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2 The work done during the funding period

The aim of the Japanese-German Research Unit “Advanced spintronic materials and transport
phenomena (ASPIMATT)” was and continous to further develop the foundations for a future
spintronics. Key is to use the spin degree of freedom as carrier of information. In the recent years,
spintronics has become a wide research field addressed worldwide. First outcomes, such as
magnetic sensors based on the giant magnetoresistance and the tunneling magnetoresistance
effect have revolutionized the hard-disc industries; novel developments such as spin-transfertorque
random access memory are currently aiming at the market.

Key to this field is the development of largely improved magnetic materials and their tailoring to
spintronic applications, and this is the central focus of the ASPIMATT research unit. The groups
collaborating in ASPIMATT have recognized the need for new materials, and they have opened the
new field of the material class of Heusler compounds for spintronic applications. Major
contributions to spintronics from the ASPIMATT team have been the development of tetragonal
Heusler compounds for spin-transfer torque applications, nowadays used by many other groups as
well as industry, high-quality devices for current-perpendicular-plane (CPP) GMR applications
with record magneto-resistive parameters, especially for the next-generation read heads in
harddisk industries, and, recently, innovative lateral spin transport devices. In the first funding
period we have developed and characterized new spintronic materials for applications at room
temperature and the fabrication of prototype devices. Now, in the second funding period, as
foreseen in the long-term goals, we change the focus more in direction of the study of new devices
for spin transport phenomena, in particular lateral spin current phenomena and phenomena
related to spin orbit coupling. A novel development in the field is the consideration of effects
depending on thermal gradients — spin-caloric effects — and this is now taken up by a specific new
project.

In the last funding period large progress has been made to substitute conventional materials by
Heusler compounds. The close collaboration between material scientists designing, realizing and
characterizing novel bulk and thin-film Heusler compounds and engineers designing new devices
has proven extremely fruitful. Groups from two German universities, the Johannes Gutenberg
Universitiat Mainz and the Technische Universitat Kaiserslautern, have combined their expertise
with groups at the Tohoku University, Sendai, Japan to cover the full range from the computer
based design to applications in real devices based on Heusler compounds. In the next funding
period, Prof. Felser, who is project leader of German side, will hold two posts of Mainz and MPI,
and some members of Mainz have moved in MPI. In addition, two new groups have been added on
the Japanese side. Prof. E. Saitoh, a young professor at Tohoku University, brings in his expertise
in spin pumping and spin-Seebeck phenomena and will apply them to Heusler compounds. Prof. M.
Yamamoto, Hokkaido University, Sapporro contributes with his expertise in epitaxial systems and
defect structures. German teams (Kaiserslautern, Mainz, MPI) and Japanese teams (Tohoku,
Hokkaido) will continue close collaboration in the next period.

The ASPIMATT team has led to several important breakthroughs in spintronics — in the original
proposal we have formulated expected key results.

1. Design and synthesis of a Heusler ferromagnetic semiconductor (bulk material and thin films)
- With Mn2CoAl the first ferromagnetic Heusler-semiconductors were designed and synthesized
as a bulk material [1].
2. Design and synthesis of materials for an all-Heusler CPP GMR device, with a metallic/ non
magnetic Heusler spacer with a high conductance and an appropriate band structure.
- An all Heusler device with a magnetic Heusler compounds such as Co2MnSi and
corresponding nonmagnetic semiconductor CoMnTiSi fullfill the desired conductions [2].
3. Fabrication of a spin torque device with a Heusler electrode and an RA < 10 pQma2.
- The Takanashi group prepared CPP-GMR devices with Heusler electrode, which has low RA
[3].

4. Demonstration of a lateral spin torque based device
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- High-power spin-transfer torque oscillators [4]
- Also the Ando group prepared a lateral device for spin propagation by spin torque oscillation
5. 500% TMR at room temperature in a Heusler device
- 350% TMR achieved at room temperature, and 2000% at low temperature [5].
6. 50% CPP GMR at room temperature in a Heusler device
- Large Magnetoresistance Effect in Epitaxial Co2Feo.4Mno.6Si/Ag/CozFe0.4Mno.6Si devices [6].
7. Understanding dynamics in Heusler devices with low damping
- Identification of CozMno.6Fe0.4Si (CMFS) as novel low-damping material with low threshold
for applications in nonlinear magnon transport [7].
- Band-structure dependent ultrafast demagnetization in the Heusler alloy Co2Mn1i-xFexSi [8].
8. Demonstration of lateral spin transport in Heusler devices
- Realization of lateral spin-valve devices with half-metallic Heusler compounds in the
Takanashi group (Project 4.6-B).

The record value in CPP-GMR devices being achieved with Heusler compound electrodes by the
ASPIMATT team attracted already the interest of the hard disc industry. Within the first funding
period the ASPIMATT principle investigator have jointly contributed to nearly all areas of
spintronics research and proven the high impact of Heusler compounds due to their tunability. All
the requirements for STT-RAM, low damping with low magnetization and high spin polarization
are impossible to find in traditional magnetic materials, but in the new class of manganese rich
Heusler compounds.

After our discovery of the unique properties of bulk Mn3Ga and thin films [9,10] many companies
(IBM with Micron, Intel and Seagate) have started to investigation of Mn3Ga and related systems
for STT-RAM and STT Oscillators. Additionally the Mizukami and Miyazaki group could show
that high frequency oscillation can be realized. Spin precession with frequencies up to 280 GHz is
observed in MnsxGa alloy films with a perpendicular magnetic anisotropy constant Ku of 15 M
erg/cm3. The damping constant o, characterizing macroscopic spin relaxation and being a key
factor in spin-transfer-torque systems, is not larger than 0.008. Those are about one-tenth of a-
values for known materials with large Ku[11]. However, one drawback is a low TMR value, to low
by a factor 3. In a strong collaboration between the German and Japanese group we were able to
identify several potential reasons and solutions.

A smooth interface is critical for a high spin polarization, but can be designed with the help of a
dusting layer (Co, Fe). The lattice mismatch can be overcome by searching for a Mn2YSn compound
with a high Curie temperature and band structure match to MgO. Another way was established in
collaboration between Mizukami/Myazaki and Felser/Fecher groups by increasing the number of
valence electrons when using MnsxCoxGa [12] instead of MnsxGa. The recently produced and
investigated thin films exhibit perpendicular anisotropy with high coercive fields [13]. They are
right now in the optimization stage and will be used in the next funding period for devices. The
Yamamoto team discovered the highest TMR ratio in a Heusler compound with Heusler electrodes
containing access manganese [5]. This is not surprising because both families, Coz- and Mnz-based
Heusler compounds, are 100% spin polarized in the bulk. For the second funding period Yamamoto
has joint ASPIMATT, he had already a joint JST-DFG project with the Felser group from 2009-
2011. Within this collaboration, the world wide first spin resolved high energy photoelectron
spectroscopy experiments were performed in Japan and Germany [14].

With spincalorics a new field was introduced to spintronics, which has caused the attraction of
nearly all groups working in spintronics worlds wide. Saitoh and his team is therefore the second
new group of the ASPIMATT team and his series of recent high impact publications speak for
themself. In the area of lateral spin transport the CPP-GMR with continuous Co7sFess free layer
prepared on a coplanar wave guide with low microwave transmission loss for BLS measurement
was a further high light of the first funding periode. The Spin Torque Oscillation was observed
electrically without harmonic signal (Ando and Hillebrands).

The partners of ASPIMATT published overall more than 100 papers in refereed journals. From
those 10 are coauthored jointly by Japanese and German teams, 52 by Japanese teams, and 39 by
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German teams. Further, seven PhD theses were successfully finished in the German groups of
ASPIMATT. The members of ASPIMATT gave 106 invited and 134 contributed talks on national
and international conferences.

Notwithstanding natural disasters (flight cancellation due to volcano eruption and earthquake),
the ASPIMATT consortium was able to held two joint meetings together with one summerschool
and to keep researchers exchange between Japan and Germany active.
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2.1 Objectives
Building on the framework of the first funding period, we continue to follow the two main
objectives:

1. Development of new Heusler materials with advanced properties for spintronic applications,
2. Exploration of new transport phenomena in spin electronics based on Heusler materials, with
increased focus on the second objective.

ASPIMATT continues to be organized by two Project Areas, reflecting these two objectives, and,
as a separate sorting category, into four Tasks addressing specific common goals. The Project
Areas and the Tasks provide a matrix for the projects. Table 1 shows the matrix with the projects.
All ASPIMATT partners and their projects have been carefully selected with respect to expertise,
scientific standing, complementarity in research methods as well as with respect to novelty,
potential for innovation and generating added value via collaboration, in particular via direct
cooperation between groups from both countries. In the new funding period, emphasis is shifted
towards applications, as foreseen in the long-term vision in the original proposal. Therefore, some
projects (2.2-A, 2.3-A, 3.1-A, 4.3-B) have been brought to an end — all these projects have achieved
their anticipated goals. Two new groups have been added on the Japanese side. Prof. E. Saitoh, a
young professor at Tohoku University, brings in his expertise in spin pumping and spin-Seebeck
phenomena and will apply them to Heusler compounds. Prof. M. Yamamoto, Hokkaido University,
Sapporro contributes with his expertise in epitaxial systems and defect structures. Other projects
have been adjusted to address the new directions.

The project areas are
Project Area A: New materials with advanced properties for spintronic applications
Project Area B: New transport phenomena in spin electronics

And the tasks are continued as well:

Task 1: New materials for spin filter effect

Task 2: Heusler alloys with large perpendicular anisotropy
Task 3: Spin injection and dynamics

Task 4: Lateral spin transport and spin waves including devices

Building on the results obtained in the first funding period, we formulate the following expected
key results for the second funding period:
- 100% room temperature TMR for tetragonal Heusler compounds for spin-transfer torque
application

- Novel Heusler based spin injector materials for Si with MR ratio beyond state of the art

- Demonstration of magnetic switching by a pure spin current in a lateral Heusler based device

- CPP Heusler based spin-torque oscillators with large output power and high g-factor

- Development of materials with improved low Gilbert damping

- Development of a Heusler material for giant spin-Hall effect to replace Pt in all-Heusler spin
pumping, spin-Hall effect devices and realization and characterization of such devices

- Understanding spin-pumping and spin-Seebeck mechanisms in Heusler based heterostructures

- Spin-wave propagation, nonlinear dynamics and phase locking in Heusler materials

- Direct measurement of spin-injection efficiency and understanding of the dynamics on the
femtosecond time scale

From the viewpoint of applications spintronics and therefore ASPIMATT has become even more
relevant during the past three years. Over the last decade, there are more and more demanding
users of an entirely new range of electronic devices designed to facilitate communication, exchange
ideas and strengthen social bonds. The common denominator of these devices is their dependency
on cheap, fast and reliable non-volatile mass storage, retained in the absence of power. During the
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first quarter of 2010, a total of 3,397 petabytes (1015 B) of storage capacity was shipped from the
suppliers to their customers (source: Inter-national Data Corporation). Intel alone predicts that
their corporate storage needs will balloon from 20 PB in 2007 to 90 PB in 2012 (Intel white paper
on storage cost). EMC predicts that the global need for storage will increase 44-fold by 2020,
mainly driven by the need for massive on-line storage [15]. This huge projected increase of memory
highlights the need to improve memory performance, both in terms of density and power
consumption, as the limits of the current technology are already being approached. The future of
storage requires development of new materials that combine the strengths of the existing
technologies while suppressing their weaknesses.

Whereas the hard-disk drive has been the mass storage technology of choice for over 50 years,
solid state memory is also of primary importance both for storage (cf. the rapidly growing use of
solid state drives in PCs, tablets and handheld devices) and for cache between processors and
memory, on the one hand, and users and data centres, on the other hand. The solid-state memory
market is a multi-billion dollar business and expected to increase from $46.2 Billion in 2009 to $79
Billion in 20142, with three major technologies currently in play: DRAM (60% of the market
volume) as a fast, dense and cheap (albeit volatile) memory, Flash (30%) as the non-volatile (e.g.
storage) memory and SRAM (10%), as fast cache memory. Whilst Flash capacity is rapidly
increasing towards hard-disc drive (HDD), it remains limited due to higher cost, low writing speed
and limited endurance. SRAM and DRAM both suffer from their volatility and there are scalability
issues beyond 22 nm feature size.

Among the magnetic RAMs the Spin-Transfer-Torque Magnetic RAM (STT-MRAM) is one of the
two most promising emerging memory devices for non-volatile data storage (according to the
Semiconductor Research Corporation, 2011). Moreover, STT-MRAM has perspectives below the 10
nm feature size, because STT for magnetisation switching (writing) can be supported by localized
heating during write, similar to Heat-Assisted Magnetic Recording (HAMR) in hard disk drives.
Within this approach, labelled TAS (Thermally-Assisted Switching), new magnetic storage
materials with extremely high anisotropy, low magnetisation and low damping can open the way
to further increase thermal stability while targeting write times well below 10nsec. In addition,
STT combined with TAS then can reduce power consumption per write cycle to a minimum,
possibly down to the fJ range at a 10nm feature size.
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2.2 Work programme incl. proposed research methods

It is evident, that the aims of ASPIMATT can only be achieved via a very strong and well
managed collaboration. The team building process between the ASPIMATT members has been
extremely successful. The organization of the ASPIMATT collaboration has worked out very well
and will be continued. Projects have been arranged by criteria of quality, optimum
complementarities and interaction. For reasons of easy financial management joint German-
Japanese projects have not been foreseen. However, only projects have been accepted into
ASPIMATT, which have strong direct links and need for collaboration to the other country. These
links are described in each project description.

The interaction between the projects is shown in Table 1. Projects with very strong interaction
are marked with red, those which are complementary are marked with pink. Projects which
provide samples to others are marked in orange, projects which supply theoretical support and
predictions in yellow, and projects which provide some service to others in green.

TablelMatrix of interactions between projects. Red: projects with very strong interaction; rose:
collaboration and complementary projects; orange: projects which provide samples and ideas to others;
yellow: projects which supply theoretical support; green: projects which provide service to others to some

extent.
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The ASPIMATT initiative will meet once year with all members, alternating between Japan and
Germany. Smaller, thematically focused workshop meetings such as on specific materials aspects
and on transport problems will be organized, in addition. In the day-to-day business means such as
video conference tools, will be used in addition to standard telephone calls and e-mails. Specific
measures, which have been proven to work very successfully, will be continued to foster the
international collaboration already on the student level. For the training of the graduate students
one joint summer school on an innovative subject is planned for 2014 in Japan, succeeding the
international summer school organized in Kaiserslautern in 2011. Leading scientists from around
the world will be invited as lecturers. These actions will of course be reinforced by other
dissemination actions (publications, submissions to international conferences etc). Graduate
students are expected to spend secondment of at least two months duration in partner lab in the
other country, and student workshops organized by the students themselves are strongly
encouraged.
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2.3 Important results
1.1-A New materials for controlling high spin polarized current with low electric consumption

(I) Heusler materials

In this section, we will report the tunnel magnetoresitance effect in junctions with Coz2Fe(Al,Si)
full-Heusler electrodes to obtain the highly polarized spin current in conjunction with their crystal
structure, and spin injection phenomena into GaAs semiconductor from CozFe(Al,Si) full-Heusler
electrodes which generate highly spin polarized current.

The junctions with a stacking structure of Cr-bufferd MgO single crystal
substrate/CozFeAlosSio.s 30 nm/All.3nmoxide/ CorsFe2s 3 nm/IrMn15nm/Ta were also fabricated.
The Al-oxide barriers were formed by plasma oxidation for 120 s in the chamber. The junctions
were patterned by using conventional electronbeam lithography and Ar ion etching. The patterned
junctions were annealed at optimized temperature between 200C and 350C in high vacuum by
applying a 2 kOe magnetic field. Magnetoresistance curves were measured by a four-probe method
from 5 K to RT. The junction on MgO(100) exhibited 76% at RT and 106% at 5 K, while that on
MgO(110) showed 72% and 103% at RT and 5 K, respectively. The largest magnetoresistance ratio
in this study is derived from the highly ordered B2 structure, not L21 structure. From the results of
magnetization and surface roughness measurement, the Coz2FeAlosSios with 121 structure
obtained by 600C annealing, possesses as small magnetization and large surface roughness. These
will be the reason of the smaller tunneling spin polarization of L.21 structure due to the imperfect
L21 ordered structure or rough interface due to Cr inter diffusion from the buffer layer. By
applying the spin polarization of 0.5 for Co7sFess into Julliere’s model, the tunnel spin polarization,
which includes the effect of barrier parameter, interface between barrier and electrode, and
ferromagnetic electrode spin polarization, of CosFeAlo.5Sio.s fabricated on MgO (100) and MgO (110)
is estimated to be respective 0.71 (0.55) and 0.70 (0.53) measured at 5 K (RT), respectively.

The tunnel magnetoresistance effect for junctions with CozFeAlosSio.s electrodes and MgO (001)
epitaxial barrier was investigated to improve the magnetoresistance ratio. First CosFeAlo.5Si0.5
electrodes and MgO barrier was fabricated by sputtering and MBE systems, respectively. In this
junction, maximum magnetoresistance ratio of 390% (220%) measured at 5 K (RT) was obtained,
which correnpond to spin polarization of 0.81 (0.72). Next, both Coz2FeAlosSios electrodes and MgO
barrier were fabricated by MBE system. In this case, Co2FeAlosSios electrodes were fabricated by
MBE with two kinds of annealing treatments. That is, annealing treatment is carried out during
and after deposition for a lower Coz2FeAlo5Sio.s electrode. The maximum magnetoresistance ratio of
832% (386%) measured at 9 K (RT) was obtained, which correspond to tunnel spin polarization of
0.90 (0.81). In this study, all layers were fabricated by MBE system in ultra-high vacuum
conditions, which might be attributed to the improvement in the MgO barrier quality.

(IT) Spin filter

The magnetic moment has been reported to increase when the Fe atom in BiFeOs is replaced
with Co atom. As a result, these materials are in growing demand for use in spin-filter applications
with low electric consumption during the writing process. When used for spin-filter structure, a
few-nanometer-thick high-quality film, a flat surface/interface, and good compatibility with the
thin metal film process are required. The aim in first funded period is to determine the preparation
conditions of single phase Co-substituted BiFeOs [Bi(Feo.9Co0.1)Os] epitaxial films on SrTiOs (100)
substrates by r.f. magnetron sputtering.

The Co-substituted BiFeOs films having a thickness of 50 nm were fabricated by r.f. magnetron
sputtering on single crystal SrTiOs (100) substrates. The sputtering target of Bi(Feo.9Co0.1)Ox
consisted of Bi2Os and Fe203 powder that had been sintered in air. The sputtering conditions such
as argon (Ar) and/or oxygen (O2) gas pressure, sputtering power, heating temperature in vacuum
or air were systematically changed to fabricate single phase Bi(Feo.9Co00.1)Os films.

The films deposited by r.f. magnetron sputtering using Ar and Ar + Oz gases at an ambient
temperature had an amorphous structure. In order to crystallize the perovskite structure of
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Bi(Feo.9C00.1)0s films, the samples were annealed under both vacuum and air conditions. In the
case of the samples annealed under vacuum conditions, secondary phases such as BiOx were
formed; therefore, the experimental data of the vacuum condition is not shown. The formation of
the perovskite structure in XRD patterns was identified by the high angle peak of (003)
Bi(Fe0.9Co00.1)03, because the lattice mismatch decreased with increasing Co content. The films
crystallized above the annealing temperature of 500°C with a broad unknown peak of 20 = 27°,
however, the perovskite phase was not observed at 500°C. After annealing at 600°C, only the
perovskite peaks of (003) Bi(Feo9Co0.1)Os was observed near the peaks of the (003) SrTiOs
substrate. At 700°C, the secondary phases of BiOx were observed, and the peak of the perovskite
structure became weak.

The magnetic property of single phase Bi(Feo9Co0.1)Os epitaxial films was measured. A
saturation magnetization of 20 emu/cm3 was observed along with a weak remanent magnetization.
When compared with epitaxial and polycrystalline BiFeOs films, the magnetization was clearly
enhanced. This magnetization might be attributed to local ferrimagnetism and/or suppression of
long-range incommensurate spin cycloids and/or moderation of short-range canted G-type
antiferromagnetism. In order to compare our results with previous works, we plotted
magnetization values as a function of Co concentration. A magnetization of 20 emu/cm3 at a Co
concentration of 10 at.% is almost consistent with previous reports that used a different
preparation method.

1.4-B Theoretical studies on electronic and transport properties of heterostructures based on
half-metallic Heusler alloys

(I) First-principles study on temperature dependence of tunneling magnetoresistance of magnetic
tunnel junctions with CoeMnSi

In order to elucidate the mechanism of the large temperature dependence of the TMR ratios, we
theoretically investigate the effect of thermal fluctuation of the local spin-moment to the TMR
effect.

We found that the Gp (Gap) decreases (increases) with increasing spin angle 6, leading to the
significant reduction of the TMR ratio (less than 100% at 6=45° for both MTJs). These results can
be attributed to the spin-flip scattering of conducting electrons owing to the interfacial
noncollinear magnetic structures. Furthermore, we estimated the exchange coupling of interfacial
Co spin-moments in the CMS/MgO junction and found that the interfacial exchange constant is
much smaller than that of bulk CMS. This results in large temperature dependence of the TMR
ratio for the Co-terminated CMS/MgO/CMS MTdJ comparing with the Fe/MgO/Fe MTJ, which is
consistent with recent experimental results. These results indicate that the low TMR ratio
observed in the CMS/MgO/CMS MTdJs at RT is attributed to the spin-flip scattering at the
interfacial Co-layers of the MTds caused by the non-collinear magnetic structures as a result of the
thermal fluctuation of interfacial Co spin-moments.

(II) First-principles study on ballistic transport properties in CozMnSi/X/Co2MnSi(001)
(X=Ag,Au,ALV,Cr) tyrilayers”

Recently, the current-perpendicular-to-plane (CPP) giant magnetoresistive (GMR) devices on the
basis of the half-metallic CozYZ have been fabricated. Although the observed magnetoresistive
effects in CPP-GMR devices are rather small compared with those in TMR devices, studies on the
CPP-GMR system are still important because of the small resistance area product (RA), which is
crucial for realization of an ultra-high-speed reading in magnetic read heads of hard disk drives
(HDD). We investigate and discuss the origin of interface resistance in magnetic trilayers with the
half-metallic Co2MnSi by performing first-principles electronic structure and ballistic transport
calculations for CMS/X/CMS(001) (X=Ag,Au,AlV,Cr).

It is found that the averaged transmittance of the trilayer with anti-ferromagnetic (AFM) bee-Cr
spacer is about 0.2~0.3Go, which is 1/5~1/3 of smaller than that with other spacer. These results
qualitatively agrees with recent experimental results on CPP-GMR devices of epitaxial
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CMS/Ag/CMS and CMS/Cr/CMS, where the smaller resistance area product of the CMS/Ag(001)
interface than that of the CMS/Cr(001) has been obtained. It is clearly seen in our calculation that
the conducting channels of CMS/Cr/CMS are restricted in a small region around k/=(0,0). On the
other hand, highly conducting channels spread over almost entire region in the ki plane for
CMS/Ag/CMS. The highly conducting region in the ky plane can be understood qualitatively by
considering the matching of the Fermi surface over the ki-plane between CMS and Ag comparing
with AFM-Cr. These results indicate that the matching of the Fermi surface projected to the 2d-BZ
of ki is a main contributing factor for the spacer-dependence of the interfacial resistance.

(ITI) Magnetoresistance Effect in Tunnel Junctions with Perpendicularly Magnetized D022-Mns-;Ga
and MgO Barrier

In this study, we have investigated the TMR effect in MgO-based MTds with D022-MnsGa by
using the first-principles electronic and ballistic-transport calculations. First, we have calculated
the electronic band-structure of bulk D022-MnsGa. The dispersion curves along the [001] direction
are depicted for the majority- and the minority-spin states, respectively. It is found that the totally
symmetric A1 band in MnsGa crosses the Fermi level both in the majority- and minority-spin states,
in contrast to ferromagnetic transition metals such as bce Fe. The minority-spin A1 band is
predominantly composed of Mn d(322 — r2) orbital at the Fermi level, while the majority-spin A:
band is mainly constructed from Ga-p(z) orbital.

Then, we have investigated the tunneling conductance of MnsGa/MgO(1nm)/ MnsGa(001) MTJs
with the MnMn-termination and MnGa termination. Tunneling transmittance calculated at ks = (0,
0) is depicted as a function of incident electron energy relative to the Fermi level for the Mn-Mn
termination in the parallel magnetization configuration via the majority- and the minority-spin
channels, respectively. It is confirmed that the A1 band predominantly contributes to the tunneling
transmittance for both the majority- and the minority-spin channels. Furthermore, it is noted that
the tunneling transmittance via the majority-spin channel is almost two orders of magnitude
larger than that via the minority-spin channel at the Fermi level. The significant reduction of the
tunneling conductance at the Fermi level of the minority-spin channel can be attributed to the
scattering of d(322 — r2) electrons at MnsGa/MgO(001) interface, since Mn d(322 — r2) orbital is
much more localized than Ga-p(2) orbital. As the consequence, we have obtained the positive TMR
ratio 642% for the MTdJ with the MnMn termination exceeding and 70% for the MnGa termination.

(IV) First-principles study of tunneling magnetoresistance in Fe/MgAl:04/Fe(001) magnetic tunnel
junctions”

Recently, normal spinel type MgAl204 have attracted much attention, because the lattice
constant of MgAl204 is about 8.09A, leading to very small lattice mismatch less than 0.5% with becc
Fe. We investigated the spin-dependent transport properties of Fe/MgAlo04/Fe(001) MTJs on the
basis of first-principles calculations of the electronic structures and the ballistic conductance.

The calculated TMR ratio of a Fe/MgAl:04/Fe(001) MTJ was about 160%, which was much
smaller than that of a Fe/MgO/Fe(001) MTJ (1600%) for the same barrier thickness. However,
there was an evanescent state with A1 symmetry in the energy gap around the Fermi level of
normal spinel MgAl204, indicating the possibility of a large TMR in Fe/MgAl:04/Fe(001) MTJs. The
small TMR ratio of the Fe/MgAlo04/Fe(001) MTJ was due to new conductive channels in the
minority spin states resulting from a band-folding effect in the two-dimensional Brillouin zone of
the in-plane wave vector (ki) of the Fe electrode. Since the in-plane cell size of MgAl:O4 is twice
that of the primitive in-plane cell size of bee Fe, the bands in the boundary edges are folded, and
minority-spin states coupled with the A1 evanescent state in the MgAl204 barrier appear at k= 0,
which reduces the TMR ratio of the MT4dJs significantly.

2.1-A Mn-based Tetragonal and Inverse Heusler Alloy Films with Perpendicular Magnetic
Anisotropy for Spin-Transfer-Torque application
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(I) Magnetic and structural properties

We fabricated perpendicularly magnetized Mns«Ga (x=0-2) on Pt buffer, and investigated
structure and magnetic properties of films with several composition x. Saturation magnetization
Ms decreases with the composition close to x=0, and Ms was ~ 50 emu/cc. This trend is similar to
that observed in bulk, however the peak intensity of (004) for Mns«Ga also decreases, so that
structural disorders can be induced near the stoichiometric composition and deterioration of
magnetic properties appeared in our view.

Furthermore, to get into insight the electronic structure of MnsxGa, we investigated magnetic
moment and uniaxial (perpendicular) magneto-crystalline anisotropy Ku of epitaxial MnixGa thin
films with much wider composition range from x=0-2. The epitaxial films with L1o structure (x=~1-
2) and with DO0q2 structure (x=~2-3) were nicely obtained with better qualities, which showed well-
squared hysteresis loops when magnetic field is applied perpendicular to a film plane. Saturation
magnetization and magnetic moment per unit cell decrease linearly with increasing Mn
concentration. This can be explained by the model that Mn atom having the composition-
independent magnetic moment occupies on different Mn site. The K, is of the order of 10 Merg/cm3
in any compositions and did not decrease significantly against Mn composition x. The values for
magnetic moment and Ky for these alloys roughly agree with the values predicted by first principle
calculation done by Japanese theoretical group. These results demonstrated that Mn-Ga is a
special material, namely the value of Ms can widely be tuned by Mn composition, and this is
favorable for various kinds of application.

(IT) Magnetization dynamics and Gilbert damping of Mns-xGa films

We investigated the precessional dynamics of magnetization to evaluate Gilbert damping
constant « for MnsxGa with Llo and DOs2 structures. Time-resolved magneto optical Kerr effect
(TRMOKE) with Femtosecond pulse laser was employed to 100-300 GHz. Estimated Gilbert
damping constant was evaluated to be at most 0.015 (0.007) for the 100 nm thick epitaxial Mns-
«Gax films with D022 (L1o) structures. These values are consistent with the theoretical fact,
provided by Japanese theoretical group, that Gilbert damping for these alloys is not large. However,
there still remains the issue whether the theoretical values agree with the experimental values
quantitatively and why this Mn-Ga alloys show large Ky and small « simultaneously even though
both quantities originate from spin-orbit interaction perturbing band structure for magnetic
metals.

(III) TMR of MTJs with the Mns-xGa electrodes

We first investigated TMR of MTJs with a perpendicularly magnetized DO22-Mns«<Ga (x=0.6)
electrode. Staking structure was D022-Mns~<Ga (30 nm) / Mg (0.4 nm) / MgO (2 nm)/ CoFe (2.5 nm).
The maximum TMR ratio of 9.8% (22.1%) was observed at 300 K (10 K) with dvg = 0.4 nm. This
value is quite smaller than the values estimated from the spin polarization of Mn3Ga and CoFe
electrodes. First principles calculations of band dispersion relations and tunneling conductance in
a Mn3Ga / MgO / MnsGa layered structure were also performed by Japanese theoretical group,
which revealed the existence of Ar-bands in Mn3Ga and relatively large TMR ratio over 600%.
These are not consistent with the experimental results. To investigate if Mn atoms are oxidized at
an interface between Mn-Ga and MgO, we investigated Mg layer thickness dependence on TMR in
D022-Mn2.4Ga / Mg / MgO / CoFe MTdJs. TMR ratio exhibited maximum value of 22% at dwvg = 0.4
nm and - 14% at dvg = 1.4 nm at 10 K. The composition dependence of TMR in Mn-Ga / MgO / CoFe
MTdJs with MnssGass, Mne2Gass, and Mn71Gasze electrodes was also investigated. An MTdJ with a
Mne2Gass electrode showed a maximum TMR ratio of 23% at 10 K and high annealing endurance
up to 375 oC.

Although the bias voltage dependence of the TMR ratio was distinct among MTdJs with different
Mn-Ga compositions, TMR did not show significant composition dependences and seemed to be
insensitive to Mn composition, even though electronic structure does change significantly with Mn
composition. This may imply that TMR in these MTdJs was determined by electronic structure at a
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Mn-Ga / MgO interface. Therefore, we tried to modulate electronic structure at interface between
Mn-Ga and MgO with inserting very thin iron or cobalt layers, as follows. In cases of iron insertion,
we tested Mne2Gass/Fe/MgO/CoFe structure. A maximum TMR ratio of 24% was observed in an
MTJ with a Fe thickness of 1.1 nm at room temperature, which corresponded to a 57% TMR ratio
in the case of a complete anti-parallel magnetization configuration. In case of Co insertion, we
tested the fully perpendicular MTJs (p-MTJs) of Mne2Gass/Co/MgO/CoFeB. The TMR ratio was
improved significantly due to the Co insertion, reached 40% at room temperature (80% at 5 K)
when the Co thickness was 1.5 nm.

2.2-A Half-metallic Heusler alloys combined with L1o ordered alloy films

() CPP-GMR with half-metallic Heusler compounds

In the project 2.2A, we have fabricated the CPP-GMR devices with CMS electrodes. The basic
stacking structure is MgO-subs./Cr/Ag/CMS/Ag/CMS/Ag/Au. We have investigated annealing
temperature dependence of MR ratio and successfully observed the largest MR ratio of 36% at RT
and 68% at 110K in the sample annealed at 550°C. This MR ratio was the best MR ratio ever
reported at that moment. We also investigated the mechanism of high MR ratio of CMS/Ag/CMS
structure by obtaining a theoretical support from Prof. Shirai’s group in this project. In the first
principles calculation of ballistic conductance in (001)-oriented CMS/Ag/CMS and CMS/Cr/CMS
structure, we found that Fermi surfaces of CMS and Ag have a similar shape with that of Cr,
which results in a large conductance through the CMS/Ag interface. Therefore, we can expect a
large conductance of majority-spin electron at the CMS/Ag, whereas a small conductance of
minority-spin electron due to the half-metallicity of CMS, that seems to be a main origin of large
MR ratio in (001)-oriented CMS/Ag/CMS CPP-GMR device. We also measured spin-torque induced
rf-oscillation (STO) in the CMS/Ag/CMS CPP-GMR devices. STO is the phenomenon where the
precession of magnetization around an effective magnetic is permanently excited by the balance
between a damping torque and a spin-transfer torque. The rf-output power is generated from the
changing of the device resistance through MR effect; thus the magnitude of rf-output power is
determined from the MR ratio and the precession angle of magnetic moments around magnetic
field. Owing to a large MR ratio of CMS/Ag/CMS CPP-GMR devices, we have successfully observed
a large rf-output power of about 1 nW in spite of a small precession angle below 10 degree, which is
one order of magnitude larger than that reported in usual CPP-GMR devices using a conventional
3d ferromagnetic material such as Fe and Co. In our more recent study, we have fabricated
Coz2FexMn1-xSi(CFMS)-based CPP-GMR devices, and observed MR ratio of over 50% at RT. In these
samples, we were able to observe the largest output power of 52 nW together with a large quality
factor of over 1000.

(II) Anisotropic magnetoresistance effect in half-metallic Heusler compounds

Anisotropic magnetoresistance (AMR) effect is a conventional magnetoresistance effect in
ferromagnetic materials, where an electric resistance changes with a relative angle f between
magnetization and electric current directions. Recently, Kokado et al established a theoretical
model to explain AMR effect universally on the basis of s-d scattering model with spin-orbit
interaction. They reported that the sign of AMR ratio in half-metallic material should be always
negative, i.e., a resistance in parallel state (f= 0°) is smaller than that in perpendicular state (f=
90°). In half-metallic materials, either up- or down-spin electron channel is missing at Fermi level,
which result in a dominant s-d scattering from up- (down-) spin s-state to up- (down-) spin d-state;
that is an origin of negative AMR ratio in half-metallic materials. If this theoretical prediction is
correct, it is very useful to examine a half-metallicity of material since AMR effect can be easily
measured by a general 4-terminal method without any micro-fabrications. Therefore, we have
systematically investigated AMR effect in CFMS films with different compositions and annealing
temperatures. As a result, when the Fe composition x varies in Coz2FexMn1-<Si epitaxial film, we
observed the sign changes from negative to positive at x = 0.8. According to the theoretical
prediction by Kokado et al., this result suggested that a half-metallicity is perfectly destroyed over
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x=0.8. We also investigated the electronic structure of CFMS by first-principles calculation based
on local density approximation. It was found from this calculation that the number of down-spin d-
states gradually increases with x and finally a half-metallicity perfectly disappears in Co2FeSi,
which shows good agreement with the result of AMR measurement and theoretical model for AMR
effect.

3.1-A Gilbert damping in half metal Heusler alloy films

From the theoretical and experimental researches on spin torque transfer switching, the
magnitude of critical current density Jco is considered to be proportional to damping constant (o)
and saturation magnetization (Ms) and is inversely proportional to spin injection efficiency. Thus
one needs materials showing low- ¢, low- Ms, and high-spin polarization. Half-metallic materials
offer an ideal basis for a tailoring of the damping properties towards small «value because the
energy gap for minority electrons closes the spin-flip channel as one of the important transfer
mechanisms.

We fabricated epitaxially grown Co2MnAlcSii-x (CMAS) and CozFexMni«Si (CFMS) Heusler alloy
films and systematically investigated their magnetic damping constant using a ferromagnetic
resonance (FMR) technique. The relationship between the experimental results of the magnetic
damping and the first principle DOS calculation has been clarified. Furthermore, we have also
investigated thickness dependence of CFMS films. Finally, we have realized the very thin CFMS
films with low magnetic damping. We provided the Heusler alloy films with low magnetic damping
to the German groups and they have investigated the high-speed spin dynamics by pump-probe
method and have also observed the spin-wave propagation. Detailed results are as follows.

Films with MgO(001)-sub./Cr(40)/CMAS or CFMS(30)/Ta(2) (in nm) structures were prepared
using magnetron sputtering system. We controlled the film composition by co-sputtering from Co-
Mn-Si (Co: 43.7%, Mn: 27.95%, Si: 28.35%), Co-Mn-Al (Co: 43.7%, Mn: 27.95%, Al: 28.35%), and Co-
Fe-Si (Co: 47.5%, Fe: 24.2%, Si: 28.3%) alloyed targets. We used ICP spectroscopy to analyze the
film compositions. The Co2MnAlxSiix and the CozFexMn1xSi1 films were annealed at 400°C and at
500°C respectively after deposition in order to increase the atomic site-ordering. The crystalline
structure and magnetic properties were respectively characterized using x-ray diffraction (XRD)
with Cu-K, radiation and a superconducting quantum interference device (SQUID). The magnetic
damping constant « and the magnetogyric ratio y were measured by the FMR measurements using
an X-band microwave source (f= 9.4 GHz) and a TEou1 cavity.

XRD results indicate that the fabricated CMAS films have a (001)-orientation and a B2-ordered
structure, because a (002) peak originates in the superlattice reflections from the B2-ordered
structure. The long-range order parameter of the B2 structure estimated from the peak intensities
of (002) and (004) was 0.35 — 0.63. The epitaxitial growth was confirmed from the (220) peak
observed in the pole—figure (¢-scan-profile) measurements for all CMAS films. The (111) peak from
L21-ordering was not detected from the pole—figure measurements except for in the CozMnSi film.
The CFMS films also have a (001)-orientation. In addition, for all the CFMS films, the epitaxial
growth and the L2i-ordering were confirmed from the (111) pole-figure measurements. The long-
range order parameter of the L21 structure estimated from the (111) peak intensity was 0.2 — 0.9.
However, the values of the estimated order parameters are not reliable, because the difference in
atomic number 1s only 1 between the Co and Fe atoms.

The saturation magnetization values were about 20% lower than the values for the bulk samples,
except for that for the CoeMnAl film, indicating that the fabricated films included a certain amount
of atomic site disorder. However, the saturation magnetization increases when the valence electron
number systematically increases according to the Slater rule.

The Gilbert damping constant G (G = ayMs) had the minimum value of 5.5X 107 rad/s for the
CozFe0.4Mno.eSi film and increased rapidly for the CoeMnxFe1xSi with x > 0.6. The Gilbert damping
constant is considered to be proportional to the square of the spin-orbit coupling parameter £ and
the total DOS at Fermi energy D(Er) as mentioned above. The electronic structure for the B2-
ordered CozMnAliSiix and L2i-ordered CozFexMni«Si alloys were calculated, although the
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fabricated CMAS and CFMS films did not have complete B2- and L2i-ordered structures. The
Gilbert damping constant measured by FMR technique seems to be roughly proportional to total
calculated DOS at Er. Small magnetic damping constant of CoeMnAlxSiix and Co2FexMnixSi (x <
0.6) may be attributed to their half-metallic property. In this region, the slight decrease of the
magnetic damping constant with x is considered to be dominated by the DOS at Er in majority spin
states which is gradually decrease with increasing of the valence electrons number. In CosFexMni-
«Si region, their half-metallic property is broken where Er goes into the conduction band of
minority spin states. It is possible to consider that the abrupt increasing of the magnetic damping
constant of CozFexMn1xSi (x > 0.6) is explained by the contribution of the DOS in minority spin
states. Such descriptions are consistent with our results of TMR effect in MTJs using Co2FexMni-xSi
electrode.

We have also investigated thickness dependence of magnetic damping constant for CozMnSi,
Co2Fe0sMnosSi (CFMS) and CogFeSi films. Magnetization of the CMS, CFMS and CFS films
decreased significantly below 2 nm, however, magnetization saturated above 3 nm. This result
indicates that the films above 3 nm had highly ordered structure. Magnetic damping constant of
CMS and CFS drastically increased with decreasing the film thickness. On the other hand,
magnetic damping constant of CFMS slightly increased by decrease of the film thickness. As a
result, we have realized the 3 nm-thick-CFMS film with low magnetic damping constant of c.a.
0.01. The very thin CFMS film with low magnetic damping and high spin polarization would be
very useful for the spintronic devices such as Spin-RAM, HDD head, high-frequency spin oscillator
device and etc.

3.3-A Theoretical study of Gilbert damping in half metal Heusler alloy films

We have studied two subjects in this project. One is to calculate the Gilbert damping constants
of the Heusler alloys by using the first principles approach based on the local density functional
approximation (LDA). Another is to express both the charge and spin currents in the system of
MTJ in the presence of bias voltage and spin dynamics. The main aim of this work is to present a
microscopic description of these currents, in the same footing, including the GMR effects, spin
transfer effects, charge and spin pumping effects, and the spin current driven by exchange
interaction between magnetizations in both electrodes. In addition, we have succeeded to express
the Gilbert damping constant in the system of non-uniform spin dynamics, which does not need the
spin-orbit interaction.

To investigate the first item, that is the calculation of the Gilbert damping of the magnetic
system, we started with the development of the calculation method of damping constants within
the framework of the LDA including the spin-orbit interaction based on the Kambersky’s theory
combined with the linear response theory, and then tried to calculate the Gilbert damping

constants a of Fe-Ni and Fe-Pt systems. The calculated value of « is given at £ —E, =0 and is

found to be about one half of the experimental result. The discrepancy may be reasonable, since we
took into account only the electron scattering due to the random arrangement of atoms. In the next
step, we evaluated the values of & of the Heusler alloys of Co2MnAl, Co2MnSi and CozFeSi with
L21, B2 and A2 structures. For L21 and B2 structures, reflecting the intensity of the density of
states (DOS) of each alloy, CoeMnSi has the lowest value of & because it exhibits complete half
metallicity, while in Coz2FeSi the electronic structure goes to metallic. In the A2 structure, they all

become metallic system having peak in their DOS just at the £, and the values of & are larger

than those of other structures. Although this behavior is qualitatively consistent with the
experimental results by Oogane’s group, the values are about one tenth smaller than the
experimental values. At this stage, the physical origin of this difference is not clear. Therefore, the
quantitative investigations of the & of Heusler alloys in the bulk system together with the film
structure will be the next subject of this item.

In the multilayered structures for the spintronics devices, it is considered that the spin damping
can be attributed not only to the spin-orbit interaction mentioned above but also to the flows of
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angular momentum (spin currents) from the relevant magnetic layer to adjacent layers. Motivated
by this situation, we have studied theoretically on the charge and spin transport in magnetic
tunnel junctions (MTJs) on the basis of a tight-binding model. The spin and charge currents
passing through the tunnel barrier are evaluated perturbatively with respect to the tunnel
Hamiltonian. We assume that the ferromagnetic layer on the left-hand side of the MTJ is the free

layer; that is, the direction of the field at time ¢ in this layer, M, (¢), rotates time-dependently.

Thus, the direction of the field on the right-hand side (fixed layer), M, is time independent. As a
result, we have found that the charge current have the form,

I(0)=CIM,()x M (0]- M, +C, M (1) M,
where, C, and C, are constants. The first term represents the current drifted by the spin electric

field. This term is time-independent when M, (¢), steadily precess about the direction of M ,. The

DC current induced by the spin dynamics also have been measured experimentally. While, the
second term is certainly the AC current. For the spin current, we have

I.)=C,M,(t)xM ,+C, M,(t)x M, +C; M, (t)x M, (t)
+ C()[ML(Z) ’ MR]ML(Z) + C7 ML(t) + C9[M1,(t) ’ MR]ML(Z)
where the C,‘s are constants. Here we especially refer the third term which just describes the
enhanced Gilbert damping. Comparison with I,(f) and the Landau Lifshitz Gilbert equation
affords the following microscopic expression for the enhanced Gilbert damping constant

h
— T
2e”|S, |
where I" is the tunnel conductance of the MTJ, and |, | is the total spin polarization of the

Ao =

electrons in the free layer. From this expression, the size dependence of A can be described as
follows:

Aococl
A

where A is thickness of the free layer, because | S L | is roughly proportional to the volume of the

free layer, and I" to the cross-sectional area of the barrier.

It was shown in the above study that the spin damping can take place in the magnetically
inhomogeneous system even in the absence of the spin-orbit interaction. This leads us to expect
that the non-uniform spin dynamics is also accompanied by the spin damping in the absence of the
spin-orbit interaction. Then we have studied the Gilbert damping in bulk metallic ferromagnets
containing magnetic and nonmagnetic impurities in the presence of non-uniform magnetization
precession. In this model, a microscopic expression for the Gilbert damping tensor is obtained by
using the linear response theory with respect to the interaction between magnetization and
conduction electrons. We especially focus on a diagonal element of the tensor which is a
conventional Gilbert damping constant, and evaluate it numerically as a function of the wave
vector ¢ of magnetization precession. We found that the impurity scattering dominates Gilbert
damping for 0<|q | <kg;-k|, while the Stoner excitation for kpy-kp <|q | <kpythe, (kg is the Fermi wave
number for s spin electron).

4.1-B Novel devices based on Heusler films with GMR and MTJ nanocontacts

In the first period of this project, we fabricated STO devices composed of a continuous free layer
without magnetic coupling with a magnetized fixed layer, and systematically measured the STO
properties under a strong stray field from the fixed layer to discuss the anisotropic dispersion of
the free layer.

The stacking structure of the multilayer was as follows: Si/SiOz substrate/Ta (5 nm)/Ru (50
nm)/Ta (5 nm)/Cu (5 nm)/CorsFess (5 nm)/Cu (3 nm)/CorsFezs (15 nm)/Ru (7 nm)/Ta (2 nm) by dc
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magnetron sputtering. In the fabrication process, electron-beam lithography and Ar ion milling
were employed to form the nanocontact with a 100 x 120 nm? elliptical cross-section on the
continuous free layer. CoFe (15 nm) was considered to be the “fixed” layer in terms of the spin
transfer torque effect because its thickness was larger than that of the CoFe (5 nm) “free” layer.
The free layer was only partially patterned so that a the spin current path would not spread into
the Cu spacer. Ferromagnetic resonance (FMR) measurements were carried out using an X-band
(9.7 GHz) microwave source and a TE102 model cavity. The sample was fixed on a quartz rod, and
a goniometer was used to measure the out-of-plane angular (6x) dependences of the line width
(AHpp) and resonance field (Hres) of the FMR spectra. The static magnetic properties were obtained
from Hres. Microwave measurements between 1-14 GHz were carried out at room temperature
using a spectrum analyzer. The current was varied between 0—20 mA in increments of 0.5 mA.
Positive I was defined so that electrons would travel from the free layer to the fixed layer. The
magnetic field was varied between 400 and 900 Oe in 100 Oe increments along the easy axis of the
ellipse after a magnetic field of 3000 Oe was applied to make the magnetized state parallel. A
preamplifier was used, but both the amplification and background noise have been subtracted from
the data presented here.

Film 1 was composed of buffer/Co7sFess (5 nm)/Cu (3 nm), while film 2 was composed of
buffer/CozsFess (5 nm)/Cu (3 nm)/ferromagnetic layer (15 nm)/capping layer. Magnetic damping a
was 0.009 and 0.015 for films 1 and 2, respectively. This indicates that a of film 2 increased since
the flows of the spin angular momentum spread by the spin-pumping effect were scattered by the
magnetization of the ferromagnetic layer. We considered the structure of the STO device used in
this study. The STO device was composed of a continuous free layer with a nanocontact consisting
of a nanopatterned spacer and a fixed layer. In this STO device, the free layer was free from the
spin-pumping effect in the spin wave propagating region. This led to the small a, and hence, long
propagation of the spin wave can be expected.

Top and bottom electrical contacts to the devices are patterned into coplanar waveguides to
avoid RF losses. The RF transmission efficiency n(w) was about 0.55 in any frequency. This
reflection originates in the gap from 50 Q of the device resistance according to our calculation. So,
If 50 Q devices were fabricated, STNO with very small RF transmission losses may be obtained.
The resistance and GMR ratio of the STO device were 11.91 Q and 0.76%, respectively. We discuss
the magnetic state when H was swept from the negative to positive direction below. The magnetic
state was parallel at —2000 Oe. As H was increased, the resistance increased, and the magnetic
state became anti-parallel near the zero fields. This increase in resistance before the zero fields
was due to the stray field (Hsway) from the fixed layer. Hitray was not uniform and induced
anisotropic dispersion of the free layer. The magnetic configuration of the free and fixed layers was
antiparallel near the zero-field. When H was increased, the magnetization of the fixed layer
switched at approximately 300 Oe, and the anisotropy of the free layer was dispersed by Hstray. The
magnetic state became parallel at approximately 1100 Oe; therefore, Hstray was estimated to be
approximately 1100 Oe. A strong Hstray can strongly couple the magnetized fixed layer and the free
layer

A microwave signal appeared at oscillating frequency f= 7.0 GHz at 400 Oe. Higher harmonics
waves were not observed. The frequency fdecreased with increasing H until ~500 Oe, above which
fincreased monotonically. These tendencies were observed at the current we measured in this
study (11-20 mA). fvs. H can be explained by theoretical predictions on the basis of the interplay
between the external magnetic field and anisotropic field (H.). In this experiment, H. was small,
while Hstray from the fixed layer was very large compared to H; this suggests that the influence of
Hstray resulted in the frequency dip at ~500 Oe. However, fitting using Kittel’s formula disagreed
with the experimental data. This means that the anisotropy dispersion shows simultaneous
complexity with not only Hstray but also Oersted field and/or thermal fluctuations because of the
large applied current. On the other hand, the line widths decreased with increasing H, which may
be because the anisotropic dispersion of the free layer was suppressed by H. This means that the
angle of stray field was distributed because of the elliptical shape of the fixed layer. These results
show that Hstray caused the complicated oscillation mode in the free layer and broadened the
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microwave spectra of this mode, and; therefore, it is important to control the anisotropic dispersion
of the free layer.

The line width decreased with increasing current and reached the nallowest line width around
17 mA at which the maximum microwave power was shown; this was attributed to the suppression
of thermal noise. The line width increased with the current and with a negative shift because of
the increment in spin wave amplitude, which is consistent with theoretical predictions. In contrast,
a positive shift was observed at the lower current region in the experiments, even though a small
negative shift as a function of the current was predicted theoretically. The sign of the frequency
shift is known to be negative in an in-plane magnetized film. For an in-plane magnetized
anisotropic film, the sign of the frequency shift can be changed by controlling the magnetization
angle of the free layer: when the direction of the magnetization of the free layer is the magnetic
easy and hard axes, the sign can be positive and negative, respectively. In our experiments, the
observed positive frequency shifts were caused by the combination of the stray field and the shift of
the equilibrium orientation of the free layer induced by the spin transfer torque. For example,
when an electron passes from the free layer to the fixed layer, the spin transfer torque can change
the equilibrium orientation to be opposite to the magnetization of the fixed layer. This shift
changes the amplitude of the effective magnetic field of the free layer: the contribution of the stray
field increases, and that of the external magnetic field decreases. The stray field was relatively
large compared to the external magnetic field. Therefore, the observed positive frequency shifts be
related to the contribution of the stray field.

We can give the following conclusions. The damping constant of the free layer become small in
the device structure without the fixed layer. And, the RF loss of the coplanar electrode was very
small. In the CPP-GMR devices that were able to be evaluated electrically and optically, the
microwave signals were observed. The RF frequency had little change for the current, while it
showed a singular change for the magnetic field. Judged from these properties, it has been
understood that a peculiar oscillation mode existed in the continuous free layer.

4.3-B Lateral spin transport in semiconductors

We have succeeded to demonstrate a new scheme of electrical magnetization reversal in
(Ga,Mn)As through spin-orbit coupling effective field, the dependence of the universality classes of
domain wall creep motion in (Ga,Mn)As on surface roughness, electrical spin injection from Llo-
FePt to GaAs through MgO barrier, and anisotropic carrier spin relaxation in (In,Ga)As quantum
well. Such spin-related phenomena in ferromagnetic and nonmagnetic semiconductors are keys for
realizing future spintronics devices, however, the studies based on Heusler compounds are still
challenging due to the weak spin orbit interaction and difficulty for the epitaxial growth on
semiconductors. Through the advanced researches on (Ga,Mn)As and metal/semiconductor hybrid
structure, we contributed for promoting the research on spintronics devices based on Heusler
compounds. Detailed results are explained below:

(I) New scheme of electrical magnetization reversal in (Ga,Mn)As through spin-orbit coupling
effective field
We showed the M reversal by the application of the pulsed current jp at 80 K. We initialize the M

orientation along [110] by H, and then apply a positive jp with width wp = 5 ps. The jp generates

Hetr along [110] orientation, which reverses the M direction to [110] when H surpasses a threshold
value. When the M reversal takes place, Ryx jump in the subsequent H sweep due to the clockwise
M switching nearly along [010] to magnetization angle ¢ ~ 270° measured from [110] orientation
across the hard axis. On the other hand, when M stays at the initial direction, no jump is observed
in the counter-clockwise M rotation, because of the absence of the hard axis in the path. We found
that the H dependence of Ryx after the application of jp = 1.7 and 1.9 MA/cm2. The jump observed in
the trace for jp = 1.9 MA/cm? clearly indicates the M reversal by jp induced Hetr. The absence of the
jump for jp = 1.7 MA/cm? indicates that no M reversal occurs at this jp and the threshold current is
the between the two jp’s.
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(II) Dependence of the universality classes of domain wall creep motion in (Ga,Mn)As on surface
roughness

The dependence of DW velocity v on the magnitude of external magnetic field H is measured by
magneto-optical Kerr effect (MOKE) microscope. In order to determine the universality classes of
the DW creep, we fit the scaling formula In(v/vc) = a-b(uoH) ™ to the experimental data by adopting
scaling exponent x as a fitting parameter, where a and b are expressed as the power of relative
temperature (T-7Tc) (Tc: the Curie temperature), vc the velocity at the threshold drive, and o the
permeability in free space. The scaling exponent ucan be utilized to classify the universality class
of the creep motion, and it is known that the creep with 4 = 1 belongs to random-bond disorder,
whereas that with g = 0.25 to the random-field disorder. In the obtained m versus 7/7c, we can see
clearly that value of u is related to the buffer layer materials on which a (Ga,Mn)As is grown. DW
creep motion in (Ga,Mn)As layer grown on (In,Al)As layer with flatter surface belongs to random-
field disorder, whereas that in (In,Ga)As to random-bond disorder.

(ITI) Electrical spin injection from Llo-FePt to GaAs through MgO barrier

We fabricated a spin injection device from a wafer consisting of 20 nm Llo-FePt /2 nm MgO / 20
nm n*GaAs (n* = 2x1019 cm3) / 2 pm n-GaAs (n* = 3x1016 cm™) / semi-insulating GaAs substrate.
The MgO layer which forms a tunnel barrier was deposited at 400°C by electron beam deposition.
The 20 nm Llo-FessPts7 layer was grown at 400°C by magnetron co-sputtering. Epitaxial growth of
the Llo-FePt / MgO / GaAs structure was confirmed by Cu-Ka X-ray diffraction. The spin injection
device was patterned by standard photolithography and Ar ion milling where the 80 pm X 80 pm
ferromagnetic (FM) contact B constitutes spin injector and detector while an Ohmic contact A and
an FM contact C serve as reference electrodes. Distances between each contact are sufficiently
longer than spin diffusion length in the n-GaAs channel. From the hysteresis loop, the ratio of
remanent to saturation magnetization is determined to be 0.96. It enables us to inject the out-of-
plane electron spins at zero magnetic field. We used three-terminal Hanle effect to probe spin
accumulation at the interface of the channel beneath the FM contact B where constant spin
injection current finj from contact B to C is applied while 3T-voltage from B to A is measured.
Electron spin is injected into and extracted from n-GaAs channel when the current is negative and
positive, respectively.

We achieved the electrical spin injection and detection from perpendicularly magnetized Llo-
FePt / MgO into GaAs by using 3T-Hanle effect. It is found that the spin-RA product decreases
with increasing temperature. These dependences can be explained by thermal and bias voltage
variations of the TSP.

(IV) Anisotropic carrier spin relaxation in (In,Ga)As quantum well

The heterostructure which consists of 200 nm Ino.52Al0.48As for buffer layer / 6 nm Inos2Alo.4sAs
for carrier supply layer (Si doping with Na = 4.0 x 108 cm™) / 15 nm Inos2Alo.4sAs for spacer / 2.5
nm Inos3Gao47As / 10 nm Ino7GaosAs QW / 2.5 nm Inos3Gaos7As / 3 nm InP / 20 nm Inos2Alo.48As /
1.5 nm AlAs / 5 nm Inos2Alo48As was processed into the gated narrow wires with 200 zm long and
749 + 51 nm wide by electron beam lithography and reactive ion etching. For minimizing the
universal conductance fluctuations, 95 narrow wires were arranged in parallel to the current paths

and aligned along [110], [100] and [110] directions.
Gate voltage dependence of the magneto-conductance was measured at 1.7 K in the gate bias
voltage range of -8.0 V < V; < +5.5 V. Clear weak antilocalization (WAL) signals were observed for

wires along the [110] and [100] directions in -8.0 V < V,; < +4.0 V. In the case of [110] direction,
crossover from WAL to weak localization (WL) was observed by decreasing gate voltage. Since
conductance minima are corresponding to the magnetic field in which the magnetic length becomes
comparable to spin relaxation length, the strength of spin relaxation due to spin-orbit interaction
(SOD) can be deduced from WAL signals. Conductance minima decrease by increasing gate voltages
for all directions, indicating the weaker Rashba SOI due to decreasing of structure inversion
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asymmetry inside quantum well. Furthermore, anisotropy of SOI obviously exists in the present
samples. The polar plot of conductance minima, qualitatively indicating strength of spin splitting,
for various gate voltages. By decreasing gate voltages from +5.5 V to -8.0 V, the spin splitting
becomes more isotropic with the enhancement of SOI strength. This indicates that Rashba SOI
which is spatially isotropic is getting much stronger and becomes dominant rather than
Dresselhaus SOI by decreasing gate voltage. Spin splitting along [110] direction is the largest
value of all directions due to constructive cooperation between Rashba and linear Dresselhaus SOI

in contrast to destructive cooperation along [110] direction. Our experimental result clearly
indicates that existence of both of Rashba and linear Dresselhaus SOIs and anisotropic spin
relaxation depending on the crystal axis.

4.6-B Lateral spin transport in Heusler alloy systems

(I) Spin-Seebeck effect in CoeMnSi epitaxial film

In the project of 4.6B, we investigated SSE in CozMnSi epitaxial film. The origin of SSE was
initially explained by generation of spin-current due to thermally excited-nonequilibrium state of
chemical potential for up and down spin electron. Therefore the first motivation to start this
experiment is to investigate a SSE in half-metallic CozMnSi because a small/no SSE signal was
expected in the case of ideal half-metallic materials. However, as a result of experiment, we
observed clear SSE signal in an epitaxially grown Co2MnSi films. The voltage of SSE in Co2MnSi
was almost same order of magnitude as that observed in Py. It was expected that the CMS
epitaxial film has a higher spin-polarization than Py film at least by comparing MR ratios in CPP-
GMR devices based on those materials. Therefore, our result implies that there is no strong
relation between a spin-polarization of ferromagnetic metal and SSE. On the other hand, another
important finding in this study was that a superposition of anomalous Nernst effect (ANE) in a
measurement of the SSE. The signal of SSE was not symmetrically observed at high-temperature
(HT) and low-temperature (LT) ends against zero voltage. We realized that the anomalous Nernst
voltage superposed on the voltage from SSE is an origin of this asymmetry, since ANE voltage
appears in same sign at HT and LT ends. The origin of ANE in this measurement is that an
inevitable perpendicular temperature gradient in the CMS and Py films when we applied
temperature gradient to the in-plane direction of the film. It was also found that the voltage of
ANE is strongly enhanced at low temperature where a thermal conductivity of MgO substrate
shows maximum. Therefore, we found in this study that a thermal conductivity matching between
a substrate and a ferromagnetic film is important to study SSE without an artifact caused by ANE
effect.

(I) Lateral spin-valve device with half-metallic Heusler compounds

To generate and detect a pure spin-current in non-magnetic metal/semiconductor is one of the
important subjects in spintronics in order to realize new spintronics device such as spin-transistor.
Half-metallic materials can be an ideal source and detector because of their large spin-polarization.
In the project 4.6B, we also fabricated non-local lateral spin-valve (NLSV) devices using CFMS
spin-injector and -detector and a Cu channel. In our device, we have clearly observed a large spin-
accumulation signal ARs of over 4mQ at RT, which was one order of magnitude larger than that
observed in NLSV with Co wire. The systematical analysis has not been completed yet, but there
seems to be a further potential to enhance a spin-accumlation by improving a spin-resistance
mismatching between CFMS and channel wires.
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