magnetization
M molar mass

up Bohr magneton

Ho vacuum permeability

u* linear XA coefficients for parallel and antiparallel orientations
of magnetic field and x-ray beam direction

N, Avogadro constant

n electron density

N number of particles

i complex refractive index for monochromatic x-rays
N;, number of holes

wp Debye frequency

p XMCD integral for the L; edge

@ rotation angle

¢$p magnetic flux quanta

p spin polarization

pry beam polarization

W tilt angle

g XMCD integral for the whole range L3 + L,
Rs anomalous Hall coefficient

Ry ordinary Hall coefficient

r XAS integral



ro Bohr radius

Ry, MT] resistance for antiparallel-aligned electrodes
Ryy MT]J resistance for parallel-aligned electrodes
p density of medium

Sy background of the XAS

s spin quantum number

S squareness ratio

Spax XMCD amplitude

o x-ray dispersion of a medium

T current-induced torque

T grain size

7o characteristic length of time

T)r measuring time

Ty Néel relaxation time

T temperature

Ty blocking temperature

T, coercivity crossover temperature

Tc Curie temperature

Ty Neéel temperature

T, transition temperature into the superconducting state
9 angle between two ferromagnetic layers

0 angle of incidence regarding substrate or magnetization direc-
tion

Oc critical angle of incidence
U voltage
U, bias voltage

V* electron phonon interaction



V volumen of the storage layer
Z nuclear charge

C spin-transfer efficiency
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Introduction

In 1898 Valdemar Poulsen, inspired by the telephone, introduced
the idea of magnetic recording and invented a mechanism for the
read and write process of an acoustic signal. Consequently, the
magnetic wire recorder is the precursor of the current magnetic
recording systems. Since then a lot of investigations and improve-
ments have been made. The first commercial computer with a
moving-head hard disk drive (HDD) was the IBM 305 RAMAC
that was shipped in 1956. The RAMAC used an inductive head
for reading and writing and contains fifty disks with a diameter
of 610 mm. Back then the price was $10000 000 /Gbyte. A great
step forward was made when the anisotropic (AMR)" and giant
magnetoresistance (GMR)? effects were introduced into HDD
development. In 1990 the AMR head based IBM 9345 HDD was
built with eight 130 mm disks. A GMR based head was imple-
mented in 1997 (IBM DTTA-351680). Again the diameter of the
HDD was further decreased to 88.9 mm (3.5in). With the GMR
effect the research area called spintronics entered HDD develop-
ment. Spintronics is a technology that exploits both the intrinsic
spin and the electric charge of an electron. The evolution of HDD
was impressive, compared to the RAMAC the present storage
density was shrunk by a factor of 20000 and the price dropped
to $0.04 /Gbyte.

In contrast to secondary storage (HDD), primary storage is
based on recording via charge carriers. Currently, static random ac-
cess memory (SRAM) and dynamic random access memory (DRAM)
are controlling the market. The SRAM is built up of six com-
plementary metal-oxide-semiconductor (CMOS) transistors (flip-
flop). Four of the transistors store the data in the SRAM cell,
whereas the two other transistors control the read and write pro-
cess. This complex structure is the reason for the larger chip area
compared to DRAM cells (cf. Table 1). However, the read and
write process is faster compared to the DRAM. The conventional
DRAM cell is built up of a transistor and a capacitor. The lat-

* W. Thomson. In: Proceed-
ings of the Royal Society of
London (1856)

2 M. N. Baibich et al. In:
Phys. Rev. Lett. 61 (21 1988);
G. Binasch et al. In: Physical
Review B 39.7 (1989)



Category Parameter SRAM DRAM MRAM

Cost Cell area 3.7 um? 0.56 pm? 0.7 um? to 1.4 pm?
Process cost adder 0% 25% 25%

Performance Read access 3.3ns 13ns 5ns to 20ns

Write cycle 3.4ns 20ns 5ns to 20ns
Power Data retention 0.6nA perbit 0.2nA per bit 0

at 85°C at85°C

Read active 15pC per bit  7pC per bit 7 pC per bit

Write active 15pC perbit 7 pC per bit 45 pC per bit
Miscellaneous ~ Write endurance Unlimited Unlimited Unlimited

Table 1: Parameter values for a variety of embedded memory technologies at the 180 nm technology node.3

3 W. J. Gallagher and S. S. P.
Parkin. In: IBM Journal of
Research and Development
50.1 (2006)

4 http:/ /www.yole.fr

ter stores the data, whereas the transistor controls the reading
and writing of data. Thus the DRAM captivates by its simple
architecture. However, due to the leakage of the capacitor the
information fades in a few milliseconds. Hence, a refresh cycle
every 32ms or 64 ms is needed. The advantages of the DRAM
are low costs and high storage density. Drawbacks are shorter
access time compared to the SRAM and the constantly required
refresh cycles. Additionally, both types of RAM exhibit the main
disadvantages of a volatile memory.

To overcome the obstacles of a volatile memory new attempts
were made by searching for effects appropriate for data storage.
The four most significant effects and their type of RAM are:

1. phase change effect (PCRAM),

2. ferroelectric effect (FeRAM),

3. resistive effect in dielectrics (RRAM), and
4. magnetoresistive effects (MRAM).

Recently, Yole Développement* announced that the RRAM and
MRAM are the main substitutes for Flash memory and DRAM.

In the following chapters we will take a closer look at the
MRAM cell and its underlying concept. The key component of an
MRAM cell is the magnetic tunnel junction (MT]) that stores the
information. Analogously to the DRAM cell, a transistor controls
the read and write access. The MT] consists of two ferro(i)mag-
netic layers, called electrodes, separated by an insulating thin
film. The electrodes are separated in a hard-magnetic layer called
reference layer (RL) and in a soft-magnetic layer called free layer
(FL). By applying a voltage to the MTJ electrons will tunnel from

18



the RL over the barrier into the FL or vice versa, depending on the
polarity of the current. Electrons passing the RL will be polarized
along the magnetization direction of the electrode (cf. Figure 1).
Therefore, a spin-polarized current is achieved. The spin is con-
served during the tunneling process because the spin diffusion
length is greater than the barrier thickness. If the FL exhibits the
same magnetization direction as the RL the electrons will tunnel
into the FL. However, if the magnetization direction of the FL is
opposed to the RL direction the tunneling electrons are unable to
pass through the FL. Thus the MT] reveals low resistance in the
parallel state and high resistance in the antiparallel state. Julliere>
discovered this phenomenon named tunnel magnetoresistance
(TMR) effect in 1975. The difference in resistance is based on the
spin-polarized electronic structure of ferromagnets. Transition
metals like Co, Fe, and Ni exhibit differences in the number of
majority and minority electrons (cf. Figure 2). This leads to a
spin-polarized electronic structure. An important factor for the
TMR effect is the density of states (DOS) at the Fermi energy Er.
In case of a different DOS at Ef the electrical conductance for the
majority and minority electrons is divergent. This difference in
the DOS is the reason for the spin-polarized current. Spin polar-
ization p is defined by p = (D; - D,)/(D; + D), where Dy, is the
density of majority (spin up)/minority (spin down) electrons at
Er. Now considering an MT] with two parallel-aligned electrodes.
In this particular case, more electrons with spin up tunnel from
one electrode into the other. Therefore, the spin channel for spin
up electrons carries a large current, whereas the spin channel
for spin down electrons carries only a small amount. If we now
switch one of the electrodes into the antiparallel state, the DOS
at the Fermi energy changes. Now both spin channels carry only
a small amount of current and thus the resistance of the MTJ in
the antiparallel state is higher. Julliére himself related the TMR
effect to the spin polarizations of the electrodes, p; and p,. He
defined the TMR effect amplitude by TMR = 2p,p,/(1 + p1p2).
A more commonly known definition is TMR = (Ry; — Ry1)/Rqp,
with Ry /Ry; being the MT]J resistance for antiparallel-/parallel-
aligned electrodes.® As can be seen from the equation for the
TMR effect, a high spin polarization is required to achieve high
TMR ratios. Materials with 100 % spin polarization are called
half-metallic. The half-metallic characteristic has been predicted
for oxide compounds? like Fe;O, and CrO,, perovskites® like
LaSrMnQO;, zinc-blende-type? CrAs, and several Heusler com-
pounds™®.
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Figure 1: Schematic sketch
of TMR effect in MTJ’s. (a)
Magnetization directions of
the FL and RL are paral-
lel. Thus, spin-polarized elec-
trons can pass through both
layers. (b) Magnetization di-
rections are antiparallel FL
(RL) does not allow electrons
of spins aligned along RL
(FL). Therefore, a higher elec-
trical resistance is obtained.

5 M. Julliere. In: Physics
Letters A 54.3 (1975)

E

D
Figure 2: Density of states
(DOS) of a ferromagnet.

6 A more distinct derivation
is given in the first chapter.



7 X. W. Lietal. In: Ap-
plied Physics Letters 73.22
(1998); J. M. D. Coey and
M. Venkatesan. In: Journal of
Applied Physics 91.10 (2002)
8 W. E. Pickettand J. S.
Moodera. In: Physics Today
54.5 (2001)

9 H. Akinaga et al. In:
Japanese Journal of Applied
Physics 39.11B (2000)

°R. A. de Groot et al. In:
Physical Review Letters 50.25
(1983)
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Nature Materials 3.12 (2004)
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14 S. Tkeda et al. In: Nature
Materials 9.9 (2010)

o ——
Write line current

Figure 3: Schematic sketch
of an MRAM device with
two separate writing lines for
magnetization switching.

15 Where B denotes the
magnetic field, g the vac-
uum permeability and7 the
current density.

6 J. C. Slonczewski. In:
Journal of Magnetism and
Magnetic Materials 159 (1996)
7 L. Berger. In: Physical
Review B 54.13 (1996)

Y. Huai et al. In: Applied
Physics Letters 84.16 (2004)

By replacing the previously used amorphous Al-O barrier™
by a crystalline MgO insulator'* the TMR ratios increased drasti-
cally. The coherent tunneling induced by the MgO barrier is the
main reason for the high TMR ratios. At room temperature (RT)
a TMR effect of 604 % was reported by Ikeda et al.'3 in in-plane
magnetized Co-Fe-B tunnel junctions. However, out-of-plane
magnetized Co-Fe-B tunnel junctions achieved a TMR ratio of
124 % at RT.*4

Nonetheless, to write information in the MRAM cell, i.e., in
the MT], the alignment of the ferro(i)magnetic layer has to be
changed. The simplest solution is an external magnetic field.
Therefore, two additional conducting paths called writing lines
have to be added (cf. Figure 3). By supplying a current in the
writing lines a rotational magnetic field around them is induced
(Ampere’s law V x B = y07)15. The field can manipulate the
alignment of the electrodes. Due to the constant miniaturization
process in spintronic devices, the magnetic field induced by the
writing line becomes insufficient since the storage cell diameter
decreases below micrometer size. To overcome this obstacle we
have to consider Newton’s third law of motion:

"When one body exerts a force on a second body, the second body
simultaneously exerts a force equal in magnitude and opposite in
direction on the first body.”

Adapted to our situation it means when the alignment of the
ferro(i)magnetic layer has an impact on the current, the current
has an impact on the alignment of the electrodes. The effect of
current-induced magnetization switching (CIMS) is called spin-
transfer torque (STT) effect and was independently predicted
by Slonczewski'® and Berger'? in 1996. In 2004 a milestone was
reached after Huai et al."® reported the first STT switching in
Al,O3 based in-plane MTJ’s. The critical current density7c was
determined to 8 MA cm™2. Furthermore, Meng et al."9 reported
STT switching in Co-Fe-B based perpendicular magnetic tunnel
junctions (pMT]’s). They obtained a critical current density of
2.1 MA cm™2. Before we discuss the possibilities of loweringﬁ, we
will take a closer look at the STT effect itself. For this reason, we
are going to start with a typical MTJ structure, the bottom layer
is the RL fixed during the entire process. The top layer is the FL,
which will change its direction when a voltage is applied (cf. Fig-
ure 4). The more illustrative process is from the antiparallel state
into the parallel state. By applying a voltage randomly-polarized
electrons passing the RL will be polarized in the direction of the
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RL magnetization. Now the electrons reach the FL, due to the
soft-magnetic properties the spin carried by the electrons exerts
a torque on the magnetization and switches its direction into the
parallel state. The change of the magnetization direction from
the parallel into the antiparallel state is more complex. For this
purpose, the polarity of the voltage has to be changed so that
electrons pass through the FL first. The temperature of the MTJ
increases due to the applied voltage, whereas the temperature
increment depends on the pulse duration. Thermal fluctuations
cause a tilt by a small angle of the magnetization direction. Thus
the direction of the FL is not perfectly parallel to the RL. The
passing electrons will be polarized and tunnel through the bar-
rier. When the electrons reach the RL they will be reflected and
the spin polarization changes in the opposite direction. These
electrons exert a torque on the FL and change its direction into
the antiparallel state.>®

The first STT-MRAM devices were already produced by Ev-
erspin®* and Toshiba®*. The latter reported a test chip that con-
sumes 80 % less power than an SRAM chip. To further extend its
apphcability?c needs to be lowered. The critical current density
is defined as

- 2ae —

Je = %Msd(HI”( ES Hext + HD)/ (1)

where ¢ denotes electron charge, a the damping constant, M,
saturation magnetization, d the thickness of the ferro(i)magnetic
electrode, #i the reduced Planck constant, ?Iext is the external field,
Hy is the effective anisotropy field including magnetocrystalline
anisotropy and shape anisotropy, Hp is the demagnetization field,
and C is the spin-transfer efficiency

p

= 2+ pcos@)’ @)
where p denotes the spin polarization and 9 the angle between the
two ferromagnetic layers. The demagnetization field Hp depends
on the magnetization orientation. For in-plane magnetized ma-
terials H D= yOMS/Z holds. Out-of-plane magnetized materials
usually reveal a higher anisotropy energy than in-plane magne-
tized materials, thus Hp can be reduced to —M;. The anisotropy
energy is given by the following Equation

K= > (3)
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9 H. Meng et al. In: Journal
of Physics D: Applied Physics
44.40 (2011)

@)

\ FL

Figure 4: Schematic sketch of
the STT effect. (a) To achieve
the parallel state electrons
tunnel from the RL into the
FL. (b) Electrons tunneling
from the FL into the RL favor
the antiparallel state.

20 A more distinct deriva-
tion will be given in the last
chapter.

> http:/ /www.ever-
spin.com

22 http:/ /www.toshiba.co.jp



Figure 5: Schematic sketch of
the L1 phase for the Mn-Ga
compound.

Figure 6: Schematic sketch
of the DOy, phase for the
Mn;,,Ge compound.

In order to lowerﬁ, the following requirements should be ful-
filled:

1. low magnetic damping a

N

. high spin polarization p

. low magnetization A_)Is

[S8]

4. small element size d
5. low anisotropy field Hy

The last item cannot be realized, due to the criterion for a 10-year
non-volatility
KV > 60kgT (4)

with V the volume of the storage (free) layer, kg the Boltzmann
constant, and T the temperature. Because of the intended de-
crease of V, K has to be increased, in order to retain the data
stored in the memory for more than ten years.

A First ATTEMPT Would be to search for new materials that ful-
fill these basic requirements. Magnetic materials with an easy
magnetization axis parallel to the surface are unsuitable for the
intended miniaturization process in spintronic devices. Due to
the lower anisotropy energy, compared to out-of-plane magne-
tized materials, the superparamagnetic limits are reached. Addi-
tionally, a lower storage density could be obtained for in-plane
magnetized ferro(i)magnets.

A new material class that shows promising characteristics
are Mn-based tetragonally distorted Heusler compounds with
an easy magnetization axis pointing perpendicular to the film
plane. The most promising materials are Mn; ,Ga, Mn;_,Co,Ga,
and Mngj,,Ge. Two interesting crystallographic phases are the
L1y and D0y, structures for the Mn;_,Ga compound and the D0y,
phases for Mn3_, Co,Ga and Mnj,, Ge (cf. Figures 5 and 6). These
compounds also reveal a high Curie temperature T, which is
required for spintronic devices. Nonetheless, the investigation of
new materials contains the following questions and risks:

¢ preparation method acceptable for industrial application
e crystallization in the intended phase possible in thin films

* coherent interfaces between the ferromagnet and the barrier
material
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* low roughness of the bottom layer
¢ suppressed formation of oxide at the barrier interface

The sputter deposition of Mnj_ ,Ga requires a Mn-Ga composite
target, due to the low melting point of Ga (28.9°C). A question
would be if the stoichiometry of the target is constant over time
or if the Ga volatilizes. Another point is the oxidation of Mn at
the barrier interface. In-plane-magnetized Mn-based Heusler
compounds like Co,MnSi are known for the formation of Mn—-O
when in contact with an MgO barrier.?3

To OVERCOME THE REMAINING QUESTIONS ABOVE, further investiga-
tions of known materials, like CoygFey B, are promising. Here,
the preparation conditions are simple and the material properties
are well understood. CoyyFey B, is a ferromagnetic (FM) mate-
rial that exhibits an out-of-plane magnetization direction for film
thicknesses below 1.5nm.** A crucial aspect to achieve a perpen-
dicular magnetocrystalline anisotropy (PMA) is the deposition
of an MgO layer next to the Co-Fe-B film. Thus hybridization
of the 2p orbitals of the O and the 34 orbitals of the Co-Fe is ob-
tained which results in an out-of-plane magnetization direction.
During the post-annealing process the B diffuses away from the
barrier. Thus a clean Co-Fe interface with high spin polariza-
tion arises. Furthermore, Co-Fe-B based MT]’s with CIMS were
already reported by several groups.?> Instead of searching for
new materials with appropriate properties a temporary varia-
tion, for example of the anisotropy energy K, could lead to a low
76. This can be accomplished by an external electric field E.26 If
the ferromagnetic electrode is thin enough an external field E,,
induced by a high voltage over the barrier, leads to a depletion or
accumulation of charge carriers at the barrier interface.?” The loss
of charge carriers results in a higher coercive field ?IC, whereas
the gain of electrons results in a lower H_. This effect can be used
for STT switching, while lowering K with a high voltage pulse,
a secondary current can switch the magnetization direction.?®
Thus surprisingly low critical current densities can be achieved.
This E-field effect is promising for STI-MRAM devices with low
power consumption.

In THIS woRk we investigated different Mn-based, tetragonally
distorted Heusler compounds. We analyzed the magnetic, crys-
tallographic, and surface properties of the Heusler thin films.
We are going to describe the optimization of the Heusler film to
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achieve highly oriented epitaxial growth, low surface roughness,
low magnetic moment and a high anisotropy constant. Further-
more, the interface between the respective bottom electrode and
the MgO barrier was investigated by element-specific, surface-
sensitive x-ray absorption spectroscopy (XAS) and x-ray mag-
netic circular dichroism (XMCD). Additionally, we analyzed the
impact of a metallic TiN buffer layer on the properties of the
Mnj;_, Ga compound. We investigated the transport properties of
full MT]J’s between 15K and 300K. Auger electron spectroscopy
(AES) measurements were carried out in order to determine the
interdiffusion in MT]J’s.

Beyond the exploration of new materials we investigated com-
monly known CoyyFeyB,q based pMT]’s. We prepared full MT]
stacks with different MgO barrier thicknesses. Transport mea-
surements were carried out between 15K and 330 K. The trans-
port properties will be discussed in terms of temperature and
bias voltage dependence. The variation of the PMA in presence
of an Eb-ﬁeld will be examined. This effect will be used in an
E—ﬁeld-supported, H-field-induced switching mode.
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The binary Mn-Ga compound

In this chapter the preparation of Mn3 ,Ga (1.5 < x < 0.1) thin films
with perpendicular magnetic anisotropy will be laid out. Different
compositions were prepared and studied with respect to their crystallo-
graphic and magnetic properties. Accordingly, the interface was studied
in relation to the formation of Mn—0O. The surface roughness was ex-
amined due to the intended integration into magnetic tunnel junctions.
Further, we investigated the applicability of Mn3 Ga thin films in mag-
netic tunnel junctions. In the last section of this chapter the impact of a
TiN seed layer on the Mn3 ,Ga properties will be analyzed.

Stoichiometry dependence of Mn-Ga

The binary Mn;_, Ga compound exists in different crystallographic
structures. The four commonly known are: the tetragonal L1y,
the cubic D03, the tetragonal D0y, and the hexagonal D0 (cf.
Figures 8 to 9). To achieve the respective phases the deposition
temperature and composition have to be adjusted. Each crystal
structure shows different magnetic properties. A distinction is
drawn between phases with in-plane magnetization direction and
out-of-plane magnetization direction. The in-plane magnetized
D05 phase of Mn3Ga is unstable but predicted to be a half-metallic,
fully compensated ferrimagnet.> However, the more interesting
crystal structures for pMT]’s are the two tetragonally distorted L1
and DOy, phases. The L1, (CuAu) type phase could be obtained
for Mn concentration below 65 at % (Mn; gGa) after annealing at
400°C.3° In case of a Mn;Ga; compound a ferromagnetic order
is present with a magnetic moment of 2.5 g per Mn atom.3' By
increasing the Mn concentration, the additional atoms occupy the
Ga positions and couple antiferromagnetically with the Mn atoms
at the initial positions. This antiferromagnetic coupling results
in partial compensation of the magnetic moments. For Mn; ,,Ga
a magnetic moment per Mn atom of 1.7 ug was determined.3*

Figure 7: Schematic sketch of
the L1j phase for the Mn-Ga
compound.

Yool

Cal

Figure 8: Cubic D03 structure
of Mn3 ,Ga.

Figure 9: Schematic sketch
of the DO0,, phase for the
Mnj; ,Ga compound.

"Q\\o
7%

Figure 10: Hexagonal
distorted D09 phase of
Mngs ,Ga.

29 S. Wurmehl et al. In:
Journal of Physics: Condensed
Matter 18.27 (2006)
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The in-plane and out-of-plane lattice constants for MnGa are re-
ported to be a, b = 3.897 A and ¢ = 3.625A. An increasing Mn
content lead to a decreasing c axis. The anisotropy constant was
determined to be K = 2.6 X 10°Jm™.33 A low magnetic damping
of a = 0.008 was reported for Mn; 5,Ga by Mizukami et al.34 Fur-
thermore, Zhu et al.35 reported a theoretical spin polarization of
71 %.

In order to achieve the tetragonally distorted D0y (Al;Ti)
structure, a Mn concentration between 66 at % and 74 at % is re-
quired and the sample has to be annealed at 450 °C.3° The crys-
tallographic DO0,, structure is similar to the L1, phase, with the
bulk lattice constants 4 = 3.9049A and ¢ = 7.1724 A (211, =
Cpo,,) for Mn, 3Ga. The magnetic moments are m; = 2.8 g and
my = —1.6 ug on the Wyckoff positions 2b and 44, respectively.
The negation indicates the antiferromagnetic coupling of the
sublattices.3” By increasing the Mn content a lower total mag-
netic moment is achieved due to compensation. Furthermore,
the additional Mn atoms lead to a decrease of the c lattice plane,
whereas the a,b plane remains almost unaltered.3® A Curie tem-
perature of 770K for Mn, ;3Ga was reported by Niida et al.39 In
case of a higher Mn concentration (Mnj, 5,Ga) the D05, starts to
decompose at 770 K. The decomposition results in an irreversible
decrease of magnetization. Therefore the Curie temperature is
evidently higher. Winterlik et al.4° reported a theoretical esti-
mated spin polarization of 88 % for Mn3Ga. A spin polarization
of 58 % was determined via point-contact Andreev reflection by
Kurt et al.#* for Mn;Ga. Mizukami et al.4* reported a low mag-
netic damping of @ = 0.015 and a high anisotropy constant of
K =1.5x10°]J cm~2 for Mn, ;,Ga thin films.

The reported properties of both tetragonally distorted phases,
L1y and D0y, make them promising candidates to serve as elec-
trodes in MTJ’s. Especially, the low magnetic moment, low mag-
netic damping, high spin polarization and high anisotropy con-
stant increase their applicability in STT-MRAM.

IN A FIRST ATTEMPT WE INVESTIGATED VARIOUS Mnj ,Ga composi-
tions. Our samples were prepared in an ultra-high vacuum
(UHV) Bestec co-deposition sputtering tool. The variation in
the stoichiometry was obtained by co-sputtering from a Mn-Ga
composite target and a Mn target.43 By changing the power ap-
plied to the Mn target, different compositions were achieved. The
thin films were deposited on (001) SrTiOj (ag,1i0, = 3.905 A) and
(001) MgO (ayg0 = 4.21 A) substrates, due to low lattice mis-
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match and common usage (cf. Table 2). The different deposition
temperatures ranged from 520 °C to 595 °C.44 To achieve equal
preparation conditions for our samples, the heating and cooling
rates were equal and the nominal film thickness ranged from
20nm to 40nm. On top a 2.3nm thick MgO film was sputter
deposited or e-beam evaporated to prevent the stack from ox-
idizing. In this way, we were able to investigate the influence
of an MgO barrier on the Mn-Ga. The Ar pressure during the
deposition was set to 1.3 X 10~ mbar. The base pressure ranged
from 2 x 1078 mbar to 5 x 10719 mbar, here 5 x 1071 mbar is the
lower limit of the vacuum gauge.

The properties of the Mn3_, Ga thin films were obtained by
the following measuring techniques: x-ray fluorescence (XRF)
measurements to determine the stoichiometry, x-ray reflectivity
(XRR) and atomic force microscopy (AFM) were used to inves-
tigate the surface roughness since it is important for later per-
formance of MT]’s, x-ray diffraction (XRD) measurements were
carried out to identify the crystal structure and the magnetic
properties were investigated by a superconducting quantum in-
terference device (SQUID)%. In order to gain insight into the
chemical properties at the Mn;_, Ga/MgO interface, x-ray absorp-
tion spectroscopy (XAS) and x-ray magnetic circular dichroism
measurements (XMCD) were carried out. Finally, temperature
dependent transport measurements were performed on Mnj ,Ga
based MTJ’s with different counter electrodes.

X-ray fluorescence measurements

As mentioned above, a change in the stoichiometry was achieved
by co-sputtering from different composite targets and a Mn target.
Three Mn-Ga composite targets were available:

1. MnysGass to achieve the L1, structure,
2. Mns,Gas, to obtain the L1, and D0y, structure#®, and
3. MngGayg to realize the DO, crystal phase.

We determined the stoichiometry via XRF measurements, per-
formed with a Philips X"pert pro diffractometer. A copper anode
that emits a wavelength of A = 1.540 56 A (Cu K,,) was used.
The sample was placed in a He atmosphere. The observed stoi-
chiometries are displayed in Table 3.47 By comparing the results
obtained one recognizes a small discrepancy between layers on
MgO and on SrTiOs, the Mn concentration of thin films on MgO
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buffer = mismatch
SrTiOg 0.12%
MgO 7.13%
Pt 0.26 %
Pd 0.51 %
Cr' 3.93%

Table 2: Mismatch between
Mn;,Ga and various sub-
strates/buffer layer. * for a
45 deg rotated film growth.

44 Differences in the depo-
sition temperature, due to
Bestec heater modification.

45 Measurements were
carried out at the Max-
Planck-Institute for Chemi-
cal Physics of Solids, Dres-
den

46 due to composition varia-
tion over time

47 In what follows we will
only refer to the first deci-
mal place of the stoichiome-

try.



stoichiometry crystal phase sputtering method temperature substrate
Mn; 505/ Ga L1y Mn,sGass 550°C SrTiOs
Mny 406)Ga L1, Mny5Gass 550°C MgO
Mny 436)Ga L1y Mns;,Gas 520°C SrTiOs
Mn; g,5/Ga L1y MnysGass + Mn (40 W) 520°C SrTiO;
Mn; 133Ga D0y, MnysGass + Mn (40 W) 520°C MgO
Mn2_29(4)Ga D05, MnysGass + Mn (80 W) 520°C SrTiO;
Mn; 45016 Ga D0y, Mng,Gay 595 °C SrTiO;
Mn, g3 Ga D05, MngoGayg 550°C MgO

Table 3: Overview of the prepared samples and their crystallographic phase. The method describes the preparation
process, sputtered from a composite target or sputtered from a composite target and an additional Mn target. The
stoichiometry was investigated by XRF measurements.

element energy K1s
Mn 6.539 keV
Ga 10.367 keV
Mg 1.303keV
Sr 16.105 keV
Ti 4.966 keV

Table 4: Electron binding en-
ergies of different elements
in their natural forms.

was higher compared to thin films on SrTiO;. One reason for
this composition deviation could be different sticking coefficients
for Mn or Ga on the substrates. To determine the sticking coeffi-
cients, thin films of different thicknesses have to be deposited at
various temperatures. However, another plausible cause could
be found in the measurement principle. XRF measurements are
based on the photoionisation of an electron from an inner core
shell. An electron from a higher core level fill the created hole
under emission of a light quantum with an energy equal to the
recombination energy. In addition, the light quantum emitted
could excite an Auger electron. The recombination probability of
an outer-shell or valence electron with an inner-shell hole is pro-
portional to the square of the nuclear charge Z2. Therefore, the
efficiency of luminescence is rather low for materials with small
Z. For light elements Z < 30 with binding energies below 2 keV
the Auger process dominates the fluorescence process. Table 4
shows the electron binding energies of the K 1s core shell of the el-

Secondary electron Fluorescence

Auger electron

hv

Figure 11: Illustration of a) photoemission, b) fluorescence, and c) Auger process.
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ements used. Mg exhibits the lowest binding energy of 1.303 keV,
thus the Auger process dominates over the luminescence process.
However, the energy of an Auger electron is not high enough
to excite an electron from the Mn inner-core shell. Despite the
Auger electron, the secondary electron from the initial excitation
could lead to ionization of additional Mn atoms. With an inci-
dent photon energy of 35keV and a binding energy of 1.303 keV,
the resulting energy of the secondary electron is high enough
to excite additional atoms. This is also the case for secondary
electrons of the SrTiO; substrate, but perhaps the probability of
excitations by secondary electrons from Sr or Ti is lower com-
pared to MgO substrates. Furthermore, the penetration length
for XRF is around 1 um. Thus the substrate plays an important
role for thin films in the nm regime. To reduce the errors caused
by impurities in the substrate, the thin film should have a thick-
ness of at least 100 nm. By preparing a sample with a sufficient
thickness the discrepancy caused by the sticking coefficient and
the impurities in the substrate should be negligible. Therefore, a
plausible explanation of the different Mn3 ,Ga compositions on
MgO and SrTiOj; is the low nominal film thickness. In the further
discussion will we only refer to the stoichiometry of the Mn; ,Ga
thin films on SrTiO;, except where indicated in the text.

The target stoichiometry showed strong variation over time,
i.e., the composition was different at each sputtering time. Ga
melts at 28.9 °C, during sputtering the target exceeds this temper-
ature. Therefore, it is plausible that the Ga in the target vaporizes
and the Mn concentration increases. Quite on the contrary, XRF
measurements revealed that the Mn to Ga ratio decreased, i.e., the

3.0
2.54 N
5 MngoGayg ..
= 2.0 o e e e e e T
= LTo
1.5
O—O'\O\ MnsGasg
Mny;Gass
1.0 !
I T T T T T 1
1 2 3 4 5 6 7

sputter time

Figure 12: Illustration of target concentration variation over time for Mn;_,Ga
thin films on MgO and SrTiOj;.
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Figure 13: XRR measurement
sketch. With n,, the refrac-
tive index of the thin film and
substrate and 0 the angle of
the incoming x-ray beam.

48 By neglecting absorption

(=0

Mn concentration decreased. However, it cannot be ruled out that
the amount of Ga also decreased. In Figure 12 the composition
change over time is displayed. All samples were deposited on
SrTiOj; substrates and revealed thicknesses of around 30 nm. The
composition of the Mng,Gayg target changed in a range where the
DO0,; phase is still obtainable. The composition of the Mns;Gasg
target started in the D0,, regime and ended in the L1; regime. The
Mny5Gass target remained in the L1, composition range. There-
fore, the fabrication of thin films with the same stoichiometry
could only be obtained by co-deposition with a Mn target. How-
ever, this lowers the applicability and involves obstacles that will
be discussed in the next subsection, x-ray reflectivity investigations.

X-ray reflectivity investigations

After gaining insight into the composition of our thin films, we
determined the respective layer thickness and thus the deposition
rate of the target. Therefore, interface sensitive XRR measure-
ments were carried out. This measurement technique is based
on the reflection of an incoming x-ray at the sample interfaces.
The resulting interference of the outcoming, i.e., reflected x-rays
provides information about the film thickness. The major advan-
tages of this measuring method are its non-destructivity and its
applicability to amorphous materials as long as the interfaces are
distinct enough. The angle of incidence 0 is between 0 deg and
5deg. The complex refractive index for monochromatic x-rays is
smaller than one and given by

n=1-0+ip, (5)

with ¢ the dispersion and § the absorption of the medium. For x-
rays o and § are in the range of 10~ and 1079, respectively. In the
small angle regime a total reflection of the x-ray is observed. After
overcoming a critical angle 0. the x-ray penetrates the sample
surface and is reflected at the interface between film and substrate.
The critical angle O¢ is element-specific and provides informa-
tion about the density of the respective film.4® By applying the
Snellius law and the approximation

62
l—azcoseczl—Tc, (6)
we get the following relation for 0
Oc ~ V20. )
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Furthermore, the relation between dispersion and density can
be specified by looking at the coupling between the outer elec-
trons and the high-frequency excitation of the x-rays. Thus the
following relation for the density p can be determined

P~ 2nMo ®)
1’0N AZA
where M denotes the molar mass, Z the atomic number, rj the
Bohr radius, N4 the Avogadro constant and A the wavelength of
the incoming light. As already mentioned above, after the angle
of the incoming light exceeds O the x-ray penetrates the sample
and is reflected at the film /substrate interface. The reflected beam
at the film/substrate interface interferes with the reflected beam
on the surface. The number of oscillations provides information
about the film thickness d. We will consider the Blanton relation,
that is given by
B A(m — n)
~ 2(sin(B,,) — sin(6,,))

9)

where 6,, and 0, denote the m" and n'" maxima or minima of the
oscillations. The decrease of intensity depends on the surface or
interface roughness.#9 The x-ray undergoes a diffuse reflexion on
the rough surface or interface which lowers the reflected inten-
sity.5° Even in multilayer structures the respective film roughness
could be examined. To obtain these data, the XRR scan is fitted
numerically with the Parratt>* formalism. With this formalism
the fitting of multiple layers is also possible.

49 Here the interface be-
tween film and substrate is
referred to as interface.

50 L. Spief8 et al. Vol. 2.
Vieweg+ Teubner, Wies-
baden, 2005

5 L. Parratt. In: Physical

. g . Review 95.2 (1
In Figure 14 XRR scans of Mn3_, Ga thin films on SrTiO; and 952 (1954)
@ 10" (b)
1013 E Mn; gGa
11
>10 7 Mn, sGa
£ 10”1
g 7]
§0 105 ] Mn, gGa
107 1 M, Ga
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]0] E n; sGa
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Figure 14: XRR data of different Mn; ,Ga thin films deposited on (a) SrTiO3 and (b) MgO substrates. The samples
that were prepared under same conditions have the same color. The depositions conditions can be found in Table 3.
It has to be mentioned that the Mn; ¢Ga thin film on SrTiOj3 (red curve) has an additional 0.8 nm thick CoygFe4B,
interlayer.
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stoichiometry thickness (nm) roughness (nm) density (gm™) substrate

Mn, sGa 36.28(5) 0.89(5) 7.20(5) StTiO;
Mn;, sGa 35.90(5) 1.00(5) 7.30(5) MgO
Mn, ,Ga 22.98(5) 0.51(5) 6.90(5) StTiO;
Mn, sGa 25.73(5) 1.27(5) 7.02(5) StTiO;
Mn, sGa 27.49(5) 0.95(5) 7.17(5) MgO
Mn, ;Ga 24.40(5) 2.21(5) 6.72(5) StTiO;
Mn, sGa 33.47(5) 0.99(5) 7.10(5) StTiO;
Mn, sGa 33.04(5) 0.60(5) 7.20(5) MgO
Mn, sGa 39.10(5) 2.16(5) 5.80(5) MgO

Table 5: Obtained film thickness, film roughness and density of Mn3_,Ga samples on SrTiO; and MgO substrates by
fitting the XRR scans via the Parratt algorithm (cf. Figure 14).

100.00 nm

Yipr)

02 L

0 02 04 06 08 1 0.00 nm
X[pm]

Figure 15: AFM picture of
a Mn,,4Ga thin film on a
SrTiO; substrate. The depo-
sition temperature was set to
550°C. The rms roughness
obtained was about 15nm.

a Mn,,Ga thin film on a
SrTiO; substrate. The depo-
sition temperature was set to
595°C.

MgO substrates are depicted. Here, a comparison between sam-
ples deposited by co-deposition and deposited from only a com-
posite target is made. A qualitative look shows a higher rough-
ness for samples prepared by co-deposition. The respective thin
film thicknesses, roughnesses and densities are listed in Table 5.
The film thicknesses are between 20 nm and 40 nm. The impor-
tant characteristic is film roughness. To enable STT switching in
MT]J’s the MgO barrier thickness needs to be decreased to below
1nm. For this reason, a bottom layer with roughness above 1nm
reduces the applicability of the MTJ, due to pinholes through
the barrier. The obtained data show an increase in Mn-Ga film
roughness with increasing power applied to the Mn sputtering
target. For Mnj, 3Ga, the roughness is 2.2 nm and therefore higher
as the barrier thickness for STT-MT]’s. Hence, the co-deposition
method is inappropriate for obtaining higher Mn concentrations.
To overcome this obstacle a composite target with higher Mn
concentration (MngyGayy) was used. The film roughness could
be reduced below 1nm for Mn; sGa thin films. Consequently,
the integration of thin films from a composite target into MT]'s
is promising, even when the barrier thickness is decreased to
enable STT switching.

After several sputter times, the above-mentioned stoichiome-
try variation of the composite targets led to an island like growth
of the Mn-Ga thin films. AFM measurements revealed a root
mean square (rms) surface roughness of about 15nm for a thin
film deposited at 550 °C from the Mng,Gayg target on SrTiOj3. In
addition, a scanning electron microscope (SEM) picture of an
analogous sample deposited at 595 °C is illustrated in Figure 16.
The determined film stoichiometry was Mn; 39¢/Ga. Thus the
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composition of the target changed and the roughness of the pre-
pared thin film increased. Because of the island growth it was not
possible to determine a roughness value from the XRR measure-
ments. This stoichiometry variation and the increasing surface
roughness are crucial obstacles in the preparation of Mn-Ga based
MTJ’s.

X-ray diffraction analysis

The crystallographic structure of the Mn3 ,Ga samples was in-
vestigated via x-ray diffraction (XRD) measurements, realized
by a Philips X’pert pro diffractometer (CuK, A = 1.5419 A). To
investigate polycrystalline samples the Bragg-Brentano config-
uration (6/20) was used (cf. Figure 17). In comparison to x-ray
reflection, the x-ray diffraction occurs at higher angles and is
based on the diffraction of the incoming x-ray in the lattice. An
incident beam emitted from a copper anode is scattered from
the atoms of the material. The constructive interference can be
described by Bragg’s law>*:

nA = Zdhkl sin @ (10)

with 7 an integer number, A the x-ray radiation wavelength, dy
the lattice plane distance and 0 the angle between incident beam
and lattice plane. Figure 18 shows the reflection of incident x-rays
on two neighboring lattice planes, separated by a distance dj;.
The path difference is 2d,; sin 6. With an angle of constructive
interference 0 the plane distance is given by

nA
Ay = .
M= S sin @

(12)

Hence, the out-of-plane lattice constant of the investigated mate-
rial can be calculated by:

c=Vh2 +k2 + 2 dhkl' (12)

The total intensity I of each peak, which is counted by the
detector, is related to the crystallographic structure factor Fyy,

Ly < |Fl®. (13)

The structure factor can be expressed by

m
Fyua = Ef] exp(2mi(hu; + ko; + [wy)), (14)
=1
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Figure 17: Bragg Brentano
measurement setup. The ar-
rows indicate the growth di-
rections of the crystallites,
i.e., the grains.

hv

substrate

Figure 18: XRD measure-
ment sketch.

52 N. W. Ashcroft and N. D.
Mermin. Brooks/Cole,
Thomson Learning, 2005



with f; the atomic scattering factor of the " atom of the unit cell
and u;, vj, and w; the respective coordinates of the atom. (hkl)
are the Miller indices and m the number of atoms in the unit cell.
Only planes with either all even or all odd Miller indices lead to
a non-vanishing reflected intensity. The determined peaks can
be subdivided into fundamental and super lattice peaks. The
fundamental peaks also appear in the presence of disorder. The
super lattice peaks are sensitive to disorder. The D0,, structure
factors can be written as:

Fios = (fa+ fp+fc+ fp)f (15)
Fioo = (fa—fe—fc+ fp) (16)
Fi1=(=fa-fs—fc+fp)’ (17)

where f 4 g p is defined as the atomic scattering factor of the
sublattices. In case of a perfectly ordered D0y-Mn;_,Ga crystal,
A, B, C correspond to Mn and D to Ga. For a Mn-Co-Ga crystal the
A, B, C sublattices will be filled by Mn and Co. Furthermore, for
the Mnj3,, Ge structure the distribution of the Mn and Ge atoms is
analogous to Mnj,Ga. The structure factor F3y, is characterized
by the sum of all atomic scattering factors. For this reason, even
in the presence of disorder, the resulting peak intensity will not
vanish. The (004) peak is a fundamental reflex. In contrast to the
(004) peak, the intensity of the (002) and (o011) reflexes vanishes
in the presence of disorder. Therefore these reflexes are super

lattice peaks.
The L1, structure factors shows a different relation:
Fioo = (fa+ fa+ fc + fp)? (18)
Fior = (fa+ fo~fc - fo) (19)
Fi = (fa—fs+fc—fo)f (20)

For a perfect L1 crystal A, B corresponds to Ga and C, D to Mn.
Here, the F3, structure factor is the fundamental reflex and the
F3,, peak the super lattice reflex. In a perfectly ordered crystal,
the (011) intensity vanishes. Since in the L1; structure the (011)
peak is forbidden its appearance is proof of the D0y, structure.

The broadening B of the peaks is caused by the instrument
itself and by the sample. The instrument exhibits a Gaussian
peak broadening, whereas the size of the crystallites and the
strain within the crystallites result in a Lorentzian broadening.
Therefore, the width can be written as

B2 =B? +B?, (21)
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with B; the instrumental and B, the sample induced width. The
sample induced width can be expressed by

KA
B T COS

5 +4etan 0. (22)

The first factor on the right side corresponds to the grain size
T and the second term to the strain ¢, Kg is the Scherrer factor
or shape factor and A the wavelength. This relation is called
Williamson-Hall53 analysis. Thus the grain size 7 can be estimated
by applying the Scherrer equation

KsA

= Bscos 0’ (23)

with K the shape factor, A the x-ray wavelength, and B, the full
width at half maximum (FWHM) of the observed peak. The shape
factor Kj is close to unity and depends on the shape of the crys-
tallite. An approximation can be made when using the FWHM,
then K is 0.89.54 In addition, the strain ¢ can be estimated with
the following equation

B,
&= .
4tan 0

(24)

The XRD scans of several Mnj ,Ga layers on MgO and SrTiO;
are shown in Figure 20. Because of the varying Mnj_ ,Ga sto-
ichiometries on MgO and SrTiOj; substrates, we arranged the
XRD scans by the same deposition conditions, i.e., deposition
temperature and applied power. Samples on SrTiO; substrates

53 G. K. Williamson and
W. H. Hall. In: Acta metallur-

gica (1953)

54 L. SpieB et al. Vol. 2.
Vieweg+ Teubner, Wies-
baden, 2005
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Figure 20: XRD scans of different Mn3_,Ga thin films deposited on (a) SrTiO; (blue) and (b) MgO (green) substrates.
The deposition temperature was chosen between 520 °C and 595 °C. The reflex nomenclature corresponds to the L1

phase. For the D0y, structure the following nomenclature is used: 2(hkl)r1,.
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reflex theta (deg)
(001) 22.78
(002) 46.48
(003) 72.58

Table 6: SrTiO; substrate
reflexes for Cu K, A =
1.5419 A.

55 J. Winterlik et al. In: Physi-
cal Review B 77.5 (2008)

exhibit six reflexes, three due to the substrate and three from
the Mn-Ga thin film. Four reflexes are visible for samples on
MgO substrates, one from the substrate itself and three from
the Mn-Ga layer. First we will consider the samples with a Mn
concentration below 65 at %, according to the layer composition
on the SrTiO; substrates. All thin films, independently of the
substrate, reveal the fundamental (002) reflex and the super lat-
tice reflexes (001) and (003). Thus, the tetragonally distorted L1,
structure was proved. For Mn rich samples, the XRD scans show
the fundamental (004) reflex and the super lattice (002) and (006)
reflexes. Therefore, the D0,, structure was also achieved. With
increasing Mn content the peak positions are shifted to higher 6
angles. Thus the c lattice constant increases with decreasing Mn
content. This increase of c is based on the irregular removal of
the Mn atoms from the Wyckoff positions 2b and 4d.55 The thin
film reflexes for samples on MgO are shifted to higher angles,
pointing to a lower c lattice constant compared to samples on
SrTiO;. The lower ¢ parameter for samples on MgO is based on
the lateral expansion, due to the higher lattice mismatch between
thin film and substrate. Only reflexes of the L1, and D0y, phase
were found, thus a highly oriented single phase was grown. The
distinction between the two crystallographic phases is based on
the Mn concentration. Additionally, Eulerian cradle measure-
ments could be carried out to investigate the appearance of the
(o011) reflex.

In Figure 21 an enlarged section of the (0o1) reflex of a Mn; 5Ga
thin film on SrTiO; is illustrated. The appearance of Laue oscil-
lations is clear evidence of a high crystalline order. They are

(001) SrTiO, (001) Mn-Ga
1

1 1 1

log intensity

\ YAV

I T T T 1

22 23 24 25 26
26 (deg)

Figure 21: Enlarged section of the (001) reflex of a Mn; 5Ga thin film on a SrTiO;
substrate (cf. Figure 20 (a)). Visible Laue oscillations are marked by red arrows.
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based on the interference of the diffracted x-ray from parallel
crystal planes. However, only the samples that were deposited
from the MnysGass or the MnsyGasg, target show Laue oscilla-
tions if prepared on a SrTiO; substrate. Samples prepared by a
co-sputtering process and/or on an MgO substrates revealed an
absence of Laue oscillations.

AFTER INVESTIGATING THE GENERAL CRYSTALLOGRAPHIC PROPERTIES
we analyzed the peak characteristics of the obtained XRD scans.
The lattice constant ¢, the full width at half maximum (FWHM)
and the textured order depending on the stoichiometry will be
discussed. The latter is defined by

textured ord net area (25)
extured order = ——M8M8MM8M8M8¥ ™. 2
layer thickness >

Since the peak intensity is proportional to the thin film thick-
ness, the obtained net area is normalized to the respective film
thickness.

In Figure 22 the dependence of the out-of-plane lattice param-
eter on the Mn-Ga composition is depicted. The lattice constant
was determined by averaging the obtained ¢ parameter from the
(001) and (002) reflex, or in case of a D0,, crystal the (002) and
(004). The ¢ parameter decreases with increasing Mn content
for both crystal phases. This behavior is based on the irregular
removal of Mn atoms from the 2b and 4d Wyckoff positions. Thin
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Figure 22: Dependence of the c lattice parameter on the thin film composition
on SrTiOj3 (blue) and MgO (green) substrates. The deposition temperature was
520°C. The dashed red lines indicate the borders of the L1y and DO0,, phases. The
red curves illustrate the reported bulk lattice constants from Winterlik et al. for
the D0,, and from Bither et al. for the L1, phase.56
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cal Review B 77.5 (2008); T. A.
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Journal of Applied Physics
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57 T. A. Bither and W. H.
Cloud. In: Journal of Applied
Physics 36.4 (1965); J. Winter-
lik et al. In: Physical Review B
775 (2008)

58 H. Niida et al. In: Journal
of Applied Physics 79.8 (1996)
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Figure 23: Schematic princi-
ple of mosaicism in a crystal.

60 Caution, do not mix

up the L1 and D0y, (002)
reflexes!

61 1. J. Zhu et al. In: Applied
Physics Letters 102.13 (2013)

films prepared on MgO substrates exhibit a lower c lattice con-
stant, except for two samples, due to the 4, b lattice mismatch of
7.13 %. For comparison we added the reported c parameters for
L1y and DO0,, bulk samples.5” The values obtained for samples
on SrTiOj3 accord well with the literature data. However, samples
on MgO substrates show a deviation from the reported values.
Between Mn; gGa and Mn; 9,Ga a co-phase of the L1 and D0y,
structures was reported by Niida et al.>® Therefore the real crys-
tallographic structure of the Mn, gGa thin film is not known, but
the ¢ parameter matches the reported value for the L1; phase.>

In the following we will investigate the FWHM of the super
lattice and fundamental peaks. By neglecting the strain ¢ we
get a qualitative look at the grain size 7. In Figure 24 (a) the
FWHM of the super lattice (0o1) and (002) reflexes of the L1j and
DO0,; crystal structure is illustrated. In addition, Figure 24 (b)
depicts the FWHM of the fundamental L1, and DO0,, reflexes,
i.e., the (002) and (004) peaks.®® Thin films on MgO show no
distinct behavior, neither for the super lattice nor for the funda-
mental reflex. Samples on SrTiO; substrates exhibit an almost
constant FWHM of the super lattice reflex. Furthermore, the
FWHM of the fundamental reflex shows a small increase with
increasing Mn content, but decreases again for Mn, sGa. Zhu
et al.®* reported the preparation of Mn,Ga thin films (x = 0.76
to 2.6) with perpendicular magnetic anisotropy on (0oo1) GaAs
substrates. The obtained FWHM of the fundamental reflex are
higher than 0.6 deg. Therefore, we obtained a higher crystallinity
for Mn;_, Ga thin films on SrTiO3; and MgO.

To estimate the grain size 7 from the FWHM, the shape factor
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Figure 24: (a) FWHM of the (001) super lattice L1, reflex and the (002) super lattice DOy, reflex. (b) FWHM of the
(002) fundamental L1j-reflex and the (004) fundamental D0y,-reflex. The Mn;_,Ga thin films were deposited on
SrTiO; (blue) and MgO (green) substrates.
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Figure 25: Estimated grain size for Ming_ ,Ga thin films on SrTiOj; (blue) and MgO
(green) substrates as a function of the thin film stoichiometry.

Kjs is required. The factor Kj tells us if mosaicism (cf. Figure 23)
or globular crystal shapes are present. By using the FWHM a
shape factor of 0.89 could be assumed.® The average grain size,
estimated from the (0o01) and (002) reflex for L1, and the (002)
and (oo4) for the D0y, phase, is shown in Figure 25. Because the
grain size depends on the reciprocal of the FWHM, the largest
grains are obtained for samples with the smallest FWHM. For
this reason, thin films on SrTiO3 substrate exhibit largest grains
between 190 A and 290 A. Thin films on MgO reveal marginal
lower grain sizes for samples prepared from a composite target.
However, one has to keep in mind that broadening from the strain
and other factors were neglected. Therefore, the real grain size
could differ from the obtained values.
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Figure 26: Textured order of Mn3 , Ga thin films on SrTiO3 (blue) and MgO (green)
as a function of the thin film stoichiometry.
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The last characteristic obtained from the XRD scan is the tex-
tured order, as defined in Equation (25). Figure 26 depicts the
obtained textured order values as a function of the stoichiometry.
The highest values are achieved for thin films on SrTiO; with a
maximum of 830 for Mn; 4Ga. In addition, the Mn; (Ga sample
reveals a c lattice constant that is only marginally different from
that of a bulk sample with equal composition. Furthermore, Laue
oscillations are clearly visible (cf. subsection The Co-Fe-B inter-
layer) and thus this sample appears to be a perfectly crystalline
thin film.

To sum up, Mn3_,Ga thin films on SrTiO; show a higher crys-
talline quality than thin films deposited on MgO. Of course, this
relation was expected due to the low lattice mismatch of 0.12 %
between the Mn-Ga crystal and the SrTiO; substrate. The effects
on the crystal structure of the Mn-Ga induced by the lattice mis-
match of 7.13 % between thin films and MgO were clearly seen
in the c lattice constant, the FWHM, and the textured order. In
addition, samples prepared from the MnsGass and MngyGasg
composite targets reveal the lowest FWHM, largest grain sizes
and highest textured orders. In combination with the obtained
roughness values, these thin films are most promising for inte-
gration into MT]J’s.

Magnetic properties of Mn-Ga

The magnetic properties of selected samples were investigated
by means of a superconducting quantum interference device
(SQUID)®3 with an external magnetic field of up to £7T.

The SQUID is based on the quantization of the magnetic flux
and the Josephson effect.%4 In a superconducting loop, the mag-
netic flux must be an integer number of the magnetic flux quanta
®p. The Josephson effect describes the tunneling of Cooper pairs
in a superconductor/insulator/superconductor trilayer system.
Here again, a voltage is generated across the junctions that is
proportional to the magnetic flux. A magnetic flux variation of
10 ¢y can be determined. That corresponds to a field change of
107 T for a sample with an area of 1 mm?.

In Figure 27 the in-plane and out-of-plane SQUID measure-
ments of a Mn; 5;Ga and a Mn,gGa thin film on MgO are il-
lustrated. For both samples the deposition temperature was
550°C. The dia-/paramagnetic background is subtracted by a line.
The L1j-ordered sample shows a magnetization of 514(1) kA m™'.
Kohler et al. reported a magnetization of 600 kA m™ for a 20nm
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Figure 27: SQUID magnetization loops of a (a) L1j- and a (b) D0y,-ordered Mnj_,Ga thin film on MgO. The external
magnetic field was applied parallel (green) and perpendicular (blue) to the sample surface. To eliminate the
dia-/paramagnetic background a line subtraction was performed (cf. blue and green curves). The red curve shows
the magnetization loop for the D0y, sample with parallel field direction without line subtraction. The DO0,; structure
reveals a step like hysteresis loop (indicated by the arrow).

thick L1j-ordered Mn; g¢Ga thin film on MgO with a Cr buffer.%5
The lower magnetization of our sample is induced by a higher
crystalline order and thus a higher compensation of the mag-
netic moments. The external magnetic field is high enough to
saturate both samples in the out-of-plane direction. At a field of
approximately 4 T the in-plane hysteresis of the Mn, 5Ga thin film
saturates. An estimation of the anisotropy energy K can be made
by using the following Equation from the Stoner-Wohlfarth®
model oo
_ HgMg
2
with Hy being the anisotropy field and Mg the saturation mag-
netization. The determined value is K = 0.97(2) x 10°Jm™2 and
thus in the same order as the value reported by Kohler et al.®7
(1.2 x 10° Jm™3) for the Min; gsGa compound on Cr buffered MgO.
The higher Mn amount compared to our sample causes the higher
anisotropy energy.

The magnetization of the D0y, phase is lower (283(1) kA m™!)
compared to the L1y-ordered sample, due to the higher compensa-
tion of magnetic moments. Kurt et al.®® reported a magnetization
of 140 kA m™! for a Mn3Ga thin film on MgO. The lower magne-
tization is based on the higher Mn concentration and thus on the
higher compensation of magnetic moments. However, the D0,
sample could not be saturated in the in-plane direction with a
field up to 7 T (cf. Figure 27 (b) red curve). Hence, an anisotropy
constant could not be estimated. In the Stoner-Wohlfarth model,
the coercive field H, and the anisotropy field Hy are equal. How-

K

(26)
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ever, Figure 27 (a) shows that this approximation is not possible
here. In general, the formation of domain walls is a reason for
that.

Another interesting feature is seen in the hysteresis loop, a
step-like switching around zero field. Other groups obtained sim-
ilar results, but none provided an explanation.®® Jesche et al.7®
reported a step like hysteresis for Li, (L, Fe,)N and took its pres-
ence as an indicator of the partial turnover of magnetic moments
at zero field. In our case, it is plausible that a second, soft-
magnetic phase induces this step. By subtracting the in-plane
hysteresis from the out-of-plane hysteresis, the step nearly van-
ishes and thus supports the assumption of a soft-magnetic phase
(cf. Figure 28). Besides the magnetization, the coercive field also
shows dependence on the stoichiometry. For Mn rich thin films
the coercivity is 8.30(5) kOe and for Mn poor thin films 400(10) Oe.
The rectangularity of a slope is measured by its squareness value,
which is defined by S = Mr/]V/IS. Here ]V/Ir denotes the remanence
magnetization. The D0,;-Mn; gGa thin film exhibits an S of 0.78
and the L1j-ordered thin film reaches a value of 0.80.

Figure 29 shows the hysteresis loop of a Mn, sGa thin film
deposited at 595 °C on a SrTiOj substrate. The sample exhibits
a magnetization of 295(1) kA m~!. The magnetization is higher
compared to that of the Mn, gGa thin film on MgO due to the
lower Mn content and thus the lower compensation of the mag-
netic moments. Furthermore, the magnetization is higher com-
pared to that reported by Wu et al.”* for Mn, sGa on Cr buffered
MgO substrate. They reported a value of 250kAm™" for an
annealing temperature of 400°C. Most likely, the second, soft-
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Figure 29: Hysteresis loop of a Mn, 5Ga thin film on SrTiO3. The deposition
temperature was 595 °C and the film thickness is 33.47 nm.
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magnetic phase is the reason for the higher magnetization of the
Mn, 5Ga thin film on SrTiO;. However, the coercivity is around
8.40(5) kOe and thus almost equal to the coercivity of the Mn, sGa
sample on MgO. Furthermore, we obtained a S of 0.74 for the
Mn, 5Ga layer. This value is lower compared to the other samples
and probably based on the second, soft-magnetic phase.

Soft x-ray absorption spectroscopy

The Faraday and Kerr effects were the first phenomena that
revealed interaction between polarized light and a magnetic
medium. However, the applicability of polarized light is lim-
ited due to its wavelength. In 1985 Thole et al.7? predicted the
occurrence of linear x-ray magnetic dichroism (XMLD) and in
1987 Schiitz et al.73 reported an x-ray magnetic circular dichro-
ism (XMCD) effect. The magnetic properties of transition metals
and rare earths are based on the 3d and 4f valence electrons.
The important absorption edges, the L-edge for transition metals
and the M-edge for rare earths, are between 500eV and 1500 eV.
Therefore, soft x-ray light (0.1keV to 5keV) is sufficient for the
investigation of magnetic properties and a viable alternative to
neutrons.

X-ray absorption spectroscopy (XAS) is element specific and
provides insight in the chemical properties, since core level bind-
ing energies depend on chemical state and atomic number. When
a sample is irradiated an electron from the core level can be ex-
cited onto a higher unoccupied level above the Fermi energy (cf.
Figure 31). In case of polarized x-rays (linear or circular) the
magnetic properties can be analyzed. To compare the bulk and
surface properties two different measuring modes were avail-
able. The bulk-sensitive luminescence mode (LM) is based on
the excitation in the substrate. Secondary electrons from the thin
film excite electrons in the substrate. The resulting luminescence
yield is detected by a photodiode, with a spectral response from
A =190nm to 1000 nm, behind the sample. Unfortunately, the
luminescence mode is not applicable for all types of substrate,
MgO works while SrTiO; not. Aguilar et al.74 reported a single-
emission band at 500 nm of SrTiO; at temperatures below 100 K.
This result could not be reproduced, even at temperatures around
20 K an insufficient luminescence signal was observed. An advan-
tage of the luminescence mode is its applicability on insulating
samples. However, artifacts from the substrate will be seen in the
obtained spectrum, like a second order Mg peak at 651.5eV.
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Figure 30: Schematic sketch of the two measuring methods (a) luminescence
mode and (b) total electron yield.

The surface-sensitive total electron yield (TEY) provides in-
formation about the first 2nm to 3 nm of the thin film. Here, a
constant current is driven through the sample. By exciting lo-
cal electrons from the core level, the free electrons occupy the
positions available and the current increases. In this way, only
conducting samples can be measured. Primarily, samples on
SrTiO; substrate were measured in TEY mode. Thin films on
MgO were analyzed in TEY and LM mode.

Figure 31 illustrates the TEY for left and right circularly po-
larized light. The left circularly polarized x-rays lead to spin-up
polarization of the photoelectrons at the L;-edge via spin-orbit
coupling (j = I +5).75 Vice versa right circularly polarized light
leads to spin-down polarization.”® Due to the magnetization
direction of the sample, more unoccupied spin-up d states are
available. Therefore, the absorption for left circularly polarized
light is higher compared to right circularly polarized light because
of the difference in the spin-up and spin-down d valence band
(cf. Figure 32). However, the absorption spectrum shows the op-
posite behavior at the L,-edge due to reverse spin-orbit coupling
(j = I —s). If the measuring method is the bulk-sensitive lumines-
cence mode a slightly different attempt has to be made. The linear
XA coefficients u* were obtained from the transmission spectra
I#, for parallel and antiparallel orientations of magnetic field and
x-ray beam direction, and I;. The intensities [* are defined by

I* = Iy exp(-p*d) (27)

with d the thin film thickness and I the zero signal of the beam
before penetrating the sample.”” Thus, the linear coefficients are
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Figure 32: TEY of Co for left and right circularly polarized light, i.e., for parallel
and antiparallel orientations of x-ray beam direction and magnetic field.

given by
p* —ln(%) (28)
Therefore, the XA and the XMCD spectra are given by
XAS = % (29)
XMCD = p* -y~ (30)
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Figure 33: Exemplary Co-XA and XMCD spectrum.
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Element C

Co 7.8eV
Fe 6.6eV
Mn 6.0eV

Table 7: C values for different
transition metals.

The XA and XMCD spectra of the Co sample from Figure 32 are
illustrated in Figure 33. In general, one can obtain the magnetic
moment from XAS and XMCD data by using the approach of
Chen et al.78

B N, 44
Morb = Phy €OS O 37 (31)
N,  (6p—4q)
Mspin = 4 P (32)

Phy cOs 0 r

with N the number unoccupied 34 states, i.e., holes, pj, the
circular polarization degree and 0 the angle between the mag-
netization direction of the sample and the x-ray beam direction.
The integrals p, g, and r are defined as

p=| (u"—p)dE (33)
L3

q= (W —u")dE (34)
L3+L2

r=[ e -2s)dE (35)
L3+Ly

where S, is the background that is often assumed as a no-free-
parameter two-step-like function. The peak positions of the L
and L, white lines are the thresholds of the two-step like function.
The height of the L3 and L, was set to 2/3 and 1/3 of the average
absorption coefficients in the post-edge region.”?

This approach can be expanded by the attempt of Scherz®°,
where assumptions about the number of 3d holes are not neces-
sary. Here, the r-values that were taken from the XAS are defined
as:

r=CNyn, (36)

n is the post-edge jump height. C is a constant depending on
the transition matrix elements and connects the core and valence
states involved in the 2p- to 3d-transitions, the values reported
by Scherz® and Schmalhorst et al.3? are illustrated in Table 7.
Taking this relation into account, the orbital magnetic moment
My, and the spin magnetic moment g, are given by:

1 4q
Phycos 0 6Cn
1 (6p-49)
ppycos6  6Cn

(37)

Moy =

(38)

Mspin =

By normalizing the post-edge jump height 1, the remaining values
are the constant C, the p- and g-values, the beam polarization
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Pny = 60(5) % and the angle between magnetization and x-ray

beam direction 6 = 0 deg.3 To calculate Mgyiy, for Mn the jj mixing

Mn

cannot be neglected.34 For this reason M

by the compensation factor y = 1.5.

has been multiplied

The Mn-XA spectra of different Mn; ,Ga compositions on
SrTiO; substrates, measured at Beamline 6.3.1, LBNL, Berke-
ley, are illustrated in Figure 34. The results were obtained in
surface-sensitive TEY mode. The energies reported for the Mn-L;-
and Mn-L,-edge are 638.7 eV and 649.9 eV. Our samples reveal a
small discrepancy with respect to the literature data, due to the
calibration of the beamline and the possible oxidation of the Mn.
By taking a closer look at the XA spectra of the Mn, 3Ga thin film,
we find an additional feature at photon energies above the L;-
edge. This feature is a clear indicator of the formation of Mn-O.
Additionally, the Mn; ¢Ga sample exhibits the same multiplet
structure, but less distinct than for Mn, ;Ga. It is difficult for
both spectra to distinguish between MnO, MnO,, and Mn,05;.%5
For Mn; 5Ga the feature is less distinct and for Mn; ¢Ga it is not
visible. Hence, the formation of Mn—O is higher for co-deposited

Mn L; Mn L,
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Figure 34: X-ray absorption and XMCD spectra for different Mn; ,Ga composi-
tions on SrTiOj; substrates. The deposition temperature was 520 °C. The measure-
ment temperature was set to 300K and the angle between x-ray direction and
sample magnetization was 0 deg.
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samples. Most likely, the high surface roughness of co-deposited
samples is the reason for the high degree of oxidation.®® For
clarification the XMCD spectra for the same compositions are
shown in Figure 34. The XMCD amplitude S,,,, is proportional
to the magnetic moment that depends on the Mn oxidation state
and the crystallographic structure. Mn poor thin films reveal a
higher magnetic moment than Mn rich samples. For our samples,
the S, value of Mn; 4Ga is higher compared to Mn; 5Ga, which
indicates a higher degree of oxidation of Mn for the latter. The
Mn rich compositions show the lowest XMCD amplitudes, due
to the higher compensation of the magnetic moment and the
formation of Mn—-O. By applying the sum rules on the XA and
XMCD spectra in Figure 34, the magnetic moment can be deter-
mined.” Figure 35 presents the calculated magnetic moment as
a function of the stoichiometry. The highest values were found
for the L1, structure, with 1.96(3) g and 1.98(3) pp for Mn, 5Ga
and Mn, ;Ga. Sakuma et al.®8 reported a value of 2.51 yig per Mn
atom for Mn;Ga; and Hasegawa and Tsuboya® estimated a mag-
netic moment of 1.7 pg per Mn atom for Mn; ,;Ga.?° Thus, the
values we obtained are in the same range as the reported ones.
Winterlik et al.%* reported a low magnetic moment of 0.43 iz for
Mn, 3Ga bulk samples. The value obtained for our Mn, 3Ga thin
film is comparable to those presented in the literature. However,
oxidation and thus the decrease of the magnetic moment has to
be kept in mind. Therefore, the magnetic thin film might have a
higher magnetic moment compared to the bulk sample. The value
of the Mn; gGa thin film is 0.68(5) ug per Mn atom, here again
the oxidation of the Mn should not be neglected.9> However,
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Figure 35: Magnetic moment obtained from XAS and XMCD measurements for
different Mn;_, Ga stoichiometries on SrTiO; substrates.
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the dependence of the magnetic moment on the stoichiometry
shows a decrease with increasing Mn content. For this reason,
the expected behavior was confirmed.

The formation of interfacial Mn—O is a fundamental problem.
MnO is antiferromagnetic with a Néel temperature of Ty = 118 K.
Above this temperature MnO acts like a paramagnet with low
spin polarization. Hence, a low TMR effect is achieved. In the
next section the insertion of ferromagnetic layers between the
Mn-Ga and the barrier will be discussed.

The Co-Fe-B interlayer

The previously mentioned formation of Mn—O at the barrier in-
terface has to be suppressed. In fact, the last atomic layer between
electrode and barrier is responsible for the TMR effect. More pre-
cisely, the spin polarization of the material next to the barrier. In
case of Mn-Ga the theoretical spin polarization is around 88 %.93
However, if the Mn oxidizes due to the deposition of MgO, an an-
tiferromagnetic MnO layer below 118 K or a paramagnetic MnO
layer above this temperature is next to the barrier. Thus, the
TMR effect will be lowered. A common attempt to overcome
the formation of Mn-O is the deposition of a 0.5nm thick Mg
layer between bottom electrode and barrier.94 However, if the
Mg does not fully oxidize a material with low spin polarization
is placed between bottom electrode and barrier. Therefore, a
considerable lower TMR effect will be achieved. Apart from the
oxidation issue, the lattice mismatch between the Mn-Ga layer
and the MgO barrier has to be minimized. The lateral distortion
due to the barrier could lead to band structure effects that lower
the spin polarization or change the unoccupied states in the mi-
nority spin channel. A simple attempt towards this venture is
the deposition of a ferromagnetic layer like Co or Fe.9> However,
the spin polarization of Co and Fe is reasonably lower compared
to Mn-Ga. Tedrow et al.%® reported a spin polarization of 34 %
for Co and 44 % for Fe. The respective spin polarization was
determined by spin dependent tunneling of electrons from the
ferromagnetic layer into a superconducting Al layer. Despite the
spin polarization the magnetic orientation is not of minor impor-
tance. In general, the interface between ferromagnetic materials,
e.g., Co and Fe, and heavy nonmagnetic transition metals, e.g.,
Pt, Pd, and Au have been used to obtain PMA.9%7 Furthermore,
Yang et al.%® reported a first-principle investigation of PMA in-
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duced by the interface between a ferromagnet (Co and Fe) and
an MgO barrier. However, in all cases the ferromagnet has to
reveal a thickness below 1nm. This behavior is perfect for the
approach using a ferromagnetic layer. In fact, when depositing a
ferromagnet on a ferrimagnet like L1y-ordered Mn-Ga, the mag-
netic moments of the ferromagnet align parallel to the magnetic
moments of the ferrimagnet.?9 Ma et al.°° reported an upcoming
in-plane magnetization direction for 2nm thick Co interlayers.
The highest reported TMR effect was 40 % at 300K for a Co in-
terlayer thickness of 1.5nm."" The stack consists of MgO/Cr
(40nm)/Mn, (Ga (30nm)/Mg (0.4nm)/MgO (1.8 nm)/Co-Fe-B
(1.2nm). The obtained TMR effect is not sufficient for applica-
tion in MRAM devices, thus a new interlayer material has to be
investigated.

A rREasoNABLE cHOICE 1s Co-Fe-B, due to the encouraging publica-
tions about the PMA for thin films around 1 nm, the TMR effect
(124 % at 300K) and the low current densities for STT switching
(34x 107 Acm™ for AR = 16 Q um).*°> We prepared samples
with a 23 nm thick Mn; ¢Ga film on SrTiO; substrates at a depo-
sition temperature of 520 °C. On top of the Mn-Ga a CogyFe4Byg
thin film with a thickness between 0.4 nm and 2 nm was sputter
deposited at room temperature. All samples were capped by
2.3nm MgO. Here the deposition method for the MgO was mag-
netron sputtering or e-beam evaporation. XRR measurements
were carried out to determine the film thickness, roughness and
density.

X-ray reflectivity measurements

In Figure 36 an exemplary XRR scan of a sample with an 0.8 nm
thick Co-Fe-B layer is shown.'*3 The appearance of the distinct
oscillations is a qualitative sign of a smooth surface. By fitting
the XRR scan via Parratt algorithm the film thickness, density
and roughness were determined (cf. Table 8).'°4 The bottom
Mn-Ga layer shows a roughness of only 0.51(5)nm and a film
thickness of around 22.98(5) nm. The Co-Fe-B layer is approxi-
mately 0.5nm thicker, whereas the MgO layer is 0.5nm thinner
than the intended values. This could be evidence of an inter-
mixing of both layers. For this reason, further investigations
via transmission electron microscopy (TEM) or AES have to be
carried out to prove the intermixing of the elements. The rough-
ness value of the Co-Fe-B is 0.55(5) nm and that of the MgO is
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Figure 36: XRR scan of a Mn; 4Ga (23 nm)/Co-Fe-B (0.8 nm)/MgO (2.3 nm) stack
on SrTiOj; substrate. The deposition temperature was 520 °C.

layer d(nm) roughness (nm) density (gcm™>)
Mn, 36 Ga 22.98(5) 051(5) 6.90(5)
Co-Fe-B 1.32(5) 0.55(5) 4.64(5)
MgO  1.76(5) 0.78(5) 4.08(5)

Table 8: XRR data obtained by fitting the scan shown in Figure 36 via Parratt
algorithm.

0.78(5) nm. Therefore, smooth surfaces were obtained, which is
important for further integration into MTJ’s.

Crystallographic properties

XRD investigations were carried out to verify the crystallographic
phase of the Mn; (Ga thin films. Figure 37 illustrates the XRD data
obtained from two exemplary samples, one without a Co-Fe-B
interlayer and one with a 2nm Co-Fe-B interlayer. The Mn-Ga
peak positions (cf. Table 9) of the super lattice (0o01) and (003)
reflex and the fundamental (002) peak are nearly at the same
angles for all Co-Fe-B capping layer. The c lattice constant was
calculated by Braggs law (cf. Equation (10)).The average lattice
constant is ¢ ~ 3.63 A (cf. Figure 38) and corresponds well with
the value reported by Niida et al."% of 3.6249 A for Mn, ,Ga. The
discrepancy is based on the different stoichiometry. Apart from
the lattice constant we examined the full width at half maximum
(FWHM) of the rocking curve (6/20 scan with constant w an-
gle) carried out on the fundamental reflex. Figure 39 shows the
FWHM depending on the Co-Fe-B interlayer thickness. An aver-
age value of 0.24 deg is found showing a narrow distribution of
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peak angle

(oo1) 24.58deg
(0o02) 50.33deg
(0o03) 79.23deg

Table o: Theoretical
L1p-Mn-Ga peak positions
for A = 1.5419 nm.

105 H. Niida et al. In: Journal
of Applied Physics 79.8 (1996)
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Figure 37: XRD scans of Mn; (Ga thin films on SrTiO; without (green) and with
a 2nm (blue) Co-Fe-B interlayer.

the orientation of the grains.

By taking a closer at the (001) and (002) reflexes, we find that
Laue oscillations are visible (cf. Figure 40). Laue oscillations are
sensitive to the crystalline disorder of thin films and based on the
interference of the diffracted x-ray from parallel crystal planes.
The thickness of the crystalline-ordered film can be calculated
by means of Equation (9). By comparing the obtained values
with the data from the XRR measurement, one recognizes that
both values are around 23 nm. The equal thickness suggests that
the space between the two interfaces is thoroughly crystallized.
Combined with the results of the textured order investigations, a
perfectly crystalline thin film is found for values of around 830.

To prove the L1, phase, pole figure measurements were car-
ried out to examine the appearance of the (011) reflex. In Figure 41
the pole figure scan of a Mn; 4Ga sample is depicted. The 26 an-
gle was fixed at 33.65 deg. For each tilt angle W between 0 deg
and 90 deg the sample was rotated by @ from 0deg to 360 deg.
The scan showed no visible (011) reflex, only foothills of a sub-
strate reflex. For this reason, the L1, crystal structure has been
proven. Additionally, the Eulerian cradle can be used to investi-
gate in-plane reflexes like the (202) peak. With the position of this
reflex the in-plane lattice constant 2 can be determined. Therefore,
the sample with an 0.8 nm thick Co-Fe-B interlayer and a mag-
netron sputtered MgO layer and the sample with a 1nm thick
Co-Fe-B interlayer and an e-beam evaporated MgO layer were
used. The (202) reflex of the sample with 0.8 nm Co-Fe-B was
found at 70.74 deg. The corresponding a parameter is 3.91 A. The
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Figure 40: Visible Laue oscillations of the (a) (oo1) and (b) (002) reflexes for a Mn; (Ga (23nm)/Co-Fe-B
(0.8nm)/MgO (2.3nm) stack on SrTiO;. The deposition temperature was set to 520 °C.

sample with 1 nm Co-Fe-B revealed the (202) reflex at 70.74 deg.
Therefore, the lattice constant a is 3.91 nm. In addition, the (200)
peak was also investigated. The position was determined to be
46.40 deg and the a lattice constant to be 3.91 A. Our obtained val-
ues fit well with the data reported by Niida et al.'°®® The marginal 106 1. Niida et al. In: Journal
difference of the results is most likely based on the mismatch be-  of Applied Physics 79.8 (1996)
tween SrTiO3 and Mn-Ga. The variation of the a lattice constant

with the composition is not as distinct as for the c parameter.*°” *°7 H. Niida et al. In: Journal

of Applied Physics 79.8 (1996)

Phi=80

Phi=0 13

Reflection: ?

Figure 41: Pole figure scan of a Mn; Ga thin film on SrTiOj substrate. The
film thickness was 23 nm and the sample was capped by 2.3nm MgO. Between
the Mn-Ga and the MgO, an 0.8 nm thick CoygFe B, layer was inserted. The
deposition temperature was chosen to be 520 °C for the Mn; ;Ga layer, whereas
the deposition of the two additional films took place at RT. The fixed angle is set
to the (011) peak position at 20 = 33.65 deg.
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Chemical and magnetic characteristics

After the crystallographic properties had been analyzed, we in-
vestigated the chemical and magnetic characteristics. X-ray ab-
sorption spectroscopy (XAS) is the simplest non-destructive way
to obtain information about the chemical structure. Additionally,
the obtained x-ray magnetic circular dichroism (XMCD) provides
insight into the element-specific magnetic moment. Figure 42
illustrates the Mn-XA spectra of our samples with different inter-
layer thicknesses. In addition, the spectrum of an intentionally
oxidized Mn thin film was added for comparison. On the L; as
well as on the L, resonance a multiplet structure is visible, point-
ing to the formation of Mn;O;. Taking a closer look at the other
Mn spectra, we find that a slight shoulder (indicated by a dashed
line) at an energy above that of the L; resonance is present for
samples with an Co-Fe-B interlayer thickness below 0.8 nm. The
absorption spectra are not distinct enough to distinguish between
MnO, MnO,, and MnZO3.108 However, for Co-Fe-B thicknesses
from 0.8 nm to 2 nm the Mn spectra fit in well with those of Mn
in the metallic state. To investigate the influence of the depo-
sition method of the MgO barrier on the formation of Mn-0O,
two samples with an e-beam evaporated MgO barrier were pre-
pared. The deposition method of the Mn-Ga remained the same.
One of the samples was prepared without a Co-Fe-B interlayer
and the other one with 1nm Co-Fe-B. On top a 2.3nm thick
MgO layer was e-beam evaporated to prevent the stack from

201
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Figure 42: Normalized Mn-XAS (postedge jump height = 1) of Mn; (Ga thin
films with a Co-Fe-B interlayer with various thicknesses on SrTiO; substrates.
The MgO capping was sputter deposited at room temperature. The samples were
measured at BL 6.3.1 at room temperature.
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Figure 43: Normalized Mn-XAS (postedge jump height 1 = 1) of Mn; ¢Ga thin
films without and with a 1nm Co-Fe-B interlayer on SrTiO3 substrates. The MgO
capping was prepared by e-beam deposition at room temperature. The samples
were measured at BL 6.3.1 at room temperature.

oxidizing. The resulting Mn-XA spectra of both samples are il-
lustrated in Figure 43. Closer inspection reveals the absence of
any evidence for Mn—O. Therefore, the deposition method of the
barrier is an essential factor for the formation of Mn—O. Sputter
deposition is compared to the e-beam deposition, a highly ener-
getic process that assists oxidation of Mn due to plasma damage.
Besides the XA spectra, we carried out XMCD measurements.
Figure 44 shows the XMCD signal normalized to the postedge
jump height (i.e., 7 = 1), which increases with increasing Co-Fe-B
thickness. The XMCD data accord with the XAS measurements
and show that the interfacial magnetic Mn moment increases
with increasing Co-Fe-B thickness. Another interesting outcome

(@ 047 (b)
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o
)
=
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Tnm w/o
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Figure 44: Normalized Mn-XMCD spectra (1 = 1) for samples with (a) magnetron sputtered MgO capping and (b)
e-beam evaporated MgO capping on SrTiO3 substrates measured at BL 6.3.1.
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Figure 45: Maximum XMCD signal S,,,, depending on the Co-Fe-B thickness for
samples with e-beam evaporated (green) and magnetron sputtered (blue) MgO
capping on SrTiOj substrates.

is proof that the Mn atoms on both sublattices react with the O,,
otherwise the magnetic moment would increase due to a lower
compensation of both Mn magnetic moments. The XMCD ampli-
tudes on the Mn-L; ,-edges corresponds to the magnetic moment
of Mn. The resulting total magnetic moment for Mn (sum of
the orbital and spin magnetic moment) shows the same quali-
tative behavior as the maximum intensity S,,,,. The m' from

this evaluation results in miy, = 1.83(3) ug for, e.g., dcorep = 2nM.

Thus, mlj. is obtainable from the maximum XMCD signal S,,,,,, by

mi%t =S, - (1.60(3) ug). Figure 45 illustrates S,,,, depending on
the Co-Fe-B thickness. The signal for samples with e-beam evap-
orated MgO is higher for both Co-Fe-B thicknesses compared
to samples with magnetron sputtered MgO. Thus, even if the
XA spectra show no visible evidence of Mn-O there is still a
difference in the XMCD signals. Another characteristic can be
determined via XMCD, the alignment of the respective magnetic
moments of Co, Fe, and Mn. The XMCD signal is the difference
between excited spin-up and spin-down electrons. By comparing
the sign of the L signal for Co, Fe, and Mn the alignment could
be obtained. We determined a parallel alignment of the Co-Fe-B
and Mn, sGa magnetic moments (not shown).

Element-specific hysteresis loops were carried out to investi-
gate the magnetic properties of the Mn, (Ga and Co-Fe-B layer.
Therefore, the beamline energy was set on the L;-edge of the
respective element. The orientation of the sample in relation to
the magnetic field was 30 deg and 90 deg to obtain an in-plane
and out-of-plane configuration. Figure 46 (a) compares the Mn
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Figure 46: Element-specific full hysteresis loops of Mn (blue) for a sample with (bold) and without (dashed) 1nm
Co-Fe-B interlayer for an a) out-of-plane configuration and b) in-plane configuration (30 deg grazing incidence).
Additionally, a Co (red) hysteresis for both field configurations is added to determine the magnetization direction of
the Co-Fe-B layer.

hysteresis loop of a sample with a 1 nm and without a Co-Fe-B

interlayer on the one hand and the Co hysteresis for out-of-plane

configuration on the other hand. The sample without a Co-Fe-B

layer reveals a higher coercive field than the sample with Co-Fe-B.

This behavior was already reported by Kubota et al.*® They sug- ' T. Kubota et al. In: Ap-
gest that the soft-magnetic character of the Co-Fe-B lowers the ~ Plied Physics Express 5.4
coercivity of the Mn-Ga layer. The interesting result is that the (2012)

Mn-Ga and the Co-Fe-B layers reveal the same coercive field. The

matching coercivity points to a magnetic pinning of the Co-Fe-B

layer on the Mn-Ga layer. To investigate this property more clearly,

hysteresis loops were carried out for a 30 deg grazing incidence

configuration. Figure 46 (b) illustrates the corresponding hys-

teresis loops. The coercive field of the Co and Mn still show the

same value, suggesting a pinning even for grazing incidence. It

is noteworthy that a 1 nm CoyyFeyB,( thin film usually requires

a post-annealing process to obtain a PMA. Thus, the deposition

of Co-Fe-B on a hard-magnetic ferrimagnetic layer increases the

coercivity and makes a post-annealing process unnecessary. In

addition, Tsai et al."'® reported a superparamagnetic state for =~ **°C. C. Tsai et al. In: IEEE
1nm thick Co-Fe-B thin films at RT. By the pinning effect the su- ~ Transactions on Magnetics
perparamagnetic state at RT could be avoided. The other samples 501 (2014)

with different Co-Fe-B thicknesses show the same correlation

of the Co and Mn coercive fields. In Figure 47 the out-of-plane

coercive fields of the Co-Fe-B and Mn, 4Ga layer are shown de-

pending on the Co-Fe-B thickness. The Co hysteresis loop of a

sample with a 0.4 nm Co-Fe-B thin film was not detectable due to

the small amount of Co-Fe-B in these samples. For an interlayer
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Figure 47: Relation between the Mn (blue) and Co (red) coercive fields for different
Co-Fe-B interlayer thicknesses in a Mn; ;Ga/ Co-Fe-B/ MgO stack on SrTiO3. The
orientation of the magnetic field was perpendicular to the film plane.

thickness from 0.6 nm to 2 nm a Co hysteresis was obtained, but
the coercivity differs slightly, within the errors, from that shown
by the Mn hysteresis. However, samples with 0.8 nm and 1.0nm
Co-Fe-B interlayer thickness show the same coercivity for Mn and
Co. Therefore, up to a Co-Fe-B thickness of 2nm the magnetic
moments of the interlayer are parallel-aligned to the Mn-Ga bot-
tom layer. The perpendicular alignment of the Co-Fe-B interlayer
originates from three effects: the stray field of the Mn-Ga film,
the exchange coupling at the interface, and the perpendicular
magnetic anisotropy of the Co-Fe-B thin film. The influence of ex-
change coupling and the PMA decrease with increasing Co-Fe-B
thickness, whereas the stray field is proportional to the film thick-
ness. In a nutshell, the suppressed oxidation of the Mn-Ga layer
and the pinning effect of the Co-Fe-B layer are promising proper-
ties for further integration into MT]’s.

Transport properties

As already mentioned in the introduction, the TMR effect was
discovered in 1975 by Julliére™ in Fe/Ge/Co tunnel junctions,
where the barrier is semiconducting Ge. By applying a voltage
to an MT]J, the electrons tunnel through the barrier from one
electrode into the other. The resistance of the stack depends on
the alignment of the electrode, for a parallel orientation a low
resistance is found and for an antiparallel orientation there is
high resistance. The commonly known relation for the effect
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amplitude is
™R = 2R _ R =R
Rpp Rpr
The ferromagnetic electrodes (Fe and Co) that Julliére used reveal
a difference in the number of majority (spin-up) and minority
(spin-down) electrons at the Fermi energy.*** Therefore, these ma-
terials and also Ni are spin-polarized (cf. Table 10). The difference
in the DOS in both spin channels is based on exchange interaction.
For parallel alignment of the electrodes, more majority electrons
tunnel from one electrode into the free states of the counter elec-
trode. The contribution of the minority electrons is lower. In the
antiparallel alignment, the amount of free states in the counter
electrode is lower, thus the current of the majority and minor-
ity electrons is lower than in the parallel state. The TMR effect
depends on the spin polarization that is given by

(39)

_ Dy(Ep) - D|(Ef)

= Dy(Ep) + D,(Er) (40)

with Dy (Ep) the majority /minority DOS at the Fermi energy.
The tunnel current is proportional to the product of D*(Ef) and
D?(Ep), the DOS of electrodes 1 and 2. The current for the parallel
and antiparallel states are given by

Iy = D'}(EF)D%(EF) + Di(EF)Df(EF)/ and (41)
Iy, = D}(Er)D%(Ep) + D}(Ef)D5(Ep). (42)

With Equation (39) we found the relation between the TMR effect
and the spin polarization

Ry -Ryp  Iy-Iy 2
™R < R =R _In-In _ 2ppy
Ryt Ly 1-pip2

(43)

Since the first observation it took 20 years Moodera et al."*4 was
able to reproduce the results in CoFe/Al,O3/Co tunnel junctions.
In 2004, Parkin et al."'> reported a giant TMR effect for samples
with MgO barriers. The reason for the higher TMR effect in MgO
based MTJ’s is the coherent tunneling process (cf. Figures 48 and
49). Let us first consider an amorphous barrier like Al,O3, here
every electronic state (Bloch state) shows equal tunnel probability
(cf. Figure 48). This case is called incoherent tunneling process
and was assumed by Slonczewski''7. For a crystalline barrier,
e.g. (0o1) MgO, the tunneling process behaves differently. The
crystalline bee order of the MgO is achieved when it is deposited
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12 The majority electron

is defined as the electron
with spin direction parallel-
aligned to the external mag-
netic field, which is large
enough to fully saturate the
sample.

material  polarization
Co 34%
Fe 44 %
Ni 11 %
Mn; ,Ga 88 %

Table 10: Experimentally ob-
tained pin polarization of the
transition metals in compari-
son to the theoretically pre-
dicted spin polarization of
the Mnj_ ,Ga compound.**3
"3 P. M. Tedrow and R.
Meservey. In: Physical Re-

view B 7.1 (1973); B. Balke et
al. In: Applied Physics Letters
90.15 (2007)
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Figure 50: TMR stack with

Mn; 5Ga bottom
and Co/Pt
counter electrode.
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Figure 49: (a) Coupling of wave functions between the Bloch states in Fe and
the evanescent states in MgO for the k; = 0 direction. (b) Tunneling DOS of
majority-spin states for k; = 0 in Fe (0o1)/ MgO (oo1) (8 ML)/ Fe (0oo1) with
parallel magnetic state.'*®

on Fe or other ferromagnetic materials with low lattice mismatch.
It has to be noted that the lattice mismatch between MgO and
Mn-based Heusler compounds is around is above 7 %. For a
crystalline barrier there are three kinds of evanescent states in
the band gap, Ay, As, and A,.*"9 If the symmetry of the wave
functions is conserved during tunneling, the A; Bloch states of
the Fe couple with the evanescent A; states of the MgO. The
longest decay length in the parallel state of the electrodes reveals
the A; evanescent state and it is the dominant spin channel. Due
to the higher spin polarization of the A; electrons a higher TMR
effect can be assumed. It should be noted that this is also valid for
bee ferromagnets, bee Fe-Co, bec Co-Fe-B and some of the Heusler
compounds. However, a finite tunneling current is also present
in the antiparallel state of the electrodes, but the conductance
is much lower compared to the parallel state. This tunneling
process is called coherent (cf. Figure 48). The coherent tunneling
process is very sensitive to the structure at the barrier interface.
Even a monolayer (ML) of oxidized electrode material leads to
ineffectively coupling of the A, states and thus reduces the TMR
effect drastically.

TO INVESTIGATE THE TRANSPORT PROPERTIES Of the Mn; , Ga Heusler
compound, we prepared Mn; 5Ga (20nm)/ CogFeyByo (1nm)/
MgO (2.3nm)/CogoFeyoByg (1nm)/ {Co/Pt};y (24nm)/ conduc-
tion layer (45 nm) MT]J’s on SrTiOj (cf. Figure 50). The deposition
temperature of the Mn, 5Ga was 550 °C, whereas the other layers
were fabricated at RT. The tunnel junctions were prepared by
UV-lithography and Ar" beam etching. The element sizes were
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Figure 51: (a) TMR effect at 15K of a Min; 5Ga/Co-Fe-B/MgO/Co-Fe-B/{Co/Pt};o tunnel junction on SrTiOj; for in-
plane (green) and out-of-plane (blue) configuration. (b) TMR over temperature for in-plane (green) and out-of-plane

temperature (K)

(blue) configuration.

100 pm?, 225 um? and 625 um?. These structures were capped
by Ta (5nm)/Au (30 nm) contact pads to enable contacting via
Au bond wires. All measurements were carried out using a con-
ventional two probe technique in a closed-cycle helium cryostat
(Oxford Cryodrive 1.5) with a temperature range from 15K to
330K.

The simple growth conditions for Co/Pt multilayers are the
reason why it was chosen as counter electrode. Kugler et al.*°
reported a perpendicularly magnetized Co/Pt multilayers on a
Ta seed layer on SiO, substrates. In addition, they reported the
successful synthesis of a Co/Pt multilayer counter electrode in
direct contact with the MgO barrier.

Transport measurements only exhibited a TMR effect for MT]’s
with an area of 100 um? on SrTiOj substrate. Figure 51 (a) illus-
trates the in-plane and out-of-plane TMR effect at 15K and Fig-
ure 51 (b) the temperature dependence of the TMR effect. The
in-plane TMR effect at 15K is about 9.7 % and higher than the
out-of-plane effect with 6.3 %. A closer look at the out-of-plane
measurements suggests that the hard electrode has an in-plane
component. This suggestion is based on the linear decrease with
increasing external magnetic field. Comparing the hysteresis of a
plain Mn; 5Ga thin film (cf. Figure 27 on page 41) and the results
of Kugler et al.*** for Co/Pt multilayers, the bottom electrode is
the hard electrode and the top electrode the soft electrode. That
way the Mn, 5Ga layer would exhibit an in-plane component.
However, previous measurements showed no evidence for an in-
plane component. For this reason, we again prepared a plain thin
film of Mn; 5Ga on an MgO and a SrTiOj; substrate. The corre-
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Figure 52: Out-of-plane hys-
teresis loops of a Mn;;Ga
thin film on MgO (green) and
SrTiO; (blue) substrate.
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Figure 53: Element-specific
Co hysteresis loop of a mag-
netic tunnel junction with
Co/Pt counter electrode on
MgO.
22 It has to be noted that
the stack structure was quite
different with regard to the
bottom electrode. However,
the bottom electrode should
not affect the top electrode.
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Materials 9.9 (2010)

Figure 54: TMR stack with
Mn, 5Ga bottom electrode
and 1.2nm Co-Fe-B counter
electrode.

24 Due to the further an-
nealing process, the prepara-
tion process was not really
simplified. But the posi-
tive aspects overcome the
negative aspects.

sponding hysteresis loops are depicted in Figure 52. The external
magnetic field was applied perpendicular to the sample surface.
Samples prepared on MgO and SrTiOj; revealed a small coercivity
of 303.3 Oe and 153.7 Oe, respectively. To determine the coercive
field of the Co/Pt multilayers, we carried out element-specific
hysteresis loops on MT]J’s containing of Mn, sGa/ CoyFeoByg/
MgO/ CoyyFeyyB,y/ {Co/Pt};p on MgO. The obtained coercive
field is 950 Oe (cf. Figure 53)."** Therefore, the L1p-Mn-Ga is the
soft electrode and the Co/Pt multilayers the hard electrode. Due
to this non-emerging antiparallel state of the electrodes a low
TMR effect is achieved. In addition, due to the weak PMA of the
electrodes, the in-plane TMR effect exhibits higher values than
the out-of-plane TMR effect (cf. Figure 51 (b)).

The PMA of Co/Pt multilayer structures are sensitive to the
respective thickness of the Co and Pt and also to the repetitions.
However, for a first attempt the Co/Pt multilayer structure is
a suitable option, due to the good growth conditions on top of
the MgO barrier. Nonetheless, the difficult preparation of the
multilayers and the required strict adherence to layer thickness
requirements reduces its applicability.

To INCREASE APPLICABILITY AND SIMPLIFY the preparation process,
we exchanged the Co/Pt multilayers by a 1.2 nm thick CoygFey B,
thin film (cf. Figure 54). Thus the MT]J’s on MgO and SrTiO;
consist of Mn, 5Ga (25nm)/ CoyyFeyyB,y (1nm)/ MgO (2.3 nm)/
CoyoFeyyBy (1.2nm)/ conduction layer (15nm). Thin Co-Fe-B
layers in contact with an MgO barrier exhibit a magnetization di-
rection perpendicular to the film plane. The interface anisotropy
is based on the hybridization of the MgO 2p orbitals with the 3d
orbitals of the Co and Fe.'*3 The hard-magnetic Mn; sGa layer
was deposited at 550 °C to obtain a PMA. The other layers were
prepared at RT. After the synthesis of the MTJ stack, an additional
ex-situ post-annealing process was carried out at 360 °C for 1h.
During the heating and cooling procedure an external magnetic
field of 6500 Oe was applied perpendicular to the sample surface.
Because of the post-annealing, the PMA of the soft-magnetic
Co-Fe-B layer was obtained and a higher crystallization of the
MgO barrier was achieved.'*

The first transport measurements revealed a TMR effect for
samples on SrTiO3 and MgO, for tunnel junctions from 100 pm?
to 625 um?2. Figure 55 presents the TMR effect at 300K for a
100 um? MTJ on MgO and SrTiO; substrates. The TMR effect
is twice as high as for samples with a Co/Pt multilayer counter
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Figure 55: (a) TMR effect at 300 K of Mn; 5Ga/Co-Fe-B/MgO/Co-Fe-B tunnel junctions on MgO (green) and SrTiO;
(blue) substrates. (b) TMR over temperature for samples on MgO (green) and SrTiOj5 (blue) substrates.

electrode - although the shape of the TMR curve differs, indi-
cating to an almost antiparallel state of the electrodes. Figure
56 shows the hysteresis loop of the MT] on MgO substrate. The
signal of the counter electrode is not visible in the hysteresis loop.
Consequently, the increasing slope with decreasing field in the
TMR loop and the non-visibility of the soft electrode in the hys-
teresis loop suggest a paramagnetic behavior of the Co-Fe-B thin
film. Recently, Tsai et al."*> reported a superparamagnetic state in
thin Co-Fe-B layers, where the blocking temperature Ty depends
on the Co-Fe-B thickness. They reported a superparamagnetic
state for a 1 nm thick Co-Fe-B layer at RT, whereas a 1.2 nm thick
layer remains ferromagnetic up to 320K. In our case, the 1.2nm
thick counter electrode is superparamagnetic at 300K for sam-
ples on MgO. This suggests a discrepancy of 1 A to 2 A between
the nominal and real film thickness. However, by cooling down
the sample below 300K the superparamagnetic effect vanishes.
In Figure 55 (b) the TMR effect over temperature is shown. The
TMR effect increases with decreasing temperature and achieves a
maximum value around 100 K. Further cooling led to a minimal
TMR effect at 30 K (40 K) for samples on SrTiO; (MgO).

The variation of the major loops at different temperatures pro-
vides insight into the present effect. Figure 57 illustrates the major
loops at three temperatures. We will only consider the sample
on SrTiO; substrate for interpretation.’® Starting at 300 K with
a decreasing external magnetic field from positive to negative
values, the major loop shows a linear increase of the TMR effect
with decreasing external field and around zero field an abrupt
switching of the soft electrode. At 90K the TMR effect increased
to the maximum value and the abrupt switching at low fields is
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Figure 57: TMR effect of Mn; 5Ga (25nm)/Co-Fe-B (1nm)/MgO (2.3nm)/Co-Fe-B (1.2nm) tunnel junctions on
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more distinct (cf. Figure 57 (b)). However, at 30 K the TMR effect
reaches almost the same value as at 300 K (cf. Figure 57 (c)). Here
again, a linear increase of the TMR effect with decreasing external
magnetic field is found. This time the superparamagnetic state
can be excluded. Tsai et al.**” reported a coercivity crossover of
Co-Fe-B thin films with different layer thicknesses when cooled

TMR (%)
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TMR (%)
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Figure 58: TMR curves during the coercive field crossover of a Mn;5Ga
(25nm)/Co-Fe-B (1nm)/MgO (2.3nm)/Co-Fe-B (1.2nm) MT]J on SrTiO; (blue)
substrate.
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down to low temperatures (LT’s). For example, a Co-Fe-B thin
film with a nominal thickness of 1.2 nm reveals a higher coercive
field at RT than a 1 nm thin film. By cooling down, the coerciv-
ity changes differently for the two layers and the 1 nm thin film
becomes the hard electrode. Compared to the coercive field of
the Mn-Ga layer, the Co-Fe-B electrodes show a stronger temper-
ature dependence. For that reason the 1.2 nm thick Co-Fe-B layer
becomes the hard electrode at 50 K. In Figure 58, the correspond-
ing major loops at different temperatures are shown. At 80K a
clear distinction between hard and soft electrode can be made.
By decreasing the temperature, the coercivity of the soft layer
increases faster than the coercive field of the hard layer, resulting
in a crossover around 50 K.

However, we only obtained a TMR effect for samples with a
Co-Fe-B interlayer, but the TMR ratio was lower than the theo-
retical expectations. Therefore, a reason for the low TMR effects
needs to be found. Mn-O or the lattice mismatch between Mn-Ga
can be neglected due to the Co-Fe-B interlayer. One last possible
cause is the diffusion of Boron. Kurt et al.’*8 investigated the B
diffusion in Ta/CoFeB/MgO/CoFeB/Ta tunnel junctions, with
thick Co-Fe-B layers (20 nm and 60 nm) and high annealing tem-
peratures up to 400 °C. They reported a diffusion of B away from
the MgO barrier into the 10 nm thick Ta layer. Thus, the Ta film
acts as a B absorber. Especially, when the ionic radius of one
material is much smaller than the radii of other materials, a diffu-
sion takes place."*® This raises questions about the B diffusion in
our tunnel junctions. On top of the Co-Fe-B counter electrode a
5nm thick Ta layer is deposited but the bottom Co-Fe-B layer is
in contact with the Mn, 5Ga layer. Thus for the bottom Co-Fe-B
layer the B absorber is missing. As a consequence, the B probably
diffuses to the MgO interface.

Auger electron spectrocopy

The interdiffusion of the B was investigated by means of Auger
electron spectroscopy (AES) depth profiles. Because of the pen-
etration depth of only 1nm to 2nm the AES reveals a higher
surface sensitivity compared to XRF and provides insight into
the local element distribution. To investigate a multilayer stack a
AES depth profile needs to be carried out. Therefore, Ar ions are
used to etch atomic layer by atomic layer. The kinetic energy Ey;,
of the AE is well-defined and directly related to the difference
in core-level energies. For an exemplary KL,L, transition, the
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3% Ru reveals a lower oxy-
gen affinity.

kinetic energy is given by

Eyin = Ex —Ep, — Ep, (44)

The main difference between the Auger process and the pho-
toemission is the formation of an additional core hole. For this
reason, an additional term AE has to be added to describe the
many-electron effects,

Efy.1, = EX — Ef, — Ef, = AE(L1Ly) (45)

with Z the atomic number. The correction term AE(L;L,) is small.

In order to determine the interdiffusion in our MT]’s, we car-
ried out an AES depth profile on a Mn; 5Ga (25nm)/Co-Fe-B
(Inm)/MgO (2.3nm)/Co-Fe-B (1.2nm)/Ta (5nm)/Ru (10nm)
MT]J on an MgO substrate. Figure 60 illustrates the correspond-
ing scan. The important element is B, which is marked red. Start-
ing from the top we found a Ru and Ta signal together with O,,
suggesting an interdiffusion of both layers. Additionally, the O,
signal is evidence of the formation of Ta~0O."3° The B signal starts
together with the Ta signal. This is no evidence of diffusion, but
induced by the overlap of the E{3;y and EE, | energies at around
180eV. For this reason, the B diffusion in the top part of the MT]
could not be examined. However, in the bottom part, i.e., below
the barrier, no disturbing Ta signal is present. The Mg and O,
signals increase slowly and show an abrupt decrease. This is
a characteristic behavior and corresponds to a good crystalline
barrier. Next to the barrier the highest B signal is observed. There-
fore, a B migration away from the MgQO barrier did not occur, but

0 50 100 150 200
sputter time (sec)
Figure 60: AES depth profile of a Mn;5Ga (25nm)/Co-Fe-B (1nm)/MgO
(2.3nm)/Co-Fe-B (1.2nm) tunnel junction on an MgO substrate. The post-
annealing temperature was set to 360 °C.
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at least there is no B signal inside the barrier. The B reduces the
spin polarization at the MgO/Co-Fe-B interface. Another feature
seen in the AES depth profile is the occurrence of Mn and Ga at
the barrier interface. In fact the Ga signal rises before the signal
of the Mn and Co-Fe-B starts. Therefore, the Ga, but also the Mn,
diffuse through the Co-Fe-B layer. ViolBarbosa et al.*3* reported
the occurrence of Ga—O in Mn; 44Ga/MgO stacks. The diffusion
of Ga and the probable formation of Ga—-O lower the spin polar-
ization at the barrier interface drastically. For this reason, the
achieved TMR ratios were rather low. Additionally, the diffu-
sion changes the composition of the electrode and the interface
termination (MnMn/MgO or MnGa/MgO).*3*

The Co,FeAl interlayer

In the previous section the insertion of a thin Co-Fe-B interlayer
between the Mnj;_ Ga electrode and the MgO barrier was dis-
cussed.”3 A major disadvantage of Co-Fe-B is the diffusion of
B during the post-annealing process. An alternative material
with out-of-plane magnetization and high spin polarization is
Co,FeAl. To achieve a PMA the film thickness has to be de-
creased below 1nm."34 A reasonably high TMR effect of 91 %
was reported for Co,FeAl/MgO/CoygFeq By tunnel junctions.
Additionally, a low damping parameter of a = 0.004 and a high
anisotropy energy of K = 3 X 10° ] cm~3 were reported.'35 There-
fore, Co,FeAl is a promising candidate to serve as an interlayer
as well as counter electrode in Mnj_, Ga based MT]J’s.

To nvesTIGATE THE PROPERTIES Of a Co,FeAl interlayer, we de-
posited a 25nm thick Mn, 5Ga thin film on SrTiO; and MgO
substrates at 550 °C. This composition exhibits the advantages of
low surface roughness and a low amount of Mn-O at the barrier
interface due to deposition from a composite target. Afterwards
a 1nm thick Co,FeAl thin film was added, here the deposition
temperature was around RT to achieve a comparable process to
that of the Co-Fe-B interlayer. Additionally, the deposition of
thin films below 1 nm on heated substrate is difficult due to the
vaporization of the material. To investigate the influence of the
barrier on the Co,FeAl and vice versa a 2.3nm MgO layer was
deposited on top of the stack, also at RT.
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Figure 61: XRR scans of a Mn; 5Ga (25nm)/Co,FeAl (1nm)/MgO (2.3 nm) stack
on MgO (green) and SrTiOj (blue). The deposition temperature of the Mn; sGa
was 550 °C.

Surface properties

The surface properties with regard to film roughness were inves-
tigated by XRR measurements. Additionally, the film thickness
and density were examined. Figure 61 illustrates the obtained
XRR scans of a Mn; 5Ga (25nm)/Co,FeAl (1 nm)/MgO (2.3nm)
stacks on MgO and SrTiO5.'3° The determined values from the
XRR scan are shown in Table 11. The film roughness of the Mn-Ga
was lower on MgO substrates. Most likely, the used SrTiO; sub-
strate revealed a lower crystalline quality. For this reason, the
deposited thin films differ in their properties from those on MgO
substrate. However, initial investigations showed a low surface
roughness of Mn-Ga without ferromagnetic interlayer and with
Co-Fe-B interlayer. For this reason, we decided to integrate these
stacks into MT]J’s.

layer

MgO SrTiO;  MgO  SrTiO;  MgO  SrTiO;
d (nm) roughness (nm) p (gem™3)

Mn,sGa 2520(5) 2342(5) 0.43(5) 123(5) 7.24(5) 7.20(5)
Co,FeAl 0.99(5) 094(5) 0.42(5) 1.22(5) 6.96(5) 7.00(5)
MgO  1.60(5) 1.99(55) 1.55(5) 3.07(5) 3.60(5) 3.00(5)

Table 11: Fit parameter obtained from the XRR scan in Figure 61.

Crystallographic properties

The XRD scans revealed the typical reflexes of the L1, crystal
phase (cf. Figure 62). The Mn-Ga layer shows the fundamental
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Figure 62: XRD scans of Mn; 5Ga thin films with a 1 nm Co,FeAl interlayer and a
2.3nm MgO capping layer on MgO (green) and SrTiO5 (blue).

(002) and super lattice (0o1) and (003) reflexes, independently of
the substrate. The peak positions for the sample on SrTiOj; are
24.12 deg for the (0o1) and 77.56 deg for the (003) super lattice
reflexes. The fundamental reflex can be found at 49.37 deg. These
positions correspond to a ¢ parameter of 3.69 A. However, the
peak positions for samples on MgO are at higher angles, due to
the lateral expansion induced by the substrate. The two super
lattice reflexes are visible at 24.23 deg and 77.94 deg and the fun-
damental peak occurs at 49.59 deg. Therefore, a ¢ lattice constant
of 3.68 A is determined. The Co,FeAl layer shows no influence
on the crystal structure of the Mn-Ga. That was expected, due to
the results obtained for a Co-Fe-B interlayer. The Co,FeAl layer
induces no reflexes in the XRD scan because of the low thickness.
In that way, the real crystal phase of the Co,FeAl film remains
unknown.

Chemical and magnetic properties

The XA and XMCD spectra obtained for Mn, sGa samples with a
Co,FeAl interlayer on MgO and SrTiOj substrates are depicted
in Figure 63. From the XA spectra no difference regarding the for-
mation of Mn-O between the two samples is observed. However,
the XMCD spectra are more sensitive to the formation of Mn-O.
The sample on MgO exhibits a lower S, value compared to
the sample on the SrTiO; substrate.’3” The corresponding mag-
netic moment per Mn atom is 1.69(3) ytg on MgO and 1.84(3) i
on SrTiO;. For this reason, we can conclude that the amount
of Mn-O is higher for thin films on MgO. Another explanation
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Figure 63: Mn-XA and XMCD spectra of Mn; 5Ga/Co,FeAl/MgO stacks on MgO
(green) and SrTiO; (blue) measured at BL 6.3.1.

could be higher compensation for samples on MgO. However,
the degree of magnetic compensation depends strongly on the
crystalline order. Because of the higher crystallinity for thin films
on SrTiO;, a higher compensation of the magnetic moment for
thin films on MgO is probably not the reason. Comparing the
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Figure 64: Mn-hystereses (blue) of Mn, 5Ga /Co,FeAl /MgO stacks on (a) SrTiO3
and (b) MgO. Additionally, Co-hystereses (green) of both samples were added.
For comparison a Mn major loop (red) for samples without an interlayer was
added.
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results with the magnetic moment obtained for samples without
a Co,FeAl interlayer (cf. Figure 35), the determined values for
samples with Co,FeAl are smaller. This would suggest a higher
amount of Mn—O or a higher compensation of magnetic moments
for samples with a Co,FeAl interlayer.

The element-specific hysteresis loops for samples on MgO and
SrTiOj are illustrated in Figure 64. For both samples a Mn- and
a Co-hysteresis were carried out to determine the magnetization
direction of the interlayers. As seen before for the Co-Fe-B inter-
layer, the Co magnetic moments of the Co,FeAl aligns parallel
to the Mn magnetic moments of the Mn-Ga. Therefore, the 1 nm
thick Co,FeAl thin film reveals, an out-of-plane magnetization
direction when deposited on a Mn, 5Ga thin film. Additionally,
a Mn-hysteresis of a sample without interlayer was added (red
curve, Figure 64) to investigate the effect of an interlayer on the
magnetic properties of the Mn; sGa layer. SrTiO; based samples
with an interlayer showed a lower coercive field, whereas for thin
films on MgO, no difference is visible.

Transport measurements

We prepared Mn; 5Ga (25 nm)/Co,FeAl (0.8 nm) /MgO (2.3 nm)/
CoFeB (1.2nm) MTJ’s on MgO and SrTiO; substrates (cf. Fig-
ure 65). The Mn; sGa bottom electrode was deposited at 550 °C
the further layers were prepared at RT. The hole stack was ex-situ
post-annealed at 360 °C to achieve a perpendicularly magnetized
Co-Fe-B counter electrode. Figure 66 illustrates the major loops
obtained at RT and 10 K. The TMR effects are not much higher

3.2 10K
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Figure 66: TMR effect of a Mn; 5Ga/Co,FeAl/MgO/Co-Fe-B tunnel junction on
MgO at (a) RT and (b) 10K.
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a CoyFeAl interlayer and a
Co-Fe-B counter electrode.



compared to the ones obtained with a Co-Fe-B interlayer. At RT
the soft electrode reveals an in-plane component, most likely in-
duced by the superparamagnetic state of the Co-Fe-B. For LT a
decrease of the coercive field of the soft electrode is observed.
This behavior is different from that of the samples with Co-Fe-B
interlayers and until now a reasonable explanation has not been
found. The low nominal Co,FeAl thickness could also be an
explanation for the the low TMR effect.

Auger electron spectroscopy

AES measurements were carried out to examine the diffusion at
the barrier interface. In Figure 67 the depth profile of the MTJ
stack from Figure 65 is illustrated. Here, the signals from the Ru
and Ta are clearly distinct and show no evidence of Ta—O. The
signal from the other elements is rather low. The B diffusion in the
top layer could not be detected, due to the overlapping Ta signal.
To provide better insight into the distribution of the elements
around the barrier interface, Figure 68 depicts a zoomed-in AES
depth profile. Because of the high noise the Ru and Ta signal
were canceled out to get a better view of the important materials
next to the barrier. The Mg and O, peaks are broadened and
differ from the sample in Figure 60. Evidence for the diffusion of
Mn and Ga can be found in the fact that both signals start sooner
than the Co and Fe signals. The Al signal was not detectable, due
to the low thin film thickness and the depth resolution of the AE
microscope.

Nonetheless, the diffusion of the Mn and Ga into the barrier
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Figure 67: AES depth profile of a Mn; 5Ga (25nm)/Co,FeAl (0.8 nm)/MgO
(2.3nm)/CoFeB (1.2nm) tunnel junction on a SrTiO; substrate.
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Figure 68: AES depth profile of a Mn; 5Ga (25nm)/Co,FeAl (0.8 nm)/MgO
(2.3nm)/CoFeB (1.2 nm) tunnel junction on a SrTiO3 substrate.

is again the main reason for the low TMR ratio. Therefore, the
previously mentioned B diffusion of the bottom Co-Fe-B layer into
the barrier is not the primary challenge. To overcome the second
post-annealing process a new counter electrode has to be found.
For example, CoygFeqB,y shows an out-of-plane magnetization
direction without further post-annealing. Additionally, further
investigations of the Mn and Ga diffusion have to be carried out,
such as the dependence of the diffusion on the post-annealing
temperature.

TiN seed layer

The tetragonal distortion of the Mn;_, Ga thin films is based on the
crystal growth, thus a substrate with a matching lattice constant
and deposition on a heated substrate are required. We were able
to show that substrates like MgO and SrTiOj exhibit a suitable
lattice constant to achieve a D0,;- or L1y-ordered Mn;_, Ga crystal
phase. However, during the fabrication of MT]’s an ion etching
process is required to prepare elements of several 100 um?. Un-
fortunately, the etching has to stop after the barrier, i.e., in the
bottom electrode, otherwise the contact between electrode and
power supply is not established. As a result a stray field from
the large magnetic bottom layer could induce dipolar magneto-
static coupling with the top electrode. To overcome this obstacle
a conducting seed layer with a suitable lattice constant is neces-
sary. That way, the etching could proceed through the bottom
electrode into the seed layer. Two commonly used seed layers are
Pt and Cr, with an in-plane lattice constant of ap, = 3.92 A and
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acy = 2.88 A. For a Cr buffer layer a growth rotated by 45 deg is

buffer =~ mismatch needed to achieve a low lattice mismatch. A Pt buffer exhibits
SrTiO; 0.12% the lowest lattice mismatch (cf. Table 12) and reveals high ther-
MgO 7.13% mal stability, whereas Pd and Cr diffuse at temperatures above
Pt 0.26 % 300 °C and 450 °C, respectively.’3® Diffusion of the seed layer into
Pd 0.51% the electrode lowers the spin polarization at the barrier interface.
Cr 3.93% However, on MgO and SrTiOj; substrates the favored growth di-
TiN 7.78 % rection of Pt is the (111) direction. Only under circumstantial

growth processes, like deposition under O, atmosphere or de-

Table 12: Mismatch between
position on Cr, is the (0o01) direction obtained (not shown). TiN

Mn;,Ga and various sub-

strates /buffer layer. * for a is a new material with high thermal stability, moderate lattice
45 deg rotated film growth. mismatch and low resistivity. The cubic NaCl structure exhibits
buffer o (pQcm) a lattice constant of 4.24 A. The lattice mismatch to the Mn, , Ga
Pt 10.6 compound is 7.78 % and thus quite high. However, a low resistiv-
Pd 10.7 ity of 10 pQ cm to 15 pQ ecm (cf. Table 13) and a surface roughness
Cr 12.7 of 0.8 nm were reported.”® Even though the lattice mismatch
TiN 10 to 15 is high the combination of high thermal stability, low resistiv-

ity and low surface roughness made TiN an excellent choice for

Table 13: Resistivity g of vari- L
application as a seed layer.

ous buffer layers.
138 7. Kugler et al. In: Journal

of Magnetism and Magnetic Crystallographic properties
Materials 323.2 (2011); C.

Sterwerf et al. In: IEEE

) i In a first attempt, we deposited 40nm thick TiN thin films on
Transactions on Magnetics

497 (2013) MgO due to the low lattice mismatches of 0.7 %. Additionally,
139 Y, Krockenberger et al. TiN layers were prepared on SrTiO; because of the good growth
In: Journal of Applied Physics conditions for Mnj ,Ga on SrTiO3. The deposition temperature
112.8 (2012) was varied from 210 °C to 830 °C. Figure 69 depicts the obtained
XRD spectra of TiN on MgO and SrTiOj; substrates. Because of
the low lattice mismatch between MgO and TiN, the character-
istic peaks of the TiN are only visible as shoulders close to the
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Figure 69: XRD scans of TiN thin films deposited at different temperatures on (a) MgO (green) and (b) SrTiOj3 (blue).
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substrate reflexes. The TiN (004) reflex is found at 93 deg, thus
the corresponding c-lattice constant is 4.26 A and matches the
literature values. Because of the higher lattice mismatch with
SrTiOj; the TiN reflexes are clearly visible in the XRD scans for all
deposition temperatures, except 210 °C. The (002) reflex is visible
at 42.68 deg and the (004) reflex at 93.23 deg. Thus the average
out-of-plane lattice constant is determined to be 4.24 A. Despite
the higher lattice mismatch, the c parameter corresponds well to
the reported data.

Transport measurements

The determination of the crystallographic properties of TiN thin
films on MgO turned out to be difficult due to the low lattice
mismatch. Another characteristic that provide insight into the
crystalline quality is the resistivity of the films. A crystalline
structure reveals a lower resistivity than an amorphous struc-
ture. Additionally, the formation of Ti—O also increase electrical
resistance. Consequently, the obtained resistivity provides in-
formation about the crystalline structure and the formation of
Ti-O.

Conventional four probe measurements were carried out on
plain TiN thin films at 300 K. Four tips were placed on the thin
film at the same distance. Then a current I was driven through the
outer tips and a voltage U was measured at the inner contacts. The
further determination was done by the van-der-Pauw"4° method.
The resistivity of the thin film is defined as

_Und (46)
= T2 4

with d being the film thickness. Figure 70 shows the obtained ¢ of
our TiN thin films depending on the deposition temperature. The
lowest values are found for a deposition temperature of 595 °C.
On MgO (51TiO3) substrate the TiN film reveals a resistivity of
39.91 uQcm (47.40 uQcm). These values are higher compared
to the results from Krockenberger et al."4* At 210°C the high
resistivity is due to the amorphous structure on SrTiO;. The
increasing resistivity with increasing deposition temperature,
above 595 °C, is probably induced by the formation of Ti-O. It is
possible that the O from the substrate diffuses into the TiN film
and reacts with the Ti. For a closer look at this effect, AES depth
profiles have to be carried out.

Additionally, the examination of the transition temperature
T, into the superconducting regime provides information about

0
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Figure 71: Schematic sketch
of a Hall bar structure with
Au contact pads and the mea-
surement geometry.
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Figure 70: Resistivity of the TiN thin films depending on the deposition tempera-
ture. The samples were prepared on MgO (green) and SrTiOj; (blue).

the crystalline order and formation of Ti—O. The phenomenon
called superconductivity was discovered in 1911 by Kamerling
Onnes'4* and describes the abrupt decay of the electric resistivity
at low temperatures.'#3 This effect can be explained by means of
the BCS theory, named after the inventors Bardeen, Cooper and
Schrieffer.'44 The underlying effect is the interaction of electrons
with phonons and thus the condensation of what is called Cooper
pairs. These Cooper pairs consist of two electrons with opposite
impulse and spin. They do not underlie the Fermi-Dirac statistic
but the Bose-Einstein statistic. Cooper pairs are bosons and are
not subject to the Pauli exclusion principle. Additionally, they
reveal no interaction with the atomic lattice. The BCS theory
gives the following relation for the transition temperature:

ha)D 1
TC = 113E exp (—W) (47)
with wp being the Debye frequency, V* = const. the electron
phonon interaction and D(Ef) the DOS at Er. The Debye fre-
quency is proportional to the atomic mass, wp « A™%°. Due to
the condensation of two electrons to one Cooper pair, a gap A
occurs in the DOS of the superconductor. The BCS theory gives a
relation between the gap Ay at 0 K and the transition temperature
T

2Ao(T = 0) = 3.5k T, (48)
with kg being the Boltzmann constant. The coherence length is
defined as the length scale where the condensation of a Cooper

pair could take place. It strongly depends on the mean free path
of the electrons. Defects in the lattice structure or impurities
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Figure 72: Transition into the superconducting state for TiN thin films deposited
at 405 °C (bold line) and 595 °C (dashed line) on MgO (green) and SrTiO3 (blue)
substrates.

lower the mean free path. For that reason, a homogenous su-
perconductor without impurities reveals a small AT,. In other
words, the transition temperature shows a strong relation to the
crystalline properties.

To determine the superconducting properties, we carried out
transport measurements within a temperature range from 300 K
to 2K. Therefore, a closed-cycle helium cryostat was used and
the TiN thin films were lithographed into a Hall bar structure (cf.
Figure 71). The obtained resistivities, normalized to o(300 K), as
a function on the temperature are depicted in Figure 72. Samples
on MgO exhibit a lower transition temperature T, compared to
thin films on SrTiO3. The samples deposited at 405 °C show a
transition into the superconducting state at 4.52K (MgO) and
4.78 K (SrTiO3). For a deposition temperature of 595°C a T, of
295K (MgO) and 5.06 K (SrTiO3) was determined. Only the sam-
ples prepared at 830 °C showed no superconducting state, even at
300mK. This is more evidence of O diffusion from the substrate
into the TiN layer. We conclude that the crystallographic proper-
ties with regard to the lattice constant and the superconducting
properties are better for TiN on SrTiO;.

Chemical properties

The chemical properties of the TilN thin films were investigated
by XAS in order to exclude the formation of Ti-O. Therefore,
the TiN sample deposited at 405 °C on MgO was analyzed. The
N-K-edge and the Ti-Lj ;-edges are illustrated in Figure 73. The
top part of Figure 73 corresponds to the bulk-sensitive LM mode

77



145 L. Soriano et al. In: Jour-
nal of electron spectroscopy
and related phenomena 62.1

(1993)

1.121 K L ' L, r1.5

1

Luminescence mode 1 1.4
_1.084 !
; 1

1.044

XAS (a. u

1.004

1.6
1.54

3 149 Total electron yield
& 134
<

< 1.2

1.14

|
1
I
|
I
|
1
|
1
I
|
I
|
1
1
I
I
|
I
|
1
|
1.0 :

1
1
1
1
I
1
1
1
1
1
1
1

I v T v T v 1 I v T v T v 1
390 400 410 420450 460 470 480
photon energy (eV) photon energy (eV)

Figure 73: XA spectra of N-K-edge (blue) and Ti-L3 ,-edges (red) of a TiN thin
film on MgO in LM (top) and TEY (bottom) mode. The TiN film was 40 nm thick
and deposited at 405 °C. The sample was measured at BL 6.3.1.

and the bottom part to the surface-sensitive TEY mode. The N-
spectra match the literature data well. If O, had replaced the
N atoms at their positions in the crystal lattice, a spike in the
XAS would have been observed, due to the free N atoms in the
lattice.#> The bulk-sensitive Ti-spectrum shows a metallic-like
behavior, whereas the TEY signal shows a multiplet structure on
the L3-edge indicating a small amount of Ti—O. However, due to
the fact that the TiN film was not covered by a capping layer, this
small amount of Ti-O is acceptable and most likely induced by
oxidation under atmosphere.

Seed layer for Min-Ga

In a next attempt, we sputtered 30 nm thick Mn;, 5Ga thin films
on a TiN buffer layer on MgO and SrTiO; substrates. The de-
position temperature of the Mn-Ga was set to 550 °C. The TiN
buffer layer was deposited at 405 °C and 830 °C. Each sample was
capped by a 2.3 nm thick MgO layer to prevent the stack from
oxidizing. Figure 74 presents the respective XRD scans. First we
will take a closer look at samples with a TiN deposition tempera-
ture of 405 °C. The reflex intensity of the Mn, sGa layers on MgO
is low, only the fundamental D0y, peak at 51.08 deg is visible.
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Figure 74: XRD scans of Mn, 5Ga thin films deposited on MgO (green) and SrTiOj; (blue) substrates with TiN buffer
layers. The TiN deposition temperature was set to 405 °C and 830 °C. The Mn, 5Ga was deposited at 550 °C.

Therefore, the ¢ lattice constant is determined to be 7.15A. In
addition, the fundamental DOj reflex is present at 61.78 deg. The
corresponding ¢ parameter is 6.01 A. Thus, two different phases
were obtained. However, the analogous sample on SrTiO3 shows
a higher peak intensity. The super lattice (002) and fundamen-
tal (0oo4) reflex of the D0y, phase are present at 25.03 deg and
51.28 deg. Thus, the c lattice constant is 7.12 A. In addition, the
fundamental DOj reflex is found at 61.78 deg. The associated ¢ pa-
rameter is 6.01 A. Samples where the TiN was deposited at 830 °C
exhibit quite a different behavior. The TiN buffered Mn, 5Ga thin
film on MgO shows a lower reflex intensity compared to the sam-
ple with a TiN deposition temperature of 405°C, the Mn, 5Ga
thickness being the same. The determined out-of-plane lattice
parameters are cpg,, = 7.15A and cpo, = 6.01 A. The similar
sample on SrTiOj; reveals the D0,; super lattice and fundamental
reflexes and the D03 fundamental peak. The corresponding out-
of-plane lattice parameters are cpg,, = 7.12 A and ¢po, = 6.01 A.
The intensity of the D05 reflex is essentially lower compared to
the former sample on SrTiO;. The peak positions are at the same
angles as for the sample with a TiN deposition temperature of
405°C on SrTiO;. To sum up, we achieved a tetragonal distor-
tion of the Mnj, 5Ga crystal when deposited on a TilN seed layer.
However, due to the large lattice mismatch between the Mn; ,Ga
crystal and the TiN buffer we only obtained a multiphase struc-
ture, a combination of the D0,, and D05 phases. For thin films
on SrTiO; substrates the D03-ordered phase could be decreased
by increasing the deposition temperature.

THE MAGNETIC PROPERTIES Of the Mn, 5Ga thin films with TiN buffer
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Figure 75: Hysteresis loops for TiN buffered Mn; 5Ga thin films on MgO (green)
and SrTiO; (blue) substrates.

were investigated by means of SQUID measurements.4® Only
the samples with a TiN deposition temperature of 830 °C were
investigated due to the higher crystalline order. In Figure 75
the hysteresis loops for an out-of-plane configuration are shown.
Both hysteresis loops show the previously mentioned step in the
major loop (cf. Figure 27). A relation between the step height and
the amount of the D03 phase could not be determined. The coer-
civity of TiN buffered Mn-Ga films on MgO (5rTiO3) is 1.30(5) T
(1.60(5) T) and the squareness ratio is 0.75(5) (0.86(5)). In addi-
tion, the magnetization values differ for samples on MgO and
SrTiO; substrate. We determined a value of Mg = 232kAm™"! on
SrTiO; and a value of Mg = 383kA m™ on MgO substrate. The
magnetization for samples on MgO is 1.65 times higher than on
SrTiOj substrates. This discrepancy is based on the two crystal
phases. The sample on SrTiO; showed a more distinct D0y, phase
and therefore a higher compensation of the magnetic moments,
i.e., lower net magnetization. A question that remains open is
how the sum of the magnetization of the D0,, phase and the D03
phase is assembled.

Conclusion

We successfully prepared out-of-plane magnetized Mn; ,Ga (1.5 <
x < 0.1) thin films with L1y or D0y, crystal structure. The thin
films were magnetron sputtered on MgO and SrTiO; substrates at
deposition temperatures between 520 °C and 595 °C. The surface
roughness was analyzed by XRR. Thin films on MgO and SrTiO,
showed the lowest roughness (below 1nm) when prepared by
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deposition from a MnysGass, a MnsgGagy or a MngyGayy com-
posite target. To determine the crystal phase we carried out
XRD measurements. A decreasing out-of-pane lattice constant
with decreasing Mn content was found for both crystal phases.
The highest crystalline order was found for samples deposited
from a Mn-Ga composite target. Thin films deposited on SrTiO3
substrates revealed higher crystallinity, i.e., lower FWHM and
higher textured order, compared to samples on MgO. This behav-
ior is based on the lower lattice mismatch between SrTiO5; and
Mnj;_, Ga. The magnetic properties were investigated by means
of SQUID measurements. Mnj3_,Ga thin films with an L1 crystal
phase showed a considerably higher magnetization than D0y,-
ordered thin films. The lower magnetization derives from higher
degree of compensation of the magnetic moments in the D0y,
phase. In addition, the coercive field was lower for L1y-Mn;_,Ga
thin films. These samples could be saturated in an in-plane con-
figuration with a field of around 4T. By applying the Stoner-
Wohlfarth model an anisotropy energy K of 0.97(2) x 10°Jm™
was determined. The formation of Mn-O at the Mn;_ ,Ga/MgO
interface is a crucial point in the preparation of MT]’s. For this
reason, we investigated the chemical and magnetic properties
at the barrier interface by XAS and XMCD. Different L1,- and
D0yy-ordered Mns_, Ga thin films on SrTiO; substrates were ex-
amined by surface-sensitive total electron yield. The XAS showed
the formation of Mn-O at the barrier interface for each sample.
However, samples prepared by co-deposition from a Mn-Ga com-
posite target and an additional Mn target revealed the highest
amount of Mn—-O. The XMCD signal is more sensitive to the
formation of Mn—O. It showed the highest XMCD signal, i.e., the
lowest amount of Mn—O for samples deposited from a Mng,Gasg
target. By applying the sum rules on the obtained XA and XMCD
spectra the magnetic moment could be determined. We found
the expected decrease of the magnetic moment with increasing
Mn content.

In addition, we examined the consequences of the insertion
of a ferromagnetic layer, Co-Fe-B and Co,FeAl, between the L1,-
ordered Mnj ,Ga layer and the MgO barrier.’#7 Whereas the
surface roughness and crystalline order stayed unaffected the
formation of Mn—QO could be further suppressed. Additionally,
by changing the deposition method of the MgO barrier from mag-
netron sputtering to e-beam evaporation the amount of Mn-O
was further decreased. The magnetic orientation of the ferro-
magnetic insertion layer is of particular interest. By carrying
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out element-specific hysteresis loops, we were able to determine
a parallel alignment to the Mn; , Ga magnetic moments, even
for a Co-Fe-B thickness of 2nm. Thus the Mn;_ Ga layer acts
as a pinning layer on the soft-magnetic insertion layer. After
the characterization of the Mnj;_, Ga layer had been completed,
we prepared MT]’s with an L1j-ordered bottom electrode, 1 nm
Co-Fe-B insertion layers, and a {Co/Pt};; counter electrode. The
obtained transport measurements pointed out an in-plane com-
ponent of the hard electrode, i.e., the {Co/Pt};o multilayers. To
overcome this obstacle we replaced the multilayer electrode by
a 1.2nm thick Co-Fe-B film. That way, further post-annealing
was required to obtain a perpendicularly magnetized Co-Fe-B
thin film, but post-annealing also increases the crystallinity of the
MgO barrier. The achieved TMR effect of this stack structure was
marginally higher compared to the previous system. The reasons
for the low TMR effect are the following: At RT the top Co-Fe-B
electrode shows a superparamagnetic state, by cooling down the
sample below the blocking temperature a ferromagnetic state was
achieved. Another obstacle was the temperature dependence of
the coercive fields. Due to a crossover of the coercive fields dur-
ing cooling, the hard electrode becomes the soft electrode and
vice versa. In the crossover regime the TMR effect almost disap-
pears. However, even at a temperature above the coercive field
crossover and below the superparamagnetic state the TMR effect
showed a maximum value of only 10 %. The cause of this low
TMR effect was detected by AES. The B of the bottom Co-Fe-B
layer and the Mn and Ga of the Mnj3_ ,Ga electrode diffuse to the
barrier interface. For this reason, a material combination with
low spin polarization is next to the barrier and reduces the TMR
effect. Hence, we changed the ferromagnetic insertion layer. An
0.8 nm thick Co,FeAl layer overcomes the obstacle of B diffusion.
But again the obtained TMR ratio was only 3% at 10K. Here
again, a diffusion of the Mn and Ga was observed via AES.

Another issue that should be mentioned is the stray field of the
Mn-Ga electrode. Kanai et al.'4® reported that the stray field from
a 1 nm Co-Fe-B electrode affects the 1.2 nm thick Co-Fe-B counter
electrode that is separated by a 1 nm thick MgO layer. Therefore,
it is plausible that a 25 nm thick hard-magnetic Mn;_,Ga bottom
electrode also induces a stray field that affects the soft-magnetic
counter electrode. The bottom electrode serves as a supply line
for the applied voltage. For this reason, the etching process dur-
ing the preparation of the MT]’s stops after the MgO barrier. That
way, the area of the bottom electrode is much larger compared
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to that of the counter electrode. To make etching through the
bottom electrode possible, a conducting seed layer is required.
Typical buffer layers are Cr and Pt due to the matching in-plane
lattice constant. Nonetheless, the diffusion temperature of the
Cr is too low, and to achieve a (001) oriented Pt layer circumstan-
tial growth conditions are necessary. Therefore, we investigated
TiN.*49 Even though the lattice mismatch is around 7.78 % the
high thermal stability, low resistivity, and low surface roughness
make TiN a promising candidate to serve as a seed layer in MT]’s.
However, first the structural and electrical properties as well as
the surface roughness had to be determined. For this reason, we
prepared TiN thin films on MgO and SrTiO; substrates at vari-
ous deposition temperatures. Afterwards, the surface roughness
was determined via XRR. The obtained roughness values were
below 1 nm. XRD measurements were performed to determine
the crystalline properties. Transport measurements showed a su-
perconducting state below 5K depending on the deposition tem-
perature and type of substrate. A room temperature resistivity of
39.91 pQ cm on MgO was verified via four-point terminal trans-
port measurements. The formation of Ti-O could be excluded
for a deposition temperature of 405 °C by XAS. Afterwards, we
prepared TiN buffered Mn, 5Ga thin films on MgO and SrTiOs.
XRD measurements revealed a multiphase, a combination of the
DO0,, and the DO0j crystal structures. For this reason, samples
on MgO showed higher magnetization compared to samples on
SrTiO3 due to the two crystal structures.
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The ternary Mn-Co-Ga compound

In this chapter we attend to the preparation of Mns ,Co,Ga (0.7 <
x < 0.3) thin films. We investigated the crystallographic structure
and magnetic properties of thin films with a cubic and a tetragonally
distorted crystal phase. The barrier interface was analyzed with regard
to film roughness and the formation of Mn—O in view of the intended
integration into MT]’s.

Stoichiometry dependence

In the previous chapter the tetragonally distorted L1y and D0y,
phases of the Mnj ,Ga compound were investigated. Unfortu-
nately, the fully compensated, half-metallic properties of the
D0;-Mn;Ga phase diminish during tetragonal distortion into the
DO0,,-phase. Thus a theoretically predicted spin polarization of
88 % and a magnetic moment of 1 g was reported.’>® Substi-
tution of Mn atoms by Co will decrease the magnetic moment
due to a higher compensation. Alijjani et al.">* reported a lower
magnetic moment for Mn, ,Coy 3Ga than for Mn;Ga. Addition-
ally, they determined a Curie temperature between 730 °C and
790°C, depending on the Co content. The magnetization direc-
tion is changed from in-plane to out-of-plane by increasing the
Mn content and decreasing the Co content.>*> The soft-magnetic
Mnj; ,Co,Ga layer with an in-plane magnetization direction oc-
curs for x > 0.5 (cubic structure). For 0.5 < x < 1 the hard-
magnetic D0, structure with a magnetization direction perpen-
dicular to the film plane is obtained. For this reason, the crystal
properties depend on the Mn to Co concentration. The cell vol-
ume of the cubic phase decreases with increasing Co content due
to the lower atomic radius compared to Mn. The tetragonal phase
reveals an almost constant cell volume because with decreasing
Co content the c lattice constant increases and the a lattice con-
stant decreases. The in-plane lattice constant ranges from 5.869 A
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for cubic crystals to 3.871 A for tetragonal structures. The out-of-
plane lattice constant of the tetragonal phase is around 7.04 A.
Like the crystal structure the magnetic properties depend on the
stoichiometry. Starting with a total magnetic moment of 2 pig for
Mn,CoGa the moment decreases to 0.49 pg for Mn, (Cog 4Ga.">3
Hence, a higher compensation of the magnetic moments is found
for Mn rich structures. TMR effects of 5 % were first reported by
Kubota et al.’5* for Mn-Co-Ga based MT]’s. The reported stack
structure was MgO/ Cr (40nm)/ Mn, 3Coq 4Ga; 3 (30nm)/ Mg
(0.4nm)/ MgO (2.2nm)/ CoyFegoByg (1.3nm)/ Ta (5nm)/ Ru
(7 nm).

Mn;_, Co,Ga reveals properties similar to Mn3 ,Ga, whereas
the Curie temperature is higher and the magnetic moment is
lower. Therefore, the tetragonally distorted DO0,, phase is an
auspicious candidate for serving as an electrode in MT]’s.

IN A FIRST ATTEMPT WE PREPARED Mnj3 , Co,Ga thin films with two
different compositions. For this purpose we co-sputtered our thin
films from a MnysGass or a MngyGayg composite target together
with a Mn and a Co target.’>> By changing the power applied to
each target the stoichiometry was varied. Since the in-plane lattice
constant is similar to Mn3 ,Ga, we used MgO (0o01) and SrTiO3
(001) substrates. The deposition temperature was between 500 °C
and 550 °C. Afterwards the samples were cooled down to room
temperature and capped by a 2.3nm thick MgO layer. In that
way, the stack was prevented from oxidizing and the influence
of the barrier on the bottom electrode could be investigated. The
stoichiometry of our thin films was determined via XRF measure-
ments. XRR and XRD investigations were performed to analyze
the surface roughness and crystallographic phase. The magnetic
properties were examined by means of VSM, element-specific
hysteresis loops obtained at BL 6.3.1, and SQUID measurements.
Finally, the Mn-Co-Ga/MgO interface was investigated by XAS
and XMCD.

X-ray fluorescence measurements

Different compositions were obtained by adjusting the applied
power at the respective targets. XRF measurements in a He at-
mosphere were carried out to determine the stoichiometry. In Ta-
ble 14 the investigated thin films are listed. By using the Mng,Gayg
target it was possible to lower the power applied to the Mn and
Co target by a factor of two.
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Mn-Ga Mn Co composition  substrate
100W  20W 10W Mn,3Cop,Ga  SrTiOg
100W 45W 20W Mn,;Cop3Ga  SrTiOg
100W  20W 10W Mn,¢Cop3Ga  SrTiO;

Table 14: Overview of the prepared samples and their stoichiometry. The top four
samples were sputtered from a MnysGass target and an additional Mn and Co tar-
get. The bottom sample was prepared from a Mng,Gay target and an additional
Mn and Co target. The stoichiometry was determined by XRF measurements.

X-ray reflectivity investigations

In Figure 76 the XRR scans of Mn, 3Coq,Ga on MgO and SrTiO3

as well as Mn, ;Coy 3Ga on MgO and SrTiOj are illustrated. The

absence of Kiessing fringes in the XRR scan of the Mn, 3Co,,Ga

samples reveal a high surface roughness. It is not possible to

fit the obtained scans and determine the film thickness, surface

roughness and density. The Mn, ;Co,3Ga thin films on MgO

and SrTiO; show two to three distinct oscillations. By fitting

the scans via Parratt algorithm we obtained a film thickness of

around 16(1) nm on SrTiO3 and 20(1) nm on MgO. In addition,

a film roughness of 1.4(5) nm on SrTiO; and 5.7(5) nm on MgO

was determined.’>® The high surface roughness corresponds well 5 High errors due to the
to the results obtained for co-deposited Mns ,Ga. Therefore, ad- 10w number of oscillations.
ditional evidence was found for a co-deposition induced surface

roughness. Consequently, the integration of these thin films into

MT]J’s is difficult. The high roughness of the bottom electrode

results in metallic pinholes through the barrier and thus a tunnel

effect is not possible. However, to lower the surface roughness we

have to minimize the power of the Mn and Co target during the co-

deposition process. For that reason, we used a MngyGay target to
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Figure 76: XRR scans of the (a) Mn, 3C0(7Ga and (b) Mn;, ;Coj 3Ga on MgO (green) and SrTiOj; (blue) substrates.
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Figure 77: XRR scans of Mn; ¢Co 3Ga thin films deposited at 500 °C on MgO
(green) and SrTiOj (blue). Here a MingyGay target was used.

achieve a higher Mn concentration and therefore a lower power
applied to the Mn target is required. Figure 77 illustrates the XRR
scans of Mn, Cog 3Ga thin films deposited on MgO and SrTiO3
at 500 °C. The obtained film thickness on SrTiO5; was 38.50(5) nm
and the roughness 0.6(1) nm. To gain insight into the effect of
the deposition temperature on the film properties, we prepared
Mn, ¢Co( 3Ga thin films at higher temperatures on SrTiO3. The
values obtained from the XRR fit are illustrated in Figure 78. The
film thickness increases with increasing deposition temperature,
whereas the density decreases. However, the roughness shows a
minimum value at 500 °C. Therefore, the Mn, (Co, 3Ga thin film
deposited at 500 °C is a promising candidate for use as bottom
electrode in MTJ’s.
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Figure 78: Temperature dependence of the (a) film thickness, (b) roughness and (c) the density of Mn, sCog3Ga
thin films on SrTiO;. The samples were prepared from a MngyGayg target and additional Mn and Co targets.
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Crystallographic properties

Figure 79 illustrates the XRD scans of a Mn, 3Co(;Ga thin film
deposited on MgO and SrTiOj; substrates. The deposition tem-
perature was chosen to be 500 °C. A cubic structure is obtained
for both types of substrate. The super lattice and fundamental
peaks of the cubic phase are visible at 30.33 deg and 63.18 deg
independently of the substrate. The corresponding lattice con-
stant was determined to ¢ = 5.88 A and matches well with the
data reported by Alijani et al.">” However, two further reflexes
are found at 32.93 deg and 69.08 deg for thin films on MgO. Thin
films deposited on SrTiO; exhibit only the reflex at 32.93 deg but
with lower intensity. These reflexes are not assigned to the cubic
or tetragonal phase.

Apart from the cubic phase we investigated the tetragonally
distorted D0y, phase. In Figure 8o the XRD scans of Mn, ,Co, 3Ga
thin films on MgO and SrTiO; are depicted. The deposition tem-
perature was 550 °C. The thin film on MgO shows only reflexes
of the D0y, crystal structure. The fundamental reflex is found at
52.31 deg and at 25.61 deg the super lattice reflex appears. There-
fore, the average ¢ parameter is 6.98 A. For the sample on SrTiO;,
the (002) and (004) reflex can be found at 25.14 deg and 51.85 deg
resulting in ¢ = 7.07 A. This value fits with the reported bulk data
of Alijani et al.’>® The thin film on MgO reveals a lower c lattice
constant compared to layers on SrTiO; substrate. This behavior
was expected due to the higher lattice mismatch between the
substrate and the thin film.

Besides the discussed Mn, ;Co 3Ga sample sputtered from a
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Figure 79: XRD scans of a Mn, 3Coq;Ga thin films deposited on MgO (green)
and SrTiO; (blue).
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Figure 80: XRD scans of Mn, ;Coy 3Ga thin films deposited on MgO (green) and
SrTiOj5 (blue).

Mn,5Gagg target, we also prepared an almost analogous sample
from a MngzGayg target.’>® Thus the power applied to the Mn
and Co target could be decreased and a lower surface roughness
was obtained. The XRD scans of the respective samples reveal
the influence of the different preparation conditions, i.e., lower
power applied to the targets on the crystallographic structure
(cf. Figure 81). The deposition temperature of the Mn, 4Co, 3Ga
thin film was chosen to be 500 °C in order to obtain a low surface
roughness. Both samples show the (002) and (004) reflex of the
DO0,; phase. The Mn-Co-Ga crystal on MgO substrate reveals a
very small (004) reflex at 63.10 deg, probably induced by the cubic
phase. The peak positions for samples on MgO are 26.18 deg and

unknown
unknown
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25.78 26.18 4118  52.78 53.88 63.1 70 80 90
26 (deg)

Figure 81: XRD scans of 38.50(5) nm thick Mn, (Co 3Ga thin films on MgO (green)
and SrTiOj; (blue) substrates. The samples were prepared from a MngyGay, a
Mn, and a Co target.
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53.88 deg and on SrTiO; 25.78 deg and 52.78 deg). The respective
angles for samples on MgO are higher, which indicates a lower
lattice constant. The corresponding out-of-plane lattice constants
of the Mn, (Co, 3Ga thin films are 6.81 A on MgO and 6.95A
on SrTiO;. These values match well with the data from Alijani
et al.’®® and the ¢ value on MgO substrate is lower than the ¢ 160 V. Alijani et al. In: Ap-

value on SrTiOj; substrates. plied Physics Letters 99.22

As mentioned previously, the deposition temperature de- (2011)

pendence of the Mn, (Coj 3Ga compound was also investigated.
Therefore, three different deposition temperatures, 500 °C, 550 °C
and 595 °C, were used. Figure 82 reveals the out-of-plane lat-
tice constant ¢, the FWHM of the D0y, (004) and (002) reflex
and the textured order as a function of the deposition temper-
ature. The reported bulk values of the c constant from Alijjani
et al.'®* are not achieved, most likely due to the expansion in the 161V, Aljjani et al. In: Applied
a,b-plane induced by the SrTiO; and the MgO substrate. The  Physics Letters 99.22 (2011)
lowest FWHM and highest textured order are present at a de-
position temperature of 550 °C, for thin films on both substrates.
However, compared to the textured order value of 830 for the
L19-Mn, ¢(Ga thin film on SrTiOj3, the values of Mn, (Cog 3Ga are
quite low. This is evidence of incompletely crystallized thin films.
The D0y,-ordered Mnj_,Ga thin films reveal comparable textured
order values. Thus, the crystal quality of D0,,-Mn-Co-Ga and
D0yy-Mnj_,Ga thin films is similar.
Apart from the D0,; structure thin films on MgO exhibit an
additional cubic phase (B2, L2;, or Hg,CuTi type).!> The tem-  '*G. D.Liuetal. In: Physi-
perature dependence of the ¢ parameter, the FWHM of the (00g4) ~ © Review B77:1 (2008)
and the textured order are shown in Figure 83. The fundamen- ~ '* V- Alijani et al. In: Ap-
tal (002) reflex of the D03 phase is only visible for a deposition ptied Plysics Letters 9922

(2011)
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Figure 82: Temperature dependence of the (a) c lattice constant, (b) FHWM of the (002) (bold) and (0o4) (circle)
reflex and (c) the textured order of Mn, 4Coy 3Ga thin films on MgO (green) and SrTiOj (blue). The red dashed line
indicates the values reported by Aljjani et al.*63
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temperature of 595 °C. The lattice constant c shows a maximum
at 500°C, the data from Aljjani et al.’4 are in the same range.
The lowest FWHM and the highest textured order are found for
a deposition temperature of 595 °C. Therefore a correlation be-
tween the deposition temperature and the cubic and tetragonal
phases exists. If the deposition temperature is chosen too high, a
multiphase is observed. This behavior is inconsistent with the
results for Mn;_, Ga, here the cubic phase is obtained if the depo-
sition temperature is too low.*®> Compared to the D0y,-phase the
textured order values are much lower (a tenth of the D05, values)
and so is the crystalline quality.

To compare the crystallinity of the Mn-Co-Ga thin films with
the Mnj_ Ga thin films, we will take a closer look on the FWHM
of the present reflexes. Because of the higher crystallinity of thin
film on SrTiO; we will neglect samples on MgO. The obtained
data are present in Table 15. The cubic structure shows the low-
est values for the Mn-Co-Ga samples and thus the largest grain
size. The values of the Mn,,Cog 3Ga thin film deposited from
the Mny5Gass target are twice as high for the (002) reflex and
three times higher for the (004) reflex. The almost same sample

sample FWHM (002) FWHM (0oo4) FWHM (006)
Mn, 5Co(,Ga 0.282 0.558 Yo
Mn, ,Coy3Ga 0.565 1.614 %
Mn, (Coj 3Ga* 0.466 0.958 0.270
Mn, sGa 0.307 0.509 0.611

Table 15: The obtained FWHM of the respective (002), (004) and (006) reflex for
different Mnj;_, Co,Ga thin films and a Mnj; 5Ga thin film on SrTiO3. The sample
Mn, 4Co 3Ga* was prepared from a Mng;Gayy target and deposited at 500 °C.
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(Mn, ;Coy 3Ga) prepared from a Mng;Gay target exhibits also
higher values compared to those of the cubic phase. However,
this sample was the only sample that reveals the (006) reflex.
Nonetheless, the received data show a lower crystallinity of the
tetragonal Mn-Co-Ga thin films compared to the Mn, 5Ga thin
film on SrTiO;. It has to be mentioned that this sample was also
prepared from the MngyGayg target. To summarize, co-deposition
from different targets decrease the crystallinity of the thin film
and increases its surface roughness.

Investigations of the magnetic properties

The magnetic properties were investigated by means of a vibrat-
ing sample magnetometer (VSM)® (+2T), element-specific hys-
teresis loops obtained at BL 6.3.1 (+2 T), and SQUID (+7 T) mea-
surements, of which only the latter provides information about
magnetization. The external magnetic field was applied perpen-
dicular and parallel to the film plane, except for the element-
specific hysteresis loops.

For the VSM measurement, the sample was placed in a homo-
geneous magnetic field. With the help of piezoelectric material,
a sinusoidal vibration of the sample is caused. The periodic vi-
bration of the sample results in variation of the magnetic flux
(Faraday’s law of induction). The change of the magnetic flux
induces a voltage in what is called pickup coils'®7. The induced
voltage is proportional to the magnetic moment and is indepen-
dent of the static, external magnetic field.
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Figure 84: VSM hysteresis loops for Mn;, 3Co( 7Ga thin films on (a) MgO and (b)
SrTiO;. The external field was applied parallel and perpendicular to the sample
surface.
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Figure 85: Normalized XMCD asymmetry of a Mn,;Co; 3Ga thin film on (a)
MgO and (b) SrTiO;. The external field was applied perpendicular to the sample
surface.

First we investigated the cubic Mn; 3Coj7Ga compound on
MgO and SrTiOj as follows. Figure 84 illustrates the respective
in-plane and out-of-plane magnetization loops. The obtained hys-
tereses show a soft-magnetic character. The out-of-plane and in-
plane curves exhibit the same coercivity of 550(5) Oe for thin films
on MgO and 500(5) Oe for thin films on SrTiO; substrates. This
behavior underlines the soft-magnetic qualities of the Mn poor
Mn-Co-Ga compound. Apart from the cubic structure, we inves-
tigated the tetragonally distorted phase. Figure 85 depicts the de-
termined element-specific hysteresis loops of Mn, ;Cog 3Ga thin
films, prepared from the MnysGass target, on MgO and SrTiOj.
The hysteresis loops indicate a hard-magnetic behavior with an
out-of-plane coercive field of 1.3(1) T for both samples.

The magnetization of an analogous sample on MgO, but de-
posited from a MngyGay target, i.e., a Mn, (Co( 3Ga layer was
investigated by SQUID measurements. The dia-/paramagnetic
background was subtracted by subtraction of a line. Figure 86
depicts the obtained magnetization loop. The shape of the ma-
jor loop shows two unexpected features that are marked by red
arrows. Comparing the shape of the loop with that of the major
loops obtained for D0y,-Mn;_Ga (cf. Figure 27 (b)) we see an in-
verted behavior. At zero field the magnetization of the Mn-Co-Ga
sample increases, whereas the magnetization of the Mn; ,Ga
sample decreases. The step in the hysteresis of the Mn;_,Ga was
attributed to a second, soft-magnetic phase. A second phase that
results in a higher magnetization at zero field, like seen in the
major loop of the Mn-Co-Ga, is highly implausible. The only
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Figure 86: Hysteresis loop of a 38.50(5) nm thick Mn, 4Cog 3Ga thin film on MgO
deposited at 500°C. Unexpected steps are present in the magnetization loop
(indicated by red arrows).

reasonable explanation is an incorrect measurement.

The coercive field is estimated to 13.0(5) kOe and is equal to
that of the Mn,;Co(3Ga thin films. The magnetization is de-
termined to 65(1) kAm™! at high field and 105(1) kA m™! at zero
field. These values are low in comparison to the magnetization
values of the Mn;_, Ga samples. Therefore the obtained results cor-
respond to the reported data from Winterlik et al.*®® for Min;_.,Ga
and Alijjani et al.'% for Mn-Co-Ga. Alijani et al.'7° reported a
lower magnetic moment for Mn-Co-Ga bulk samples compared
to Mn3;Ga. With increasing Co content the magnetic moment de-
creases, whereas the magnetic moment increases after transition
into the cubic phase. Additionally, Ouardi et al. reported a low
magnetic moment of 0.84 g for a Mn, 4Co, 3Gay; thin film on
MgO."7* For the cubic phase a typical Slater-Pauling type behav-
ior was reported and for the tetragonal phase a linear dependency
according to 1, = 1 — 1.34x, with x the Co concentration.

Soft x-ray absorption spectroscopy

The chemical and magnetic properties were investigated by XAS
and XMCD measurements at BL 4.0.2 and BL 6.3.1 at the ALS
in Berkeley, California. Figure 87 illustrates the element specific
XA and XMCD spectra of a Mn; 3Coy7Ga thin film on MgO. The
Mn- and Co-spectra were obtained by bulk-sensitive LM mode at
RT. A surface-sensitive TEY measurement could not be obtained
due to the non-conducting thin film induced by the high surface
roughness. Both spectra were normalized to the post-edge jump
height. The Mn-spectrum shows two additional features (indi-
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spectra of a Mn; 3Co ;Ga thin film on MgO. The absorption spectra are normalized to the post-edge jump height
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cated by arrows). The feature at photon energies above the L
resonance could be an indicator of the formation of Mn—0O, but
this deduction is questionable. The second feature is induced
by a second order Mg peak (K; = 1303.0eV), caused by higher
order contributions of the beamline and the MgO substrate. An
additional feature is also found in the Co-spectrum at an en-
ergy above the L;-edge (cf. Figure 87 (b)). However, the shape of
the spectrum differs from that of pure Co but is also incompat-
ible with the typical multiplet structure of Co—O. Schmalhorst
et al.'7? reported a similar behavior in Co,MnSi and Ebke et al.'73
in Co,FeAl Heusler compounds. Both attributed the feature to
ordered interfacial spins. Thus a certain atomic and magnetic
order of the Mn; 3Co(7Ga is determined. Figure 87 (c) shows the
Mn-XMCD spectrum, additional features were found as reported
by Meinert et al.'74 for Mn,CoGa thin films and attributed to
band structure effects. By comparing the Mn- and Co-XMCD
spectra, we could draw conclusions about the relative orienta-
tion of the magnetic moments. Here, the (effective) Mn and Co
magnetic moments are parallel-aligned (cf. Figure 87 (d)).

In addition, we have investigated D0,,-ordered Mn, ;Co( 3Ga
thin films on MgO and SrTiO; substrates.'”> This time the surface-
sensitive TEY mode was used. In Figure 88 the obtained XA and
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Figure 88: (a) Mn and (b) Co XA spectra and the corresponding (c) Mn (d) Co XMCD spectra of Mn, ;Coq 3Ga thin
films on MgO (green) and SrTiO3 (blue). The line in (d) has been inserted to guide the reader’s eye. The

samples were measured at BL 6.3.1.

XMCD spectra are depicted. The Mn-XAS was normalized to
the post-edge jump height, i.e., = 1 (cf. Figure 88 (a)). The
feature at photon energies above the L3-edge is clear evidence of
the formation of Mn-O. Thin films on both substrates show this
additional feature. The spectrum is not distinct enough to dis-
tinguish between MnO, MnO,, and Mn,0O;. The corresponding
Mn-XMCD spectrum is noisy with additional spikes. However, a
qualitative prediction about the magnetic moment could be made
by comparing the amplitude of the XMCD signal normalized on
the Lz-edge height.’7® The magnetic moment of the Mn, ;Co,, 3Ga
thin film deposited on SrTiOj; is higher compared to that of the
film on MgO. Most likely, the lower magnetic moment is based
on the higher amount of Mn-O for the sample on MgO. This
correlation between the magnetic moment and the amount of
Mn-O has been shown previously for Mn;_,Ga thin films. In Fig-
ure 88 (b) the Co absorption spectra are illustrated. The spectra
were normalized to unity for energies lower than the L;-edge.
The signal strengths are lower compared to the Mn signals due to
the small amount of Co in the samples. Hence, the corresponding
XMCD signals are even noisier and a determination of the mag-
netic moment or an estimation, as done for Mn, is not possible.
However, the shape of the XMCD signal (yellow line for clarifica-
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tion) reveals antiferromagnetic coupling between the Mn and Co
magnetic moments for the thin film on SrTiO;. The signal of the
Mn-Co-Ga layer on MgO is too noisy to make an estimation of
the alignment of the magnetic moments. The antiferromagnetic
coupling is the reason for the lower magnetic moment in the D0y,
crystal structure. Therefore, the intended compensation of the
magnetic moment has been achieved. This is a good example
of the customizable properties of Heusler compounds and the
reason for their high applicability.

Ferromagnetic interlayers

Next, we will investigate the influence of a ferromagnetic layer be-
tween the Mn, ,Co, 3Ga thin film and the MgO barrier on the for-
mation of Mn-O. As seen before for the Mnj;_,Ga compound two
commonly known ferromagnetic layers were used, CoggoFe40Byg
and Co,FeAl. The insertion layer was always deposited at RT.
The respective thickness of the Co-Fe-B and Co,FeAl layers was
1nm. Figure 89 illustrates the obtained Mn-XA and XMCD spec-
tra for samples with a Co-Fe-B and a Co,FeAl interlayer on MgO
and SrTiOj; substrates, respectively. The XA and XMCD spectra
were normalized to the post-edge jump height. The previously
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Figure 89: Mn-XA spectra of Mn,;Co( 3Ga on MgO (green) and SrTiOj; (blue) with (a) Co-Fe-B and (b) Co,FeAl
interlayer. (c) and (d) illustrates the corresponding XMCD spectra. The red arrows indicate unexpected features.
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determined Mn-O at the interface for samples without interlayer
is reduced by a Co-Fe-B layer (cf. Figure 89 (a) red arrow). Again
a second order Mg peak is found, indicated by a red arrow, at
8eV above the L,-edge. The peak is induced by the MgO sub-
strate and/or the MgO capping layer. Figure 89 (b) illustrates
the Mn absorption spectra for samples with a Co,FeAl interlayer.
Here, the formation of interfacial Mn-O is also reduced and the
second order Mg peak is visible. The XMCD spectra for both
types of samples are noisy and therefore the calculation of the
magnetic moment via sum rules difficult.'”7 However, by com-
paring the XMCD signal normalized to the L;-edge height of the
two samples, one can see the qualitative aspects of the magnetic
moment.

Figure go depicts the XMCD signal normalized to the L3-
edge for Mn,;Coy3Ga thin films on MgO and SrTiO; with a
Co-Fe-B, a Co,FeAl, and without an interlayer. Samples pre-
pared on MgO exhibit the highest values if a ferromagnetic layer
is inserted, whereas without an interlayer the normalized XMCD
signal shows a minimum. For Mn-Co-Ga thin films on SrTiO3
the Mn moment is equal for samples with a Co-Fe-B and without
an interlayer. However, analogously to the samples on MgO the
maximum XMCD signal was found for samples with a Co,FeAl
interlayer. This behavior suggests the lowest amount of Mn—-O
for samples with a Co,FeAl interlayer and for samples on MgO
substrates. This is plausible because the samples on MgO re-
vealed a higher crystallinity and thus a higher compensation of
the magnetic moments.'78
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Figure 9o: Normalized Mn-XMCD signal for Mn; ;Cog 3Ga on MgO (green) and
SrTiO; (blue) with a Co-Fe-B, a Co,FeAl and without an interlayer.
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Conclusion

In summary, we successfully prepared cubic Mn, 3Co(,Ga on
MgO and SrTiO; and tetragonally distorted Mn, ;Co, 3Ga thin
films on MgO and SrTiOj3. The thin films were prepared using a
Mny5Gass composite target and an additional Mn and Co target.
To investigate the dependence of the deposition conditions on
the film properties, the MnysGass target was exchanged for a
Mng(Gay target. That way, the power applied to the additional
Mn target could be lowered by a factor of two and we obtained
D0y;-ordered Mn, (Co 3Ga thin films on MgO and SrTiO; sub-
strates. We observed a phase transition from the cubic structure
for x > 0.5 into the tetragonally distorted structure for x < 0.5.
The surface roughness was measured by means of XRR measure-
ments and showed a strong dependence on the co-deposition
process. Samples prepared from the MnysGass target revealed
the highest surface roughness. By using the Mng,Gay, target a
surface roughness of around 0.6(1) nm was achieved on SrTiO3
substrates. XRD measurements proved a cubic phase for Mn
poor samples on MgO and SrTiO;. The Mn rich samples pre-
pared from the Mn,5Gass target exhibit a D0, phase on MgO
and SrTiO;. By lowering the deposition temperature to 500 °C
and using the Mng,Gayg target, the Mn, (Coy 3Ga thin films on
SrTiO3 and MgO crystallized in the D0y, structure with a neg-
ligible cubic phase. VSM measurements proved the reported
soft-magnetic properties of the cubic phase. Element-specific hys-
teresis loops of the Mn, ,Coy 3Ga thin films on MgO and SrTiO3
verified the hard-magnetic properties (HC = 1.3(1) T) of the the
DO0,;, phase. SQUID observations revealed a lower magnetic mo-
ment compared to Mnj3 ,Ga thin films. In addition, surface and
bulk-sensitive XAS and XMCD measurements were carried out.
The formation of interfacial Mn—O was observed, but by using a
ferromagnetic interlayer the amount of Mn—O could be decreased.
The lowest amount of Mn—O was found for samples with a 1 nm
Co,FeAl interlayer. Due to the promising results with regard to
the surface roughness and hard-magnetic properties the integra-
tion of Mn-Co-Ga thin films in MT]’s is being planned.
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The binary Mn-Ge compound

In the previous chapters we investigated the perpendicularly magne-
tized Mns ,Ga and Mns ,Co,Ga compounds. Next, we will discuss the
properties of the recently reported Mngs,Ge compound. Therefore, we
prepared thin films with different compositions (x = =0.3,0.2,0.6). We
studied the surface roughness and the crystallographic properties via
XRR and XRD measurements. The magnetic properties were examined
by anomalous Hall effect measurements.

Stoichiometry dependence

Over the years there were a lot of publications about Mn;_, Ga
and Mn;_, Co,Ga tunnel junctions. Theoretically predicted high
TMR effects were reported. However, the effects obtained at RT
fall short of expectations. The TMR effects achieved for Mn;_, Ga
based MT]’s without a ferromagnetic interlayer never exceed 10 %
at RT."79 The highest reported TMR effect was 40 % at RT (80 % at
5K) for a stack consisting of Cr (40 nm)/Mng,Gazg (30nm)/Co
(1.8nm)/Mg (0.4nm)/MgO (1.8 nm)/CoFeB (1.2 nm) on an MgO
substrate.'® Therefore, the necessity of an interlayer to observe
reasonable TMR ratios was shown. However, ferromagnetic inter-
layers bear the disadvantage of low spin polarization and a high
magnetic moment. Furthermore, ferromagnetic materials, e.g.
Co-Fe-B, without Mnj ,Ga buffer achieve considerably higher
TMR effects.’® In addition, the question why a pure Mn;,,Ga
electrode in contact with an MgQO barrier shows no decent TMR
effect was recently answered by Miura et al.*®? They reported first-
principle calculations on TMR effect of MT]’s with D0y,-Mn3Z (Z
=Ga, Ge) electrodes. The obtainable TMR effect strongly depends
on the interface termination, i.e., whether a MnMn or a MnGa
configuration is next to the MgO barrier (cf. Figure 91). Consid-
ering the dependence of the in-plane wave vector k; = (k,k,)
on the tunneling conductance, they observed a broad peak at
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termination TMR (%)

MnMn 6.3 x 10%
MnGa 4.0x 10!
MnMn 46x10%
MnGe 1.4 x10°
Table 16: Estimated
TMR effect for MnMn

termination relative to
MnGa or MnGe termina-
tions of Mn3;Ga/MgO or
Mn;Ge/MgO interfaces. 84
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Figure 91: (a) MnGa and (b) MnMn-terminated Mn3;Ga/MgO interface. (c) and
(d) replacement of Ga by Ge.*3

ky = (0,0) for a MnGa termination. Thus the tunneling of the A,
electrons is dominant even in the anti-parallel state and a small
TMR effect is observed. Replacing the Ga by Ge, the k| depen-
dence shows spikes for both types of termination. That way, there
is no contribution of the A; electrons in the anti-parallel state.
They also reported a half-metallic behavior of Mn;Ge on the A
band around the Fermi level. However, by expanding the in-plane
lattice by more than 4 % the half-metallic state of the A; band
vanishes. Therefore the use of an MgO barrier (aM8° = 4.21 A)is
unsuitable due to the lattice mismatch of 11.2 % (a)1C¢ = 3.74 A).
Other barrier materials like CaF, or MgAl,O, are promising can-
didates. The theoretically predicted TMR values are illustrated
in Table 16. Recently, Kurt et al.' reported the utilization of
D0y,-ordered Mn3Ge thin films on SrTiO5 substrates. The lattice
constants were determined to be a = 3.85(3) A and ¢ = 7.185(7) A.
Additionally, a low magnetization of 73 kA m~! and an anisotropy
constant of 0.91 MJ m~ were reported. The spin polarization was
reported to be 46.0(2) % measured by point contact Andreev re-
flection. Furthermore, Sugihara et al.*® reported the successful
growth of D0x»p-Mns,,Ge on MgO substrates with a Cr buffer.
The samples were post-annealed at different temperatures. Mag-
netic torque measurements'®” revealed an anisotropy constant
of 1.15(3) MJ m~3. A theoretically predicted low magnetic damp-
ing of 9 X 107* was reported by Mizukami et al.'®® for Mn;Ge.
Kédar and Krén reported a phase transition from the D0,
structure into the D9 phase at 850K before reaching the Curie
temperature. A Curie temperature of 920K was estimated by
extrapolation. Therefore the Curie temperature is 70K higher
compared to that of Mn; ,Ga."°
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At first glance, the reported properties are marginally better
than for Mn;_, Ga, but the first-principle calculations regarding
the TMR effect are highly promising. However, one has to keep in
mind that using an MgO barrier will lower the TMR effect, due to
expansion in the g, b-plane and the resulting loss of half-metallic
behavior.

WE PREPARED DIFFERENT Mn3,, Ga (x = 0.3, 0.2 and 0.6) thin films
on SrTiOj; substrates, due to the low lattice mismatch (1.41 %)
to the values reported by Kurt et al."*. Therefore, we ran a co-
deposition process from a plain Mn and Ge sputtering target.
The stoichiometry was changed by varying the power applied to
the Mn target whereas the power applied to the Ge remain con-
stant. The deposition temperature was 450 °C for the Mng 4(17)Ge
compound and 550 °C for the other two compositions. The re-
spective stoichiometry was determined via XRF. To investigate
the surface roughness and crystal structure, we carried out XRR
and XRD analyses. The magnetic properties were measured via
anomalous Hall effect (AHE) in a closed-cycle helium cryostat.
The superconducting coils revealed a magnetic field up to +4T.

X-ray fluorescence examinations

The respective compositions were determined by means of XRF
measurements in a He atmosphere. For this purpose three differ-
ent Mnj;,, Ge samples were prepared on SrTiO; substrates at two
different temperatures (450 °C and 550 °C). By keeping the power
applied to the Ge target fixed and adjusting the power on the
Mn target, the composition was changed. In Table 17 the power,
deposition temperature and obtained stoichiometry are listed.
The effect of the deposition temperature seemed to be low in
comparison to the power applied to the Mn target. Because of the
low thin film thickness (around 30 nm), errors in the estimation
of the stoichiometry might occur.

Mn Ge temperature composition
90OW 40W 550°C MH2‘66(14)G9
100W  40W 450°C Mnj3 54¢17,Ge
110W  40W 550°C Mnj 556 Ge

Table 17: Obtained XRF data for three different Mn;.,Ge samples on SrTiO;.
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Figure 92: XRR scans of a Mn; ;Ge (red), a Mn3 ,Ge (green), and a Mn; ;Ge (blue)
thin films deposited on SrTiOj; at different temperatures.

composition d(nm) roughness(nm) p(g cm™?)

Mn2~66(14)Ge % % %
Mnys56Ge  35.0(5) 1.4(1) 7.25(5)

Table 18: Thin film thickness, surface roughness, and density for three different
Mnj;,,Ge compounds, determined from the XRR scans via Parratt algorithm. The
XRR scan for the Mn, ;Ge cannot be fitted via Parratt algorithm.

X-ray reflectivity investigations

The surface roughness, film thickness, and density of the Mns,, Ge
thin films were examined via XRR measurements. Figure 92 il-
lustrates the corresponding XRR scans for all compositions. The
values obtained by fitting via Parratt algorithm are displayed
in Table 18. The scan of the Mn,;Ge compound shows the ab-
sence of Kiessing fringes suggesting a high surface roughness.
A fit via Parratt algorithm would have a low significance. How-
ever, the Mnj ,Ge and Mnj; (Ge thin films reveal nearly the same
thickness. The obtained densities were in the same order as the
densities of the Mn;_,Ga and Mnj_,Co,Ga thin films. The surface
roughness for both compounds is above 1 nm and therefore in
the same range as the barrier thickness in STT-MT]’s. For this
reason, the surface roughness has to be decreased to increase the
applicability of Mnj3,,Ge based MTJ’s.

Crystallographic structure

Apart from the roughness, we analyzed the crystal structure by
XRD measurements. In Figure 93 the obtained XRD scans are de-
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Figure 93: XRD scans of a Mn, ;Ge (red), a Mn; ,Ge (green), and a Mn; 4Ge (blue)
thin films deposited on SrTiO;.

picted. The Mn, ;Ge sample reveals the super lattice (002) reflex
at 24.75deg and the fundamental (004) reflex at 50.73deg. An
upcoming super lattice (006) reflex is present at 79.95 deg. Thus
the out-of-plane lattice constant is determined to be 7.20 A. The
sample deposited at 450 °C with a Mnj ,Ge composition exhibits
only the (002) reflex at 24.61 deg and the (004) peak at 50.51 deg.
The corresponding c lattice constant is 7.23 A. The Mn rich sam-
ple shows the super lattice peaks (002) and (006) at 24.77 deg
and 79.98 deg and the fundamental reflex at 50.75 deg. There-
fore, the ¢ parameter is 719 A (cf. Figure 94 (a)). Additionally,
an upcoming reflex at 40.73 deg is visible, most likely evidence
of the e-Mn-Ge phase (D0,y)."9*> This (002) peak corresponds
to a lattice constant of 4.43 A. The ¢ phase will be found for a
Ge content between 22 at % and 24 at % at high annealing tem-
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Figure 94: Parameter obtained from the XRD scans as a function of the stoichiometry. (a) c lattice parameter, (b)
FWHM of the (002) (green) and (004) (red) reflex, and (c) the textured order of the respective thin film.
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peratures around 800 °C but also in a metastable phase around
515°C.*93 The Mnj,Ge thin film revealed the highest c value,
probably induced by the lower deposition temperature. Thus,
the non-apparent (006) reflex could also be explained.

Additionally, we determined the dependence of the FWHM
and textured order on the stoichiometry (cf. Figures 94 (b) and
94 (c)). The lowest FWHM of the (004) reflex is found for the Mn
rich and poor thin films that were deposited at 550 °C. However,
the lowest FWHM value of the (002) reflex is obtained for the
Mnj; ,Ge compound. The textured order reflects the results from
the FWHM observation, the lowest value is found for the Mn; ,Ge
compound. This suggests a low crystalline quality due to the low
deposition temperature.

However, the textured order values are much lower than
for the L1y- and DO0y-ordered Mnj ,Ga and the DO0y,-ordered
Mn-Co-Ga thin films on SrTiO;. Thus, only a small portion of
the Mnj;,, Ge thin film is crystallized. In this way, the Mn;,, Ge
compound reveals the lowest crystalline quality of the three differ-
ent compounds.

Magnetic properties

The magnetic properties were analyzed by means of anomalous
Hall effect (AHE) measurements. The ordinary Hall effect (OHE)
occurs in non-magnetic metals; when a current is driven longitu-
dinally to the sample and an external magnetic field is applied
perpendicularly to the current a transversal voltage, Hall voltage,
is detected. The force experienced by the charge carriers is the
Lorentz force. The transversal resistivity increases linearly with
the field applied,

Oxy = RyB; (49)

where Ry = Ey/(jxﬁ) is the ordinary Hall coefficient. For magnetic
materials the behavior is different, the AHE is often higher. The
transverse resistivity is defined as

Oxy = RyB, + RsM, (50)

with Rg the anomalous Hall coefficient. Instead of a linear de-
crease of g, with increasing B, here a strong linear increase fol-
lowed by a second increase with a lower gradient is found. Thus
the underlying mechanism is not only the Lorentz force. The first
theoretical attempt to describe the AHE was made by Karplus
and Luttinger'94 in 1954. This intrinsic contribution relates to an
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additional contribution to the group velocity of charge carriers

induced by an external electric field. The intrinsic contribution

depends only on the band structure. Since the discovery of the

AHE in paramagnetic materials, the Berry phase theory of Bloch

states entered the field of AHE."5 The Berry phase theory shows  5]. Cumings etal. In:
similarities to the theory of Karplus and Luttinger. Besides the Physical Review Letters 96.19
intrinsic contribution, two additional extrinsic contributions were (2006)

reported by Smit'? in 1955 and Berger'%7 in 1970. What is called 196 . Smit. In: Physica 21.6-
asymmetric skew scattering from impurities caused by the spin- 10 (1955)

orbit interaction was introduced by Smit. Another extrinsic effect =~ % L. Berger. In: Physical

. S 1 . . . . . Review B 2.11 (1970)

is the side jump of quasiparticles upon scattering from spin-orbit

coupled impurities, predicted by Berger.

With this measuring technique, the total magnetization value
could not be obtained. However, the coercive field and square-
ness value were determined. The lowest coercive field is present
for the Mn, ;Ge compound with 2.3(1) T. Still, the coercivity is
higher than the highest value for the Mn;_, Ga and Mn;_,Co,Ga
compounds. The Mnj,Ge compound reveals a coercive field of
3.3(1) T. This is the highest coercive field achieved in this work.
The Mnj; 4Ge compound exhibits a lower value of 2.85(5) T. The
squareness values decreased with increasing Mn content from
0.89 via 0.88 to 0.73. In addition, the obtained hysteresis loop
of the Mnj; (Ge layer suggests an in-plane component. Sugihara
et al.'® reported the same behavior for a Mnj 35Ge compound. ' A. Sugihara et al. In:
Therefore, a critical composition can be estimated, where the Applied Physics Letters 104.13

C . . . . . (2014)
out-of-plane magnetization direction changes into the in-plane
direction. For a precise determination, a composition dependent
AHE investigation has to be carried out.
(b) ©
Mn; ,Ge Mn; Ge
-2 0 2 4 -4 -2 0 2 4
field (T) field (T) field (T)

Figure 95: Comparison of hysteresis loops obtained from anomalous Hall effect measurements for (a) Mn, ;Ge (red),
(b) Mnj;,Ge (green), and (c) Mn; ;Ge (blue) on SrTiO; substrates. The deposition temperature was 450 °C for the
Mnj; ,Ge sample and 550 °C for the two other compositions.
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Conclusion

Summarizing this chapter, we successfully grew epitaxial Mnj;,, Ga
thin films with x = -0.3,0.2,0.6 on SrTiOj3 substrates. The depo-
sition temperatures were 450 °C and 550 °C and chosen due to the
results obtained for Mn;_,Ga and Mn5_,Co,Ga. Nonetheless, the
temperatures may not be ideal.

XRF measurements were carried out to determine the film
stoichiometry. The film roughness was analyzed via XRR. The
lowest surface roughness is 1.3(1) nm for the Mn; ,Ge thin film,
whereas the highest value is found for the Mn, ;Ge sample. An
optimization of the surface roughness is required for future inte-
gration into MT]’s. The crystal phases were determined via XRD.
Each sample shows the fundamental (0o4) and super lattice (002)
reflex. Apart from that the Mn, ;Ge and Mnj 4Ge thin films reveal
the super lattice (006) peak. Most likely, the higher crystalline
order was achieved due to the higher deposition temperature.
The Mn-rich sample also exhibits the (002) reflex of an upcoming
&-Mn-Ge phase. Nonetheless, this sample shows the highest crys-
tallinity with regard to the textured order and FWHM. However,
compared to Mn3 ,Ga and Mn-Co-Ga thin films on SrTiO; the
obtained textured order values are much lower.

The magnetic properties were investigated by means of AHE
measurements. A high coercive field of 3.3(1) T is present for
the Mnj3 ,Ge sample and the lowest coercivity of 2.3(1) T for the
Mn, ;Ge compound. Both samples revealed a squareness of
around 0.9. The Mn-rich thin film shows an upcoming in-plane
component that leads to the lowest squareness of 0.73. However,
a high coercivity of 2.85(5) T is observed.

By comparing these results with the Mn; ,Ga and Mnj;_ ,Co,Ga
compounds on SrTiOj substrates, we see that the surface rough-
ness is higher for the Mnj3,,Ge thin films. In addition, the crys-
talline quality of the Mn;_,Ga and Mnj;_,Co,Ga compounds, espe-
cially the L1y-ordered Mnj_,Ga thin films, is better. The FWHM
values are lower and the textured order is higher. Mn, ,Cog 3Ga
thin films on SrTiO; exhibit FWHM values comparable to those
of the Mnj3.,Ge thin films, whereas the textured order is higher.
However, the magnetic properties in terms of coercivity and
squareness are superior for the Mns,,Ge compound. In a nut-
shell, by increasing the crystallinity and decreasing the surface
roughness, the Mnj;.,Ge compound will be a excellent replace-
ment of the Mn; ,Ga and Mn;_,Co,Ga compounds.

Other properties that have to be investigated before integra-
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tion into MT]’s are: the barrier interface, interdiffusion, and lat-
eral expansion. The barrier interface concerning the formation
of Mn-O or Ge-O has to be examined via XAS and XMCD mea-
surements. As previously seen for the Mn; ,Ga compound, the
interdiffusion of the elements was the reason for the low TMR
effect. Hence, AES measurements are definitely required. After
successful control of these factors, the remaining question will be
the lateral expansion in case of an MgO barrier and the associated
change in the band structure. The expansion could be reduced
by a metallic interlayer. However, in that case the properties of
the Mnj;,, Ge layer, in terms of spin polarization, are insignificant.
An advantage of the hard-magnetic seed layer is the induced pin-
ning of the interlayer. That way, the absence of a perpendicular
exchange bias could be overcome.
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Co-Fe-B thin films

In this chapter CoyyFe 0By based MT]’s will be investigated. The
Co-Fe-B compound is commonly known and already integrated into
MRAM devices. We will investigate temperature dependent transport
measurements and the electric field effect on the coercive field and TMR
effect. The obtained TMR ratios are considerably higher compared to
those of the previous compounds.

IN THE PREVIOUS CHAPTERS we investigated different Mn-based
Heusler compounds. These compounds revealed certain charac-
teristics which look promising for low critical current densities
for STT switching. However, the obtained TMR effects never
exceed 100 % at RT. For a commercial STT-MRAM an MTJ with
a TMR effect of 200 % and an AR of 10 Q pm? would be ideal.
Therefore, the materials investigated in the previous chapters are
no substitute for CoygFey B,y at the moment. We will now take
a closer look at Co-Fe-B based MT]’s and analyze the effect of
an electric field on the critical current density. The electric field
could lower the current density by a temporary decrease of the
anisotropy energy.

Figure 96 illustrates different magnetization switching modes
in MTJ’s. H-field-induced switching was applied in the previ-
ous chapters. This method is simple and still operates in first-
generation spintronic devices and in conventional HDD’s. How-
ever, the architecture of MRAM cells consisting of MT]’s, whose
magnetization direction has to be changed via magnetic field, are
complicated and small cells are almost impossible to manufacture.
In the basic design, a read and write line, i.e., a conduction line
is arranged next to the MT]. Driving a current through the line
induces a magnetic field that writes the information, i.e., changes
the magnetization direction of the free layer.

By applying Newton’s third law of motion actio = reactio, an-
other switching mechanism comes into mind, called spin-transfer
torque (STT) switching. A spin current carries angular momen-
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Figure 96: Schematic drawings of various switching modes: (a) H-field-induced
switching; (b) STT switching; (c) E-field-induced switching with variable barrier
height.*99

tum, like an electric current is carried by moving charge. The
angular momentum of the spin current can be transferred to the
magnetization of a ferromagnetic electrode. The first theoretical
approach was made by Slonczewski**° and Berger>°*. The itin-
erant electrons in a ferromagnetic material are spin-polarized,
thus a spin current is present. Interaction of the spin current
with the magnetization result in a torque (cf. Figure 97).2°> The
ferromagnetic magnetization dynamics are determined via the
Landau-Lifshitz-Gilbert-Slonczewski Equation
d S, L, dm

a_t:_meHeff+amXa_t+T (51)
where 11 is the magnetization direction, y = ngﬁ_l the gyromag-
netic ratio, pp is the Bohr magneton and g is the Lande g-factor,
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Figure 97: Schematic illustration of current-induced torques.>°3
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H,g is an effective magnetic field, a is the Gilbert damping con-
stant, and 7 denotes the current-induced torques (cf. Figure 98).
The first term on the right side in Equation (51) describes the
precession of the magnetization around an effective magnetic
field Heff. The second term corresponds to the relaxation of the
magnetization in the effective field direction. The last term T
denotes the STT effect.

One important advantage of the STT effect over H-field switch-
ing is the possibility of magnetization oscillation at gigahertz
frequencies. For that reason, the read /write access is as fast as for
DRAM structures.?*# The critical current densities for switching
are defined as

2ae -

J# = S Msd(Fik + i), (52)
i = W Mgd(H) + H,; + 27M). (53)

In Equations (52) and (53), e denotes the electron charge, a the
damping constant, M, the saturation magnetization, d the thick-
ness of the ferro(i)magnetic electrode, #i the reduced Planck con-
stant, Hext is the external field, H k is the effective anisotropy field
including magnetocrystalline anisotropy and shape anisotropy, C
is the spin-transfer efficiency.2°> Tkeda et al.>°® reported the fol-
lowing parameters for Co,gFegB, thin films. The damping con-
stant & depends on the film thickness and reveals values between
0.03 and 0.01 for thin films between 1nm and 1.2nm. K- dc,gep
was reported to be 0.5 m] m~2, although this value also depends
on the film thickness. The saturation magnetization was 1.58 T
(1257kAm™). By applying Jullieres model to the TMR effect
a spin polarization of p = 61 % was determined. These values
are comparable to the ones obtained for Mn; ,Ga, except for the
lower spin polarization and higher magnetization. However, us-
ing the parameters of CoygFeqBy a critical current density of
approximately 7 x 10% A cm™2 was calculated. For example, Meng
et al.2%7 reported a critical current density of 2.1 x 10 A cm™ for
a stack consisting of Ta (5nm)/CulN (50nm)/Ta (3nm)/CoFeB
(Inm)/MgO (1nm)/CoFeB (1.16 nm)/Ta (10 nm)/CuN (10 nm)/
Ru (7nm). The low MgO thickness is necessary to enable STT
switching, otherwise the applied voltage is too high. The achieved
AR product was 16 QO um and the TMR effect 52 %. The low TMR
ratio is based on the thin MgO barrier. Skowroniski et al.2°8 inves-
tigated the dependence of the TMR ratio on the AR product and
attributed the lower effect to imperfections in the barrier. Thus
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we are facing a predicament, the MgO barrier thickness has to
be decreased to enable the STT process, but this means that the
TMR effect decreases too.>%9

A promising attempt to overcome the obstacles of a low bar-
rier thickness that also lowers the critical current density is an
E-field-induced switching process. Due to the low thin film thick-
ness in Co-Fe-B based pMT]’s, usually below 2nm, the electric
field over the barrier induced by the applied bias voltage U,
affects the charge carrier density at the MgO interface (cf. Fig-
ure 99). Over the years several groups reported E-field effects
in magnetic thin films.?*® The first investigations were made in
2000 by Ohno et al.*"* in magnetic semiconductors. The hole-
induced ferromagnetism was modified via an electrical field.
For a high negative (positive) E-field, the concentration of holes
was increased (decreased) and so was the Curie temperature.
Endo et al.**? investigated the dependence of magnetic anisotropy
on electric field effects in Co-Fe-B thin films. They carried out
AHE measurements with an additional E-field parallel to the
H-field. The higher (lower) perpendicular anisotropy energy was
attributed to a depletion (accumulation) of charge carriers at the
interface. However, to the best of our knowledge a clear depen-
dence between electron density # and the PMA was not reported
yet.?*3 Only Maruyama et al.**4 showed a quantitative value for
the relation of electron density and PMA in Fe thin films. By
applying a bias voltage of 200V an electron filling of 2 x 1073
electrons per Fe atom was determined. This corresponds to a
change of the chemical potential by 2meV. The reported E-field
dependence was used by Wang et al.**> to obtain electric-field-
assisted switching in MT]’s. By applying a bias magnetic and
electric field (Flb and Eb), an STT like switching of the electrodes
was realized. This STT like switching effect is illustrated in Fig-
ure 101. Starting in a parallel state of the electrodes an external
magnetic field is applied close to the switching of the soft elec-
trode. Now an electric field is applied to reduce the coercive field
of the soft electrode, thus the magnetization direction changes
into the antiparallel state. The antiparallel state is stable even
when the electric field is removed. To switch the hard electrode,
i.e., achieve the parallel state again, an electric field of opposite
polarity to the initial electric field is applied. Now the hard elec-
trode shows a lower coercivity and the external magnetic field
switches the electrode. Afterwards the electric and magnetic
fields are removed and a stable parallel state is obtained. How-
ever, unlike the STT process this electric field induced switching
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Figure 101: Schematic sketch of electric-field-assisted switching of MT]’s. The top
row corresponds to the soft electrode and the bottom row to the hard electrode.
The blue dots indicate the present state. The green dashed line corresponds to
the external magnetic field, the red arrow specifies the magnetization direction
of the respective electrode.>'¢

requires an external magnetic field and the final parallel state
differs from the initial parallel state. For that reason, to obtain
a reproducible writing process the polarity of the H, has to be
changed. To overcome this obstacle Wang et al.?'7 showed an
electric-field-induced unipolar switching, a combination of STT
and E-field effect with an applied H-field. The functionality of
this switching process is as follows: an external bias magnetic
field is applied during the whole process, then 200 ms pulses of a
high negative voltage (0.9 V) are applied and the magnetization
direction of the soft electrode switches due to the STT effect. Af-
terwards an even higher negative bias pulse (-1.5 V) is applied for
200 ms. Now the induced E-field reduces the coercive field and
the applied H, switches the soft electrode into the parallel state.
The resulting current densities for this process were reported to
be —1.2 x 10* A cm~2. Wang et al.>*® attributed the lower current
density to the reduction of the energy barrier by Hy. Nonetheless,
one has to keep in mind that the applied H, also decreases?c (cf.
Equation (52)). In addition, a 200 ms pulse is too slow for the
implementation in MRAM devices because the transistor works
in the GHz region. Recently, Kanai et al.* published a paper on
magnetization switching in the nanosecond regime for Co-Fe-B
based MT]’s by a combination of STT and E-field effects. There-
fore, they applied an external magnetic field to compensate the
stray field H, from the reference layer.?*° Then an initial pulse
of 0.7V was applied to switch into the antiparallel state. The
magnetization of the soft layer precessed around the external
magnetic field. The duration of the pulse was below 1.7ns to
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Figure 102: Comparison be-
tween the Langevin function
(red) and the tanh(x/3) func-
tion (green).

prohibit an oscillatory dependence of the switching probability.
Afterwards, a lower voltage with same polarity (0.5V) was ap-
plied to induce an STT effect. Due to the misalignment of the
soft electrode magnetization direction, induced by the interplay
of the magnetic and electric field, a high torque was applied to
the Co-Fe-B layer. For that reason, the achieved current densities
were as low as 3.5 X 10° A cm~2. By combination of STT, E-field
and H-field effects Kanai et al.22! were able to lower the switching
time. However, the necessity of an additional line for the mag-
netic field reduces the applicability of the Co-Fe-B based MT]’s.
To overcome the required external magnetic field Alzate et al.>*>
proposed using a non-zero leakage current acting as a field-like
STT.

Another interesting phenomenon that occurs in thin, single-
domain ferro(i)magnetic layers is superparamagnetism. Néel
pointed out that thermal fluctuations in a single-domain particle
could cause a Brownian-like magnetization rotation. The time
between two flips of the magnetization direction is called Néel
relaxation time

KV

T = ToeXp (kB_T) (54)
with K the anisotropy energy, V the volume of the particle, kg
the Boltzmann constant, 7, the characteristic length of time of
the order of 107 s, and T the temperature. Without an external
field, when the measuring time 7, is larger then 7y the mag-
netization of the sample seems to be zero. This state is called
superparamagnetic. Therefore, the state of the particle depends
on the measuring time. A transition between the superparam-
agnetic and the ferromagnetic state occurs when 7y, = 7y. The
temperature of the transition is called blocking temperature Tp,

KV
)’
k B ln (T_O)
By applying an external magnetic field, the sample can be mag-
netized like a paramagnet but the magnetic moment is higher.

For identical particles the magnetization depends on the external
magnetic field like a Langevin function (cf. Figure 102):

o mH, kT mH
M(B) =N17z(coth(u)— L] ]:NM(M] (56)
B T?lHext kBT

Tp = (55)

m denotes the magnetic moment, Hext the external magnetic field,
N the number of particles and L the Langevin function.?*3 If
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the temperature is high enough (T > KV/kg) the magnetization
shows a tanh(x) dependence.

Let us take an accumulation of non-interacting single-domain
particles of same size with uniaxial anisotropy. In this case, the
temperature dependence of the coercive field is given by the
Stoner-Wohlfarth theory with thermal fluctuations:

1
- 2K T \2
AN = o1 (TB) 57)

o is one if the particle easy axes are aligned or 0.48 if the particles
are randomly oriented. UZK/MS = Flco is the coercivity at 0 K.>*4
However, for a system with different particle sizes the calculation
of H, faces some obstacles. For example the blocking temperature
depends on the particle size (cf. Equation (55)). In addition, the
average coercive field is smaller for superparamagnetic particles,
whose relative fraction increases with increasing temperature,
than for particles that remain blocked.*?>

Summarizing, the above-mentioned E-field effects are inter-
esting for usage in Co-Fe-B based MT]’s and MRAM devices.
However, it is commonly known that the temperature in per-
sonal computers is above 300 K. Therefore, a superparamagnetic
Co-Fe-B layer in an MRAM device would lead to data leakage.

In what follows, we will describe our transport measurements
on Co-Fe-B based MT]’s with different barrier thicknesses. The
transport properties will be analyzed regarding the temperature
and bias voltage dependence.

WE PREPARED TYPICAL Co-Fe-B based MT]’s (cf. Figure 103) with a
bottom conduction layer consisting of Ta (5nm)/Ru (30 nm)/Ta
(5nm). On top a 1nm thick CoyyFeyyB, layer was deposited
forming the bottom electrode. The thickness of the following
MgO barrier was varied from 1.5nm to 2.6nm. The top elec-
trode consists of a 1.2 nm thick CoygFe B, layer. To prevent the
stack from oxidizing a 5nm thick Ta and 10nm thick Ru layer
were sputtered. The whole stack was prepared at RT and went
through an additional ex-situ post-annealing process. The du-
ration time was 60 min and the temperature 360 °C.22® Thus the
PMA of the Co-Fe-B electrodes and the crystallization of the
MgO barrier in (oo1) direction were achieved. To support the
formation of the PMA an external magnetic field of 6500 Oe was
applied during the entire process. After the post-annealing pro-
cess, we prepared tunnel junctions with sizes of 100 pum?, 225 um?
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Figure 103: Typical Co-Fe-B
based MTJ] with 1nm bot-
tom and 1.2 nm top electrode.
The thickness of the MgO
barrier was varied between
d, =1.5nm to 2.6 nm.
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and 625 um? by UV lithography and Ar" beam etching. Contact
pads were formed by a 5nm thick Ta and a 30 nm thick Au layer.
More information about the stack preparation can be found else-
where.?7

Although You et al.*® reported a polycrystalline orientation
of MgO grown on amorphous Co-Fe-B, the post-annealing pro-
cess reveals further advantages. During annealing a migration of
B atoms occurs. In order to avoid the B diffusion into the MgO
barrier, due to the high oxygen affinity of B, an amorphous mate-
rial like Ta is deposited next to the Co-Fe-B electrodes. Therefore,
the B is absorbed by the Ta layer and at the barrier interface a
clean and highly crystallized Co-Fe layer is created.**9 It is worth
noting that, the Ta diffuses into the Co-Fe-B layer and causes a
magnetic dead layer (MDL) with a thickness of several A. The
thinner the magnetic dead layer, the better the stack quality. The
MDL depends on the Ta thickness but could also be reduced
by replacing Ta with Nb, Mo or FeZr.?3° Lee et al.?3" reported
an estimated MDL of only 0.05nm for the Nb buffer layer and
0.1nm for the Ta layer. This could be an explanation for the
lower coercive field of the Co-Fe-B with Nb seed layer. The in-
terface anisotropy K; is in the range of 2mJ m~2 and 2.2 mJ m~2
for a Nb and Ta layer. Mo increases the thermal stability of the
MTJ and enables higher annealing temperatures up to 425°C.
Liu et al.?3? reported an interface anisotropy of 1.9mJ m~2 and a
MDL of 0.25 nm. Amorphous FeZr is a good B absorber, because
FeZrB is more stable than FeZr. To achieve a crystalline FeZr
layer and thus reduce B absorption a temperature of 700K has
to be reached. The estimated MDL was reported to be 0.62nm
and the interface anisotropy to be 0.56 mJ m~2. Because of the low
MDL and the marginal differences between Nb and Ta we used
a Ta buffer layer.

The transport measurements were carried out by conventional
two probe technique in a closed-cycle helium cryostat (Oxford
Cryodrive 1.5) within a temperature range between 15K and
330K.

Temperature dependent transport measurements
The dependence of the TMR effect on the temperature for an MTJ
stack with a 1.5nm thick MgO barrier is depicted in Figure 104.

Apart from the temperature dependence, the TMR effect shows
dependence on element size (100 um?, 225 um? and 625 um?).
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Figure 104: TMR effect over temperature for a stack with 1.5 nm thick MgO barrier.
The MT] areas are 100 um? (blue), 225 um? (red), and 625 um? (green).

The highest (lowest) TMR effect is found for the smallest (largest)
elements. For this reason, we will only consider the temperature
dependence of the 100 pm? element. A TMR ratio of 39 % is found
at 300K. By decreasing the temperature to 15K the TMR effect
increases to 168 % (I' = 4.3).?33 This temperature dependence
is based on the constant parallel area resistance (AR) product,
whereas the antiparallel AR increases. Attempts were made to
describe this behavior by Shang et al.?3* and Moodera et al.?35
Both groups observed a temperature dependence of the spin po-
larization of the ferromagnetic electrodes. In addition, Drewello
et al.?3¢ reported an expanded magnon model, where thermal
smearing was taken into account. Furthermore, spin-flip effects,
which are temperature dependent, are involved.?3” Hence, the
increase of the TMR with decreasing temperature is clarified.
However, around 300K the slope diverges from the almost
linear increase and from 30 K to 120 K a decay of the TMR effect is
visible for all element sizes. Very recently, Tsai et al.3® reported
a superparamagnetic state in MgO/Co-Fe-B/Ta structures. They
carried out VSM measurements on flat samples. The obtained
full hysteresis loops suggest a superparamagnetic state at around
280K for a 1 nm thick Co-Fe-B layer that is used as bottom elec-
trode. The top electrode, consisting of 1.2nm Co-Fe-B, shows
a superparamagnetic state at around 300K. To determine the
superparamagnetic state we shall take a closer look at the major
loops at different temperatures (cf. Figure 105). The TMR effect
at 230 K shows a distinct antiparallel state of the electrodes. The
hard electrode switches sharply, whereas the soft electrode shows
s-like switching. This s-shape becomes more distinct with increas-
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Figure 105: Different TMR curves at (a) 230K, (b) 250K, and (c) 280 K. The upcoming superparamagnetic state can
be observed in the s-like curve of the soft electrode. The tanh (green) and Langevin function (red) were scaled and
shifted to positive fields, but indicate the superparamagnetic state.

ing temperature (cf. Figures 105 (b) and 105 (c)). At a temperature

239 M. C. Tsai et al. In: Jour- of 250 K the major loop is similar to a tanh-function, which points
nal of Applied Physics 11317 to a superparamagnetic state. At 280K the s-shape looks like a
(2013) Langevin function. Because of the superparamagnetic electrode
al the antiparallel state is not achievable.

c

The remaining question is the decay of the TMR effect between
30K and 50 K. Tsai et al.?39 reported a coercive field crossover in

M, MgO/Co-Fe-B/Ta structures, due to differences in temperature
dependence of the Co-Fe-B thin films. For this reason, during

M, cooling or heating the soft (hard) electrode becomes the hard
T (soft) electrode (cf. Figure 106). Figure 107 illustrates our major

Figure 106: Schematic sketch loops obtained between 30 K and 50 K. At 30K the coercive fields
of the coercive field crossover of the soft and hard electrode are almost equal. The antiparallel

;f\zle(cbtlrod)e EM; (green)and  gtate is achieved, but only for around 15 Oe. By increasing the
2 ue).
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Figure 107: Major loops at (a) 30K, (b) 40K, and (c) 50K that illustrate the crossover of the coercive fields. The red
curve is an enlarged view of the background of the major loop at 30 K.
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Figure 108: Coercive field of the 1nm (blue) and 1.2nm (green) thick Co-Fe-B
electrodes depending on temperature. The MgO barrier thickness was 1.5nm
and the element size was 100 um?.

temperature to 40K no antiparallel state is visible. The TMR
signal is noisy and shows a linear slope until it drops sharply
at around +0.7 kOe. The achieved TMR effect is lower than 1 %.
The underground signal is also seen in the TMR curve at 30K
(cf. Figure 107 (a)). By increasing the temperature to 50K an
upcoming TMR effect is visible. However, we are still in a critical
temperature regime and thus the TMR effect is only visible on the
negative H-field side.24° At higher temperatures the transport 24> A second measurement

measurements show a typical TMR curve. at the same temperature
could show a typical TMR

The temperature dependence of the coercive field ﬁc of both loop or the same loop.
Co-Fe-B electrodes for the sample with a 1.5 nm thick MgO layer
is shown in Figure 108. The coercivity is determined from the
obtained major loops. Between 30K and 50K the hard electrode
at RT, i.e., the 1.2 nm electrode, becomes the soft electrode and
vice versa. The obtained graph was fitted by Equation (57) of
the Stoner-Wohlfarth?4* model. Therefore, the dependence of =~ ** E. C.Stonerand E. P.
H, on T2 was used. It has to be mentioned that the thin films ‘g;::;i:;;é} ti?i‘f;zhml
of this size are not single domain particles. For this reason, the Society of London. Series A.
estimation of the blocking temperature via the Stoner-Wohlfarth ~ Mathematical and Physical

model is more likely a first approximation. The determined val-  S¢ierces (1948)

T, (K2 Tp° (K Hy (Oe) H,® (Oe)
soft 14.641(219) 14.572(164) 1122.00(3260) —1142.40(2540)
hard 20.655(123) 20.4640(937)  1000.4(109) -997.58(811)

Table 19: Data obtained from Figure 108 via Stoner Wohlfarth model (cf. Equa-
tion (57)).
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Figure 109: Dependence of VT3 on the MgO barrier thickness for (a) 1nm and (b) 1.2nm Co-Fe-B. The element
sizes were 100 um? (blue), 225 um? (red), and 625 um? (green).

ues for the sample with 1.5nm MgO barrier are shown in Table 19.
The designation of soft and hard electrode refers to the magnetic
state at 300 K. The calculated values of Ty for the soft electrode
is 213.35K and for the hard electrode it is 422.69 K. These re-
sults fit in well with the experimentally obtained data for T3*,
whereas the superparamagnetic state of the hard electrode was
not reached at 330K. At around 200K the major loop revealed
an s-shape, due to the upcoming superparamagnetic regime of
the 1nm thick electrode.

The other samples with a different MgO barrier thickness
dygo show an analogous temperature dependence of the TMR

effect. However, the H, crossover temperature T, and the block-
ing temperature Ty vary with dygo. Figure 109 illustrates the

Tllg/ 2 dependence of both Co-Fe-B electrodes on the barrier thick-
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Figure 110: T, depending on the MgO barrier thickness for different element
sizes, 100 pmz (blue), 225 pmz (red), and 625 pmz (green).
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Figure 111: TMR effect at 20 K depending on the MgO barrier thickness for differ-
ent element sizes, 100 pm? (blue), 225 pm? (red), and 625 pm? (green).

ness. In contrast to the bottom electrode, the coercive field of the
top electrode correlates well with the Stoner-Wohlfarth behav-
ior. Nonetheless, a clear correlation between Tp, dyjg0, and the
element size is not observable, independently of the electrode.

The dependence of T, on dyo is shown in Figure 110 for
different element sizes. Again a clear correlation between the
temperature and MgO thickness is not present. The MT]J’s with
a 1.7nm barrier show a higher Ty and T, compared to the sam-
ples with 1.6nm and 1.8nm. After the decrease of T, for the
MT]J’s with a 1.8 nm tunnel barrier, an increase is observed for
the other film thicknesses. The highest T, is found for the sam-
ples with 2.6 nm MgO barrier. However, the sample shows no
clear distinction between T, and Tp. Therefore, the coercive field
crossover and superparamagnetic state merge into each other
without visible transition.

Interestingly, the TMR effect at 20K as a function of the MgO
thickness shows the same dependence as Tp and T, (cf. Fig-
ure 111). The sample with a 1.7nm barrier reveals the high-
est TMR effect when compared to the samples with 1.6nm and
1.8nm MgO layer thickness. For a barrier thickness of 2.3nm
and 2.6nm the TMR ratio increases and shows its maximum
value for the thickest barrier. Because of the missing MgO barrier
thicknesses between 1.9 nm and 2.2 nm and the high step size, an
oscillatory behavior of the TMR effect could not be observed.?4*
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243 This effect is yet not well
understood.

Bias voltage dependence

The previous chapter revealed two interesting effects that de-
pend on the temperature, the coercive field crossover and the
superparamagnetic state. The coercive field crossover is based
on differences in temperature dependence of the two Co-Fe-B
electrodes. As previously mentioned, the coercive field can be
modified by an external E-field. With a high bias voltage U, a
homogeneous electric field E= Up/dyigo is induced. In that way,
charge carrier accumulation takes place at one barrier interface
and depletion at the other barrier interface. Differences in charge
carrier density result in a variation of H.243 Figure 112 illus-
trates the temperature dependence of the TMR effect obtained at
700mV for an MT] with a 1.5 nm thick MgO barrier. The investi-
gated element sizes were 100 m?, 225 um? and 625 um?. A quick
reminder: the TMR effect at U, = 10 mV showed a decay between
30K and 50K for a junction size of 100 um?, for larger junctions
the decay took place between 50 K and 70K (225 um?) and 40 K
and 120K (625 um?) (cf. Figure 104). By applying a higher bias
voltage the coercive field crossover is suppressed, as seen in Fig-
ure 112, for a junction size of 100 pm? and 225 um?. Figure 113 (a)
illustrates the major loop at 40 K for U, = 10mV. To overcome the
crossing of H.a higher bias voltage of 700mV was applied and a
TMR effect is obtained (cf. Figure 113 (b)). It has to be mentioned
that for all MgO barrier thicknesses a high bias voltage leads to a
TMR effect during T . For the following discussion we will only
take a look at the tunnel junctions with a 100 pm? area.

Figure 114 illustrates the U, dependence of the TMR effect
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Figure 112: TMR effect depending on the temperature for U, = 700mV. The
MT]’s have different areas: 100 pmz (blue), 225 pmz (red), and 625 pmz (green).
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Figure 113: TMR effect obtained at 40K for a bias voltage of (a) 10mV (green)
and (b) 700mV (blue). The element area was 100 um? and the barrier thickness
1.5nm.

and the coercive field for an MT] with a 1.5nm MgO barrier. The

sample temperature was set to 20K and 100K. The maximum

TMR effect is observed for the low bias values £+10mV at 20K

and 100 K. With increasing |U;| the TMR effect decreases. The

slightly asymmetrical U,-dependence of the TMR effect is typi-

cal and probably based on the differences between the Co-Fe-B

electrodes.?** Apart from the TMR ratio, we investigated the HC 244 D. D. Djayaprawira et al.
dependence on the bias voltage (cf. Figure 114 (b)). The sample ~ In: Applied Physics Letters
temperature was 100K and thus the 1.2 nm thick Co-Fe-B layer B6.9 (z005)

was the hard-magnetic electrode. Between 10 mV and 100 mV the

H. drops drastically and remains almost constant with increas-

ing U}, for the 1nm electrode. The 1.2 nm thick electrode shows

an increasing H. with increasing U, after the drop at 100mV.
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Figure 114: (a) TMR effect as a function of U}, at 20K (blue) and 100K (red). (b) flc depending on U, for the 1.2nm
(green) and the 1 nm (blue) thick Co-Fe-B electrode at 100 K. The MgO barrier of the MT] was 1.5nm.
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Figure 115: (a) TMR effect as a function of U, at 20K. (b) ﬁc depending on Uj, for the 1nm (green) and the 1.2nm
(blue) thick Co-Fe-B electrodes at 20 K. The MgO barrier of the MT] was 1.7 nm.
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However, the H, of the hard-magnetic electrode decreases with
increasing negative bias voltages, whereas the soft-magnetic elec-
trode shows a poor increase of H. By comparing the obtained
results with the literature data an inconsistency was found. Wang
et al. reported a different bias voltage dependence of the coerciv-
ity. The soft electrode shows a marginal increase of H. between
-0.8Vnm™ and 0Vnm™! and for positive E-fields a strong in-
crease of the coercive field. However, the hard electrode shows a
slight decrease of H, between 0.8 Vnm™ and 0.8 Vnm™.245 A
possible reason for the discrepancy in the behavior of our sample
could be heating or tension.

Figure 115 depicts the TMR and H. dependence on Uj,. This
sample exhibit an MgO barrier of 1.7 nm. The temperature was
set to 20 K. The TMR effect shows the same dependence on U,
as the previous sample with a 1.5nm MgO barrier. The coercive
field dependency on U, almost shows the behavior reported by
Wang et al.24¢ The hard electrode (1 nm Co-Fe-B thin film) shows
a decreasing H. with increasing +U;,, whereas the soft electrode
shows an increasing H, with increasing +Uj. The coercive field of
the 1.2 nm electrode reveals a decrease with increasing —U,,. The
1.2 nm electrode exhibits increasing coercivity for U, > —600 mV
and a decreasing coercive field for U, < —600mV. The only
difference compared to the sample with a 1.5nm MgO barrier is
that the bottom (top) layer is the hard (soft) electrode.
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E—ﬁeld—assisted magnetization switching

In the previous section, the effect of an external E-field on the
PMA of thin Co-Fe-B films was discussed. As already mentioned
in the introduction, the interplay of H. and E results in a low
critical current density?c for STT switching. For this reason, we
investigated apparently current-induced electrode switching in
an MTJ with 1.5nm MgO barrier thickness. In Figure 116 (a) the
I(U) dependence during transition from the parallel into the an-
tiparallel magnetization state of that MT] is shown. The sample
temperature was set to 20K. The switching procedure was as
follows after the sample was saturated w1th a high | positive field
(Hext > 1.5kOe), we apfhed a negative H-field of Hj, = -660Oe,

which is close to the H, of the soft electrode. In this way, the
parallel magnetization state of the top and bottom electrodes is
conserved. By applying a negative bias voltage the coercivity
of the soft electrode decreased (cf. Figure 117). In combination
with the bias magnetic field, the direction of the soft electrode
changed and an antiparallel magnetization state was achieved.
The necessary bias voltage is around —190mV (cf. Figure 116 (a)
and 116 (b)). The antiparallel state is stable, even without an exter-
nal magnetic field. However, by applying a positive bias voltage

of U, = 690mV a collapse of the coercive fields is achieved (cf.
Figure 117). The external magnetic field changed the direction
of the hard-magnetic electrode and thus a parallel state was ob-
tained. The values determined for?c are around 10* A cm™2 and

therefore incredibly low. However, due to the combination of an

E- and H-field, one has to emphasize that the switching is not
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Figure 116: (a) I(U) dependence during magnetization switching. (b) Resistance depending on U, during switching.
The temperature was set to 20K and the MgO thickness was 1.5nm.
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Figure 118: TMR effect at
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(blue). The MT]J consist of
a 1.7nm thick MgO barrier
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Figure 117: TMR effect at 20K for different bias voltages 10mV (blue), =190 mV
(green), and 690mV (red). The MgO thickness was 1.5nm.

current-induced. Thus, the characterization of this effect by?c is
invalid. Nevertheless, several groups relate this switching mode
to current-induced switching and therefore report incredibly low
current densities.?47 However, the explanation that the E-field
lowers the energy barrier Eg = Mfl kV/2 that has to be overcome
to switch from one magnetization state into the other is vague (cf.
Figure 96) because the additional bias magnetic field H, that is
necessary for the E-field-assisted switching lowers the critical cur-
rent density too (cf. Equation (52)). Therefore, we disregard the
current density and focus on the critical electric field E, necessary
to switch the electrodes.

To investigate the dependence of E.onH,,a100 um? large MTJ
with a 1.7 nm MgO barrier was cooled down to 120 K. At this tem-
perature, the 1 nm Co-Fe-B layer acts as a hard-magnetic electrode
and the superparamagnetic state is avoided. The obtained TMR
curve shows a distinct antiparallel state and the coercive fields are
F%oft = 355(5) Oe and AMrd = 420(5) Oe (cf. Figure 118).24% The
TMR curve shows a shift of 20 Oe, probably induced by dipolar
coupling or orange peel coupling of the electrodes. Furthermore,
incorrect calibration of the applied magnetic field should not be
neglected. Now we performed various E-field-assisted H-field
switchings for different +H,. The obtained critical E-field as a
function of H pisillustrated in Figure 119. Let us first take a look at
the P — AP transition. Here, an increasing EC with decreasing H, b
is determined. This relation between H, pand EC was expected. The
transition from AP — P shows the same behavior. The smaller
the applied H, the higher the required E, to decrease the coercive
field. In addition, the necessary Hy and E, are higher for AP — P
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switching compared to P — AP switching. The reason for that
behavior is simple and based on the obviously higher coercive
field of the hard electrode. Therefore, a higher EC is needed to
induce a collapse of the coercivity of both electrodes. For pure
current-induced magnetization switching a marginally higher?c
is required to switch from P — AP.?49

In a last attempt, we investigated the temperature dependence
of the E-field-assisted, H-field-induced switching procedure from
P — AP. The determined critical E-field was constant at all tem-
peratures (cf. Figure 120). However, the bias magnetic field has
to increase with decreasing temperatures due to the temperature
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Figure 120: E, depending on +H, at various temperatures. The barrier thickness
of the MTJ was 1.7 nm.
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dependence of H.. At20K only a transition from the parallel into
the antiparallel state was observed. A transition from AP — P
was not possible due to the large Aﬁc = I?If}ard —ﬁ?Oft that has to be
overcome. In contrast to the MT] with 1.5 nm MgO that exhibits
a AHC of 157(5) Oe at 20K, the Aﬁc of the 1.7nm MgO sample is
Aﬁc = 897(10) Oe.Thus a collapse of the coercive fields could not
be induced by the applied E-field without breaking the element.
The lower AH, of the 1.5nm MgO sample is due to the upcoming
coercive field crossover of the electrodes at around 40 K. There-
fore, we found a limitation on the variation of the coercive field
via E-field. In addition, we observed that the critical field EC is
independent of the sample temperature and of the MgO barrier
thickness. These two characteristics are the main difference com-
pared to the current-induced STT switching. Nonetheless, to
obtain E-field switching an external magnetic field is required
that reduces the applicability of this switching mechanism in
MRAM devices.

In the future, maybe the external magnetic field H, could be
replaced by a field-like current TL, as used for STT switching. In
that way, E-field-assisted STT-induced switching could be ob-
tained.*>° As already mentioned above, Kanai et al.?>" reported
a combination of STT switching and E-field-induced switching.
Additionally, a bias field H, was used to compensate the dipolar
coupling of the electrodes. The critical current density was still
in the order of 10° A cm™2, but the switching time was only a few
nanoseconds. However, new attempts have to be made in this
field.

Conclusion

To summarize this chapter, we investigated CoyyFe,oB,, based
pMT]’s. First, we analyzed the temperature dependent transport
properties of pMT]’s with different MgO thicknesses. During
cooling we found a decay in the TMR effect, due to a coercive
field crossover of the electrodes. Around room temperature a
transition from the ferromagnetic into the superparamagnetic
state was found. There was no obvious dependence of the block-
ing temperature and crossover temperature on the MgO barrier
thickness.

The bias voltage dependence of the TMR effect revealed an
influence of the induced E-field on the PMA of the samples. Dur-
ing the H, crossover regime the TMR effect decreases due to the
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absence of an antiparallel state of the electrodes. By increasing
the bias voltage an accumulation (depletion) of electrons at the
barrier interface could be achieved. In that way, a lower (higher)
coercive field of the electrode was obtained. The variation of the
coercivity led to a stable antiparallel state of the electrodes and
thus to a TMR effect.

The E-field effect was used to switch the magnetization direc-
tions of the electrodes. Therefore, we used an E-field to increase
(decrease) the coercive field of the electrodes and a bias magnetic
field that switches the electrodes. With this switching mecha-
nism, incredibly low switching current densities were achieved.
However, one has to keep in mind that this effect is not a current-
induced switching effect. Therefore, we focused on the critical
electric field necessary to switch the electrodes. The critical elec-
tric field showed no dependence on the temperature or barrier
thickness, but on the bias magnetic field. If the bias magnetic
field was close to the coercive field of the soft electrode a lower
critical electric field was required for switching. However, with
decreasing bias magnetic field the critical electric field increased.
This E-field-induced magnetization switching is an alternative to
the already known STT switching. Unfortunately, E-field switch-
ing requires a bias magnetic field to determine the magnetization
direction of the electrodes. Therefore, the previous obstacle of a
bias magnetic field still remains.
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Summary and outlook

We investigated different tetragonally distorted Mn-based Heusler
compounds. We achieved highly crystalline thin films in the pre-
ferred (oo1) growth direction. The highest thin film quality with
regard to surface roughness and crystallinity was found for layers
on a SrTiO; substrate. Samples on MgO substrate also provide
crystalline growth but with a tendency towards island growth.
An optimum deposition temperature in terms of surface rough-
ness and crystallinity was determined between 500 °C and 595 °C
depending on the Heusler compound.

At the beginning, we prepared Mn;_, Ga thin films with differ-
ent compositions on MgO and SrTiO; substrates. We gained
insight into the surface, crystallographic, magnetic, and chemi-
cal properties. The Mn; ,Ga layers were sputtered from Mn-Ga
composite targets and in certain cases in combination with an
additional Mn target. The highest crystalline order was achieved
for thin films prepared from a composite target without addi-
tional Mn target. These samples also showed the lowest surface
roughness. In addition to the low roughness, the formation of
Mn-O at the barrier interface was suppressed to a minimum. A
high anisotropy energy of 0.97(2) x 10 ] m~2 was determined for
a Lly-ordered Mn, 5Ga film on MgO via SQUID measurements.
The theoretically predicted decreasing total magnetic moment
with increasing Mn content was verified via XAS and XMCD
measurements.

In order to suppress the oxidation of Mn and to overcome the
lattice mismatch between the Mn;,Ga and the MgO barrier a
1nm CoyyFeyB,y or Co,FeAl layer was inserted, respectively.*>*

Both ferromagnetic layers reduced the amount of Mn-O. Fur-

thermore, element-specific hysteresis loops pointed out a parallel
alignment between the magnetization direction of the Mn; ,Ga
and the respective ferromagnetic interlayers. In other words, a
perpendicularly magnetized Co,FeAl or CoyyFe B, thin film
was achieved without a further post-annealing process.
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To investigate the transport properties, we integrated L1y-
ordered Mn; 5Ga thin films with ferromagnetic interlayers into
MTJ’s. Two different perpendicularly magnetized counter elec-
trodes were used. In a first attempt, we used a (Co/Pt);g mul-
tilayer counter electrode with ten repetition of Co (0.6 nm) and
Pt (1.8 nm). The achieved TMR ratios were rather low and the
preparation was time-consuming due to the multilayer fabrica-
tion. Moreover, the PMA of the multilayers depends on the Co
and Pt film thickness as well as on the number of repetitions.
For this reason, we replaced the multilayer electrode by a single
CoypFeyB, thin film with PMA. In order to achieve an easy mag-
netization direction perpendicular to the film plane, an ex-situ
post-annealing process was performed. The additional anneal-
ing process also increased the crystallinity of the MgO barrier.
However, the obtained TMR ratios still remained low for Co-Fe-B
and also for the Co,FeAl interlayer. Auger electron depth profiles
revealed the diffusion of Ga to the barrier interface. Therefore,
the main reason for the low TMR ratio was found.

Finally we investigated the influence of a TiN seed layer on the
properties of Mn; ,Ga.?53 The TiN layer exhibited good epitaxial
growth on MgO and SrTiOj substrates. A superconducting state
was obtained for samples deposited at 405 °C and 595 °C on MgO
and SrTiO;. However, the added Mnj, 5Ga thin film on top of the
TiN showed a multiphase structure, a combination of the cubic
D03 and the tetragonal D0, phase. The magnetic characteristics
revealed a higher magnetization for the Mn, 5Ga layer on MgO
than on SrTiOj;. This difference was induced by the multiphase
on MgO.

For the purpose of further compensation of the magnetic mo-
ments, we added Co to the Mn;_,Ga crystal to obtain a Mn;_,Co,Ga
compound. For x > 0.5 a cubic phase with an in-plane magne-
tization direction and for 0 < x < 0.5 the tetragonally distorted
D0, structure was reported.*>* Here again, MgO and SrTiO;
substrates were used due to the low lattice mismatch. We pre-
pared in-plane magnetized Mn, ;Coy,Ga on MgO and SrTiO;
and out-of-plane magnetized Mn, ;Co, 3Ga on MgO and SrTiO;.
These samples were co-sputtered from a MnysGass target, a Mn
target and a Co target. XRR scans revealed a high surface rough-
ness that lowers the applicability in tunnel junctions. Further-
more, D0,y,-ordered Mnj, ;Co 3Ga thin films on MgO and SrTiO3
were deposited from a MngyGaggy, a Mn, and a Co target in order
to reduce the power applied to the Mn and Co targets. These
samples showed the highest crystalline order. The MnysGass

134



target led to lower crystalline growth on MgO and SrTiO; sub-
strates. VSM measurements revealed a soft-magnetic character
for the cubic compound. Element-specific hysteresis loops re-
vealed a hard-magnetic character for Mn,,Coj3Ga thin films
on MgO and SrTiO;. Furthermore, the obtained magnetization
from SQUID measurements for a Mn, (Co, 3Ga layer on MgO
was lower compared to the Mn, gGa thin film. Hence, the lower
magnetic moment due to the further compensation was proved.
XAS and XMCD measurements revealed ferromagnetic coupling
of the Mn and Co moments for the cubic structure and antiferro-
magnetic coupling in the tetragonal phase. This example shows
the tunability of Heusler compounds, which is the main reason
for the wide range of possible applications of these compounds.
Furthermore, we showed that the insertion of a ferromagnetic
interlayer reduces the amount of Mn-O at the barrier interface.

By replacing the Ga in the Mnj ,Ga compound with Ge, we
obtained D0,,-ordered Mnj,, Ge thin films with an easy axis per-
pendicular to the film plane. The samples were prepared by
co-sputtering from a Mn and Ge target. The thin films were
deposited on (oo1) SrTiO; substrates at 450 °C and 550 °C. We in-
vestigated the crystalline and magnetic properties as well as the
surface roughness of Mnj3,, Ge thin films. We achieved crystalline
growth in the (0o1) direction for different Mn3,, Ge compositions
(x =-0.3,0.2 and 0.6) on S5rTiO; substrates. The magnetic prop-
erties were examined via AHE measurements and exhibited a
coercive field of 3.25T for the Mn3 ,Ge compound. This is the
highest coercivity of the Mn-based Heusler compounds inves-
tigated in this work. However, the Mnj;,, Ge surface roughness
was too high for integration into MT]’s.

Besides the investigation of new materials, we examined com-
monly known ferromagnetic CoygFe B, thin films with PMA.
We prepared Co-Fe-B based pMT]’s and analyzed the magnetic
and transport properties between 15K and 330K. Around RT
a superparamagnetic state was found that drastically reduces
the applicability of Co-Fe-B-based MRAM devices. The super-
paramagnetic state occurs due to the low nominal film thickness.
The temperature dependent measurements showed a coercive
field crossover of the two Co-Fe-B electrodes. The temperature
regime of the crossover varied with MgO thickness. A depen-
dence of the TMR effect and the coercive field on the bias voltage
U, was found. The TMR ratio decreases with increasing U,;.55
However, the coercive field increases or decreases according to
the polarity of the voltage. In this way, we caused a temporary
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decrease of the anisotropy energy. This effect was used in an
E-field-assisted H-field-induced switching mechanism. The criti-
cal E-field required for switching was independent of the MgO
barrier thickness and the sample temperature. Only the Hy-field
needed to be adjusted, due to the temperature dependence of
ﬁc. This is a notable difference between EAMS (E-ﬁeld-assisted
magnetization switching) and CIMS (current-induced magneti-
zation switching). However, the requirement of a magnetic field
reduces the applicability of EAMS in MRAM devices. For this
reason, we propose a new switching method, where the external
magnetic field is replaced by a spin-polarized current. In this
case, the E-field reduces the PMA and the current switches the
electrodes.

This work showed that the preparation of new tetragonally
distorted Heusler compounds with PMA provides a lot of ob-
stacles. Even though the theoretically predicted properties were
proved experimentally, integration into MT]’s did not lead to the
theoretically expected TMR effects. The high oxygen affinity of
Mn and the diffusion of Ga are drawbacks that have to be over-
come. Another challenge is the surface roughness that needs
to be minimized, i.e., below 1nm to fulfill the requirements for
STT switching. The reported TMR ratios for the Mn-based com-
pounds are rather low and only showed adequate results when
used in combination with a ferromagnetic interlayer. Most likely,
this pinning effect between the ferrimagnet and the ferromagnet
is promising for future applications. Ferromagnetic thin films
like Co-Fe-B showed an upcoming superparamagnetic state for
temperatures around and/or above RT. In combination with a
hard-magnetic layer, this obstacle could be overcome. Nonethe-
less, the above-named Heusler compounds showed a lot of in-
teresting properties and opened the path for other Mn-based
compounds, such as Mn-Fe-Ga or Mn-Pt-Ga.?5°

In a nutshell, new materials for spintronic devices are required
due to the constant miniaturization process. The competitors,
like DRAM or SRAM, captivate by an easy preparation method
and an incredibly low half-pitch size. Very recently, Intel and
Samsung announced the serial production of DRAM chips with
a half-pitch size of 14nm.?57 Nevertheless, for the future STT-
MRAM is sure to be the only candidate to replace DRAM and
SRAM, due to its high endurance. However, to lower the critical
current density for STT-MRAM one should also search for new
effects, like the EAMS. In my opinion, a combination of both,
a new material with high anisotropy and an E-field supported

136



STT switching process, appears to be the best solution for future
storage devices.
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