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Introduction

The introduction gives a motivation and an overview about the present
thesis. The structure of the introduction is designed analog to the text.
The chapters of this thesis are summarized and the main findings are fig-
ured out. A section about magnetic tunnel junctions in combination with
perpendicular magnetic anisotropy at the beginning of the introduction
integrates the work in the scientific context.

The cited articles and references are denoted directly at the margin
of the text. Additionally, a list of the citations in alphabetical order is
given in the chapter "References”. The methods, such as sample prepara-
tion and measurement techniques, that have been used in the framework
of this thesis are described in the appendix. Furthermore, a list of my
publications can also be found in the appendix.

Magnetic tunnel junctions and perpendicular anisotropy

Using the spin of an electron in addition to its charge provides
an additional degree of freedom for the realization of electronic
devices. The field of research, that functionalizes the electron’s
spin, is called spinelectronic, or short spintronic. It is a relatively
new field, that is still in progress.”

An important device for spintronics with many possible appli-
cations is the magnetic tunnel junction (MT]). In principle, an MTJ
consists of two magnetic electrodes, separated by an insulating
layer, the so-called barrier of the MTJ. An electron is able to pass
the barrier due to the quantum mechanical tunneling process if
the barrier is sufficiently thin.> A current results if a voltage is
applied between the two electrodes. This is illustrated in figure
The resistance of the MT] shows a strong dependence on the rela-
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Figure 1: The MTJ: An elec-
tron is able to pass the in-
sulating barrier due to the
quantum mechanical tunnel-
ing process if the barrier is
sufficiently thin. A current
results if a voltage is ap-
plied between the two mag-
netic electrodes.

* A nice review concerning
the topic spintronic can be
found in:

S. Bader et al., Annu. Rev.
Condens. Matter Phys. 1, 71
(2010)

2 Sufficiently thin means in
the range of some nanome-
ters.
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Figure 2: The resistance of
a magnetic tunnel junction
in dependence of the exter-
nal magnetic field. The re-
sistance for decreasing exter-
nal field (from positive to
negative) is marked in pink,
the resistance for increasing
magnetic field (from negative
to positive) in grey. The ar-
rows denote the correspond-
ing magnetization states.

4M. Julliere, Phys.
Lett. A 54, 225 (1975)

5]J. S. Moodera et al., Phys.
Rev. Lett. 74, 3273 (1995)

®T. Miyazaki et al., J.
Magn. Magn. Mater.
139, L231 (1995)

tive orientation of the magnetization of the electrodes. Normally,
the resistance is minimized for a parallel alignment of the mag-
netization and maximized for the configuration with antiparallel
alignment. This effect is called tunneling magneto resistance (TMR)
and can be quantified by the TMR-ratio, defined by the difference
of the resistance with antiparallel (R;,) and with parallel (R) ori-
entation of the magnetization and normalized to the resistance
with parallel orientation.3

The realization of the antiparallel alignment of the magnetiza-
tion is a precondition for the investigation of the TMR-effect. One
method to tailor this antiparallel alignment is to use electrodes
with different coercive fields. The electrode with the larger coer-
cive field is called hard magnetic and the one with the smaller coer-
cive field accordant soft magnetic. If a sufficient external magnetic
field is applied to the MT], the electrodes can be saturated with
parallel orientation of the magnetization. If the external field is
now reduced, inversed and finally reaches the coercive field value
of the soft magnetic electrode, the magnetization of the this elec-
trode switches. The orientation of the magnetization in the elec-
trodes is now antiparallel. This configuration is preserved until
the external magnetic field is further reduced and finally reaches
the coercive field of the hard magnetic electrode and leads to a
switching of this electrode, as well. The resulting resistance curve
in dependence of the external magnetic field is called major loop.
If the external magnetic field is not further reduced, but increased
after the antiparallel alignment has been obtained, the antiparallel
orientation remains until the (opposite) coercive field of the soft
magnetic layer is reached. The resulting resistance curve in depen-
dence of the external magnetic field is called minor loop. Figure
shows the minor loop of a magnetic tunnel junction, as well as
the corresponding magnetization states in the electrodes. The re-
sistance for decreasing external field (from positive to negative) is
marked in pink, the resistance for increasing magnetic field (from
negative to positive) in grey. Two possible states of the resistance,
Ry and Rgy, are adjustable at zero magnetic field.

The TMR-effect was first observed in 1975 by Julliere et al.4 But
its evidence at room-temperature was not reported before 1995
by Moodera et al.5 and by Miyazaki et al.® Julliére introduced
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a model that linked the TMR-effect to the spin polarization P of
the magnetic electrodes. The spin polarization quantifies the ex-
cess of charge carriers ny with one spin-state (up 1) compared to
the charge carriers n| with the other spin-state (down |).” A high
TMR-effect is important for the use of MT]Js as spintronic devices.
Thus, a high spin polarization of the magnetic electrodes is desir-
able as it goes along with the high TMR.

Beside the kind of electrode, the barrier material has a large in-
fluence on the TMR-effect. Basically, two kinds of materials have
been investigated intensively so far. While the first studies re-
ported about MT]s based on amorphous alumina barriers with a
maximum TMR-effect of about 80 % at room-temperature,? a large
TMR-effect of more than 1000 % was predicted in 2001 for fully
epitaxial Fe/MgQO/Fe junctions. This prediction was made by two
different groups independently.® The reason for the large TMR-
effect is the so-called symmetry filtering. The crystallinity of the
system causes a slower decay of the wave-functions of some elec-
tronic bands compared to others. This symmetry filtering results
in a spin filtering for Fe, Co and CoFe electrodes, as the different
bands of this materials are filled with electrons of different spin
states. Thus, the spin polarization is effectively increased by using
a fully epitaxial junction with an MgQO barrier. This leads to a high
TMR-effect.

And indeed, it has been shown experimentally in 2004 that
the TMR-effect is increased by using crystalline MgO instead of
amorphous alumina as a barrier material in magnetic tunnel junc-
tions.’® From that time on, a lot of research was done in or-
der to optimize the epitaxy of MgO based magnetic tunnel junc-
tions and thus, increase the TMR-ratio.”* Up to now, a maxi-
mum TMR-effect of about 600 % at room-temperature and of more
than 1100 % at low temperature has been attained.’> A detailed
chronology of the maximum TMR-effect for alumina and MgO
based magnetic tunnel junctions is shown by Schebaum.*3

SPINELECTRONIC, and the TMR-effect in magnetic tunnel junc-
tions in particular, are of large interest for many possible appli-
cations. For example, high-density read heads' and non-volatile
memory devices,'> especially the magnetic random access memory

P nT—ni
HT-‘ri’u
2P P,
TMR = 1- PP,

8H. X. Wei et al., J. Appl.
Phys. 101, 09B501 (2007);
and D. Wang et al., IEEE
Trans. Magn. 40, 2269 (2004)

9W. H. Butler et al., Phys.
Rev. B 63, 054416 (2001); and
J. Mathon et al., Phys. Rev. B
63, 220403 (2001)

S, Yuasa et al., Nat. Mater.
3, 868 (2004); and S. S. P.
Parkin et al., Nat. Mater. 3,
862 (2004)
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Appl. Phys. Lett. 86, 092502
(2005);|S. Yuasa et al., Appl.
Phys. Lett. 87, 222508 (2005);
S. Yuasa et al., Appl. Phys.
Lett. 89, 042505 (2006); and
Y. M. Lee et al., Appl. Phys.
Lett. 90, 212507 (2007)

2S. Ikeda et al., Appl. Phys.
Lett. 93, 082508 (2008)

13 Q0. Schebaum, PhD thesis,
Universitat Bielefeld, 2011

4 K. Kobayashi et al., FU-
JITSU Sci. Tech. J. 42, 139
(2006)

5'G. A. Prinz, Science 282,
1660 (1998)
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7. Wecker et al., Nicht-
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Random Access Memory
(MRAM) (Forschungszen-
trum Jiilich GmbH: Vor-
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(@ (b)

Figure 3: A magnetic tunnel
junction based on electrodes
with perpendicular magnetic
anisotropy. (a) Parallel and
(b) antiparallel orientation of
the magnetization.

9'S. Mangin et al., Nat.
Mater. 5, 210 (2006); and
H. Meng et al., Appl. Phys.
Lett. 88, 172506 (2006)

(MRAM), can be realized by using MT]s. Basically, such an MRAM
consists of a large number of memory cells, that are arranged as
a matrix. Every memory cell in this matrix is a magnetic tunnel
junction. The parallel and antiparallel orientation of the magne-
tization in the electrodes of a single magnetic tunnel junctions is
related to the logical "0" and to the logical "1", respectively. The
writing process is induced by a magnetization reversal in the soft
electrode. The magnetization direction of the hard magnetic elec-
trode is not changed. The reading process corresponds to the de-
tection of the resistance of the MTJ. The magnetization reversal in
the soft magnetic electrode can be induced by a magnetic field or
alternatively by a spin polarized current. This method, the current
induced switching (CIS), was first predicted theoretically in 1996 by
Slonczewsky et al.'® and Berger et al.'7 If a spin-polarized cur-
rent is directed into a magnetic layer, angular momentum can be
transferred to the magnetic layer and change the orientation of
the magnetization. This can be used to excite oscillations or, as
it is the case for the CIS, even flip the orientation of the magne-
tization. A critical current density must be reached for the CIS.
Thus, a low resistivity barrier is required as otherwise a dielectri-
cal breakdown of the barrier is caused.

The main advantages of such an MRAM compared to the com-
mon memory devices are a lower power consumption, an infinite
number of possible writing and reading processes, a high velocity
for switching and reading, and the non-volatility, combined in one
device.”® However, remaining challenges for a future commercial-
ization are a low memory density and thermal stability, a poor
scalability due to the geometrically induced vortex magnetization
at submicron dimensions, and the high operation current density.

Theoretical calculations predict that MT]s based on electrodes
with perpendicular magnetic anisotropy (pMA), so-called perpendic-
ular magnetic tunnel junctions (pMT]s), have the potential to cope
with these challenges. Figure [3|shows such a pMT]J with (a) par-
allel and (b) antiparallel relative orientation of the magnetization.

The switching current density for pMTJs is predicted to be
lower than for devices with the same magnetic anisotropy field,
but in-plane magnetic anisotropy.’ The reason for the reduced
switching current density is the absence of an easy-plane anisot-


http://dx.doi.org/10.1016/0304-8853(96)00062-5
http://dx.doi.org/10.1016/0304-8853(96)00062-5
http://dx.doi.org/10.1103/PhysRevB.54.9353
http://dx.doi.org/10.1103/PhysRevB.54.9353
http://dx.doi.org/10.1038/nmat1595
http://dx.doi.org/10.1038/nmat1595
http://dx.doi.org/10.1063/1.2198797
http://dx.doi.org/10.1063/1.2198797

ropy term caused by the demagnetization field, which increases
the switching current density without contributing to the activa-
tion energy.*® For devices with in-plane anisotropy, the current
must overcome an additional additive factor 27tMs where M; is
the saturation magnetization.

The thermal stability factor A*' of the soft magnetic layer in
an MRAM cell has to be larger than 40-60 for data retention of
10 years.?* Devices with in-plane anisotropy and dimensions of
less than 4onm show difficulties in maintaining the required A
for non-volatility. In contrast, MT]s adopting perpendicular mag-
netic anisotropy electrodes, are predicted to have a larger mag-
netic anisotropy constant K compared to devices with electrodes
based on materials with in-plane anisotropy.>> As the thermal
stability factor A is proportional to both, the anisotropy K, and
the volume V of the memory cell, a further miniaturization of the
MRAM devices, and thus an increase of the memory density is
possible by using electrodes with pMA.

Not only the size limitations, but also the shape limitations of
MT]J elements are eliminated by using materials with pMA.>+ Up
to now, the scalability of the devices with in-plane anisotropy is
limited. If these materials are patterned into submicron elements,
magnetization curling occurs at the edge of the film, resulting in
vortex magnetization. Additionally, a fluctuation of the switching
fields can be caused by the shape of the tunnel junctions. The con-
ventional in-plane MT] must have an aspect ratio (length/width)
of 2 or more to ensure information storing. Such an MT] with a
high aspect ratio decreases the density of an MRAM.?> Further-
more, partial demagnetization and incoherent switching is possi-
ble in an MRAM based on in-plane MTJs, if the MT]J cell is selected
by only one current line. These prevent the uniform alignment of
magnetic moments and selection failure resulting in the fail bit,
which cannot be determined as a clear signal.?®

However, pMT]Js in general have no limit on the cell aspect
ratio of patterned elements.?” A relatively low saturation mag-
netization and the shape independence of materials with pMA
causes a coherent magnetization reversal in the magnetized thin
film and little fluctuation of the switching field during the writing

process.?8
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with K: magnetic anisotropy
constant, V: Volume of
the soft layer, KV: energy
barrier separating the two
magnetization directions,
kp: Boltzmann constant,
T: Temperature
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Phys. 96, 1748 (2004)
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Appl. Phys. 86, 1047 (1999)

3°R. B. van Dover et al., J.
Appl. Phys. 57, 3897 (1985)
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2H. X. Wei et al., ]. Appl.
Phys. 101, 09B501 (2007);
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Up to now, different materials have been integrated as perpen-
dicularly magnetized electrodes into magnetic tunnel junctions.
The pMA in these materials originates from different mechanisms.
Here, an overview about the main research concerning materials
with pMA for the use in MT]Js, is given.

The first class of materials, that has been used for realizing
current induced switching of pMTJs, are amorphous rare earth
(RE) transition metal (TM) alloys, such as Tb-Co-Fe or Gd-Co-Fe.
These are ferrimagnets with the RE and the TM having antipar-
allel magnetic moments. The moments are aligned perpendicular
to the sample surface and a perpendicular magnetic anisotropy
results.®® The reason for the occurrence of this perpendicular
anisotropy is a short-range order on the nearest neighbor atomic
scale.3° TMR-ratios of about 50 % at room-temperature have been
reported for junctions with electrodes based on RE-TM alloys and
an alumina barrier.3' This value is comparable to the recent re-
sults for alumina based magnetic tunnel junctions with in-plane
anisotropy.3?

Ohmori et al.33 succeeded in overcoming the difficulties of us-
ing RE-TM alloys in combination with an MgO (100) tunneling
barrier and showed a TMR-effect of 64 % at room-temperature.
The first report of current induced switching for a pMT] has been
realized with tunnel junctions with Tb-Co-Fe electrodes.3* The
free layer of the junction was switched by a 100ns pulse current
with a current density of 4.7 MA/cm?.

However, since a high temperature treatment may cause a degra-
dation of the pMA of RE-TM films,3> these pMTJs are not easy to
fabricate because of the requirement of the high temperature pro-
cess3® to attain MgO (100) textured films.

A straightforward method to fabricate perpendicular magne-
tized electrodes for magnetic tunnel junctions is using multilayers
of alternating nonmagnetic and magnetic materials. The pMA in
these structures is a result of the broken symmetry at the inter-
faces between the magnetic and the nonmagnetic layers. In partic-
ular, Co-based multilayers, such as Co/Pd and Co/Pt have gained
considerable attention. The magnetic properties of these materi-
als, such as the saturation magnetization and the coercivity, can
be manipulated easily, as a lot of parameters are accessible. For
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example, the number and the thickness of the multilayers can be
changed. In addition, multilayer films show high magnetic ther-
mal stability.37 Recently, a lot of research has been done to suc-
cessfully integrate these materials into MTJs.3® However, only low
TMR-effects of about 15 % at room-temperature could be realized
so far.

L1y ordered FePt with (001) orientation is another promising
material for the use as perpendicularly magnetized electrode in
pMT]Js. The large perpendicular magnetic anisotropy with (001)
easy axis results from a tetragonal lattice distortion by inducing
a strong external strain/stress to the system. The (001) orienta-
tion of the FePt together with a lattice mismatch with the MgO
(001) plane of less than 10 % are important conditions for the fab-
rication of fully epitaxial MTJs with a (001) orientated crystalline
MgO barrier and therefore high TMR-ratios. The main research
on L1j FePt is focused on the fabrication and optimization of sin-
gle layers. Only a few studies report about the use of this layers
as electrodes in pMTJs.39 A maximum TMR-ratio of more than
100 % at room-temperature has been observed.

Another material that has been recently reported as perpendic-
ular magnetized electrode in a MTJ, is a thin layer of Co-Fe-B.4°
The pMA in this system is attributed entirely to the Ta/Co-Fe-
B/MgO interfacial anisotropy. These structures show a high TMR-
ratio of about 120 %, high thermal stability at dimension as low as
4onm diameter, and a low switching current of 49 pA.

This thesis

Although the research has focused on integrating different materi-
als with perpendicular magnetic anisotropy into magnetic tunnel
junctions in the recent years, the reported TMR-effects are still
small compared to the values of conventional magnetic tunnel
junctions with in-plane anisotropy. As both, a high TMR-effect
and perpendicular magnetic anisotropy are important conditions
for a future commercialization of the MTJs as MRAM-devices, a
further investigation and optimization of pMTJs is still essential.
In this thesis, magnetic tunnel junctions based on electrodes
with pMA are investigated. Each chapters of the thesis deals with
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a certain electrode material. The pMA of the investigated materi-
als originates from different mechanisms, such as a broken sym-
metry at interfaces for multilayer systems, mechanical stress due
to a lattice distortion, and ferrimagnetic coupling of rare-earth
transition metal alloys. Each chapter starts with a short intro-
duction about the properties of the used material. Subsequently,
the magnetic electrodes are investigated. The last section of each
chapter deals with the integration of the electrodes into MTJs.

THE FIRST CHAPTER deals with the investigation of Co/Pd multi-
layers. For tailoring different switching fields of the electrodes in a
MT] it is essential to know the magnetic properties of the electrode
material. The magnetic behavior of a Co/Pd multilayer system is
characterized in dependence of the Co thickness in the multilay-
ers as the pMA in this systems is due to a broken symmetry at the
interface between the magnetic and the nonmagnetic layers. For
every Co layer thickness a careful investigation of the annealing
temperature dependence is carried out. The Co thickness and an-
nealing temperature dependence of the saturation magnetization
M; and the remanent magnetization M,;, as well as their absolute
values are very similar. Thus, the squareness (M,/M;) is nearly
one for all of the investigated samples. This shows the very strong
PMA and good quality of the Co-based superlattices. The surface
and volume anisotropy densities as well as the critical Co thick-
ness where the in-plane anisotropy turns into perpendicular mag-
netic anisotropy are calculated from the experimental data. The
anisotropies increase exponentially with the annealing tempera-
ture, and the critical Co thickness stays roughly constant. The
average is about o.76nm. This value matches the experimental
data quite well.

The multilayers are successfully integrated into MTJs. To ob-
tain a maximum TMR-ratio, a lot of parameters, such as the Co
thickness in the electrodes, the material at the barrier interface,
the number of multilayers, and the annealing temperature are in-
vestigated. The in-plane components of the magnetization, the
stray field coupling of the individual electrodes and the diffusion
of the Pd to the MgO barrier can be influenced, or rather sup-
pressed. The optimized sample shows a maximum TMR-ratio of



about 11 % at room-temperature with two well-defined switching
fields. The rectangular minor loop has two separated magnetic
states at zero field. The temperature dependence of the TMR-
effect and the bias-voltage dependence of the TMR-effect show
similar behavior compared to a reference sample with Co-Fe-B
electrodes and in-plane anisotropy. The TMR-ratio changes by a
factor of 1.7 to 18.5% at 13K. This is the highest value reported
for pMTJs with Co/Pd multilayers as perpendicular magnetized
electrodes.

IN THE SECOND CHAPTER, the Pd of the multilayers is replaced by
Pt, as the Pd turned out to be diffusing to the barrier at high an-
nealing temperatures. Similar investigations, as shown in the pre-
vious chapter for Co/Pd based superlattices, are made for Co/Pt
multilayers. A detailed comparison between the use of Pd and Pt
as nonmagnetic layer in pMT]Js based on multilayers with pMA is
given.

The saturation magnetization is in the same range for Co/Pd
and for Co/Pt because the magnetic material in the multilayers is
the same for both systems. The coercivity of the Co/Pt is about a
factor of 10 smaller compared to the Co/Pd. This is due to the fact
that the Pt layers have a rougher surface than the Pd layers and,
thus, the domain-wall pinning effect is not so serious in Co/Pt
films. The annealing temperature behavior of the anisotropies is
similar for Pt and Pd as nonmagnetic material, but the absolute
values are smaller for Co/Pt since they are a result from the sat-
uration magnetization and from the coercvity. The Co thickness-
range with a squareness larger or equal to 0.9, and therefore per-
pendicular magnetic anisotropy, is shifted to larger values for the
Co/Pt compared to the Co/Pd multilayers. This shift is also ex-
plained by the rougher surface of the Pt. If the deposited layer is
rough, the effective thickness is reduced. Thus, more material has
to be deposited for reaching the same effect compared to a system
with the flatter surface.

The Co/Pt multilayer system is also integrated into a MTJ and
the annealing temperature dependence of the TMR-effect is in-
vestigated. It is shown that, in contrast to the Pd, no diffusion
takes place for the Pt based multilayer electrodes. TMR-ratios of
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about 19 % at room temperature and two well-defined switching
fields are observed. The TMR-effect changes by a factor of 1.9 if
cooled to 13K. It is supposed, that the magnetic coupling behav-
ior of both Co/Pt multilayer electrodes has a stronger influence
on the annealing- and measurement-temperature dependence of
the TMR-effect, than reported for Co/Pd based samples.

THE THIRD CHAPTER shows and discusses the results concerning
FePt. The properties of the material are successfully optimized in
order to induce a tetragonal lattice distortion. The resulting L1g
structure is strongly correlated with the perpendicular magnetic
anisotropy. The lattice structure and the magnetic behavior of the
FePt samples are investigated in dependence of various parame-
ters, such as the substrate temperature, the argon pressure during
the sputtering process, and the Fe content in the FePt layer. A
tetragonal lattice structure and a strong perpendicular magnetic
anisotropy is obtained by imposing a strong internal strain/stress
to the thin films via a high argon pressure and temperatures be-
tween 500 °C and 600 °C during sputtering.

The argon pressure dependence of the coherence length and of
the strain tensor’s averaged [001] component emphasizes the im-
provement of the structure with increasing pressure. The calcu-
lated coherence length matches the sputtered film thickness quite
well and an increasing amount of epitaxy with increasing argon
pressure is concluded from the analysis of the strain tensor. The
possibility of controlling the coercivity is of large importance for
practical applications of the material. In this work, the coercivity
of the FePt could be manipulated by a slight variation of the Fe
content compared to the equiatomic composition.

The FePt layer is integrated as the lower electrode into a pMT].
The upper electrode is a Co/Pt multilayer system as the FePt can-
not grow in the L1y structure if used as upper electrode. The
room-temperature TMR-effect of this system is about 9 %.

IN THE LAST CHAPTER of this thesis, the rare earth transition
metal alloy Co-Fe-Tb is investigated. A perpendicular magnetic
anisotropy with a rectangular hysteresis loop is successfully gen-
erated by carefully varying the Tb content in the Co-Fe-Tb layer.



Furthermore, the magnetic behavior of the samples is investigated
in dependence of the Co-Fe-Tb thickness. The optimum condi-
tions for a pMA are a Tb content between 13at. % and 21at. %
and a layer thickness larger than 1onm. The Co-Fe-Tb layers are
integrated as electrodes into magnetic tunnel junctions with an
MgO tunneling barrier. The Tb content in the electrodes is kept
constant. The difference in the coercive fields is controlled by the
thickness of the Co-Fe-Tb layers. The electrodes cannot be sat-
urated at room-temperature with the available magnetic field of
10kOe as the coercivity of the Co-Fe-Tb layers is large. Thus,
the sample is carefully heated in small steps to align the magne-
tization. A temperature of 360K is sufficient for saturating both
electrodes. A TMR-effect of 16 % at 360K and of 30% at 13K is
attained. The transport properties of the Co-Fe-Tb based samples
show no significant change compared to a reference sample with
Co-Fe-B electrodes and in-plane anisotropy. It is concluded, that
the available measurement temperature range between 13K and
360K is not close to the compensation point temperature of the
Co-Fe-Tb electrodes.
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Co/Pd multilayers

The first chapter deals with the investigation of Co/Pd multilayers. The
discussion is based on the experimental results. The magnetic behavior
of a Co/Pd multilayer system is characterized in order to tailor different
switching fields for possible electrodes in a pMT]. The surface and vol-
ume anisotropy densities as well as the critical Co thickness for the per-
pendicular anisotropy are calculated from fits of the experimental data.
The multilayers are integrated into MTJs. A lot of parameters, such as
the Co thickness in the electrodes, the material at the barrier interface,
the number of multilayers, and the annealing temperature are investi-
gated to obtain a maximum TMR-ratio. The temperature dependence
of the TMR-effect and of the bias-voltage dependence of the TMR-effect
are compared to a reference sample with Co-Fe-B electrodes and in-plane

anisotropy.

Perpendicular anisotropy in multilayers

MAGNETIC ANISOTROPY (MA) is defined as the property of the
magnetization in a magnetic material of being directionally de-
pendent. In a ferromagnetic material, the direction of the magne-
tization has energetically preferred directions: The so-called easy
axes.*' The directions with maximum energy are the hard axes. A
schematic picture is shown in figure 4]

It is possible to tailor the MA by changing the parameters of
the magnetic material, such as the layer thickness, the lattice pa-
rameters and the texture or the interface layers.#* A change of the
magnetization direction from the usual direction in the film plane
to the direction perpendicular to the film plane is possible.#3 This
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0 90 180
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Figure 4: The magnetization
of a ferromagnet has ener-
getically preferred directions:
The easy axes. The direc-
tions with maximum energy
are the hard axes.
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is the perpendicular magnetic anisotropy (pMA). Promising materials
with pMA are multilayers, consisting of alternating magnetic and
nonmagnetic materials.#4 The first report about a pMA in a mul-
tilayer based system has been published in 1985 by Carcia et al.4>
The pMA has been demonstrated experimentally in a multilayer
system consisting of alternating layers of Cobalt and Palladium.
From that time on, a lot of Co-based multilayers with pMA, such
as Co/Au,4® Co/Ru,4” and Co/Ir4® have been designed in order
to improve the pMA.

This extensive experimental research has stimulated theoreti-
cal descriptions, particularly with regard to the microscopic ori-
gin. Despite the numerous experimental and theoretical studies,
a complete, material-specific understanding of the pMA in mul-
tilayers has not yet been achieved.#9 In general, the pMA in thin
films and multilayers is a result of a broken symmetry at the inter-
face between the magnetic and the nonmagnetic material, which
differs from the symmetry in the bulk. The role of interfaces or
surfaces may dominate compared to the bulk contribution to the
magnetic anisotropy in a system with thin magnetic layers.>°

In a microscopic picture, the MA results from two main sources.
These are the magnetic dipolar interaction and the spin-orbit inter-
action.>® The dipolar interaction generally depends on the shape
of the material because dipolar interactions have long range char-
acter.5> Therefore, the contribution to the MA generated by the
dipolar interaction is largely responsible for the usually observed
in-plane magnetization. In the microscopic picture, the spins are
coupled via the spin-orbit interaction to the orbits. The orbits
are influenced by the crystal lattice. The orbital momentum and,
therefore, the total magnetic moment couples to the crystal axes.
Thus, the total energy depends on the orientation of the magneti-
zation relative to the crystal axes. This so-called magnetocrystalline
contribution to the anisotropy is strongly modified at an interface
due to a lowered symmetry compared to the bulk. This interface
anisotropy was first predicted by Néel in 1954.53 The spin-orbit
interaction is also responsible for the magneto-elastic or magne-
tostrictive anisotropy induced in a strained system. This is often
the case in a multilayer-based system due to the lattice mismatch
between the alternating layers. It has been shown that the in-plane
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volume contribution and the perpendicular interface contribution
to the magnetic anisotropy can be separated into terms related to
mechanical stress, crystallographic structure, roughness, and the
planar shape of the films.>4

MULTILAYER BASED ELECTRODES in magnetic tunnel junctions
are promising materials for realizing pMTJs, as the magnetic prop-
erties of these materials, such as the saturation magnetization, and
the coercivity can be easily manipulated. A lot of parameters, such
as the number and the thickness of the multilayers, are accessi-
ble. In addition, multilayer films show a high magnetic thermal
stability.>> This is an important condition for realizing high TMR-
effects.?® Recently, a lot of research has been done to successfully
integrate these materials into MTJs.57 However, only low TMR-
effects of about 15 % at room-temperature could be realized so far.
As these values are still small compared to the maximum TMR-
effects in MTJs with in-plane anisotropy,>® a further investigation
and optimization of these systems is necessary.

Co/Pd multilayers: The electrodes

For tailoring different switching fields of the electrodes and for
reaching a maximal TMR-effect, it is essential to understand the
magnetic properties of the electrode material. Therefore, the mag-
netic behavior of a Co/Pd multilayer system is investigated. The
samples were prepared in a magnetron sputter system with a base
pressure of 1 x 1077 mbar. The layer stacks were sputtered on top
of a thermally oxidized (s00nm) silicon (001) wafer. The sam-
ple structure is Si wafer/SiO/Ta 5/(Co tc,/Pd 1.8)9/MgO2.1 (all
numbers in nm) as shown in figure [5| The samples have been
annealed after sputtering at different temperatures for 60 minutes
in a magnetic field of 65000e perpendicular to the film plane.
The annealing was done to enhance the perpendicular magnetic
anisotropy of the Co/Pd multilayers. The Co layer thickness tc,
in the multilayer system was changed from 0.3nm to 0.55nm in
steps of 0.05 nm. For magnetron sputtering, the deposition time is
controlled to deposit a certain amount of material. As the growth
of a layer is a statistical process, the thickness can only be seen as
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Figure 6: (a) Saturation and
(b) remanent magnetization
of the Co/Pd multilayer sys-
tem in dependence of the Co
layer thickness fc, and the
annealing temperature T,.

an effective value. Nevertheless, more effective thickness is equal
to more material deposited and indeed differences are visible in
the magnetization measurements for these small steps, even if the
morphology of the layer is not accessible.

For every sample with a certain tc, the annealing temperature
T, has been varied from room temperature (as-prepared state) to
450 °C. The magnetization measurements have been done with an
alternating gradient magnetometer (MI1CRO MAG 2900, PRINCE-
TON MEASUREMENTS CORPORATION). A special sample holder
has been used to place the sample surface perpendicular to the
applied external magnetic field.

Remanent magnetization

Figure |§| (a) and (b) show the saturation magnetization (Mj)
and the remanent magnetization (M,), respectively. Ms increases
with increasing Co layer thickness. The annealing temperature de-
pendence of M; shows that M; first increases with increasing T,.
The maximum M is reached for annealing temperatures between
200 °C and 350°C, dependent on the Co layer thickness. After
reaching this maximum M; decreases. The lowest value of M; is
about 0.413 MA /m for 0.3nm Co, annealed at 200 °C, whereas the
highest value of M; is 1.522 MA/m at 0.55 nm Co and 300 °C.

The tc, and T, dependence of M and M,, as well as their ab-
solute values are very similar, as one can see by comparing figure
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|§| (a) and |§| (b). Thus, the squareness (M, /M;) is nearly one for all = 1 n F—r—

of the investigated samples. This shows the very strong pMA and =

good quality of the Co-based superlattices. The samples could not ‘g“ /”

be saturated in the in-plane direction with an maximum magnetic g 0 /"’ """"

field of 1.4 T available at the AGM due to the strong perpendic- ‘q‘;,

ular magnetic anisotropy. Exemplarily, the in-plane (grey line) &

and perpendicular (pink line) hysteresis loops of the sample with =1 = JT')

tco=0.45nm, annealed at 300 °C are shown in figure ﬂ Field (kOe)
Figure 8| shows the coercivity H. of the samples in dependence Figure 7: In-plane (grey line)

of tc, and in dependence of T,. The coercivity increases with the and perpendicular  (pink

annealing temperature for all investigated Co thicknesses. After  line) hysteresis loops of the
Co/Pd multilayer system

with o.45nm Co thickness,
annealed at 300 °C.
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Figure 8: Coercivity of
the Co/Pd multilayer sys-
tem in dependence of the Co
layer thickness and the an-
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being roughly constant for Co thicknesses between 0.3nm and
0.4nm, dep?nd.ent on. the annealing temperatl‘n‘e, the coercivity 5 Fashimoto ot al_ ]
decreases with increasing tc,. The lowest value is about 157 Oe for Magn. Magn. Mater. 88, 211
o.55nm Co in the as-prepared state, whereas the highest value of (1990)

H. is 5520 Oe at 0.4 nm Co and 450 °C. These values are in a typical

range for Co/Pd multilayers.>® It is reasonable that the coerciv-

ity of the Co/Pd multilayers decreases with increasing Co thick- ~ “E.C. Stoner et al., Phil.
. . Trans. R. Soc. A 240, 599

ness as bulk Co has in-plane anisotropy. In the Stoner-Wohlfarth (1049)

model® a system with in-plane anisotropy has no coercivity if

1 H. Zabel et al., Magnetic
Heterostructures (Springer,
film plane.®* 2008)

magnetized with an external magnetic field perpendicular to the
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THE crITICAL CO THICKNESS ¢ at which the perpendicular mag-

netic anisotropy turns into in-plane anisotropy in a multilayer sys-

tem can be determined from the magnetization measurements.

62B. N. Engel et al., Phys. The assumed model was established by Engel et al.%> and is based

Rev. Lett. 67, 1910 (1991) on the inclusion of an interface and a volume term as first intro-

&/L. Néel, J. Phys. Ra- duced by Néel in 19543 for a multilayer system. Not only ¢,

dium 15, 225 (1954)  put also the surface and the volume anisotropy density K; and

K, of the Co/Pd multilayers can be determined with this model.

Here, the effective anisotropy energy density K¢ for a multilayer

system is modeled phenomenologically by the inclusion of an in-

terface contribution, proportional to 1/tc,, and a volume term,
independent of tc,:

—_

“g 2K
] Kopp = Ko+ 7=
8o co
S Thus, the product of K,¢¢ and of the Co layer thickness tc, can be
M%-I written as
Keff tco = Ky - tco + 2K.
o0 he prod hould be linear i ith a slope of
teo (A) The product K, - tc, shou e linear in fc, with a slope of K

and an intercept of 2K;. A schematic picture of K, - tc, in depen-
Figure 9: K,ff - tc, is linear
in tc, with a slope of K, and . . . .
an intercept of 2K,. For pos- magnetic anisotropy if the values of K. - tc, are positive, whereas
itive values the anisotropy is the system has in-plane anisotropy for negative values. Thus,
perpendicular and for nega-
tive values in the film plane.
The critical thickness where turns into perpendicular magnetic anisotropy can be concluded
the in-plane anisotropy turns

into perpendicular magnetic X . .
anisotropy is £ . determined from the two magnetization measurements with the

dence of t, is shown in figure[g} The system has perpendicular

the critical Co layer thickness t; where the in-plane anisotropy
from K,ff - tco(t1) = 0. For every Co layer thickness, K,s¢ can be

applied field in in-plane direction and perpendicular to the film
plane. The annealing temperature dependent K; and K, are the fit
parameters from the linear fit of K,f - tc, for every fixed Tj.

Figure|10|(a) and (b) show the volume and interface anisotropy
Ky and K in dependence of the annealing temperature. The
anisotropy K,, as well as K; increases exponentially with the an-
nealing temperature. The lowest value of K, is 0.809 Merg/cm? in
the as prepared state, whereas the highest value is 16.911 Merg/cm?.
K; increases from 0.033 erg/cm? to 0.654 erg/cm?.

Figure [11| shows the critical Co layer thickness t;, where the
in-plane anisotropy turns into perpendicular anisotropy in depen-
dence of the annealing temperature. Within the errors of the fits
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Figure 10: (a) Volume and
(b) interface anisotropy K,
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and K; of the Co/Pd multi-
] layer system in dependence
15- H 0.6- i of the annealing temperature.
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t, stays constant with the annealing temperature. The average
is about 0.76 nm. This value matches the experimental data quite

well and is close to the literature values.®
The volume as well as the surface anisotropy can be slightly

increased by changing the number of Co/Pd multilayers. The
same magnetic investigations were made for 19 alternating lay-
ers of Co/Pd instead of 9 multilayers as already discussed. The
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64]J. V. Harzer et al., ]. Appl.
Phys. 69, 2448 (1991)

Figure 11: Critical Co
layer thickness t; where in-

plane turns into out of plane
anisotropy in dependence of
the annealing temperature.
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Figure 12: Stack of the
pMTIJs. The Co/Pd multi-
layer system with different
Co thickness tc, and uc, inte-
grated as electrodes in a mag-
netic tunnel junction.

65 K. Mizunuma et al.,
Appl. Phys. Lett. 95, 232516
(2009); and K. Yakushiji

et al., Appl. Phys. Ex-

press 3, 053003 (2010)

anisotropies Ky, as well as K; are increased by a factor of about
2 and 1.5, respectively. This factor is the same for all annealing
temperatures. The critical Co thickness is 0.72nm for the system
with 18 multilayers. Nevertheless, all further samples were pre-
pared with 9 Co/Pd multilayers. The increase of the anisotropy
by using more multilayers is not as large that it justifies the prepa-
ration effort for such a large number of multilayers. Please note
here, that two electrodes with Co/Pd multilayers are necessary
for magnetic tunnel junctions. For technical reasons it is much
more efficient to prepare layer stacks with a maximal number of
20 layers. Thus, further samples were prepared with g alternating
Co/Pd layers.

Co/Pd multilayer integrated into MTJs

The magnetization measurements demonstrate that it is possible
to tune the switching field of the multilayers by changing the Co
layer thickness in the Co/Pd multilayers. This is an important
factor for the use of such multilayers as electrodes in pMT]Js to
achieve two well-defined switching fields and to stabilize the anti-
parallel state of the magnetization in the electrodes. Consequently,
the multilayers have been integrated as electrodes in magnetic tun-
nel junctions. The sample stack is SiO,/Ta 5/(Pd 1.8/Co tc,)9/
CoFeB 1/MgO 2.1/CoFeB 1/(Co uc,/Pd 1.8)9/protection layers
as shown in figure

The Co layer thickness t¢, of the lower electrode has been chan-
ged from o0.25nm to o.5nm to improve the switching behavior of
the pMTJs and thus, the TMR-effect. For every sample with one
fixed tc,, the Co layer thickness uc, of the upper electrode has
been varied. The lower electrode was always used as the hard
magnetic electrode and the upper electrode as the soft one. This
means, that uc, is always larger than tc,. The 1nm layer of Co-
Fe-B has been used as an interface layer to improve the growth of
the MgO barrier on top of the Pd/Co electrode.®> The samples
were annealed after sputtering at 150 °C for 60 minutes in a mag-
netic field of 6500 Oe perpendicular to the film plane to enhance
the perpendicular magnetic anisotropy of the Co/Pd multilayers
and to crystallize the MgO barrier. The stack was patterned by
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laser lithography and ion beam etching. The resulting patterns
are squares of 7.5 x 7.5 ym? and 12.5 x 12.5 yum?. These structures
were capped with gold contact pads. The transport measurements
have been done by a conventional two-probe technique with a
10mV bias voltage in a perpendicular magnetic field.

TMR effect (%)

Figure 13| shows the TMR effect as a function of the Co layer
thickness in the lower electrode (t¢,), as well as in the upper elec-
trode (uc,). A maximum TMR effect of about 9 % is observed for
tco=0.35nm and uc,=0.45nm. This maximum is in the middle of
the investigated Co thicknesses: for smaller and larger tc, and
Uc,, the TMR ratio decreases to about 3.3 %. The area-resistance
products of the samples are in the range of 2 to 6 MQum?.

THE ANNEALING TEMPERATURE T, has been optimized as it is
known to have a large influence on the TMR-effect of MgO based
MTJs.% For this investigation the best sample from figure 13| with
tco=0.35nm and uc,=0.45nm was chosen. The sample stack is
shown in figure The samples were annealed for one hour at
different temperatures in a perpendicular magnetic field of 6500 Oe.
Figure 15| (a) shows the T, dependence of the TMR-effect.

The TMR increases from about 7% in the as-prepared state to
about 9% at an annealing temperature of 150°C. For T, larger
than 150 °C, the TMR decreases to 0.6 % at 300 °C. In figure |15/ (b)
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Figure 13: Room tem-
perature TMR of samples
SiO,/Ta/(Pd 1.8/Co tco)e/
CoFeB 1/MgO 2.1/CoFeB 1/
(Co uc,/Pd 1.8)9/protection
layers as a function of the
Co layer thickness tc, in the
lower electrode and uc, in
the upper electrode.
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Figure 14: Stack of the pMT].
The Co/Pd multilayer sys-
tem integrated as electrodes
in a magnetic tunnel junc-
tion.

%D. D. Djayaprawira et al.,
Appl. Phys. Lett. 86, 092502
(2005)


http://dx.doi.org/10.1063/1.1871344
http://dx.doi.org/10.1063/1.1871344
http://dx.doi.org/10.1063/1.1871344

28 PERPENDICULAR ANISOTROPY IN MAGNETIC TUNNEL JUNCTIONS

Figure 15: (@) TMR as a
function of annealing tem-
perature T, for the sample
stack .../(Pd 1.8/Co 0.35)9/
Co-Fe-B 1/MgO 2.1/Co-Fe-
B 1/(Co 0.45/Pd 1.8)9/... (all
numbers in nm). (b) Major
loops of the sample annealed

at different temperatures.
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the major loops of the pMTJ are shown for the different T,. The

switching field of the hard electrode increases from about 770 Oe
in the as prepared state to about 1360 Oe at 200 °C with increasing
annealing temperature. This behavior is consistent with the re-
sults of the Co thickness dependent magnetization measurements

of the Co/Pd multilayer electrodes as described in the previous
section. For annealing temperatures higher than 200 °C not only
the TMR-effect decreases, but also the switching field drops down
to about 580 Oe.

The composition depth profiles of Pd, Co, O and Mg have been
measured to clarify the origin of the strong decrease of the TMR-
effect. For the determination of the depth profiles the samples
were etched in many short etching steps. The intensity of each
element was measured by auger electron spectroscopy after every
etching step. In figure [16] (a) and [16] (b), the composition depth

profiles are shown for the sample in the as-prepared state and
after annealing at 300 °C for one hour, respectively.

The Pd intensity in the region of the MgO is higher in the mea-
surement of the annealed sample, whereas a comparison of the Co
intensities in the MgO region shows less Co after annealing. This
indicates a diffusion of the Pd to the MgO interface, where the Pd
replaces the Co at high T,. Thus, it can be supposed here, that the
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annealing temperature limits the TMR-effect due to the diffusion
of the Pd. All further Co/Pd based samples were prepared with
an annealing temperature of 150 °C.

The TMR increases before reaching zero field for all anneal-
ing temperatures, as seen in figure The electrodes cannot be
completely saturated in perpendicular direction with the available
magnetic field of about 3200 Oe. The increase before zero field is
due to a slow relative change of the magnetization directions in
the electrodes. An energy term that turns the magnetization of
samples with pMA before zero field is probably caused by an ad-
ditional in-plane component of the anisotropy. This in-plane com-
ponent is most likely caused by the Co-Fe-B layers. In figure
the TMR measurement of the sample annealed at 150 °C is shown
with the magnetic field applied in the film plane. The relative ori-
entation of the magnetization turns slowly with the applied field
in the in-plane direction and thus causes the measured resistance
change.
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Figure 16:  Composition
depth profiles of Pd, Co,
O, and Mg in the sample
(a) before and (b) after
annealing at 300°C for 1
hour.

TMR (%)
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Figure 17: TMR measure-

ment with applied magnetic
field in the film plane of the
sample annealed at 150 °C.
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Figure 18: (a) TMR loops of
samples with 0.2nm, o.5nm
and o.7nm and (b) with 1 nm
and 1.5nm Co thicknesses v
at the MgO interface.

protection layers

Pd1.8
Co 0.45
Cov
MgO 2.1
Cov

Co 0.35
Pd 1.8
Tas
substrate

Figure 19: Stack of the pMT]
with Co as interface layer.
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Figure 20: TMR of the pMT]
in dependence of the Co in-
terface layer thickness v.
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PMT]Js witHOoUT Co-FE-B INTERFACE LAYERS were fabricated
to prove the assumption that the additional in-plane component
is caused by the Co-Fe-B layers. The Co-Fe-B layers were replaced
by a Co interface layer with different thicknesses v. This means,
that the effective thickness of the last Co layer of the lower mul-
tilayer electrode and the effective thickness of the first Co layer
of the upper multilayer electrode have been changed. Figure
shows the layer stack of the pMT] with different Co thicknesses
v as interface layer. In figure (a) and (b) the TMR loops of
samples with 0.2nm, 0.5 nm, 0.7nm and with 1nm and 1.5nm Co
thicknesses v at the MgO interface are shown, respectively. The
corresponding TMR-values in dependence of v are summarized
in figure The TMR first increases with v. After reaching a
maximum at v=0.7nm the TMR decreases again.

The highest TMR of about 9 % is similar to the TMR-ratio of
the sample with 1nm of Co-Fe-B at the MgO interface. For the
samples with v smaller than 1nm, shown in figure [18| (a), no in-
plane component can be concluded from the TMR measurement.
The hard electrode has a sharp switching field. This switching
field decreases from about 700 Oe for 0.2nm Co to about 550 Oe
for o.7nm Co. In figure [18| (b) the major loops of the samples



with a Co thickness v>0.7nm are shown. As the TMR increases
before reaching zero field, an in-plane component is concluded
for those samples as also described for the samples with Co-Fe-B
interface layer. The samples could not be saturated with a maxi-
mum magnetic field of 3200Oe in perpendicular direction due to
this in-plane component.

In contrast to the sharp switching of the hard electrode for all
investigated v in figure (a) and (b), the magnetization of the
soft electrode turns slowly. This broad switching is likely due to
the strong magneto-static interaction between the soft and hard
magnetic layers in the patterned pMT]Js. The stray field of one of
the perpendicular electrodes on the other electrode always assists
the parallel alignment of the magnetization of the other electrode.

THE NUMBER X OF BILAYERS in a multilayer system is an impor-
tant factor to influence the magnetic anisotropy of the superlattice
as shown in the section "Co/Pd multilayers: The electrodes". In a
magnetic tunnel junction consisting of two multilayer based elec-
trodes, the magneto-static interaction of the electrodes can possi-
bly be controlled by X. Here, the number X of Co/Pd bilayers in
the lower electrode is varied from 9 to 3 to control the magneto-
static interaction and to ensure the antiparallel alignment of the
magnetization in the electrodes over a certain field range. The
number of bilayers in the upper electrode is kept constant at 2
with a thickness of o.7nm. The Co thickness in the lower multi-
layer is 0.6nm. A thin Mg layer was inserted under the MgO to
enable better growth of the barrier.®” The resulting sample stack
is 5i0,/Ta 5/(Co 0.6/Pd 1.8)x/Co 0.7/Mg 0.5/MgO 2.1/Co 0.7/
(Co 0.7/Pd 1.8),/protection layers as shown in figure A sim-
ilar electrode configuration was used by Park et al.®® for pMTJs
based on an alumina barrier. Figure 22| shows the major loops for
the different numbers X of multilayers. The samples show a room
temperature TMR-effect between 8 % for X=9 and 12 % for X=3.
The area resistance product is about 8.5 MQum?. The switching
field of the hard electrode increases from 300 Oe for X=9 to about
6400e for X=3. While the magnetization of the soft electrode
turns slowly and has no sharp switching field for X=9, a hard
switching is reached for X<5. The magneto-static interaction of
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7K. Tsunekawa et al., Appl.
Phys. Let. 87, 072503 (2005)
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Figure 21: Stack of the pMT].
The Co/Pd multilayer num-
ber X is varied.

68].-H. Park et al., ]. Appl.
Phys. 103, 07A917 (2008)
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Figure 22: TMR loops of sam-
ples ../(Co o0.6/Pd 1.8)x/
Co o0.7/Mg 0.5/MgO 2.1/
Co 0.7/(Co o0.7/Pd 1.8),/...
with different numbers X of
Co/Pd bilayers in the lower
electrode.
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Figure 23: Major (grey line)
and minor loop (pink line)
of the optimized sample with
X=4.
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the two electrodes can successfully be controlled by reducing X,
and the antiparallel alignment of the magnetization over a certain
field range is finally ensured for these samples. The sample with
X=4 shows optimum behavior: Two well-defined switching fields
of the electrodes and a rectangular minor loop with two separated
magnetic states at zero field. The major and minor loop of this op-
timized sample are shown in figure

For magnetic tunnel junctions with perpendicularly magne-
tized electrodes it is known, that the stray field from the hard
layer assists the switching to the parallel state due to the magnetic
interaction of the electrodes. Consequently, the switching of the
soft layer from the antiparallel state to the parallel state occurs at a
lower field than the switching from the parallel to the antiparallel
state in a minor loop.®? Within the accuracy of the measurement
procedure no shift is visible in the minor loop of the optimized
sample shown in figure Thus, the magneto-static interaction
is small for the optimized sample and both electrodes can be sup-
posed to be independent from each other.
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TRANSPORT MEASUREMENTS of the optimized sample annealed
at 150 °C were performed at different temperatures. The temper-
ature dependent measurements have been carried out in a closed-
cycle helium cryostat 7° with a temperature range of 13 K to 360 K.

Figure [24] (a) shows the temperature dependence of the TMR
and of the area resistance products in the parallel state P and in
the antiparallel state AP. The area resistance product in the P state
changes from 9.2 to 10.2 MQum?, this is a change of 9.8 % with the
temperature which is in the typical range for the P state of MT]s.”*
The area resistance product in the AP state changes by 14.5 %,
which changes the TMR-ratio by a factor of 1.7 to 18.5% at 13 K.
This is the highest value that has been reported for pMTJs with
Co/Pd multilayers as perpendicular magnetized electrodes.”” Fig-
ure [24] (b) shows some of the corresponding temperature depen-
dent minor loops. The switching of the soft electrodes stays very
sharp with the temperature. The switching field changes from
about 4000Oe at room temperature to about 1540 Oe at low tem-
perature.

The results of the temperature dependent measurement are
compared to measurements of a reference sample with Co-Fe-B
electrodes and in-plane anisotropy. The MgO barrier of the pMT]Js
is not considered to be textured, as the TMR-effects are not close
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Figure 24: (a) Temperature
dependent transport mea-
surement of the sample .../
(Co 0.6/Pd 1.8);/Co o.7/
Mg 0.5/MgO 2.1/Co o.7 /
(Co 0.7/Pd 1.8)/... (all num-
bers in nm). (b) Correspond-
ing majorloops for the differ-
ent temperatures.
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72 K. Mizunuma et al., Appl.
Phys. Lett. 95, 232516 (2009);
and D. Lim et al., ]. Appl.
Phys. 97, 10Cg02 (2005)
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Figure 25: The x-ray diffrac-
tion measurement shows that
the electrode Ta 5/(Co 0.6/
Pd 1.8)4/Co 0.7/MgO 2.1 has
fce (111) orientation
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Figure 26: Stack of the ref-
erence sample. An Alumina
based system with in-plane
anisotropy.

Figure 27: (a) Normalized
TMR as a function of the tem-
perature for the pMT] and for
a reference sample .../Mn-
Ir 12/Co-Fe-B 4/Al 1.2+Oxi-
dation/Co-Fe-B 4/Ni-Fe 3/...
with in-plane anisotropy. (b)
Normalized TMR as a func-
tion of the bias voltage for the
pMT] and for the reference
sample measured at 13 K.

to that in the coherence tunneling scheme in epitaxially MgO-
bcc systems.”3 Furthermore, x-ray diffraction measurements show
that the Co/Pd electrodes have fcc (111) orientation as shown in
figure 25| Even for MgO barriers with (111) texture coherent tun-
neling can not be expected.”4 Thus, an MT] with an amorphous
alumina-based barrier has been chosen as the reference sample.
The sample structure of the reference sample is Si wafer/SiO/
Ta 5/Cu 30/Ta 5/Cu 5/Mn-Ir 12/Co-Fe-B 4/Al 1.2+Oxidation/
Co-Fe-B 4/Ni-Fe 3/Ta 5/Cu 20/ Au 20 as shown in figure The
reference sample has been annealed at 275°C and shows a TMR-
ratio of 110 % at tomV and 13K.

In figure 27 (a) the temperature dependence of the TMR-effect
and in (b) the bias voltage dependence of the TMR-effect are shown
for the pMT] and the reference sample. The TMR of the pMTJ
changes by a factor of 1.7 if cooled to 13 K, whereas the reference
sample changes by a factor of 1.6. This is no fundamental change
in the temperature dependence of the samples. Also the bias volt-
age dependence of the TMR for the pMT] with Co/Pd electrodes
shows no significant change compared to the in-plane reference
sample. A peak-like maximum is observed for zero bias, and the
TMR decreases to the half-value for bias voltages of about 400 mV.
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IN suMMARY, magnetic measurements of the Co/Pd multilayers
were performed. The Co layer thickness in the multilayers has
carefully been varied as the perpendicular magnetic anisotropy is
a result of a broken symmetry between the nonmagnetic and the
magnetic layers. For every Co layer thickness, a detailed investi-
gation of the annealing temperature dependence has been carried
out. This is of large importance as the interface anisotropy, the
surface anisotropy, the critical Co thickness, as well as the inter-
face magnetization have been calculated from the results. The Co
thickness- and annealing temperature-dependence of the satura-
tion magnetization and the remanent magnetization, as well as
their absolute values are very similar for all of the investigated
samples with Pd as nonmagnetic layer. Thus, the squareness is
nearly one for all of the investigated samples. This shows the
very strong perpendicular magnetic anisotropy and good quality
of the Co/Pd based superlattices. The anisotropies increase ex-
ponentially with the annealing temperature, and the critical Co
thickness stays roughly constant.

The Co/Pd multilayers have successfully been integrated as
electrodes into MTJs. A detailed analysis of the influence of the
preparation parameters on the TMR-effect has been given. The
effects of the Co layer thickness in the multilayer electrodes, the
annealing temperature, the Co thickness at the MgO barrier inter-
face, and the number of Co/Pd bilayers on the TMR-effect were
investigated. The in-plane components of the magnetization, the
stray field coupling of the individual electrodes and a diffusion
of the Pd to the MgO barrier have been successfully controlled.
Finally, a TMR-effect of about 11 % at room temperature with two
well-defined switching fields has been observed with the opti-
mized conditions. A rectangular minor loop with two separated
magnetic states at zero field has been observed. The TMR-ratio
changes by a factor of 1.7 to 18.5% at 13K. This is the highest
value reported for magnetic tunnel junctions with Co/Pd multi-
layers as perpendicular magnetized electrodes.

Most of the results of this chapter have been published in Journal of
Magnetism and magnetic Materials in 2011.75
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Co/Pt multiayers

In this chapter, pMT]s with Co/Pt multilayer based electrodes are inves-
tigated. The results are compared to the measurements of the Pd based
samples and a detailed comparison of the use of Pd and Pt as the nonmag-
netic material in multilayers is given. The obtained differences are related
to a rougher surface of the Pt layers compared to the Pd layers. For the
MT]Js it will be shown in this chapter that no diffusion at high anneal-
ing temperatures takes place for the Pt based multilayer electrodes. The
magnetic coupling behavior of the two Co/Pt electrodes has a stronger
influence on the annealing- and measurement-temperature dependence
of the TMR-effect than reported for Co/Pd based samples.

ANOTHER MATERIAL has to be used as nonmagnetic layer in the
multilayer system, so that the Pd layers are substituted by this ma-
terial. The annealing temperature for Co/Pd based pMT]Js is lim-
ited to 150 °C as shown in the last chapter. A diffusion of the Pd to
the MgO barrier causes a reduction of the TMR-effect at higher an-
nealing temperatures. It is possible to use Pt instead of Pd as the
nonmagnetic layer in Co-based superlattices for reaching a high
PMA. The advantage of using Co/Pt compared to Co/Pd multi-
layers as perpendicular magnetized electrodes in tunnel junctions
is not only a smaller diffusion probability of the Pt,7® but also a
smaller coercivity of the Co/Pt based electrodes.”7 A small coer-
civity but still large pMA is an essential condition for the applica-
bility of pMT]Js in memory devices.

In this chapter, similar investigations are made for Co/Pt mul-
tilayers and pMT]Js as shown in the last chapter for Co/Pd based
samples. Thus, a detailed comparison between the use of Pd and
Pt as the nonmagnetic layer in multilayers and pMTJs is possible.

7M. T. Johnson et al., Rep.
Prog. Phys. 59, 1409 (1996)

77'S. Hashimoto et al., J.

Appl. Phys. 66, 4909 (1989);
and Y. Ochiai et al., IEEE

Trans. Magn. 25, 3755 (1989)
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Figure 28: Stack of the Co/Pt
multilayer sample. A possi-

ble electrode for pMTJs.

Figure 29:  Magnetic prop-
erties of Co/Pt multilayers in
dependence of the Co layer
thickness tc, and annealing
temperature T,. The black
curve in (a) shows the fit of
the saturation magnetization
with the interface magnetiza-
tion as fit parameter for the

as prepared state.

The electrodes: A Co/Pt multilayer system

First, the magnetic behavior of the Co/Pt multilayer system is in-
vestigated. The sample layer structure used here is Si wafer/SiO/
Ta 5/(Co tc, /Pt 1.8)9/MgO 2.1, even thought the electrodes of the
optimized Co/Pd pMT] have another multilayer structure. The
layer stack is sketched in figure This sample structure has
been used for a better comparison between the Co/Pd and the
Co/Pt system, because this kind of multilayer system was used
for the Co/Pd multilayers before optimizing the system. The Co
layer thickness tc, and the annealing temperature T, have been
varied. Figure @ (a)-(d) show the saturation magnetization (M),
remanent magnetization (M;), squareness (S=M,/M;), and coer-
civity (H) in dependence of fc, and of T,. Here, t¢, is varied in
the range of 0.35nm to 0.95nm in steps of 0.05 nm. The annealing
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temperature is changed for every fixed tc, from room temperature
(as-prepared state) to 400 °C in steps of 100 °C.

The saturation magnetization M; increases with increasing Co
layer thickness, as shown in figure (a). M; increases faster
for small ¢c,, and adapts the Cobalt bulk magnetization of about
1334£194 kA/m for larger tc,. The error results from the inaccu-
racy of the magnetic volume determination and the measurement
procedure. The bulk magnetization was measured on the sample
Si wafer/SiO/Ta 5/Pt 1.8/Co 30/Pt 1.8/MgO 2.1. This sample
stack is shown in figure

M; stays roughly constant with the annealing temperature for
all investigated tc,. The lowest value is about 412 kA /m for 0.35nm
Co and 300 °C annealing temperature, whereas the highest value
is about 1365 kA /m for 0.gonm Co and 200 °C.

Figure [29|(b) shows the remanent magnetization in dependence
of the annealing temperature and of the Co thickness. M, in-
creases for small fc,. After reaching a maximum at tc, = 0.7nm
M, decreases rapidly. The annealing temperature dependence of
M, shows that it is roughly constant as also shown for M;. The
lowest value is about 0.3 kA /m for 0.35 nm Co and 200 °C anneal-
ing temperature. The highest value is about 1387 kA /m for 0.7 nm
Co in the as prepared state.

The behavior of Mg and M,, as well as the absolute values are
similar for 0.4nm<tc,<0.8nm, as one can see by comparing fig-
ure 29| (a) and |29 (b). The squareness S=M,/M;, shown in figure
(c), is about one for the samples with fc, between 0.4nm and
0.8nm. Thus, not only for Pd, but also for Pt based superlattices,
a strong pMA and good quality of the samples in this tc,-range
is obtained. For tc, smaller than o.4nm or larger than 0.8nm S
decreases. Also S stays roughly constant with T, since M, and M;
are independent of Tj.

The coercivity, shown in figure [29| (d), increases with the an-
nealing temperature. The coercivity first increases with increas-
ing tc,. For tc,>0.55nm H, decreases. The lowest value is about
27 Oe for 0.35nm Co and 200 °C, whereas the highest value of H,
is 351 Oe at 0.55 nm Co and 400 °C.

Figure [31|shows the magnetization measurement with perpen-
dicular (pink line) and in-plane (grey line) magnetic field of the
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Figure 30: Stack of the Co-
bulk sample. The determined
magnetization is 1365 kA /m.
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Figure 31:

Perpendicular
(pink line) and in-plane
(grey line) hysteresis of the
Co/Pt multilayer sample
with o.55nm Co thickness,
annealed at 300 °C.



40 PERPENDICULAR ANISOTROPY IN MAGNETIC TUNNEL JUNCTIONS

Figure 32: (a) Volume and
(b) interface anisotropy of the
Co/Pt multilayer system.

7M. T. Johnson et al., Rep.
Prog. Phys. 59, 1409 (1996)

sample with o.55nm Co, annealed at 300°C. In contrast to the
Co/Pd multilayer system, the Co/Pt based one can be saturated
in the in-plane direction with an external field of about 7000 Oe.

The critical Co thickness ¢t | where the perpendicular magnetic
anisotropy turns into in-plane anisotropy as well as the effective
interface and volumeanisotropy density constants K; and K, are
determined from the magnetization measurements. This has also
be done for the Co/Pd multilayer system. The assumed model
and the calculation process are described in the chapter "Co/Pd
multilayers: The electrodes".

1.2 60
[ 55
1.0 !
§ g 50
é‘) 0.8 : éﬁ k
= =457
0.6
40+ o 1
0.4+ 35
0 100 200 300 400 0 100 200 300 400
(a) Annealing temperature (°C)  (b) Annealing temperature (°C)

Figure[32|(a) and (b) show the volume and interface anisotropy
constants K, and K in dependence of the annealing temperature.
Ky and K; increase with the annealing temperature. The lowest
value of Ky is 0.46 Merg/cm? in the as prepared state, whereas the
highest value is 1.06 Merg/cm?. K, increases from 38 merg/cm? to
55 merg/cm?.

Figure [33| shows the critical Co layer thickness t; where the
in-plane anisotropy turns into perpendicular anisotropy in depen-
dence of T,. Within the errors of the fits {| stays constant. The
average is about 1.1 nm. This value matches the experimental data
quite well and is close to the literature values.”
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The pMA of the Co/Pt multilayers is a phenomenon that oc-
curs due to the broken symmetry at the interface of the alternating
magnetic and nonmagnetic layers.”® Thus, the interface magneti-
zation M., at the interface to the Pt layer is an important factor
for the realization of the perpendicular magnetic anisotropy. In
the following paragraph, the Cobalt magnetization at the inter-
face to the Pt layer is determined from the saturation magnetiza-
tion measurements of the multilayers for all investigated anneal-
ing temperatures. A sketch of the assumed model is shown in
figure [34] Here, the first Co monolayer at the Pt interface has a
thickness tys; and a magnetization M;,;,. The magnetization of
the rest of the Co layer with thickness tc,—2-tpy, is called Mp,.
For tc,>2-tp the total magnetization My, can be described by
an interface term and a bulk term as

2 - tmL tco —
Mtot = ' Minter + .
tco tco

My, was measured on the sample Si wafer/SiO/Ta 5/Pt 1.8/
Co 30/Pt 1.8/MgO 2.1 to be 1335kA/m (already shown in fig-
ure30) and )y is assumed to be 2.6 A.8 The T,-dependent inter-
face magnetization M;,,;., was determined by fitting the saturation
magnetization M; from figure (a) with the equation for M;,; for
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Figure 33: Critical Co
layer thickness t; where in-
plane turns into out of plane
anisotropy in dependence of
the annealing temperature.

7|L. Néel, J. Phys. Radium
15, 225 (1954)
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Figure 34: Sketch of Co layer
with thickness tc, between
two Pt layers. The first mono-
layer of Co at the Pt interface
has a thickness of tj;; and a
magnetization of Mj,,. The
Cobalt bulk magnetization is
My

8% T. Devolder et al., Z. Phys.
B 22, 193 (1975)
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Figure 35: Fit (grey line) of
the saturation magnetization
(pink line) in dependence of
the Co layer thickness in the
as prepared state for the de-
termination of M, ;.

Figure 36: Calculated inter-
face magnetization My, in
dependence of the anneal-
ing temperature. The dashed
grey line marks the measured
bulk value of Co.
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Figure 37: Stack of a Co/Pt
multilayer sample for MEM
measurements.

tco>2 - tpr. The fit was done for every fixed T,. Exemplarily, M;
and the fit for the as prepared state are shown in figure

The results of the fits are summarized in figure 36| The dashed
grey line marks the measured bulk value of Co. M, stays con-
stant with the annealing temperature within the errors of the fit
and measurement parameters. The average is about 1141.1 kA/m.
This is about 85.5 % of the bulk value.
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MAGNETIC FORCE MICROSCOPY (MFM) measurements were car-
ried out on a Co/Pt multilayer sample to map the perpendicular
magnetized domaines. A measurement setup from DIGITAL IN-
STRUMENTS has been used in combination with a standard (ML3)
Co-alloy hard magnetic coated tip. A magnetic field perpendic-
ular to the sample surface was applied during the measurement.
The sample stack that has been used for the MFM measurement is
MgO substrate/Ta 5/ (Pt 1.8/Co 0.65)9 /Pt 1.8 MgO 2.0, as shown
in figure

Figure 38| (a) shows the MFM image of a 10 um? x 20 um? large
area of the sample. This area has been scanned in single lines,
starting at the bottom of the image. The image scale is the same
for both directions. The external magnetic field has been changed
during the measurement. The applied magnetic field values are
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labeled in different colors at the corresponding areas of the sample
at the right margin of the image.

A sketched hysteresis curve of a material with pMA is shown
in figure 38| (b) to explain the occurrence of the different states
of the magnetization in the MFM image. The field values, that
have been applied during the MFM measurement are marked in
the same colors as in the MFM image. The sketch should not be
understood as a real magnetization measurement of the sample
that has been used for the MFM investigation. The field values
in a magnetization measurement differ from the values obtained
with the MFM by a factor of 2. The origin for this difference could
not be finally clarified, but is most likely related to the fact that
different measurement setups have been used for the MFM and
for the magnetization measurement. An influence of the magnetic
tip or of the sample holder in the MFM setup is supposable.

The mapping of the MFM image starts at the bottom of figure
(a) with a perpendicular applied field of -4270e. The corre-
sponding field value in figure 38| (b) is marked in violet. The
light stripes in the MFM image with applied field of -427 Oe cor-
respond to the areas of the sample with oppositely magnetized
domains compared to the rest of the sample. The sample is not
completely saturated in this field range as these oppositely mag-
netized domains occur. The corresponding magnetization state
in the hysteresis is, thus, the one with decreasing magnetic field.
This point is marked in violet.

Magnetization

(b)
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Field

Figure 38: (a) MFM image
of an 1opm?x20pum? large
area of the sample MgO
substrate/Ta  5/(Pt 1.8/
Co 0.65)9/Pt 1.8 MgO 2.0.
The external magnetic field
has been changed during the
measurement as sketched
at the right margin. (b) A
sketch of a hysteresis for a
sample with pMA.
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81H.-S. Oh et al., IEEE
Trans. Magn. 32, 4061 (1996)

The next area in the MFM image has been measured with an
external magnetic field of about -489Oe. This field value is in-
dicated by the blue line in the hysteresis curve. All domains are
forced into the same magnetization direction, and the stripes van-
ish: The sample is saturated. The corresponding magnetization
state is indicated by the blue point in the hysteresis curve. The
saturated state of the magnetization persists if the external mag-
netic field is now reversed.

The domain wall nucleation field is reached at 114Oe. This
field has been applied at the beginning of the last area in the MFM
scan. The field has been increased from 114 Oe to 242 Oe during
the scan. The minimum and the maximum field value is marked
in light green and in dark green in the hysteresis curve, respec-
tively. The accordant states in the hysteresis are indicated with
points in the same colors. The light and dark stripes in the MFM
image correspond to the domains with opposite magnetization di-
rection perpendicular to the film plane. Only a small or even no
net magnetization can be concluded from the state with an ap-
plied field of 114 Oe, as the domains are oppositely magnetized.
This is in accordance to the corresponding state in the magnetiza-
tion sketch (light green point). The domains have a diameter of
about 2pum and get quenched with the increasing magnetic field to
about 242 Oe. This is the dark green point in the hysteresis curve.

A coMPARISON of the measurement results and physical proper-
ties for the Co/Pd and Co/Pt multilayers is given in table

The saturation magnetization is in the same range for Co/Pd
and for Co/Pt because the magnetic material in the multilayers is
the same for both systems. The coercivity of the Co/Pt is about
a factor of 10 smaller compared to the Co/Pd. It is proposed
here, that the Pt layers have a rougher surface than the Pd lay-
ers. Therefore, it is possible that the domain-wall pinning effect
is not so serious in Co/Pt films and causes the reduced coercivity
of Co/Pt compared to Co/Pd. Oh et al. showed similar behav-
ior for Co/Pt and Co/Pd multilayers.8* The surface and volume
anisotropies are smaller for Co/Pt than for Co/Pd since they are a
result from M; and from H,. The tc,-range with $>0.9 (and there-
fore perpendicular magnetic anisotropy) is shifted to larger t¢, for
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MM MM (KA /m) HI"n_H™* (Oe) tc, with $>0.9 (nm)
Co/Pd 413-1522 157-5520 0.3-0.55
Co/Pt 412-1365 27-351 0.4-0.8
Ky PP -K3%9 (Merg/cm?) KPP -K3%0 (erg /cm?) t| (nm)
Co/Pd 0.809-16.911 0.033-0.654 0.76
Co/Pt 0.457-1.047 0.0377-0.0547 1.1

the Co/Pt compared to the Co/Pd multilayers. This means, that
the perpendicular magnetic anisotropy occurs at larger Co thick-
nesses for the Co/Pt. Therefore, it is reasonable that also ¢ is
larger for the Co/Pt multilayer. The shift in the Co thickness can
also be explained by a rougher surface of the Pt compared to the
Pd layer. As already discussed in the first chapter, the deposi-
tion time is controlled to deposit a certain amount of material and
the resulting thickness can only be seen as an effective value as
the growth of the layer is a statistical process. Nevertheless, more
effective thickness is equal to more deposited material. If the de-
posited layer is rough, the effective thickness is reduced. Thus,
more material has to be deposited for reaching the same effect
compared to a system with a flatter surface as it is the case for the
Co/Pd multilayers.

The assumption tc,>2-tp; could not be fulfilled for the Co/Pd
multilayers, as the Co thickness range for the Co/Pd multilay-
ers with perpendicular anisotropy occurs at smaller t¢, than for
Co/Pt multilayers and the investigated Co/Pd samples have tc,
between 0.2 nm and 0.55 nm. This means, that the assumed model
for calculating the interface magnetization does not describe the
Co/Pd based multilayer system. Thus, the fit of the interface mag-
netization and therefore a comparison between the interface mag-
netization of Co/Pt and Co/Pd is not possible.

Table 1: A comparison of the
Co/Pd and the Co/Pt sys-
tem. The measurement re-
sults are listed in the first ta-
ble. The second table shows
the results from the fit.
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Figure 39: Stack of the Co/Pt
pMT]. A multilayer based
system.
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Figure 40: (a) TMR loops of
sample .../(Co 0.6/Pt 1.8)s/
Co o.7/Mg 0.5/MgO 2.1/
(Co 0.7/Pt 1.8),/... and (b)
corresponding TMR values
for the different annealing
temperatures.

Co/Pt multilayers integrated into MT]s

THE ANNEALING TEMPERATURE of the Co/Pt based pMT]Js has
been investigated to clarify if annealing at higher temperatures
than for the Co/Pd based system is possible. The optimized sam-
ple stack with Co/Pd electrodes from the first chapter was used,
but Pt was inserted as nonmagnetic material in the multilayers
instead of Pd. The resulting sample stack is SiOp/Ta/(Pt 1.8/
Coo0.7)4/Mgo0.5/MgO 2.1/Co 0.7/(Co 0.6/Pt 1.8), /protection lay-
ers as shown in figure

Figure |40| (a) shows the TMR loops in the positive field range
for the different T,. In figure[40|(b) the corresponding TMR-values
in dependence of the annealing temperature are shown. The TMR
increases from about 16 % in the as-prepared state to about 18.6 %
at an annealing temperature of 250 °C. For T, larger than 250 °C,
the TMR-ratio decreases to 0.7 %. The area-resistance product in
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the parallel state of the samples is about 60 MQum?. The opti-
mum T, of 250 °C is higher than the one for the Co/Pd electrodes,
which was 150°C. The maximum TMR of the pMT] with Co/Pt
is about a factor of 1.7 larger compared to the one of the Co/Pd
based system. The switching field of the soft Co/Pt electrode in-



creases with increasing T,, whereas the switching field of the hard
electrode is very sharp and first remains unchanged as shown in
figure [40| (a). This means, that the field range of the antiparallel
alignment of the magnetization becomes smaller. For T,>250°C
the behavior of the hard electrode changes and the magnetiza-
tion turns slowly. The annealing temperature changes the mag-
netic behavior of Co/Pt multilayers integrated into magnetic tun-
nel junctions. It is proposed here, that the abrupt breakdown of
the TMR for higher annealing temperatures is due to a change
of the magnetic behavior of the perpendicularly magnetized elec-
trodes. The system shows a very different behavior compared to
the slow decrease of the TMR-ratio due to a diffusion as shown in
the previous chapter "Co/Pd multilayers".

Measurements of the composition depth profiles on the Co/Pt
PMT]J in the as prepared state and after annealing at 300 °C for one
hour were carried out to exclude the possibility that Pt diffuses
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Figure 41: Composition
depth profiles of Pt, Co,
O, and Mg in the sample
.../(Co 0.6/Pt 1.8)4/Co 0.7/
Mg 0.5/MgO 2.1/(Co o.7/
Pt 1.8),/... (a) before and (b)
after annealing at 300°C for
1 hour.
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at high annealing temperatures. In Figure |41] (a) and [41] (b), the
composition depth profiles of Pt, Co, O, and Mg are shown for
the sample in the as-prepared state and after annealing at 300 °C.
The Pt intensity in the region of the MgO is almost the same in
the measurement of the as prepared and of the annealed sample.
A comparison of the Co intensities in the MgO region shows also
almost the same intensity after annealing. This indicates that, in
contrast to the Pd samples, no diffusion of the Pt to the MgO
interface takes place.

It is possible that the decrease of the TMR of the Co/Pt based
pMT]Js is due to the fact that the antiparallel alignment of the
electrodes over a certain field range vanishes for T;>250°C and
the electrodes switch simultaneously. Supposably, the healing of
defects leads to a higher energy barrier for the nucleation of do-
mains, which explains the increase of the switching field of the
soft electrode with increasing T,. This leads up to the point where
the difference in the switching fields is small enough to be over-
come by the coupling of the electrodes. To clarify the situation,
the magnetization switching of a structured MTJ element must be
investigated. As this magnetization is a very small quantity, a spe-
cial experimental method is needed. Especially, the investigation
is not possible on the standard TMR structures, that have been
used here.

THE TEMPERATURE DEPENDENCE of the TMR of the Co/Pt pMT]J
was investigated and compared to the temperature dependence
of the Co/Pd pMT]J. As the Co/Pd system showed a very sharp
switching of both electrodes, and rectangular minor-loops at all
measurement temperatures (see figure , a complete antiparal-
lel alignment of the electrodes is assumed for the Co/Pd sample.
Figure |42[ shows the temperature dependence of the TMR-effects
for the samples. The TMR of the Co/Pt based MT] changes by
a factor of 1.9 if cooled to 13K, whereas the TMR of the Co/Pd
based sample changes by a factor of 1.7. It can be suspected that
the temperature dependent magnetic switching behavior of the
Co/Pt pMT]J gives an additional component to the overall temper-
ature dependence of the TMR-ratio. This behavior is known for
tunnel junctions based on materials with perpendicularly magne-
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tized electrodes and can have a large influence on the TMR-ratio.5?
This additional effect is hard to model, as it depends on the spe-
cific junction. Therefore, a straightforward fit of the temperature
dependence is not possible here.

The bias voltage dependence of the TMR effect is shown and
compared to the Co/Pd sample in figure |43l The bias voltage de-
pendence of the TMR for the pMT] with Co/Pt electrodes shows
no fundamental change compared to the Co/Pd based sample. A
peak-like maximum is observed for zero bias, and the TMR de-
creases to the half-value for bias voltages of about 350mV.

A CcOMPARISON between the results of the transport measure-
ments for the Co/Pd and Co/Pt multilayer based MTJs is shown
in table 2| The maximum TMR-effect as well as the optimum an-
nealing temperature are increased by using Pt instead of Pd as
nonmagnetic material in the multilayer electrodes. Nevertheless,
annealing at high temperatures is not possible for both materials
as the TMR vanishes. The decrease of the TMR with the annealing
temperature seems to originate from different effects for the two
materials. In the case of the Co/Pd based electrodes, the intensity
of the Pd at the MgO barrier is about a factor of 2.75 higher for the
annealed sample compared to the as prepared one, whereas the
Pt intensity stays roughly the same (last column in table [2). Thus,
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Figure 42: Temperature de-
pendence of the TMR for the
pMI] .../(Co 0.6/Pt 1.8)4/
Co o0.7/Mg 0.5/MgO 2.1/
(Coo0.7/Pt 1.8),/... and of the
Co/Pd pMTJ with Pd layers
instead of Pt.

82G. Feng et al., Appl. Phys.
Lett. 99, 042502 (2011)
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Figure 43: Normalized TMR
as a function of the bias volt-
age for the Co/Pt and the
Co/Pd pMT] measured at
13K.
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TMR (%)

TMR;;/TMR,y V3 /2 (mV) opt. T, (°C) Intzggec /Intasprep

Co/Pd 11.0
Co/Pt 18.6

1.7 150 390 2.75
1.9 250 350 ~1

Table 2: A comparison of the
Co/Pd and the Co/Pt sys-
tem. Properties of the trans-
port measurements of the
multilayers based pMTJs.

on the one hand the TMR-ratio is most likely limited due to a Pd
diffusion at high annealing temperatures. On the other hand, no
diffusion takes place for the Pt based multilayer electrodes, but
the TMR-ratio is limited due to a change of the magnetic coupling
behavior of the electrodes with increasing annealing temperature.

SUMMARIZING this chapter, Co/Pt multilayers have successfully
been investigated and integrated into magnetic tunnel junctions
and a detailed comparison between Pd and Pt as nonmagnetic
material in Co-based multilayers is given.

Similar investigations as shown in the previous chapter for the
Pd based multilayers have been carried out to characterize the
electrodes of the pMT]Js. The obtained differences in the coer-
civity, in the squareness, in the anisotropy, and in the critical Co
thickness are due to a rougher surface of the Pt layers compared
to the Pd layers. The coercivity of the Co/Pt is about a factor of
10 smaller compared to the Co/Pd as the domain-wall pinning
effect is not so serious in the rough Co/Pt films. The annealing
temperature behavior of the anisotropies is similar for Pt and Pd
as nonmagnetic material, but the absolute values are smaller for
Co/Pt. The Co thickness-range with a squareness larger or equal
to 0.9, and therefore perpendicular magnetic anisotropy, is shifted
to larger values for the Co/Pt compared to the Co/Pd multilayers.
If the deposited layer is rough, the effective thickness is reduced.
Thus, more material has to be deposited for reaching the same
effect compared to a system with the flatter surface.

The Pd from the previous chapter has also been replaced by Pt
in the pMT]Js of this chapter, as the Pd turned out to be diffusing
to the barrier of the tunnel junction at high annealing tempera-
tures. The annealing temperature dependence of the TMR-effect
has been investigated for the Pt based sample. It has been shown
that, in contrast to the Pd, no diffusion takes place for the Pt based
multilayer electrodes. TMR-ratios of about 19 % at room temper-
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ature and two well-defined switching fields were observed. The
TMR-effect changes by a factor of 1.9 if cooled to 13K. The mag-
netic coupling behavior of both Co/Pt multilayer electrodes has a
stronger influence on the annealing- and measurement-temperature
dependence of TMR-effect, than reported for Co/Pd based sam-
ples.

Some of the results regarding Co/Pt samples have been published in a
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Tetragonal FePt

This chapter deals with the characterization of thin films of FePt. The
properties are optimized with the aim to induce a tetragonal L1y struc-
ture. This structure is strongly correlated with a perpendicular mag-
netic anisotropy. The lattice structure and the magnetic behavior of the
samples are investigated in dependence of the substrate temperature, in
dependence of the argon pressure during the sputtering process, and in
dependence of the Fe content in the FePt layer. The coherence length
and the averaged [001] component of the strain tensor are determined in
dependence of the pressure. An increasing amount of epitaxy, tetrago-
nality and perpendicular anisotropy can be concluded as the results of
the optimization process. The FePt layer is integrated as the lower elec-
trode into a pMT]. The upper electrode is a Co/Pt multilayer system. The
room-temperature TMR-effect of this system is about 9 %.

Some properties of FePt

THE L1y PHASE OF FEPT THIN FILMs has gained considerable
attention as a material for high-density recording®# due to its ex-
ceptional properties, such as high magnetocrystalline anisotropy
of Ky~7-10” erg/cm® along the c axis,®5 a Curie temperature of
about 450 °C,8¢ and chemical stability.

The room-temperature prepared state of FePt thin films and
nanoparticles is the chemical disordered, face-centered cubic (fcc)
A1 structure with a lattice constant of 3.8160 A% and soft mag-
netic properties.® The cubic state of the FePt is shown in fig-
ure [44] (a). This state transforms to the chemical ordered, face-
centered tetragonal (fct) L1g phase with hard magnetic proper-
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Figure 44: (a) Chemical dis-
ordered, face-centered cu-
bic (fcc) Al structure of
FePt. (b) Chemical ordered,
face-centered tetragonal (fct)
L1y structure of FePt with
equiatomic composition.
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ties if the sample is prepared or post annealed at high tempera-
tures. The ordering temperature is usually above 500°C.89 The-
oretically, the composition of FePt has to be equiatomic for the
formation of the L1y structure. It was shown experimentally that
the ordering of FePt thin films can be increased by preparing
slightly off-stoichiometric layers.9° This results in a reduced or-
dering temperature. Figure 44| (b) shows the lattice structure of
the L1y phase of the FePt at the equiatomic composition. This
phase is formed of alternating monoatomic planes of Fe and Pt
along the unit-cell ¢ axis. The lattice constants are c=3.7133 A, and
a=b=3.8525 A.9' This structure manifests a large uniaxial magne-
tocrystalline anisotropy along the c axis and, thus, results in per-
pendicular magnetic anisotropy when grown with the monoatomic
layers parallel to the film plane. This is the case for the (001)
orientation with the ¢ axis in the film normal direction.9> The
magnetic anisotropy of the L1 phase originates from a large spin-
orbit coupling of the Pt atom and a strong hybridization of the
Pt d-bands with highly polarized Fe d-bands. The magnetocrys-
talline magnetic anisotropy has the trend to increase with increas-
ing axial ratio c/a. This is associated with the property of the
magnetocrystalline magnetic anisotropy to decrease with increas-
ing band filling as shown by Sakuma.?3 A lot of research was
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done to reduce the ordering temperature, because high tempera-
tures are a challenge for practical applications of the FePt. It has
been shown that the ordering of FePt thin films can be increased
and the ordering temperature is reduced by several parameters,
such as the buffer layer9 and substrate,95 the addition of third
elements,% ion irradiation,7 alternate monoatomic layer deposi-
tion, %8 film thickness,% and sputtering with high argon gas pres-
sure.’® The basic mechanism in all these processes is the raise
of internal strain/stress, that causes a lattice distortion. Unlike
bulk material, strong internal strain/stress can be imposed on thin
films due to high traction interface between film and surround-
ing layers or substrate. This intrinsic strain/stress is equivalent
to an external pressure and can be manipulated by varying the
conditions of the thin film deposition process, such as the argon
pressure.’®?

L1y ordered FePt with (001) orientation and therefore perpen-
dicular magnetic anisotropy is a promising material for the use as
perpendicularly magnetized electrode in pMT]Js. The large per-
pendicular magnetic anisotropy with (001) easy axis and a lattice
mismatch with the MgO (001) plane of less than 10 % are impor-
tant conditions for the fabrication of full epitaxial MT]Js with a
(001) orientated crystalline MgO barrier and therefore high TMR-
ratios. The main research on L1y FePt is focused on the fabrication
and optimization of single layers. Only a few studies report on
the use of this layers as electrodes in pMTJs'®* withTMR-ratios of
more than 100 % at room temperature.

The FePt electrode

IN THIS SECTION, the structural and magnetic properties of FePt
layers are optimized with regard to a high ordered L1j structure
with (001) orientation and perpendicular magnetic anisotropy. Af-
terwards, the aim is to integrate the optimized FePt layers as elec-
trodes into pMTJs.

For the first investigations, a 2o0nm thick FePt layer has been
sputtered on top of MgO substrate/MgO 5. The 5nm MgO layer
was sputtered to obtain a clean surface. Figure |45|shows the re-
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Figure 45: Stack of a FePt
sample. A system without
buffer layer.
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Figure 46: XRD  mea-
surements of the samples
MgO substrate/MgO 5/
FesoPtsp 20/MgO 2.1 for dif-
ferent substrate temperatures
Ts during the sputtering of
the FePt layer. The thickness
of the layer, the pressure
during the sputtering pro-
cess, and the Fe content
in the FePt layer remained
unchanged at X=20nm and
;3:2-10’3 mbar, and c=50
at. %, respectively.
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sulting layer stack of MgO substrate/MgO 5/FePt 20/MgO 2.1.
The samples were prepared in a magnetron sputter system with
a base pressure of 5-107 !9 mbar. The FePt was prepared by sput-
tering Fe and Pt from two independent sputtering guns simul-
taneously. Elemental targets of Fe and Pt of 99.95% purity were
used. The sputter power ratios to obtain a desired amount of Fe
and Pt in the layer were determined by using a combined x-ray
reflectivity and x-ray fluorescence technique. The substrate has to
be heated to induce the phase transition from the chemical disor-
dered face-centered cubic A; structure to the ordered tetragonal
L1y structure with perpendicular magnetic anisotropy.’®3 There-
fore, the first series of FePt samples has been prepared with vary-
ing substrate temperature T; during the sputtering of the FePt. T
was changed in the range between room temperature and 500 °C.
The thickness of the FePt layer, the pressure during the sputtering
process, and the Fe content in the FePt layer remained unchanged
at X=20nm, p=2-10">mbar and c=50 at. %, respectively. Figure
@l shows the x-ray diffraction (XRD) measurements of the sam-
ples with different T;. The dashed lines mark the literature values
of the peak positions'* and the upper labels describe the corre-
sponding peaks. The strong peaks at 20=42.9° and 20=94° are
the k, and the smaller peaks at 20=38.6° and 20=82.8° are the
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kg peaks of the MgO substrate. The peak at 20=21.3° is also due
to the MgO substrate. The reflections at 20=47° and 20=106°
are attributed to the FePt (002) and (004) peaks of the cubic struc-
ture. Compared to the literature values, the measured peak po-
sitions are shifted to smaller angles. Thus, the lattice constant
c=3.86A in (00n) direction is larger than the literature value of
3.82 A.195 The lattice constant ¢ of the FePt was determined from
the XRD measurements by using Bragg’s law.’®® The literature
values for the peak positions and for ¢ are measured on a pow-
der sample. A microprobe analysis of this powder sample showed
Ptg 51Fep 44Cup o3lrg.02."° Regarding these differences between the
literature sample and the one used in this work, the deviating
peak positions as well as the differences in ¢ are comprehensible.
The peak at 20=68.8° in the measurement with T;=RT is associ-
ated with the FePt (220) reflection. The occurrence of both, (00n)
and (nn0) peaks in the same measurement indicates the forma-
tion of FePt clusters with different orientations. The amount of
FePt clusters with (nn0) orientation is less than the one with (00n)
direction, as the intensity of the (220) peak is much smaller com-
pared to the intensity of the (002) peak. The (220) peak, and thus
the areas of FePt with (nn0) direction, vanish with increasing sub-
strate temperature. Beside the (220) peak no changing with the
substrate temperature is visible in the x-ray diffraction measure-
ments. Especially the positions of the (002) and of the (004) peak
remain unchanged. This means, that no phase transition from
the cubic to the tetragonal structure with perpendicular magnetic
anisotropy is observed.

THE BUFFER LAYER as well as the substrate are important for the
growth of a certain material, in this case the FePt layer. The texture
is induced by the lattice constant and by the orientation of the
substrate and of the buffer layer.”®” The lattice mismatch between
the MgO and the tetragonal FePt is 8.6 %. Thus, the formation of
the tetragonal structure of FePt directly on MgO is disabled even
if high substrate temperatures are provided. Several groups used
buffer layers based on Cr to induce the L1y ordered FePt phase.’8
The aim in this work is to use the FePt as electrode in a pMT].

Thus, this kind of buffer is not desired as a Cr diffusion during
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Figure 47: Stack of a FePt
sample. A system with Fe/Pt
buffer layer.
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the annealing of a MTJ causes a reduction of the TMR-effect."®
In this work, a Fe 1/Pt 20 buffer layer is inserted in between the
MgO and the FePt. The resulting sample stack is MgO substrate/
MgO 5/Fe 1/Pt 20 /FePt 20/MgO 2.1. Figure[47]shows the sample
stack. The lattice mismatch between MgO and Fe is 4.2 % if the Fe
lattice grows shifted by 45° with respect to the MgO lattice. The
lattice mismatch between Fe and Pt is 3.06 % if the Pt lattice grows
shifted by 45 ° with respect to the Fe lattice. The Pt lattice and the
FePt "in-plane lattice" of the tetragonal phase have a mismatch of
1.8 %. Thus, the formation of the tetragonal phase is possible with
this kind of buffer.

THE SUBSTRATE TEMPERATURE Ty during the sputtering process
of the FePt layer has been varied between room temperature and
700 °C to induce the L1 structure with (001) orientation and pMA
of the samples with the Fe/Pt buffer layer. The thickness of the
FePt layer, the pressure during the sputtering process, and the
stoichiometry have been kept constant at X=20nm, p=2-10"2 mbar
and c=50 at. %, respectively. Figure[48(a) shows the XRD measure-
ments of the samples for the different substrate temperatures. The
dashed lines mark the literature values of the peak positions®*®
and the upper labels describe the corresponding peaks. The peaks
due to the MgO substrate are the same as already described in
figure |46| for the system without buffer layer. At 20=46.1° and
20=103 ° the Pt (002) and Pt (004) peaks of the 20nm Pt buffer
layer appear. If the measurement with T;=700 °C is not accounted
for, the FePt (002) and (004) peaks are shifted from 20=47.2° and
20=106.4° to 20=48.88 ° and 20=111.97 ° with increasing Ts. This
indicates the transition from the chemical disordered fcc A FePt
phase at room temperature to the tetragonal L1y ordered struc-
ture for T; between 500°C and 600 °C. Since only (00n) diffrac-
tion peaks of the FePt are observed for Ts>400°C, the films are
strongly textured to the (001) planes, indicating that the film was
grown epitaxially on the MgO substrate. In addition to the fun-
damental FePt (002) and (004) peaks, the superlattice FePt (001)
and (003) peaks occur at about 20=25° and 20=77° or Ts>500°C.
This superlattice reflections are strongly associated with the for-
mation of the L1y ordered structure.”* The temperature range
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Figure 48: XRD measure-

between 500°C and 600 °C for the formation of the tetragonal
structure is consistent with the findings in other works.’** Ad-
ditional peaks at 20=40.33° and 20=87.18° occur in the XRD
spectrum of the sample with Ts=600°C. These peaks could not
be clearly identified. They are probably caused by a mixed phase
due to a diffusion of the materials. In the spectrum of the sample
with Ts=700°C a lot of additional peaks are observed, the inten-
sity of the tetragonal (00n) FePt peaks decreases, and the Pt peaks
are shifted to higher angles. In summary, the tetragonal struc-
ture of FePt is formed in the temperature range between 500 °C
and 600 °C, wheras temperatures of 600 °C and larger are to high
for the formation of the chemical ordered L1y structure, as they
probably cause an interdiffusion of the materials.

THE LATTICE CONSTANT c of the FePt in (00n) direction is de-
termined from the XRD measurements by using Bragg’s law."'3
Figure [49| (a) shows c in dependence of Ts. The dashed lines de-
note the literature values of the bulk lattice constants for the cubic
A1 and for the tetragonal L1g structure.’™ The lattice constant of
3.84 A at T,=RT is near the literature value of 3.82 A of the cubic
bulk FePt phase. The lattice constant ¢ decreases with increasing
T; and reaches the minimum of 3.71A at 600 °C. The values be-
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Figure 49: (a) Lattice con-
stant ¢ of the samples MgO
substrate/MgO 5/Fe 1/Pt 20
/FePt 20/MgO 2.1 for dif-
ferent substrate temperatures
Ts. The values were deter-
mined from the XRD mea-
surements. The light grey
lines mark the bulk lattice
constants for the cubic A;
and for the tetragonal Llj
structure. (b) The ratio of the
out-of-plane and in-plane lat-
tice constants ¢ and a repre-
sents the degree of tetrago-
nality.
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tween 500 °C and 600 °C are close to the literature value for the
bulk lattice constant of the tetragonal L1y structure. For T; higher
than 600 °C, c increases again to 3.87 A, indicating that the tetrag-
onal phase is destroyed for T;> 600 °C.

The sample can be tilted in the x-ray beam by using an Eule-
rian cradle in the XRD measurement setup. Thus, the (202), (201),
and (222) peaks are accessible and the in-plane lattice constants
a and b with a=b can be determined. The ratio c¢/a of the out
of plane and in-plane lattice constants represents the degree of
tetragonality. In figure [4g| (b) the ratio c/a in dependence of T
is shown. The dashed grey lines are the literature values of the
cubic and of the tetragonal L1y structure. The ratio c¢/a is 1 for
T;=RT. With increasing T;, the ratio c/a decreases and reaches a
minimum of about 0.956 at 600 °C. The ratio c¢/a increases again
for Ts>600 °C. The behavior of ¢/a shows a high amount of tetrag-
onality for 500°C< Ts; <600 °C. The structure is cubic for Ts=RT
and for Ts > 600°C.

THE MAGNETIZATION of the samples with the different T; has
been measured by using an alternating gradient magnetometer.
The applied external magnetic field was perpendicular to the film
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plane. The magnetization measurements are shown in figure
For temperatures lower than 500°C and higher than 600°C the
magnetization turns slowly and no sharp switching is observed.
In the temperature range between 500 °C and 600 °C a sharp mag-
netic switching is observed, indicating a nucleation barrier for the
formation of the oppositely magnetized domains. The nucleation
of the oppositely magnetized domains occurs before the external
field is reduced to zero, because of the demagnetization field of
the samples in the perpendicular direction.

SUMMARIZING, the structural and magnetic investigations showed
that a temperature range of 500 °C - 600 °C is optimal to generate
the tetragonal phase with perpendicular magnetic anisotropy. The
phase transition from the chemical disordered cubic A; structure
to the tetragonal structure is visible in the structural analysis as
well as in the magnetic measurements as a sharp magnetic switch-
ing occurs. The sample with Ts=600°C shows best perpendicu-
lar magnetic properties but the XRD measurement of this sample
shows an additional peak, indicating a diffusion of the materials.
Thus, all further samples are prepared with a substrate tempera-
ture of Ts=550°C during the sputtering process of the FePt layer.

5
Field (kOe)

Figure 50: AGM measure-
ments of the samples MgO
substrate/MgO 5/Fe 1/Pt 20
/FePt 20/MgO 2.1 for dif-
ferent substrate temperatures
Ts during the sputtering of
the FePt layer. The thick-
ness of the FePt layer, the
pressure during the sputter-
ing process, and the Fe con-
tent remained unchanged at
X=20nm and p=2-10"3 mbar,
and c=50 at. %, respectively.
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As all investigated samples show a squareness smaller than 0.9, a
further enhancement of the pMA of the FePt is desired.

THE INFLUENCE OF THE ARGON PRESSURE p during the sput-
tering process of the FePt layer on the structural and magnetic
properties of the sample is now investigated. The pressure has
been varied from 2-1073 mbar to 10-10~> mbar to enhance the L1,
ordering and the pMA. An improvement is expected by impos-
ing a strong internal strain/stress to thin films via the high argon

pressure.
MgO  FePt MgO Pt FePt FePt MgO Pt FePt
substrate (001) (002) (002) (002) (003) (004) (004)  (004)
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A =8 G 5 8
=231 5 9
Q- o +
_ ‘ p (mbar)
5 10-10°
Z 3
:1_.8) 7-10
g 43-10°
on
2
2:10°
20 40 60 80 100 120
2 Theta (°)

Figure 51: (a) XRD measure-
ments of the samples MgO
substrate/MgO 5/Fe 1/Pt 20
/FePt 20/MgO 2.1 for dif-
ferent argon pressures at
the sputtering of the FePt
layer. The thickness of the
FePt layer, the substrate tem-
perature, and the Fe con-
tent remained unchanged at
X=20nm and T;=550°C, and
c=50 at. %, respectively.

The pressure has been regulated by the position of a throt-
tle at the vacuum pump. The layer stack remained unchanged
compared to the system used for the substrate temperature de-
pendence. All layers, except the FePt, have been sputtered with
the usual argon pressure of 2-10~2 mbar. The substrate tempera-
ture during the sputtering process of the FePt, the FePt thickness,
and the Fe content has been kept constant at T;=550°C, 20nm,
and 50 at. %, respectively. Figure |51| shows the XRD measure-
ments of the samples with different p. The dashed lines denote
the literature values of the peak positions and the peaks are la-
beled at the top margin of the figure. In general, the same peaks,



as already described for the T; dependence (see figure with
500 °C<T;<600 °C, occur. The FePt (001), (002), (003) and (004)
peaks are shifted from 20=23.88°, 20=48.88°, 20=76.88° and
20=111.97° to 20=24.03 °, 20=49.18 °, 20=77.33 © and 20=112.68,°
with increasing p. Actually, the observed peak positions for a
pressure p>4.3-10"° mbar are larger than the literature values for
the tetragonal L1 structure. Thus, the lattice constant ¢ in (001)
direction is smaller than the literature value of c¢. Figure (a)
shows ¢ in dependence of p. The literature value is marked in
grey. All observed lattice constants are near the literature value of
3.7133 A for tetragonal bulk FePt. The largest difference between
the literature value and the measurement value is 0.72%. The
minimum of 3.6965 appears at 7-107° mbar.
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tetragonal structure
3.724%
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Figure |52| (b) shows the ratio c/a in dependence of p. The ratio
c/a decreases from 0.9595 to 0.9504 with increasing p. Thus, the
amount of tetragonality increases and the maximum of 4.96 % is
reached at the highest pressure of 10-10~2mbar. The observed
ratios are even smaller than the literature value for bulk FePt. In
this work, thin films of FePt are investigated and an MgO (001)
substrate is used. As the MgO has a larger in-plane lattice constant
than the FePt, an enhancement of 4 and a reduction of ¢, compared
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Figure 52: (a) Lattice constant
¢ of the samples MgO sub-
strate/MgO 5/Fe 1/Pt 20 /
FePt 20/MgO 2.1 for differ-
ent argon pressures p deter-
mined from the XRD mea-
surements. (b) Ratio ¢/a of
the samples for different Ar
pressures p. The grey line de-
note the bulk values for the
tetragonal L1j structure.
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115/G. Williamson et al.,
Acta Metall. 1, 22 (1953)

Figure 53: (a) Coherence
length D and (b) microstrain
€poy in dependence of the
argon pressure p during the
sputter process of the FePt
layer. The dashed grey line
in (a) denotes the film thick-
ness.

to the bulk value, are comprehensible. This behavior is desirable
as the amount of tetragonality increases.

THE STRAIN TENSOR’s averaged [001] component €[oy;) and the
coherence length (grain size) D of the FePt film can be determined
by a Williamson-Hall analysis**> of the integral peak widths of the
(001), (002), (003) and (004) reflections. Descriptive, €[oo1] quanti-
fies the variation in the distance between the lattice planes within
the (001) direction. A Gaussian instrumental peak broadening and
a Lorentzian convolution of the grain size and the strain effects are
assumed. The peak widths are described by
B2 = Biznst + Bss

obs

and
kA .
Bss - cos© = ) + 4€(gp1] SINO

with B,ys being the observed width, Bj,s; the instrumental width,
Bss the size-strain width, and the shape factor k = 1.
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The strain tensor €|oy;] and the coherence length (grain size) D
are calculated in dependence of the Ar pressure by analyzing the
peak width in the XRD-spectrum of the samples prepared with
different p. Figure (a) and (b) show D and €[o01] N dependence
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of p as the results of the analysis. The dashed grey line in figure
(a) denotes the sputtered film thickness. The estimated coherence
length matches the film thicknesses quite well within the accu-
racy of the measuring and fitting procedure. The strain tensor
decreases from 0.433 % to 0.373 % with increasing argon pressure.
Thus, the variation in the distance between the lattice planes is
reduced. It can be concluded, that a high degree of epitaxy is in-
duced by increasing the argon pressure during the sputtering of
the FePt.

THE MAGNETIC BEHAVIOR of the samples has been investigated.
The applied external magnetic field was perpendicular to the film
plane. Figure |54| shows the magnetization in dependence of the
external magnetic field for the samples sputtered with different
p. All samples exhibit a sharp magnetic switching. This indicates
a nucleation barrier for the formation of oppositely magnetized
domains. For p<10-10~% mbar the nucleation of the oppositely
magnetized domains occurs before the external field is reduced
to zero because of an perpendicular demagnetizing field. For
p=10-10"> mbar a higher nucleation barrier exists and the nucle-
ation is delayed until the external field has become negative and
aids the demagnetization field.
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Figure 54: AGM measure-
ments of the samples MgO
substrate/MgO 5/Fe 1/Pt 20
/FePt 20/MgO 2.1 for differ-
ent argon pressures p dur-
ing the sputtering of the
FePt layer. The thickness of
the FePt layer, the substrate
temperature during the sput-
tering process of the FePt,
and the Fe content remained
unchanged at X=20nm and
Ts=550°, and c=50 at. %, re-
spectively.
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Figure 55: Coercivity H,,

squareness S, and saturation
magnetization M; dependent
on the argon pressure p.
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Figure 56: Normalized hys-
teresis curves of samples
with different FePt thick-
nesses.  The buffer layer
thickness remains unchanged
for the both samples.

6M. Sakurai, Phys.

Rev. B 50, 3761 (1994)

17,5, Okamoto et al., Phys.
Rev. B 66, 024413 (2002)

In figure the saturation magnetization M;s, the squareness
5=M,/M;s, where M, is the remanent magnetization, and the co-
ercivity H. determined by the magnetization measurements are
summarized. The saturation magnetization M; stays roughly con-
stant in the range of 0.7MA/m to 0.gMA/m. The coercivity
H. increases from about 2700e to about 11300e. The square-
ness S increases from about 0.12 at 2-1072 mbar to about 0.97 at
10-10~2 mbar. The sample sputtered at 10-10~3 mbar has perpen-
dicular magnetic anisotropy, as the nucleation of oppositely mag-
netized domains occurs not before the external field reaches zero
and thus, S is larger than o.9.

The step in the hystereses curve of the sample sputtered with
p=10-10"2 mbar is supposed to be due to the Fe buffer layer, which
is separated by a 20nm Pt layer from the FePt. If the FePt layer
has strong perpendicular magnetic anisotropy, the magnetization
of the Fe layer is influenced and turns out of plane, too. In par-
ticular, the Fe/Pt interface already has the tendency to form a
perpendicular contribution to the magnetization.’'® Samples with
different FePt thickness and constant Fe buffer layer thickness are
prepared to prove this assumption. T, p, and c remain unchanged
at 550 °C, 10-10~2 mbar, and 50 at. %. Figure shows the normal-
ized hysteresis curves for 20nm and 10nm FePt. The coercivity
H. increases from about 1130 Oe to about 2860 Oe. The height of
the step in the magnetization curve changes from 12 % of the total
magnetization to 22 % of the total magnetization by decreasing the
FePt thickness. The contribution of the FePt to the total magneti-
zation is reduced, while the contribution of the Fe is enhanced by
using less FePt but the same Fe buffer layer thickness. Thus, the
increase of the height of the step with decreasing FePt thickness
confirms the supposition that the step is due to the magnetization
of the Fe bulffer.

SUMMARIZING, the increase of the pressure leads to a higher
degree of tetragonality as the out of plane lattice constant de-
creases and the in-plane lattice constants increases. An improve-
ment of the pMA has been attained by imposing a strong internal
strain/stress to thin films via the high argon pressure. Okamoto
et al.™" reported about a similar behavior of FePt films. A high
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grade of epitaxy and the perpendicular magnetic anisotropy, that
are strongly correlated to the L1 structure of the FePt, are induced
by increasing the argon pressure. Similar behavior was observed
by Hsiao et al.”® They reported about the enhancement of the
L1y ordering due to high argon pressure. A further increase of
the argon pressure during the sputtering of the FePt layer is not
possible, as the stoichiometry of the FePt cannot be controlled.
All further samples are prepared with p=10-10"> mbar during the
sputtering of the FePt layer.

MgO FePt MgO Pt FePt FePt MgO
substrate  (001) (002)  (002)  (002) (003) (004)
& % &5
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THE STOICHIOMETRY of the FePt has been changed from 50 at. %
to 53 at. % in order to further optimize the properties of the sam-
ples. The stoichiometry of 50 at. % has been used so far for the
optimization of the buffer layer, the substrate temperature, and
the argon pressure. The stoichiometry was determined by using a
combined x-ray reflectivity and x-ray fluorescence technique. The
variation in the stoichiometry was regulated by the power of the
sputtering guns as Fe and Pt are sputtered from two independent
sputtering guns simultaneously. A statistical error of £1 at. % in
the stoichiometry is assumed.

In figure[57/the XRD measurements for the different Fe contents
are shown. The FePt (00n) peaks are shifted to smaller angles if

Figure 57:  XRD measure-
ments of the samples MgO
substrate/MgO 5/Fe 1/Pt 20
/FePt 20/MgO 2.1 for differ-
ent Fe contents of the FePt
layer.
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Figure 58: AGM measure-
ments of the samples with
different Fe contents of the
FePt layer.

"9/C. C. Chiang et al., Appl.
Phys. Lett. 88, 152508 (2006);
and M. H. Hong et al., J.
Appl. Phys. 84, 4403 (1998)

20[K. Barmak et al., J. Appl.
Phys. 95, 7501 (2004); and
K. Barmak et al., ]. Appl.
Phys. 98, 033904 (2005)

the Fe content is increased from 50 at. % to 53 at. %. This means,
that the lattice constant c changes from about 3.69A at 50 at. %
Fe to about 3.71 A at 53 at. % Fe. Please note, that even though
the values for 53 at. % Fe are closer to the literature values of the
tetragonal L1 phase, higher peak positions (and thus larger c), as
measured for 50 at. % Fe, are desirable. A larger c corresponds to
a higher degree of tetragonality if the in-plane lattice constant is
assumed to be unchanged. In figure[58/the AGM measurements of
the samples with perpendicular magnetic field are shown. The co-
ercivity changes from about 1130 Oe to about 2860 Oe. The value
of 2860 Oe is consistent with literature values for H; of epitaxial
L1y FePt thin films."*® The step at about 2500e due to the Fe
buffer layer is not affected by the change in the stoichiometry of
the FePt layer.

In summary, an increase of the Fe content from 50 at. % to 53
at. % in the FePt layer leads to a smaller out of plane lattice con-
stant c and a larger coercivity in the magnetization measurements.
Similar behavior was presented by Barmak et al. They investi-
gated the stoichiometry-anisotropy connections in epitaxial Lig
FePt (001) films and showed that the order parameter has a maxi-
mum for the film composition closest to equiatomic, whereas the
anisotropy shows an increase as the Fe content is increased from
below to slightly above the equiatomic composition.’° It is sup-
posed that a slight excess of Fe increases the anisotropy of the L1
phase without considerably degrading the long-range chemical
order.

SUMMARIZING THE WHOLE OPTIMIZATION PROCESS of the FePt
electrode, a high degree of epitaxy in the tetragonal distorted sys-
tem and a high perpendicular magnetic anisotropy, strongly cor-
related to the L1y structure of FePt, could successfully be reached
by a careful variation of the different parameters. The optimum
conditions were found to be a substrate temperature of Ts=550°C
and an argon pressure of p=10-10"° mbar. If desired, the coerciv-
ity can be raised by increasing the Fe content from 50 at. % to 53
at. %.
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pMT]J: A combination of Co/Pt multilayers and FePt

The optimized FePt layer can now be integrated as the lower elec-
trode into a pMT]J. As shown in the last section, the substrate and
the buffer layers are important for the growth, and, therefore, for
the perpendicular magnetic anisotropy of the FePt. It is obviously
not possible to generate perpendicular magnetic anisotropy in the
FePt in the same way, if it is used as the upper electrode. Thus,
Co/Pt multilayers are used as the upper electrode. The resulting
sample stack is MgO substrate/MgO 5/Fe 1/Pt 20/FePt 20/Fe 1/
Mg 0.5/MgO 2.1/Fe 1/(Co 0.6/Pt 1.8)9/protection layers and is
shown in figure The Fe layer is inserted at the MgO inter-
face, as the lattice mismatch between the MgO and the tetrag-
onal FePt is about 9.85%. This is probably to high for an epi-
taxial growth of a MgO (001) barrier directly on the FePt. The
samples were prepared in a magnetron sputter system with a

~1Ombar. The stack was patterned by laser

base pressure of 5-10
lithography and ion beam etching. The resulting patterns are
squares of 7.5x7.5 um? and 12.5x 12.5 yum?. These structures were
capped with gold contact pads. The transport measurements have
been done by a conventional two-probe technique with a 1omV

bias voltage in a perpendicular magnetic field. Figure 6ol shows
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| protection layers

Pt 1.8
Co 0.6
Fe 1
MgO 2.1
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FePt 20
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Figure 59: Stack of a pMT]J.
A combined FePt and Co/Pt-
multilayer system.

Figure 60: TMR-effect and
area-resistance product of
the sample MgO substrate/
MgO 5/Fe 1/Pt 20/FePt 20/
Fe 1/Mg 0.5/MgQO 2.1/Fe 1/
(Co 0.6/Pt 1.8)9/protection
layers.  The values mea-
sured with increasing exter-
nal magnetic field (from neg-
ative to positive) are marked
in pink and the values mea-
sured with decreasing exter-
nal magnetic field (from pos-
itive to negative) are marked
in grey. The arrows indicate
the field change directions.
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Figure 61: Normalized TMR
with maximum magnetic
field of 10kOe (pink) and
30kOe (grey).

the measurement of the TMR-effect as well as the area-resistance
product. The values measured with increasing external magnetic
field (from negative to positive) are marked in pink and the values
measured with decreasing external magnetic field (from positive
to negative) are marked in grey. The arrows indicate the corre-
sponding field change directions. The TMR-effect of the sample is
about 7 % at room-temperature and the area resistance-product is
about 40 MQum?. The observed sharp switching at about 2000 Oe
is near the coercivity value of 2860 Oe of the optimized FePt layer.
Thus, the sharp switching is considered to be due to the lower
FePt electrode which has perpendicular magnetic anisotropy. The
upper Co/Pt electrode has no sharp switching if measured with
an external magnetic field in perpendicular direction. The mag-
netization of the electrode can not be saturated with the available
magnetic field of 10 kOe at the TMR-measurement setup. It is con-
sidered, that the Co/Pt electrode has in-plane anisotropy. Please
note, that even if the Co/Pt multilayer system has pMA with a
Squareness > 0.9 (see chapter "Co/Pt multilayers"), the system has
soft magnetic properties and a low perpendicular coercivity. The
coercivity for the multilayer system (Co 0.6/Pt 1.8)9 as used here
as upper electrode is only 2600e. Thus, the coupling to the Fe
layer, which alone would have in-plane anisotropy, can easily turn
the magnetization of the Co/Pt multilayer electrode into the film
plane. Samples with different Fe interface layer thickness and
without Fe interface layer were prepared to minimize the in-plane
component, but no tunneling was observed. It is possible that
the decrease of the Fe thickness causes defects in the MgO bar-
rier. Similar behavior was observed by Yoshikawa et al.">* They
showed that the quality of the MgO barrier is improved by the
insertion of a Fe interfacial layer.

The room-temperature TMR-effect of the sample with 1nm Fe
was measured in a *He Cryostat because the available magnetic
field in this measurement setup is 40kOe. Figure |61| shows the
TMR-effect of the sample, saturated with an external magnetic
field of 30kOe (grey line). The measurement with a maximum
external field of 10kOe, as also shown in figure |60} is marked in
pink. The values are normalized as the TMR varies depending
on the element on the sample. It was not possible to measure
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exactly the same elements in both setups as the sample has to be
bonded on different sockets for the measurements. It is assumed
that the switching behavior would be the same in the two different
measurements if it is possible to saturate. As the TMR-effect is
about 7 % with a maximum field of 10kOe, it can be supposed by
comparing both measurements, that the room-temperature TMR-
effect is about 9 % if saturated.

IN sUMMARY, this chapter deald with the investigation of the ma-
terial FePt. The properties have successfully been optimized in
order to induce a tetragonal lattice structure, which is strongly
correlated with a perpendicular magnetic anisotropy of the sys-
tem. The lattice structure and the magnetic behavior of the FePt
samples have been investigated in dependence of various prepa-
ration parameters, such as the substrate temperature, the argon
pressure during the sputtering process, and the Fe content in the
FePt layer. The phase transition from the chemical disordered cu-
bic Al structure to the chemical ordered tetragonal fcc L1y struc-
ture has been attained by imposing a strong internal strain/ stress
to the thin films via a high argon pressure and temperatures be-
tween 500 °C and 600 °C. This phase transition goes along with an
improvement of the perpendicular magnetic anisotropy. The ar-
gon pressure dependence of the coherence length and of the strain
tensor’s averaged [001] component emphasizes the improvement
of the structure with increasing pressure. The calculated coher-
ence length matches the sputtered film thickness quite well and
an increasing amount of epitaxy with increasing argon pressure
is concluded from the analysis of the strain tensor. The possibil-
ity of controlling the coercivity is of large importance for practical
applications of the material. In this work, the coercivity of the
FePt could be manipulated by a slight variation of the Fe content
compared to the equiatomic composition.

The optimized FePt layer was successfully integrated as lower
electrode into a magnetic tunnel junction. The L1j structure of
FePt with (001) orientation is very promising for the use as per-
pendicularly magnetized electrode in tunnel junctions. The large
perpendicular magnetic anisotropy with (001) easy axis and a lat-
tice mismatch with the MgO (001) plane of less than 10 % are im-
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portant conditions for the fabrication of fully epitaxial junctions
with a (001) orientated crystalline MgO barrier, and, therefore
high TMR-ratios. The FePt layer has been integrated as the lower
electrode into a perpendicular magnetic tunnel junction. The up-
per electrode is a Co/Pt multilayer system as the FePt cannot
grow in the L1 structure if used as upper electrode. The room-
temperature TMR-effect of this system is about 9 %.



Ferrimagnetic Co-Fe-Tb

In this chapter, the material Co-Fe-Tb is investigated. A perpendicular
magnetic anisotropy with a rectangular hysteresis loop is generated by
varying the Tb content in the Co-Fe-Tb layer. The results of the magneti-
zation measurements in dependence of the Tb content and in dependence
of the Co-Fe-Tb thickness show an optimum pMA for a Tb content be-
tween 13at. % and 21at. %, and a layer thickness larger than 10 nm.
The Co-Fe-Tb layers are integrated as electrodes into magnetic tunnel
junctions with an MgO barrier. A TMR-effect of 16 % at 360 K and
30 % at 13 K is attained. The transport properties of the Co- Fe-Tb based
samples show no significant change compared to a reference sample with
Co-Fe-B electrodes and in-plane anisotropy. It is supposed here, that the
available measurement temperature range between 13 K and 360 K is not
close to the compensation point temperature of the Co-Fe-Tb electrodes.

Some properties of the Co-Fe-Tb alloy

Rare earth transition metal (RE-TM) alloys, such as Co-Fe-Tb,
Fe-Tb, Co-Fe-Gd, have attained considerable attention in the last
decade as they open the way for a magneto-optic recording media.
This application might be realized due to the ferrimagnetic prop-
erties combined with a large perpendicular magnetic anisotropy
of 5:107-20-10” erg/cm? of a RE-TM alloy.'22

The first investigations concerning thin films of RE-TM alloys
were made in 1972 on samples of Gd and Fe.’™3 About one year
later it was reported about the formation of stripe and cylindri-
cal domains in these materials, indicating a perpendicular mag-
netic anisotropy and the possibility of using these materials as
magneto-optic recording media was introduced for the first time.*?4
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Figure 62: Subnetwork mag-
netizations of a rare earth el-
ement (RE) and a transition
metal (TM), and the result-
ing net magnetization Magio:
of the RE-TM alloy in depen-
dence of the temperature T.
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The RE-TM alloy films are pure, uniform, amorphous and with-
out a microcrystalline structure, as has been shown by a structural
and a compositional analysis.”?> A lot of research has focused
on the investigation of the magnetic properties of the RE-TM al-
loys.’2® These materials turned out to be ferrimagnets with the
rare-earth and transition-metals having antiparallel moments. The
moments are aligned perpendicular to the sample surface and a
perpendicular magnetic anisotropy results. The microscopic ori-
gin of the pMA has caused a lot of discussions, and several mech-
anisms have been proposed for a possible explanation."?” Dover
et al. suppose, that the reason for the occurrence of the pMA
is some sort of short-range order on the nearest neighbor atomic
scale.’®8

The net magnetization of a RE-TM alloy results from the differ-
ence between the magnetization of the rare earth and the transi-
tion metal. The direction of the net magnetization is perpendic-
ular to the film surface if the magnetic anisotropy constant K is
larger than the demagnetization energy. Figure |62| shows a sketch
of the subnetwork magnetizations and the resulting net magneti-
zation of a RE-TM alloy in dependence of the temperature. The
net magnetization of a RE-TM alloy vanishes at a certain point
due to the antiferromagnetic coupling between the magnetic mo-
ments of the rare earth material and the transition metal. A so-
called compensation point temperature Tcomp results for a fixed
stoichiometry of the system. Otherwise, the compensation point
can be easily manipulated by varying the stoichiometry of the al-
loy. In general, the compensation point temperature is in the range
of 40K to 500K.*29

Most of the studies concerning RE-TM alloys report about the
use of these materials as magneto-optic recording media. Nev-
ertheless, these materials have also been integrated as perpendic-
ularly magnetized electrodes into magnetic tunnel junctions. A
current induced switching of electrodes in a pMTJ could be real-
ized for the first time by using RE-TM alloy based electrodes.*3°
The free layer of the junction was switched by a 100ns pulse cur-
rent with a current density of 47 MA/cm?. TMR-ratios of about
50 % at room-temperature have been reported for magnetic tunnel
junctions with an alumina barrier and electrodes that are based
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on Co-Fe-Tb and Gd-Fe-Co."3" This value is comparable to the re-
cent results for alumina based magnetic tunnel junctions with in-
plane anisotropy.'3* Finally, the difficulties of using RE-TM alloys
in combination with an MgO (100) tunneling barrier have been
overcome and a TMR-effect of 64 % at room-temperature has been
attained.’33 However, since a high temperature treatment may
cause a degradation of the perpendicular magnetic anisotropy of
RE-TM films,*34 these pMT]Js are not easy to fabricate because of
the requirement of the high temperature process'3> to attain MgO
(100) textured films and a detailed optimization and characteriza-
tion of these junctions is still missing.

The electrodes

In the first section of this chapter, the magnetic behavior of a RE-
TM alloy layer is investigated with the aim to tailor a perpendic-
ular magnetic anisotropy. Afterwards, the optimized layers are
integrated as electrodes into a pMT]J. In this thesis, Co-Fe is used
as the transition metal and Tb as the rare earth material as par-
ticularly this combination shows a large magnetic anisotropy*3°
and, furthermore, a large TMR-effect is predicted by using Fe or
Co-Fe electrodes together with an MgO tunneling barrier.'37

The stoichiometry of the Co-Fe-Tb might be a sensitive param-
eter concerning the perpendicular magnetic anisotropy of the sys-
tem, as the pMA in a RE-TM alloy results from the antiferromag-
netic coupling of the individual magnetic moments. Thus, the
first samples have been prepared with different Tb contents x in
the Co-Fe-Tb layer, ranging from 10at. % to 24 at. %. The sample
layer structure is Si wafer/SiO/Ta 5/(CoFe);_,Tbyx 30/MgO 2.1.
The layer stack is sketched in figure The samples have been
prepared in a magnetron sputter system with a base pressure of
5-10~ 'Y mbar. The Co-Fe-Tb layer was prepared by sputtering Co-
Fe and Tb from two independent sputtering guns simultaneously.
The relative concentration of Co to Fe has been kept constant, as
a CoygFes) target was used. Elemental targets of 99.99 % purity
were used. The atomic concentration of Tb and Co-Fe in the Co-
Fe-Tb layer has been controlled by the power of the corresponding
sputtering guns. The sputter power ratios to obtain the desired
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Figure 63: Stack of the
CoFeTb samples. The Tb
content in the Co-Fe-Tb layer
is varied.
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amount of Co-Fe and Tb were determined by using a combined
x-ray reflectivity and x-ray fluorescence technique. The magne-
tization measurements have been carried out with an alternating
gradient magnetometer (AGM) with an external magnetic field
perpendicular to the sample surface. Figure[p4 shows the magne-
tization measurements of the samples with different Tb contents x
in the Co-Fe-Tb layer. The step in the hysteresis at about zero Oe
is supposed to be due to two different processes in the magneti-
zation reversal. In general, materials with pMA show a process
of domain nucleation followed by the domain growth in the mag-
netization reversal process. It can be distinguished between the
nucleation coercivity H,, and the wall-motion coercivity Hy. A
rectangular hysteresis results if these coercivities are in the same
range, or even H,>H,.

This is the case for a Tb content x between 13 at. % and 21 at. %
of the samples that are used here. A high nucleation barrier exists
and the nucleation of the domains is delayed until the external
field has become negative and aids the demagnetization field. For
x<13 at. % the nucleation of the oppositely magnetized domain oc-
curs before the external field is reduced to zero because of a per-
pendicular demagnetizing field. For the samples with a Tb con-
tent of more than 21 at. %, the domain wall coercivity Hy, exceeds
the nucleation coercivity H, and the step in the hysteresis is pro-
nounced. The existence of this finite domain-wall coercivity might
be due to the existence of nanoscale structural and magnetic inho-
mogeneities that act as pinning centers. Fu et al. reported about a
similar behavior in RE-TM alloys.'38

The saturation and remanent magnetization My and M,, the
squareness S=M,/M;, and the coercivity H. of the samples are
summarized in dependence of x as shown in the last three graphs
of figure 64. The saturation magnetization decreases from about
0.6 MA/m at x=10at. % to 0.02MA/m at x=24at. %, indicating
a compensation point near room-temperature for x=24at. %. The
remanent magnetization increases from 0.15MA/m at x=10at. %
to 0.5 MA/m at x=13 at. %. After reaching this maximum, M, de-
creases again to about 5.6 kA/m. The behavior, as well as the ab-
solute values of M; and M, are very similar in the range between
x=13 at. % and x=21 at. %. Thus, the squareness S is larger or equal
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Figure 64: Magnetization measurements of the samples Si wafer/SiO/Ta 5/(CoFe);_,Tby 30/MgO 2.1 (numbers in
nm) with different Tb contents x in the Co-Fe-Tb layer. The saturation and remanent magnetization, the squareness,
and the coercivity of the samples are summarized in dependence of x in the last three graphs.
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Figure 65: Magnetization
measurements of the sam-
ples Si wafer/SiO/Ta 5/
(COFE)85Tb15 f/MgO 2.1
(numbers in nm) with differ-
ent Co-Fe-Tb layer thickness.
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Figure 66: Stack of a pMT]J.
CoFeTb layers with different
thickness are integrated as
electrodes.

to 0.9 in this range and a perpendicular magnetic anisotropy is
successfully generated. The coercivity first increases from 182 Oe
at x=10at. % to 5473 Oe at x=22at. %. After reaching this maxi-
mum, H. decreases again to about 18700Oe. The coercivity can
thus be easily controlled by changing the Tb content in the Co-
Fe-Tb layer. This is a straightforward method to generate two
different switching fields of the electrodes in a pMT]J.

THE THICKNESS t of the Co-Fe-Tb layer can give an additional
parameter for tailoring different switching fields of the two elec-
trodes in a pMT]J. Here, t has been varied between 5nm and 30nm.
The Tb content has been kept constant at 15 at. %.

Figure [p5|shows the AGM measurements for the Co-Fe-Tb sam-
ples with different ¢{. The coercivity increases from about 231 Oe
at t=5nm to about 1119 Oe at =30 Oe. The saturation magnetiza-
tion stays in the same range for the investigated thicknesses. A
slow magnetization reversal occurs for t=5nm. A perpendicular
magnetic anisotropy cannot be concluded from this measurement.
A sharp switching is generated by increasing the thickness ¢ and
a rectangular hysteresis is observed for ¢ larger than 1onm. This
behavior might be due to the formation of nanoscale structural
and magnetic inhomogeneities with increasing t. These inhomo-
geneities may act as pinning centers and reduce the wall-motion
coercivity Hy. Thus, the nucleation coercivity H, exceeds the
wall-motion coercivity Hy, and a rectangular hysteresis results.

Co-Fe-Tb integrated into a pMT]

The Co-Fe-Tb layers have been integrated as the electrodes into
a MgO based pMT]J. The Tb content in both electrodes has been
kept constant at 21 at.%, as the sample with this content showed
good pMA with a squareness larger than 0.9 and a large coerciv-
ity of about 3106 Oe. Different switching fields have been gener-
ated by varying the thickness of the electrodes. The thickness in
the lower electrode is larger than in the upper electrode. This
means, that the lower electrode is the hard one. The sample
stack is SiO,/Ta 20/(CoFe)79Tby; 30/CoFeB 1/Mg 0.5/MgO 2.1/
CoFeB 1/(CoFe)79Tbyi 10/ protection layers, as shown in figure
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Transport measurements of this sample have been performed at
different measurement temperatures T. The measurements have
been carried out in a closed-cycle helium cryostat with a temper-
ature range of 13K to 360K.

The electrodes of the pMT] cannot be completely saturated at
room-temperature with the available magnetic field of 10kOe at
the measurement setup. The sample has been carefully heated in
small steps to align the magnetization as the coercivity of the Co-
Fe-Tb decreases with the temperature.” A saturation of the mag-
netization in both electrodes is possible with the available mag-
netic field of 10kOe at a temperature of 360K. Figure |67| shows
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the major loop of the sample measured at 360 K. The TMR-effect
is about 16.2% with an area-resistance in the parallel state of
0.64MQum?. A sharp switching of both electrodes is observed
and the antiparallel alignment of the magnetization is observed in
the field range between 1326 Oe and 8510 Oe.

After saturating both electrodes into one direction by heating
up to 360K, transport measurements with increasing measure-
ment temperature T have been performed. Minor loops have been
measured as the coercivity of the hard magnetic electrode is large
and cannot be switched at temperatures lower than 360K. The
measurements are shown in figure[68} A sharp switching and two
well-defined states of the magnetization at zero field are observed
for all measurement temperatures. The switching field of the soft
electrode increases from about 1326 Oe at 360K to about 9ooo Oe
at 190K. A direct measurement of a TMR minor loop with a tem-
perature lower than 190 K is not possible, as the available magnetic
field of 10kOe is to small to switch the "soft" electrode any more.

39 This will be shown later

Figure 67: Major loop of the
sample .../(CoFe)79Tby; 30/
CoFeB 1/Mg 0.5/MgO 2.1/
CoFeB 1/(CoFe)79Tby; 10/...
measured at 360 K. Both elec-
trodes can be saturated at
this temperature.
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Figure 68: Minor loops of the
sample .../(CoFe)79Tby; 30/
CoFeB 1/Mg 0.5/MgO 2.1/
CoFeB 1/(CoFe)79Tby; 10/ ...
at different temperatures.
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Figure 69: Results of the tem-
perature dependent trans-
port measurement of the
sample .../(CoFe)79Tby; 30/
CoFeB 1/Mg 0.5/MgO 2.1/
CoFeB 1/(CoFe)79Tby; 10/...
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Figure [69| shows the temperature dependence of the TMR and
of the area resistance products RA in the parallel state P and in the
antiparallel state AP. The results of the minor loop measurements,
that have already been discussed, are marked with points.

Another kind of measurement has been performed in order to
determine the TMR-effect of the sample at temperatures lower
than 190 K. One defined orientation of the magnetization, parallel
or antiparallel, has been adjusted with the external magnetic field
at 360K prior to the measurement. The sample has been cooled
down twice and the resistance was obtained. The first cooling
process has been done with the parallel, and the second one with
the antiparallel orientation of the magnetization in the electrodes.
Therefore, the external magnetic field, adjusted at 360K for a de-
fined state of the magnetization, has not been changed during the
temperature dependent measurement. The results of these mea-
surements are marked with crosses in figure The TMR-effect
is calculated from the temperature dependent resistances of the
sample in the parallel and antiparallel state.

The RA in the P state changes from 0.73MQum? at 300K to
0.92MQum? at 13K, this is a change of 26 % with the temperature.
The RA in the AP state changes by 39 %, which changes the TMR-
ratio by a factor of 1.7 to 30% at 13 K.
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This temperature dependent behavior is compared to the be-
havior of a reference sample with Co-Fe-B electrodes and in-plane
anisotropy. The MgQO barrier of the pMT] is not considered to be
textured as the TMR-values are not close to that in the coherent
tunneling scheme.’#° Thus, amorphous alumina is chosen as the
barrier material for the reference sample. The layer stack of the
reference sample is Si wafer/SiO/Ta 5/Cu 30/Ta 5/Cu 5/Mn-Ir
12/Co-Fe-B 4/ Al 1.2+Oxidation/Co-Fe-B 4/Ni-Fe 3/Ta 5/Cu 20/
Au 20 as shown in figure The reference sample was annealed
at 275°C and shows a TMR-effect of 110 % at 1omV and 13K.

The normalized TMR-effects of the Co-Fe-Tb based pMT] and
of the reference sample are shown in figure [71|in dependence of
the measurement temperature. The TMR of the pMTJ changes
by a factor of 1.7 if cooled to 13K, whereas the reference sample
changes by a factor of 1.6. This is no fundamental change in the
temperature dependence of the samples.
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A difference in the temperature dependence of MT]Js based on
electrodes of rare earth transition metal alloys compared to sam-
ples with the "usual" in-plane magnetized electrodes is expected.
The magnetization of RE-TM alloys shows a strong temperature
dependence for temperatures near the compensation point tem-
perature T¢omp, resulting from the ferrimagnetic coupling between
the RE and TM subnetworks.™#*

RE-TM alloys at the temperature dependent compensation con-
centration can have zero total magnetization but still exhibit a
strongly spin-polarized current. This is a consequence of the fer-
rimagnetic structure: The spin polarization of the tunneling cur-

“D. D. Djayaprawira et al.,
Appl. Phys. Lett. 86, 092502
(2005); and S. Ikeda et al.,
Appl. Phys. Lett. 93, 082508
(2008)
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Figure 70: Stack of the ref-
erence sample. An Alumina
based system with in-plane
anisotropy.

Figure 71: Normalized TMR
of the Co-Fe-Tb based pMT]
and of a reference sample
with Co-Fe-B electrodes and
in-plane anisotropy in depen-
dence of the measurement
temperature.

41 This behavior has been
sketched in figure
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rent from the transition metal can be much higher as compared
to the rare-earth metal component combined with a much higher
magnetic moment of the latter.’#* As the measured temperature
dependence of the Co-Fe-Tb based pMT] shows no fundamental
change compared to the reference sample, it can be concluded,
that the available measurement temperature range between 13K
and 360K is not close to the compensation point temperature of
the Co-Fe-Tb electrodes. The compensation point temperature
could be manipulated by varying the Tb content in the Co-Fe-
Tb layer."#3 Nevertheless, in this study, the electrodes have been
designed for the use as electrodes in MTJs and the aim was to tai-
lor a large pMA and a maximum TMR-effect. As these important
conditions are now successfully fulfilled, it might be possible to
obtain information about the interaction of the antiferromagneti-
cally coupled subnetworks of Tb and Co-Fe by investigating the
measurement temperature dependent TMR-effect with respect to
different Tb contents in the electrode.

In SumMARy, Co-Fe-Tb layers for the use as electrodes in MTJs
have been investigated. A perpendicular magnetic anisotropy with
a rectangular hysteresis loop has been successfully generated by
carefully varying the Tb content in the Co-Fe-Tb layer. Further-
more, the magnetic behavior of the samples was investigated in
dependence of the Co-Fe-Tb thickness. The optimum conditions
for a pMA are a Tb content between 13at. % and 21at.% and a
layer thickness larger than 1onm.

The Co-Fe-Tb layers have successfully been integrated as elec-
trodes into magnetic tunnel junctions with an MgO barrier. A
TMR-effect of 18 % at 300K and 30 % at 13K has been obtained.
The transport properties of the Co-Fe-Tb based samples show no
significant change compared to a reference sample with Co-Fe-B
electrodes and in-plane anisotropy. Thus, the available measure-
ment temperature range between 13K and 360K is not close to
the compensation point temperature of the Co-Fe-Tb electrodes.
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Summary and Outlook

In this work, various materials for the use as electrodes in perpen-
dicular magnetic tunnel junctions have been investigated. The aim
was to tailor a large perpendicular magnetic anisotropy in the sys-
tems, to integrate them as electrodes in magnetic tunnel junctions,
and, finally, to maximize the tunneling magneto resistance-effect.
The generation of a large tunneling magneto resistance-effect in
magnetic tunnel junctions combined with a perpendicular mag-
netic anisotropy in the electrodes is of exceptional importance,
as the resulting structures are the most promising candidates for
a future commercialization as magnetic random access memory-
devices. The advantages of using perpendicular magnetic tunnel
junctions compared to devices with in-plane magnetic anisotropy
are a higher memory density and thermal stability, a better scal-
ability at sub-micron dimensions, and a lower operation current
density.

The challenge of inducing an anisotropy perpendicular to the
film plane in a layered structure with only some nanometers in
height,™# has successfully been overcome in this work by care-
fully varying the preparation parameters of the different materi-
als.

In the first and in the second chapter, structures of alternating
Co and Pd or Pt layers have been investigated, respectively. The
Co layer thickness in these multilayers has been varied carefully
as the perpendicular magnetic anisotropy is a result of a broken
symmetry between the nonmagnetic and the magnetic layers. For
every Co layer thickness, a detailed investigation of the annealing
temperature dependence has been carried out. This is of large
importance as the interface anisotropy, the surface anisotropy, the

44 As it is necessary for the
use of these structures in a
magnetic tunnel junction.
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critical Co thickness, where the perpendicular anisotropy turns
into in-plane anisotropy, as well as the interface magnetization
have been calculated from the results.

The Co thickness- and annealing temperature-dependence of
the saturation magnetization M and the remanent magnetization
M,, as well as their absolute values are very similar for all of the
investigated samples with Pd as the nonmagnetic layer. Thus, the
squareness (M;/M;) is nearly one for all of the investigated sam-
ples. This shows the very strong perpendicular magnetic anisotro-
py and good quality of the Co/Pd based superlattices. The anisot-
ropies increase exponentially with the annealing temperature, and
the critical Co thickness stays roughly constant.

In the second chapter, Pt has been integrated as non-magnetic
material in the multilayer system instead of Pd. The saturation
magnetization is in the same range for Co/Pd and for Co/Pt be-
cause the magnetic material in the multilayers is the same for both
systems. The coercivity of the Co/Pt is about a factor of 10 smaller
compared to the Co/Pd. This is due to a rougher surface of the Pt
layers compared to the Pd layers. The domain-wall pinning effect
is not so serious in Co/Pt films and causes the reduced coercivity
of Co/Pt compared to Co/Pd. The annealing temperature behav-
ior of the anisotropies is similar for Pt and Pd as the nonmagnetic
material, but the absolute values are smaller for Co/Pt since they
are a result from M; and from H.. The Co thickness-range with
a squareness larger or equal to 0.9, and therefore perpendicular
magnetic anisotropy, is shifted to larger values for the Co/Pt com-
pared to the Co/Pd multilayers. This shift is also explained by the
rougher surface of the Pt.

In the third chapter, the material FePt has been investigated.
The properties of this material have successfully been optimized
in order to induce a tetragonal lattice structure, which is strongly
correlated with a perpendicular magnetic anisotropy of the sys-
tem. The lattice structure and the magnetic behavior of the FePt
samples have been investigated in dependence of various prepa-
ration parameters, such as the substrate temperature, the argon
pressure during the sputtering process, and the Fe content in the
FePt layer. A phase transition from the chemical disordered cubic
A1l structure to the ordered face centered tetragonal L1y struc-
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ture has been realized by imposing a strong internal strain/stress
to the thin films via a high argon pressure and temperatures be-
tween 500° C and 600 ° C. This goes along with an improvement
of the perpendicular magnetic anisotropy. The argon pressure de-
pendence of the coherence length and of the strain tensor’s aver-
aged [001] component emphasizes the improvement of the struc-
ture with increasing pressure. The calculated coherence length
matches the sputtered film thickness quite well and an increasing
amount of epitaxy with increasing argon pressure is concluded
from the analysis of the strain tensor. The possibility of control-
ling the coercivity is of large importance for practical applications
of the material. In this work, the coercivity of the FePt could be
manipulated by a slight variation of the Fe content compared to
the equiatomic composition.

The last material, that has been investigated in this work, is the
rare-earth transition-metal alloy Co-Fe-Tb. This is a ferrimagnet
with the rare-earth and the transition-metals having antiparallel
magnetic moments. The moments are aligned perpendicular to
the sample surface and a perpendicular magnetic anisotropy re-
sults. The reason for the occurrence of this perpendicular anisot-
ropy is a short-range order on the nearest neighbor atomic scale.
A perpendicular magnetic anisotropy with a rectangular hystere-
sis loop has been successfully generated by carefully varying the
Tb content in the Co-Fe-Tb layer. Furthermore, the magnetic be-
havior of the samples has been investigated in dependence of the
Co-Fe-Tb thickness. The optimum conditions for a perpendicular
magnetic anisotropy are a Tb content between 13 at. % and 21 at. %
and a layer thickness larger than 1onm.

Finally, the perpendicular magnetic anisotropy with a square-
ness larger than 0.9 and a rectangular hysteresis loop could be
generated in all the different systems by a thoughtful treatment
of the respective preparation parameters. In the second section of
each chapter, the optimized materials have been used as electrodes
in magnetic tunnel junctions. The integration of materials with
perpendicular magnetic anisotropy in a magnetic tunnel junction
bears a lot of challenges, as two electrodes are necessary. The be-
havior of one electrode can be strongly influenced by the other
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one, as the stray fields are perpendicular to the film plane. The
layers cannot be treated as being independent from each other
anymore and the antiparallel alignment of the magnetization in
the electrodes becomes difficult to realize. In this work, all the
investigated materials have been integrated into MgO based mag-
netic tunnel junctions. The interaction of the electrodes could suc-
cessfully be controlled by the preparation parameters and mea-
surement conditions.

The multilayer based electrodes are promising materials for the
use as electrodes in tunnel junctions, as a lot of parameters are
accessible and thus, the interaction of the electrodes can be con-
trolled in several ways.

In the first chapter, the Co/Pd layers have been used as the
electrodes. The Co thickness in the electrodes, the material at the
barrier interface, the number of multilayers, and the annealing
temperature have been investigated in order to maximize the tun-
neling magneto resistance. The in-plane components of the mag-
netization, the stray field coupling of the individual electrodes
and a diffusion of the Pd to the MgO barrier have been influ-
enced, or rather suppressed. The optimized sample shows a max-
imum tunneling magneto resistance-ratio of about 11 % at room-
temperature with two well-defined switching fields. A rectangu-
lar minor loop with two separated magnetic states at zero field has
been observed. The tunneling magneto resistance-ratio changes
by a factor of 1.7 to 18.5% at 13K. This is the highest value re-
ported for magnetic tunnel junctions with Co/Pd multilayers as
perpendicular magnetized electrodes.

In the second chapter, the Pd of the multilayers is replaced by
Pt, as the Pd turned out to be diffusing to the barrier of the tunnel
junction at high annealing temperatures. The annealing temper-
ature dependence of the tunneling magneto resistance-effect has
again been investigated. It has been shown that, in contrast to
the Pd, no diffusion takes place for the Pt based multilayer elec-
trodes. Tunneling magneto resistance-ratios of about 19 % at room
temperature and two well-defined switching fields were observed.
The tunneling magneto resistance-effect changes by a factor of 1.9
if cooled to 13 K. The magnetic coupling behavior of both Co/Pt
multilayer electrodes has a stronger influence on the annealing-



SUMMARY AND OUTLOOK 87

and measurement-temperature dependence of the tunneling mag-
neto resistance-effect, than reported for Co/Pd based samples.

The optimized FePt layer has also been used as an electrode in a
perpendicular magnetic tunnel junction. This has been discussed
in the third chapter of this thesis. The L1y structure of FePt with
(001) orientation is very promising for the use as perpendicularly
magnetized electrode in tunnel junctions. The large perpendicular
magnetic anisotropy with (001) easy axis and a lattice mismatch
with the MgO (001) plane of less than 10 % are important condi-
tions for the fabrication of fully epitaxial junctions with a (001)
orientated crystalline MgO barrier, and, therefore, high tunnel-
ing magneto resistance-ratios. The FePt layer has been integrated
as the lower electrode into a perpendicular magnetic tunnel junc-
tion. The upper electrode is a Co/Pt multilayer system as the
FePt cannot grow in the L1y structure if used as upper electrode.
The room-temperature tunneling magneto resistance-effect of this
system is about 9 %.

For the samples with Co-Fe-Tb layers as electrodes, a TMR-
effect of 18 % at 300K and 30% at 13K has been attained. This
has been shown in the last chapter of the presented thesis. The
transport properties of the Co-Fe-Tb based samples showed no
significant change compared to a reference sample with Co-Fe-B
electrodes and in-plane anisotropy. Thus, the available measure-
ment temperature range between 13 K and 360K is not close to the
compensation point temperature of the Co-Fe-Tb electrodes. An
interesting outlook concerning the Co-Fe-Tb based tunnel junction
is the investigation of the measurement temperature dependent
tunneling magneto resistance-effect with respect to different Tb
contents in the electrode. These measurements might give infor-
mation about the basic physics concerning the interaction of the
antiferromagnetically coupled subnetworks of Tb and Co-Fe.

Structures of less than 10nm are necessary for the final realiza-
tion of spin torque switched high-density devices with a long time
data retention. The only way to reach the commercialization is to
combine the large perpendicular magnetic anisotropy of the elec-
trode material with a low damping constant. A low damping in
a magnetic tunnel junction leads to the required low current den-
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sity for the spin torque switching. A large perpendicular magnetic
anisotropy and a low damping constant as parameters of one ma-
terial are predicted for a special class of ferrimagnetic compounds.
The results of this work already exhibit an important basis for the
future development of magnetic tunnel junctions as memory de-
vices. An important progress has been done as a perpendicular
magnetic anisotropy has been tailored in various materials and
a successful integration into magnetic tunnel junctions has been
realized.
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Appendix: Methods

In this chapter the sample preparation and measurement techniques with
their physical effects, that have been used in the framework of this thesis,
are introduced. The basic principles and the technical properties of the
equipment for the fabrication, processing, and for the characterization of
the thin films are explained. This chapter should give a background for
the previous chapters and can only provide a short overview. Further
details can be found in the listed references.

Sample preparation

SPUTTER DEPOSITION, or short sputtering, is an UHV-technique
for the fabrication of thin films.’¥> The basic mechanism is the
momentum exchange between an incident, energetic particle and
atoms in a solid target material due to inelastic collisions. Clusters
of atoms are ejected out of the target material if the energy of the
incident particles is higher than the surface binding energy in the
target material."4°

Normally, Art-ions are used as incident particles. For DC-
sputtering, an Art-ion plasma is generated by applying a high
voltage in between the target (cathode) and the anode in an argon
gas atmosphere.

Sputtering with low argon pressure is desirable as more ejected
particles can reach the substrate, which is placed above the target.
In the special case of magnetron sputtering, a torus-shaped mag-
netic field percolates the target due to permanent magnets, placed
under the target. The electrons of the plasma are forced on or-
bits and the probability for an ionization of the argon atoms is

45 A detailed overview about
sputter deposition can be
found in

M. Ohring, Materials Sci-
ence of Thin Films, Deposition
and Structure (Academic
Press, San Diego u.a., 2002)

146 Peter et al., Nucl. Instrum.
Meth. Phys. Res. B 27, 1
(1987)
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47 Typically 1-100 MHz

148 CLAB 600 Clustertool
from LEYBOLD DRESDEN

49 From BESTEC BERLIN

'5° The sputter rate describes
the thickness of the de-
posited material per time.

increased. Thus, using lower argon pressure becomes possible for
magnetron sputtering.

In the special case of RF-sputtering a high-frequency voltage'4”
is applied in addition to an offset voltage between the anode and
the target. The argon ions are accelerated to the cathode by this
offset voltage. They are not influenced by the RF-voltage because
of their high mass. In contrast, the electrons of the plasma are
accelerated to the target due to the RF-voltage. The target ma-
terial is not sputtered due to the collisions with the electrons, as
the momentum exchange is small. The acceleration of both, ions
and electrons, to the target material leads to the fact that an in-
sulating material is not charged by the ions and, in contrast to
DC-sputtering, sputtering of insulating materials becomes possi-
ble by applying the additional RF-voltage.

In this work, two sputtering systems have been used for the
sample preparation. A sample transfer without a vacuum break
between the two independent sputtering systems is possible as
they are connected via a handler chamber. One sputtering sys-
tem,148 with six 4inch and one 2inch magnetron sputtering guns
reaches a base pressure of 1-10~/ mbar. Three of the 4inch guns
are suitable for conductive and ferromagnetic, two for conductive
but not ferromagnetic, and one RF sputtering gun for the deposi-
tion of insulating materials. The 2 inch sputtering gun can be used
for the deposition of conductive target materials. The other sput-
tering system,’49 with seven 3inch magnetron sputtering guns,
has a base pressure of 5-10~ " mbar. All guns are appropriate for
conductive, ferromagnetic or nonferromagnetic materials and one
of the magnetrons is a RF sputtering gun. Co-sputtering from two
sputtering guns simultaneously as well as sputtering at substrate

150 and

temperatures of up to 1000 °C is possible. The sputter rates
thus the stoichiometry of co-sputtered samples can be changed by
the power of the respective sputtering gun.

The argon pressure in both systems can be controlled by the
pump rate or directly by the argon flow. The pump rate is reg-
ulated by the position of a throttle in front of the pump. In this
work, the argon flow is kept constant while the throttle position
is varied to adjust the desired pressure. Normally, the argon pres-

sure is regulated in the range of 1-10~! mbar to 1-10~° mbar.



THE CALIBRATIONS of the sputter rates in the LEYBOLD sputter-
ing system are determined by sputtering a certain material for a
defined time and afterwards measuring the resulting layer thick-
ness by x-ray reflectometry. The BESTEC sputtering system pos-
sesses an integrated quartz crystal for the determination of the
sputtered film thickness. Typical sputter rates are in the range of
0.2nm/s to o.7nm/s.

THE ANNEALING of the samples is done in a vacuum furnace with
a base pressure of 1-10~? mbar and temperatures of up to 550 °C.
The annealing process has to be carried out under high vacuum
conditions to prevent oxidation effects of the sample materials.
It is possible to induce a structural changing of the sample by
heating for a certain time.’>' Furthermore, annealing can lead to
a healing of defects.’>> Otherwise, using too high temperatures
causes a diffusion of the materials in the sample stack.’>3 In this
work, the annealing is done in the magnetic field of 6500 Qe of a
permanent magnet perpendicular to the film plane to increase the
perpendicular magnetic anisotropy.

AN OPTICAL LITHOGRAPHY PROCESS of the sputtered samples
is necessary to prepare elements of a defined area for the trans-
port measurements.’>* The lithography process consists of several
steps that are described in the following paragraph.

First, a positive photo resist’55 is pipetted on the sample sur-
face. Spincoating with 6000 revolutions per minute leads to a ho-
mogeneous layer of the photo resist on the sample surface. The
sample is baked at 85 °C for about 30 min to harden the resist and,
thus, to induce a better adhesion on the sample surface.

In the next step of the lithography process, the desired struc-
tures are transmitted to the light-sensitive resist by either using
an UV exposure’5® in combination with a contact mask or a laser
exposer.’>7 The contact mask is placed on the sample surface
with the photo resist and exposed with the UV-light, while the
desired structures are directly written into the resist by using the
laser exposure. The laser scans the sample in single lines and a
shutter is opened if the respective areas should be exposed to the
light. The lithography with a contact mask and UV-light gives a
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fast and easy method for the lithography, while the laser lithog-
raphy is more accurate and provides more flexibility with respect
to the desired structures. In this work, the exposed structures are
squares of 7.5x7.5 um? or 12.5x 12.5 ym>.

The solubility of the resist is increased due to the exposure with
light. In the next step of the lithography, the development, the re-
sist can be removed on the exposed areas by using an developer'58
diluted with water in a ratio of 1:2.

The transfer of the exposed patterns on the layer system is the
following lithography step and is done by ion beam etching. Ar-
gon ions are accelerated to the sample surface. Thus, the un-
covered areas of the sample, where the resist has been removed,
are sputtered. The areas that have not been exposed to the light
are still protected against the ion beam by the remaining resist.
A depth profile can be measured during the etching process by
mass spectrometry. Thus, a defined stop of the etching process in
a desired layer of the sample stack is possible. The argon pressure
is regulated to 5-10~% mbar. The sample rotates under an angle of
30° in the ion beam to prevent inhomogenety and shadow effects
on the sample.

After the etching, an insulating material, usually TaOy, is sput-
tered on the sample to fill up the etched areas in between the
patterned elements.

The next step of the lithography process is the removing®>® of
the remaining resist with the TaO, on top. This is done in an ul-
trasonic sound bath. The result is a homogeneous surface with the
insulating material in between the single elements of the sample.
This makes a contacting of the elements for a later measurement
very comfortable.

As the patterned structures are to small for a direct contacting
in some of the measurement setups, they are capped with gold
contact pads. Therefore, a second lithography process with every
single step has to be carried out. The structure that is exposed
to the resist is designed in the way, that afterwards, the whole
sample surface is capped with the resist, except the areas on top of
the patterned elements that should function as the contact pads.
Layers of tantalum and gold are sputtered in this "holes" as the
contact pads, and the remaining resist is removed.
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of the patterned elements is necessary for the
transport measurements of the samples at low temperatures or
at high magnetic field. The samples are cased in an IC-socket
with 24 contacts and the patterned elements of the sample are
contacted by a 24.4 ym thick gold wire. The remaining end of the
gold wire is connected with one contact of the IC-socket. The con-
tacting results from mechanical friction based on ultrasonic sound
at temperatures of about go °C. Afterwards, the IC-socket with the
bonded sample can be placed in a counter-piece at the measure-

ment setup for the investigation of the sample.

Measurement techniques

THE TRANSPORT MEASUREMENTS that have been carried out in
this work are the investigation of the TMR-effect on the one hand
and measurements of I-V-curves on the other hand. The current
is measured with a constant bias voltage in dependence of the
external magnetic field for the TMR-measurements. Normally, the
applied bias voltage is 1omV. For the detection of an I-V-curve,
the current is measured in dependence of the voltage, but with
constant external magnetic field.

The transport measurements are carried out by a conventional
two probe DC-technique in a perpendicular magnetic field. The
samples are contacted via two gold needles if the element has not
been bonded previously. The exact positioning of the gold nee-
dles is carried out by using three micrometer controllable tables. A
custom-made electrometer with integrated constant-voltage source
generates the voltage. Seven different gain ranges from 1mA/V
to 1nA/V are accessible to measure the resulting current. An out-
put voltage with up to +10V is displayed at the output of the box.
This output voltage is digitized via a multimeter'®* and recorded
with the controlling computer.

Two different measurement setups have been used in this work.
The one setup is designed for measurements at room-temperature.
The magnetic field originates from two coils with an iron core
and reaches a maximum value of about +30000e. The field is
measured by a Gaussmeter,'®? digitized via a multimeter,®3 and
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recorded with the controlling computer. A special sample holder
has been used to place the sample surface perpendicular to the
magnetic field for the measurements of pMT]J.

The other measurement setup used in this work is designed
for low-temperature measurements. It is a closed-cycle helium
cryostat’®4 with a temperature range of 13K to 360K. A con-
troller’® sets the temperatures by electric heating of the cooled
sample holder. The IC-socket with the bonded sample can be
placed in a counter-piece inside the cryostat. Normally, the cryo-
stat is equipped with a coil which generates a maximum magnetic
field of £19000e. Measurements with perpendicular magnetic
field are not possible with this coil as the sample has a fixed ori-
entation inside the cryostat. The first magnet'® that has been
set into operation within this work, generates a maximum mag-
netic field of about 8 kOe by two water cooled coils with an iron
core. The field is measured by a Gaussmeter,’®7 digitized via a

multimeter!8

, and recorded with the controlling computer. Any
orientation of the sample surface to the magnetic field direction,
especially perpendicular or parallel to the film plane, is possible
as the whole cryostat can be placed and rotated in between the
two coils. Another magnet'® has been put into operation to fur-
ther increase the available magnetic field. The maximum magnetic
field is £10kOe. This magnet consists of individual permanent
magnets that can be rotated. The total magnetic field results from
the superposition of the particular fields of the permanent mag-
nets. Thus, any field direction, especially perpendicular to the
film plane, can be applied.

THE MAGNETIC INVESTIGATIONS in this work were carried out
with an alternating gradient magnetometer (AGM).'7° It is possi-
ble to measure the absolute magnetic moment of a sample with
respect to one spatial direction. In general, the AGM consist of
two pairs of water cooled coils and a piezo ceramic. The one
pair of coils generates a static, homogeneous magnetic field with
a maximum value of +14kOe, whereas the other one produces a
time-variable gradient field. The sample starts to oscillate due to
the gradient field if it is placed in between the coils by attaching
it to the piezo ceramic. The oscillation is measured by a lock-in-



technique via the piezo ceramic. The determination of the mag-
netic moment of the sample becomes possible as it influences the
oscillation. The magnetic moment is measured in dependence of
the external magnetic field for the determination of a hysteresis
loop.

The magnetization is calculated by the magnetic moment per
volume of the measured sample. The volume is determined by
taking the weight of the sample, the area density of the substrate,
and the sputtered magnetic thickness into account. The magne-
tization measurements in this work are done on layered, not pat-
terned, magnetic structures.

THE AUGER ELECTRON MICROSCOPY is an element specific char-
acterization method and has been used for the determination of
the depth profiles in this work. The basic phenomenon is the
auger effect:'7" An electron, the so-called auger electron, is emit-
ted out of an atom due to the transition of another electron of
the atom filling in an inner-shell vacancy. A release of energy
results from the fall of the electron from the higher energy level
into the inner-shell vacancy. This energy can be transferred to the
auger electron, which is then ejected from the atom. The differ-
ence between the energy of the initial electronic transition and the
ionization energy for the electron shell from which the auger elec-
tron was ejected corresponds to the kinetic energy of the auger
electron. As the energy levels of an atom are element specific, the
kinetic energy of the auger electron gives information about the
type of atom.

The inner-shell vacancies and thus the emission of auger elec-
trons can be generated by bombarding the sample with either x-
rays or, as in the system used in this work, by energetic electrons.
The auger electron spectroscopy involves the determination of the
auger electrons intensity as a function of the energy. The result-
ing spectra can be used to determine the identity of the emitting
atoms.

The depth profile is obtained by etching the samples in many
short etching steps and measuring the intensity of the emitted
electrons by auger electron spectroscopy in between the etching
steps.
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X-RAY DIFFRACTION (XRD)'72 has been used in this work in order
to investigate the lattice structure and orientation. In a 6-26-scan,
a beam'73 of x-rays is send to the sample surface under an angle
 and the reflected light is measured under an angle of 20. The
incident x-rays are diffracted by the lattice atoms of the sample
as the wavelength of the x-rays is in the same order as the dis-
tance of the atoms. Depending on the exact distance between the
atoms, constructive or destructive interference of the diffracted x-
rays is possible for a certain angle 6. The peaks in a 6-26-scan are
caused by positive interference of the diffracted x-rays and can be
described by Bragg’s law:'74

n-A=2d-sinb

where #n is an integer, A is the wavelength of the incident beam,
d is the spacing between the planes in the atomic lattice, and 8 is
the angle between incident ray and the sample surface.

The type of lattice as well as the orientation can be identified
from the 0-26-scan by comparing the obtained peak positions with
the literature values of the materials.

A MAGNETIC FORCE MICROSCOPE (MFM)'75 can be used to image
magnetic structures, including the domain walls. A mapping of a
domain wall motion with an external magnetic field is possible.’7°

The magnetic force microscopy is a variation of the atomic force
microscopy (AFM). In principle, an AFM detects small forces'77
between a small tip and the surface of the sample. The atoms of
the tip interact with those of the sample surface if the tip is ap-
proached to the sample. The resulting force depends on the dis-
tance between the tip and the sample surface. The tip is mounted
at the end of a cantilever and the force can be detected via the
deflection of the cantilever. The deflection is measured by using
a laser beam. The beam is focused on the backside of the can-
tilever and is reflected to a four area photodetector. The forces in
a defined area of the sample can be mapped as the cantilever can
be moved in lateral direction and thus, scans the sample in single
lines.

In the special case of magnetic force microscopy, the tip (as well
as the sample surface) consists of a magnetic material.’7® In this
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measurement configuration, the detected forces between the tip
and the sample are - among others - of a magnetic origin. Thus,
these forces can be used to reconstruct the magnetic structure of
the sample surface. Many kinds of magnetic interactions can be
measured by MFM, including magnetic dipole-dipole interactions.
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Temperature- and bias voltage-dependent transport measurements of magnetic tunnel junctions (MT]s)
with perpendicularly magnetized Co/Pd electrodes are presented. Magnetization measurements of the
Co/Pd multilayers are performed to characterize the electrodes. The effects of the Co layer thickness in
the Co/Pd bilayers, the annealing temperature, the Co thickness at the MgO barrier interface, and the
number of bilayers on the tunneling magneto resistance (TMR) effect are investigated. TMR-ratios of
about 11% at room temperature and 18.5% at 13 K are measured and two well-defined switching fields
are observed. The results are compared to measurements of MTJs with Co-Fe-B electrodes and in-plane

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The tunneling magnetoresistance (TMR) effect in magnetic
tunnel junctions (MT]s) is of interest for applications such as high-
density read heads and non-volatile memory devices [1]. A large
TMR-ratio was theoretically predicted in 2001 for MTJs with a
fully epitaxial (001) MgO barrier and (00 1) bcc Fe, Co, or Co-Fe
as electrodes [2-4]. The experimental realization of the large
TMR effect is the basis for spin transfer torque (STT) switched
high-density magnetic random access memory (MRAM) applica-
tions [5,6]. However, remaining challenges for planar MT]Js are the
increase of thermal stability for further miniaturization of the
devices and the shape limitations due to magnetization curling at
the edges of a patterned element [7]. MTJs based on magnetic
layers with perpendicular magnetic anisotropy (PMA), so-called
perpendicular magnetic tunnel junctions (pMT]Js), are predicted to
have a larger thermal stability as a result of a higher magnetic
anisotropy and a lower switching current density for STT switch-
ing [8-11] compared to in-plane MT]Js. In addition to the size
limitations, the shape limitations of MT] elements are also
eliminated because pMTJs have no limit on the cell aspect ratio
of patterned elements [12,13]. Promising materials with perpen-
dicular magnetic anisotropy are Co based multilayers, such as
Co/Pd or Co/Pt [14]. These materials have been successfully
integrated into MTJs [15-20]. In this study, temperature- and bias
voltage-dependent transport measurements of MgO-based pMT]Js
with Co/Pd multilayers as electrodes are presented and compared

* Corresponding author. Tel.: +49 521106 5427; fax: +49521 106 6046.
E-mail address: zkugler@physik.uni-bielefeld.de (Z. Kugler).
URL: http://[www.spinelectronics.de (Z. Kugler).

0304-8853/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
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to measurements of MTJs with CosoFe4oB,o electrodes. The effects
of the Co layer thickness in the Co/Pd bilayers, the annealing
temperature, the Co thickness at the MgO barrier interface, and
the number of Co/Pd bilayers on the TMR effect are investigated.
Magnetic measurements of the Co/Pd multilayers are performed
to characterize the electrodes of the tunnel junctions with respect
to the Co layer thickness in the Co/Pd bilayers and to the
annealing temperature.

2. Preparation

The samples are prepared in a magnetron sputter system with
a base pressure of 1 x 1077 mbar. The layer stacks are sputtered
on top of a thermally oxidized (500 nm) silicon (00 1) wafer. The
layer stack of the samples is Si wafer/SiO,/Ta/(Pd 1.8/Co tco)x/
interface layer/MgO 2.1/interface layer/(Co uc,/Pd 1.8)y/protec-
tion layers (all numbers in nm). The aim is to tailor different
switching fields of the electrodes and a maximal TMR ratio.
Therefore, the Co thickness tc, in the lower multilayer, the
number of multilayers of the lower electrode X, the Co thickness
in the upper multilayers uc,, and the number of multilayers of the
upper electrode Y is changed. Additionally, the barrier interface is
dusted with Co or CosoFesoBo. The samples are annealed after
sputtering at different temperatures for 60 min in a magnetic field
of 65000e perpendicular to the film plane to enhance the
perpendicular magnetic anisotropy of the Co/Pd multilayers and
to crystallize the MgO barrier. The stack is patterned by laser
lithography and ion beam etching. The resulting patterns are
squares of 7.5 x 7.5um? and 15.5 x 15.5 um?2. These structures
are capped with gold contact pads.
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The transport measurements are done by a conventional two-
probe technique with a 10mV bias voltage in a perpendicular
magnetic field. The low-temperature measurements are done in a
closed-cycle helium cryostat (Oxford Cryodrive 1.5) with a
temperature range of 13-330K.

3. Results and discussion

First, the magnetic behavior of the SiO,/Ta/(Pd 1.8/Co tc,)x/
Mg02.1 electrodes with X=9 is investigated. The Co layer
thickness tc, and the annealing temperature T, are changed. The
measurements are done with an alternating gradient magnet-
ometer (Micro Mag 2900, Princeton Measurements Corporation).
The magnetic field is applied perpendicular to the film plane.
Fig. 1(a)-(c) shows the saturation magnetization (M), remanent
magnetization (M,), and coercivity (H.) in dependence of t¢, and of
T, Here, tc, is changed from 0.3 to 0.55nm in steps of 0.05 nm.
The annealing temperature is changed for every fixed tc, from
room temperature (as-prepared state) to 450 °C. M increases with
increasing Co layer thickness, as shown in Fig. 1(a). The annealing
temperature dependence of M shows that M; first increases
with increasing T, The maximum M; is reached for annealing
temperatures between 200 and 350 °C, dependent on the Co layer
thickness. After reaching this maximum the M, decreases. The
lowest value of M; is about 108 kKA/m for 0.3nm Co in the
as-prepared state, whereas the highest value of M; is 349 kA/m at
0.55nm Co and 300 °C annealing temperature.

The tc, and T, dependence of My and M, as well as their
absolute values are very similar, as one can see by comparing
Fig. 1(a) and (b), which show M; and M,, respectively. Thus, the
squareness (M,/M;) is nearly one for all of the investigated
samples. This shows the very strong PMA and good quality of the
Co-based superlattices.

The coercivity, shown in Fig. 1(c), increases with the annealing
temperature. After being roughly constant for Co thicknesses
between 0.3 and 0.4nm, dependent on the annealing tempera-
ture, the coercivity decreases with increasing tc,. The lowest value
is about 157 Oe for 0.55 nm Co in the as-prepared state, whereas
the highest value of H. is 55200e at 0.4nm Co and 450°C
annealing temperature. This coercivity values are in a typical
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Fig. 1. (a)-(c) Magnetic behavior of samples /(Pd 1.8/Co tco)g/ Mg02.1 (all
numbers in nm) in dependence of the Co layer thickness tc, and annealing
temperature T,. (d) Room temperature TMR of samples ... /(Pd 1.8/Cot¢,)y/ Co-Fe-
B 1/ MgO0 2.1/Co-Fe-B 1/(Co uc,/Pd 1.8)g/... as a function of the Co layer thickness
tco in the lower electrode and uc, in the upper electrode.

range for Co/Pd multilayers [21]. It is reasonable that the H. of the
Co/Pd multilayers decreases with increasing Co thickness. For
nine bilayers of Co/Pd, as used here, the critical Co layer thickness
at which the perpendicular anisotropy turns into in-plane
anisotropy is 1.15 nm (not shown).

These magnetic measurements demonstrate, that it is possible
to tune the switching field of the multilayers by changing the Co
layer thickness in the Co/Pd multilayers. This is an important
factor for the use of such multilayers as electrodes in pMT]Js
to achieve two well-defined switching fields and to stabilize
the anti-parallel state. Consequently, the multilayers are inte-
grated as electrodes in magnetic tunnel junctions. The resulting
sample stack is SiO,/Ta/(Pd 1.8/Co tc,)x/interface layer/MgO 2.1
/interface layer/(Co uc,/Pd 1.8)y/ protection layers. The Co layer
thickness tc, of the lower electrode is changed from 0.25 to 0.5 nm
to improve the TMR effect and the switching behavior of the
pMT]s. For every sample with one fixed tc,, the Co layer thickness
Uc, of the upper electrode is varied. The lower electrode is always
used as the hard magnetic electrode and the upper electrode as
the soft one. This means, that uc, is always larger than tc,. For all
samples, the numbers of bilayers X and Y in the electrodes is kept
constant at X=Y=9, as already used for the AGM measurements.
A 1nm layer of Co-Fe-B is used as an interface layer to improve
the growth of the MgO barrier on top of the Pd/Co electrode
[22,23]. All samples are annealed after sputtering at 150°C.
Fig. 1(d) shows the TMR effect as a function of the Co layer
thickness of the lower electrode (tc,) and as a function of the Co
layer thickness of the upper electrode (uc,). A maximum TMR
effect of about 9% is observed for t-,=0.35nm and uc,=0.45 nm.
This maximum is in the middle of the investigated Co thicknesses:
for smaller and larger t¢, and u¢,, the TMR ratio decreases to about
3.3%. The area-resistance products of the samples are in the range
of 2-6 MQ pum?.

Next, the annealing temperature T, is optimized. Fig. 2(a)
shows the T, dependence of the TMR effect for the best sample
from Fig. 1(d), with t;,=0.35nm, and uc=0.45nm, X=Y=9 and
1nm Co-Fe-B as the interface layer. The TMR increases from
about 7% in the as-prepared state to about 9% at an annealing
temperature of 150°C. For T, larger than 150°C, the TMR
decreases to 0.6% at 300°C. This strong decrease of the TMR for
higher annealing temperatures is due to Pd diffusion to the MgO
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Fig. 2. (a) TMR as a function of annealing temperature for the sample stack .../
(Pd 1.8/Co 0.35)g/Co—Fe—B 1/Mg0 2.1/Co—Fe—B 1/(Co 0.45/Pd 1.8),/ ... (all
numbers in nm). Composition depth profiles of Pd, Co, O, and Mg in the sample (b)
before and (c) after annealing at 300 °C for 1 h. (d) Major loop of the sample annealed at
150°C.
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Fig. 3. (a) Major loop of sample .../ (Pd 1.8/Co 0.35)s/ Co 0.7/ MgO 2.1/ Co 0.7/ (Co
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1.8)x/ Co 0.7/ Mg 0.5/ MgO 2.1/ Co 0.7/ (Co 0.7/ Pd 1.8),/ ... with different numbers
X of Co/Pd bilayers in the lower electrode. (c) Major and minor loop of the sample
with X=4.

barrier. In Fig. 2(b) and (c), the composition depth profiles of Pd,
Co, O, and Mg are shown for the sample in the as-prepared state
and after annealing at 300°C for 1h. The profiles are measured
by auger electron spectroscopy (AES) depth profiling. The Pd
intensity in the region of the MgO is higher in the measurement of
the annealed sample, whereas a comparison of the Co intensities
in the MgO region shows less Co after annealing. This indicates a
diffusion of Pd to the MgO interface, where the Pd replaces the Co
at high T, thereby reducing the TMR effect. Fig. 2(d) shows the
major loop of the sample annealed at the optimum temperature of
150°C for 1 h. The increase of the TMR before reaching zero field is
caused by an additional in-plane component which is most likely
produced by the Co-Fe-B layers. To prove this assumption, Co-
Fe-B was replaced by a Co interface layer with different
thicknesses v. Fig. 3(a) shows the major loop of the sample with
v=0.7 nm. This sample shows the highest TMR ratio of about 9%,
similar to the TMR ratio of the sample with 1nm of Co-Fe-B at
the MgO interface, but no in-plane component can be concluded
from the TMR measurement. The hard electrode has a sharp
switching field, whereas the magnetization of the soft electrode
turns slowly. This is likely due to the strong magneto-static
interaction between the soft and hard magnetic layers in the
patterned pMT]Js. The stray field of one of the perpendicular
electrodes on the other electrode always assists the parallel
alignment of the magnetization.

The number X of Co/Pd bilayers in the lower electrode is
changed from 9 to 3 to control the magneto-static interaction and
to ensure the anti-parallel alighment of the magnetization in the
electrodes over a certain field range. Fig. 3(b) shows the major
loops in the positive field range for 0.7nm of Co. The upper
electrode is kept constant at Y=2 with uc=0.7nm and tc, as
0.6nm. A thin Mg layer was inserted under the MgO to enable
better growing of the barrier. The samples show a TMR effect of
about 11% at room temperature and an area resistance product of
about 8.5MQum?. The switching field of the hard electrode
increases from 300 Oe for X=9 to about 640 Oe for X=3. Whereas
the magnetization of the soft electrode turns slowly and has no
sharp switching field for X=9, a hard switching is reached for
X < 5. The sample with X=4 shows two well-defined switching
fields, and the minor loop has two separated magnetic states at
zero field as shown in Fig. 3(c).

Finally, transport measurements for the optimized sample
annealed at 150°C were performed at different temperatures.
Fig. 4(a) shows the temperature dependence of the TMR and the
area resistance products in the parallel state P and in the anti-
parallel state AP. The area resistance product in the P state
changes from 9.2 to 10.2 MQ um? with the temperature. This is a
change of 9.8%, which is in the typical range for the P state for

temperature (K) bias voltage (V)

Fig. 4. (a) Temperature dependent transport measurement of the sample .../ (Co
0.6/ Pd 1.8)4/ Co 0.7/ Mg 0.5/ MgO 2.1/ Co 0.7/ (Co 0.7/ Pd 1.8),/... (all numbers in
nm). (b) Normalized TMR as a function of the bias voltage for the pMT]J and for a
reference sample .../ Mn-Ir 12/ Co-Fe-B 4/ Al 1.2+0Oxidation/ Co-Fe-B 4/ Ni-Fe 3/
... with in-plane anisotropy measured at 13 K.

MT]Js [24,25]. The area resistance product in the AP state changes
by 14.5%, which changes the TMR overall by a factor of 1.7-18.5%
at 13 K. This is the highest value reported for pMTJs with Co/Pd
multilayers as perpendicular magnetized electrodes [22,26]. In
Fig. 4(b), the bias voltage dependence of the TMR effect is shown
and compared to an reference sample with Co-Fe-B electrodes
and in-plane anisotropy. The MgO barrier of the pMTjs is not
considered to be textured, as the TMR-effects are not close to that
in the coherence tunneling scheme in epitaxially MgO-bcc
systems. Furthermore, X-ray diffraction measurements show fcc
(111) orientation of the Co/Pd electrodes (not shown). Even for
MgO barriers with (111) texture coherent tunneling cannot be
expected [27]. Thus, a MTJ with an amorphous Alumina-based
barrier is chosen as the reference sample. The reference sample is
annealed at 275 °C and shows a TMR effect of 110% at 10 mV and
13K. The bias voltage dependence of the TMR for the pMT] with
Co/Pd electrodes shows no significant change compared to the in-
plane reference sample. A peak-like maximum is observed for
zero bias, and the TMR decreases to the half-value for bias
voltages of about 400 mV.

4. Summary

In summary, temperature- and bias voltage-dependent trans-
port measurements of pMTJs with Co/Pd electrodes were shown.
The temperature- and bias voltage-dependent behaviors of pMTJs
show no significant changes compared to MTJs with Co-Fe-B
electrodes and in-plane anisotropy. Magnetic measurements of
the Co/Pd multilayers were performed to characterize the
electrodes of the tunnel junctions. The Co/Pd multilayer films
show strong PMA, even in the as-prepared state. The effects of the
Co layer thickness in the multilayer electrodes, the annealing
temperature, the Co thickness at the MgO barrier interface, and
the number of Co/Pd bilayers on the TMR effects were investi-
gated. A TMR effect of about 11% at room temperature and 18.5%
at 13 K was measured for an optimum annealing temperature of
150°C.
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Temperature-dependent transport measurements of magnetic tunnel junctions with perpendicularly
magnetized Co/Pt electrodes are presented. Magnetization measurements of the Co/Pt multilayers
are performed to characterize the electrodes. The interface magnetization of the Co layers at the Pt
interface is estimated in dependence of the annealing temperature. The effect of the annealing
temperature on the tunneling magnetoresistance effect of the magnetic tunnel junctions (MTJs) is
investigated. Tunneling magnetoresistance ratios of about 19% at room temperature are attained
and two well-defined switching fields are observed. The tunneling magnetoresistance of Co/Pt
based tunnel junctions changes by a factor of 1.9 if cooled to 13 K. The results are compared to
measurements of MTJs with Co-Fe-B electrodes and in-plane anisotropy. © 2012 American

Institute of Physics. [doi:10.1063/1.3670972]

INTRODUCTION

The tunneling magnetoresistance (TMR) effect in mag-
netic tunnel junctions (MTJs) is of interest for applications
such as high-density read heads and nonvolatile memory
devices.! Large TMR-ratios were theoretically predicted in
2001 for MTJs with an epitaxial MgO barrier* and experi-
mentally realized in 2004.4° However, for further miniaturi-
zation of the devices, the increase of thermal stability and
overcoming the shape limitations are remaining challenges.
MTIJs based on magnetic layers with perpendicular magnetic
anisotropy (PMA), so-called perpendicular MTJs (pMTJs),
are predicted to have a larger thermal stability as a result of a
higher magnetic anisotropy. PMTJs are also predicted to have
a lower switching current density for spin transfer torque
switching.®” Not only the size limitations, but also the shape
limitations of MTJ elements are eliminated, because pMTJs
have no limit on the cell aspect ratio of patterned elements.®”
A promising class of materials with perpendicular magnetic
anisotropy are Co based multilayers, such as Co/Pd or Co/
Pt.'” Recent research concentrates on integrating these mate-
rials into MTJs."'™"® In this study, temperature-dependent
transport measurements of MgO-based pMTJs with Co/Pt
multilayers as electrodes are presented. The findings are com-
pared to measurements of MTJs with CoyFe4B, electrodes.
The effect of the annealing temperature on the TMR effect is
investigated. Magnetic measurements of the Co/Pt multi-
layers are performed to characterize the electrodes of the tun-
nel junctions with respect to the Co layer thickness in the Co/
Pt bilayers and to the annealing temperature. The interface
magnetization of the Co layers at the Pt interface is estimated
from the magnetization measurements in dependence of the
annealing temperature.
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The samples in this study are prepared in a magnetron
sputter system with a base pressure of 1 x 1077 mbar. The
layer stacks are sputtered on top of a thermally oxidized
(500 nm) silicon (001) wafer. The layer stack of the samples
is Si wafer/SiOy/Ta/(Pt 1.8/Co 0.6),/Co 0.7/Mg 0.5/MgO
2.1/(Co 0.7/Pt 1.8),/protection layers (all numbers in nm).
The samples are annealed after sputtering at different tem-
peratures for 60 mins in a magnetic field of 6500 Oe perpen-
dicular to the film plane. The stack is patterned by laser
lithography and ion beam etching. The resulting patterns are
squares of 7.5 x 7.5 an. These structures are capped with
gold contact pads. The transport measurements are done by a
conventional two-probe technique with a 10 mV bias voltage
in a perpendicular magnetic field. The low-temperature
measurements are done in a closed-cycle helium cryostat
(OXFORD Cryodrive 1.5). The magnetic measurements are
done with an alternating gradient magnetometer (Micro Mag
2900, Princeton Measurements Corporation).

First, the magnetic behavior of the Co/Pt multilayer
electrodes is investigated. The sample structure is Si wafer/
SiO/Ta 5/(Co t¢,/Pt 1.8) multilayer/MgO 2.1. The Co layer
thickness #c, and the annealing temperature T, are varied.
Figures 1(a)-1(d) show the saturation magnetization (M),
remanent magnetization (M,), squareness (S=M,/M), and
coercivity (H,.) in dependence of 7, for the different T,.
Here, ¢, is varied in the range from 0.35 to 0.95 nm in steps
of 0.05nm. Due to the use of magnetron sputtering, this is an
effective layer thickness, which quantifies the amount of ma-
terial that is deposited. The annealing temperature is changed
for every fixed t¢, from room temperature (as-prepared state)
to 400 °C in steps of 100 °C. The M, increases with increas-
ing Co layer thickness, as shown in Fig. 1(a). The M|
increases faster for small 7c,, and adapts the Cobalt bulk
magnetization of about 1334 * 194kA/m for larger #¢,. The
error results from the inaccuracy of the magnetic volume
determination and the measurement procedure. The bulk

© 2012 American Institute of Physics
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FIG. 1. (Color online) Magnetic properties of Co/Pt multilayers in dependence of the Co layer thickness 7, for different annealing temperatures T,,. The black
curve in (a) shows the fit of the saturation magnetization with the interface magnetization as fit parameter for the as prepared state.

magnetization was measured on the sample Si wafer/SiO/Ta
5/Pt 1.8/Co 30/Pt 1.8/MgO 2.1. The M, stays roughly con-
stant with the annealing temperature for all investigated ¢,
The lowest value is about 412kA/m for 0.35nm Co and
300°C annealing temperature, whereas the highest value is
about 1365kA/m for 0.90nm Co and 200°C. Figure 1(b)
shows the remanent magnetization in dependence of the Co
thickness for the different 7,,. The M, increases for small 7.
After reaching a maximum at about 0.7 nm the M, decreases.
The annealing temperature dependence of M, shows that it is
roughly constant, too. The lowest value is about 0.3 kA/m
for 0.35nm Co and 200 °C annealing temperature, whereas
the highest value is about 1387 kA/m for 0.7 nm Co in the as
prepared state. The t., and 7, dependence of M, and M, as
well as their absolute values are very similar for
0.4nm <t-,<0.7nm, as one can see by comparing Figs.
1(a) and 1(b). Thus, the squareness S = M,/M,, shown in Fig.
1(c), is about one for the samples with 7, in between 0.4
and 0.7 nm. This shows the very strong PMA and good qual-
ity of the Co-based superlattices in this 7.,-range. For 7.,
smaller than 0.4 nm and larger than 0.7 nm S decreases. Also
S stays roughly constant with 7, since M, and M, are inde-
pendent of T,. The coercivity, shown in Fig. 1(d), increases
with the annealing temperature. The coercivity first increases
with increasing #¢,. For tc,>0.55nm H, decreases. The
lowest value is about 270e for 0.35nm Co and 200 °C,
whereas the highest value of H,. is 351 Oe at 0.55 nm Co and
400°C.

The cobalt magnetization at the interface to the Pt layer
is determined from the saturation magnetization measure-
ments of the multilayers for all annealing temperatures. A
sketch of the assumed model is shown in Fig. 2(a). Here, the
first Co monolayer at the Pt interface has a thickness 7, and
a magnetization M., The magnetization of the rest of the

16004
14004 mukco
12004
10004

Pt

E3
g
inter (KA/M)

M;
%
S
S

1

600
Pt 0 100 200 300 400
T,(°C)
(a) (b)

FIG. 2. (Color online) (a) Schematic picture of Co layer with thickness 7,
in between two Pt layers. The first monolayer of Co at the Pt interface has a
thickness of ty;, and a magnetization of M,,,. The cobalt bulk magnetiza-
tion i8 My (b) M, in dependence of the annealing temperature T,
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Co layer with thickness fc,—2-ty; is called M. For
tco > 2+t the total magnetization M,,, can be described by
an interface term and a bulk term as

2 tur, Ico

-2 L
Miger +————
Co tco

My = * M-

The bulk magnetization M}, was measured on the sample
Si wafer/SiO/Ta 5/Pt 1.8/Co 30/Pt 1.8/MgO 2.1 to be
1335kA/m and f,; is assumed to be 2.6 A" The annealing
temperature dependent interface magnetization M, was
determined by fitting the saturation magnetization M, from
Fig. 1(a) with the equation for M,,, for tc,>2-ty;;. The fit
was done for every fixed T,. The black curve in Fig. 1(a)
shows the fit for the as prepared state. The results of the fits
are summarized in Fig. 2(b). Within the errors of the fit and
measurement parameters M;,,, stays constant with the
annealing temperature. The average is about 1141.1kA/m.
This is about 85.5% of the bulk value.

The magnetic measurements demonstrate that it is possi-
ble to tune the switching field of the multilayers by changing
the Co layer thickness in the Co/Pt multilayers. This is an
important factor for the use of such multilayers as electrodes
in pMTTJs to achieve two well-defined switching fields and to
stabilize the antiparallel state. Consequently, the multilayers
are integrated as electrodes in magnetic tunnel junctions.
The resulting sample stack is SiO,/Ta/(Pt 1.8/Co 0.7),/Mg
0.5/MgO 2.1/Co 0.7/(Co 0.6/Pt 1.8),/protection layers.

The annealing temperature 7,, of the tunnel junctions is
optimized. Figure 3(a) shows the room temperature TMR
loops in the positive field range for the different 7. In Fig.
3(b), the corresponding TMR-values in dependence of the
annealing temperature are listed. The TMR at room tempera-
ture increases from about 16% in the as-prepared state to
about 18.6% at an annealing temperature of 250°C. For T,

20
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° 150°C 0 16.1
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[ 250°C 200 18.4
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FIG. 3. (Color online) (a) TMR loops of sample.../(Co 0.6/Pt 1.8)4/Co 0.7/
Mg 0.5/MgO 2.1/(Co 0.7/Pt 1.8),/... and (b) TMR values for the different
annealing temperatures.
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FIG. 4. (Color online) (a) Temperature dependence of the TMR for the
PMTI.../(Co 0.6/Pt 1.8)4/Co 0.7/Mg 0.5/MgO 2.1/(Co 0.7/Pt 1.8),/... and of
a reference sample.../Mn-Ir 12/Co-Fe-B 4/Al 1.2 + Oxidation/Co-Fe-B 4/
Ni-Fe 3/... (all numbers in nm) with in-plane anisotropy. (b) Normalized
TMR as a function of the bias voltage for the pMTJ and for the reference
sample measured at 13 K.

larger than 250 °C, the TMR decreases to 0.7%. The area-
resistance product in the parallel state of the samples is about
60 MQ um’ The switching field of the soft electrode
increases with increasing T, whereas the switching field of
the hard electrode is very sharp and firstly remains unchanged.
That means that the field range of the antiparallel alignment
of the magnetization becomes smaller. For 7,, >250°C, the
behavior of the hard electrode changes and the magnetization
turns slowly. We propose that the abrupt, strong decrease of
the TMR for higher annealing temperatures is due to a change
of the magnetic behavior of the perpendicularly magnetized
electrodes. It behaves very different from the decrease in
TMR due to diffusion which we reported for Co/Pd based
PMTJs.2® For Co/Pt based pMT]Js, the antiparallel alignment
of the electrodes over a certain field range vanishes for
T,>250°C. We propose the electrodes switch simultane-
ously. But, this cannot be finally clarified with transport meas-
urements. The magnetization switching of a structured MTJ
element must be investigated. As this magnetization is a very
small quantity, special samples with arrays of MTJs will be
prepared to do this.

Finally, transport measurements for the sample Si wafer/
Si0y/Ta/(Pt 1.8/Co 0.6)4/Co 0.7/Mg 0.5/MgO 2.1/(Co 0.7/Pt
1.8),/protection layers annealed at 200 °C were performed at
different temperatures and compared to measurements of a
reference sample with CoFeB electrodes and in-plane anisot-
ropy. The MgO barrier of the pMTJs is not considered to be
textured, as the TMR-effects are not close to that in the co-
herence tunneling scheme in epitaxially MgO-bcc systems.
Thus, a MTJ with an amorphous alumina-based barrier is
chosen as the reference sample. The reference sample is
annealed at 275°C and shows a TMR effect of 112% at
10mV and 13K. Figure 4(a) shows the temperature depend-
ence of the TMR for the pMTJ and the reference sample. The
TMR of the PMTJ changes by a factor of 1.9 if cooled to
13K, whereas the reference sample changes by a factor of
1.6. It can be suspected that the temperature dependent mag-
netic switching behavior of the pMTJ gives an additional
component to the overall temperature dependence of the
TMR ratio. This behavior is known for tunnel junctions based
on materials with perpendicularly magnetized electrodes and
can have a large influence on the TMR ratio.! In Fig. 4(b),
the bias voltage dependence of the TMR effect is shown and

J. Appl. Phys. 111, 07C703 (2012)

compared to the reference sample. The bias voltage depend-
ence of the TMR for the pMTJ with Co/Pt electrodes shows
no fundamental change compared to the in-plane reference
sample. A peak-like maximum is observed for zero bias, and
the TMR decreases to the half-value for bias voltages of
about 350mV.

In summary, magnetic measurements of the Co/Pt multi-
layers were performed to characterize the electrodes. The
interface magnetization of the Co layers at the Pt interface
was estimated in dependence of the annealing temperature.
The effect of the annealing temperature on the TMR effect
of the MTJs was investigated. TMR ratios of about 19% at
room temperature and two well-defined switching fields
were observed for an optimum annealing temperature of
200°C. Temperature- and bias voltage-dependent transport
measurements of pMTJs with Co/Pt electrodes were shown.
The TMR increased by a factor of 1.9 if cooled to 13 K. The
results are compared to measurements of an alumina based
magnetic tunnel junction with CoFeB electrodes and in-
plane anisotropy.
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