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1.1 Giant Magnetoresistance (GMR) Effect

Giant magnetoresistance (GMR) effect is the most fundamental phenomenon in the field of
spintronics. In general, the electric resistance of a material is changed when a magnetic field
is applied. This phenomenon is known as a magnetoresistance (MR) effect. Although there
are many types of MR effects, the MR effect showing a particularly large resistance change
among them is called the GMR effect. However, GMR is different from the conventional
MR effects that had been known before, not only quantitatively, but also qualitatively. In
1988, GMR was first reported in the experiment of Fe/Cr superlattices by Fert and his
collaborators [1]. That was followed by an enormous amount of studies concerning GMR
in nanometer-scaled layered structures containing various kinds of ferromagnetic metals,
and GMR was practically used for a read head of a hard disk drive (HDD) in only 10
years after the discovery of GMR. The GMR-based read head had dramatically improved
the storage density of HDD until GMR was replaced by tunnel magnetoresistance (TMR)
later.

Before the discovery of GMR by Fert et al., the antiferromagnetic coupling of Fe layers
through a Cr interlayer had been reported in a trilayer structure consisting of Fe/Cr/Fe by
Griinberg and coworkers in 1986 [2]. The antiferromagnetic interlayer exchange coupling
is closely related to GMR as more details are shown later. In fact, the MR effect equivalent
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Picture 1.1 Dr. A. Fert (left) and Dr. P. Glinberg shared their joy at the award lecture of 2007
Nobel Prize in Physics

to GMR, which was smaller than GMR reported by Fert et al., was also observed for the
Fe/Cr/Fe trilayer prepared by Griinberg et al. [3]. Therefore, both Fert and Griinberg were
regarded as the discoverers of GMR, and jointly awarded the Nobel prize in physics in
2007 (Picture 1.1). According to the words by the Nobel Foundation, GMR was considered
“the first major application of nanotechnology.” From not only the technological but also
physical point of view, as mentioned above, GMR is completely different from the MR
known before, and it has brought out a new physical concept, i.e., spin-dependent transport.
GMR is the origin for spintronics that is a very popular field now, and without the discovery
of GMR no development of spintronics afterward would have appeared.

Section 1.1 starts with a brief explanation of the conventional MR in ferromagnetic
materials that had been known before the discovery of GMR. Then the phenomenon, the
mechanism and the application of GMR are given. Here, it is noted that the word of GMR
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means a giant MR effect, and also contains a giant TMR effect! (once called the tunnel-
type GMR), a CMR (colossal magnetoresistance) effect observed in magnetic oxides, and
further different types of giant MR effects in a broad sense. However, GMR normally
concerns a giant MR effect observed in “metallic systems” composed of ferromagnetic
and nonferromagnetic metals in a nanometer scale. Section 1.1 focuses on the “metallic
systems.”

1.1.1 Magnetoresistance Effects in Ferromagnetic Materials

All conductive materials, whichever are ferromagnetic or not, exhibit a MR effect. This MR
effect is called an ordinary magnetoresistance effect. The electric resistance of a material
increases as the applied magnetic field is increased, i.e., the sign of MR is positive. The
resistance increase is caused by the Lorentz force that affects the motion of conduction
electrons. On the other hand, ferromagnetic materials (including ferrimagnetic materials)
with spontaneous magnetization show a characteristic MR effect, which depends on the
spontaneous magnetization, and this MR effect is called an anomalous magnetoresistance
effect. The anomalous magnetoresistance effect is classified into the following two kinds:
an anisotropic magnetoresistance (AMR) effect and a forced effect. In a magnetic field
region where magnetic moments are not saturated, the AMR effect appears depending
on the relative orientation between magnetization and electric current. The forced effect
appears under the application of high magnetic field after saturating the magnetization,
and a slight increase in the spontaneous magnetization leads to the corresponding decrease
in electric resistance.

The AMR effect, which is well known as a MR in ferromagnetic materials, is usually
expressed as

p=p cos’6 + P cos’6
= p, + (p; — py) cos’0, (1.1)

where p represents the electric resistivity and 6 represents the relative angle between the
magnetization vector and the electric current. p; and p, are the resistances when the magne-
tization is parallel (§ = 0) and perpendicular (6 = z/2) to the electric current, respectively.
Generally p; is not equal to p, (p; # p,), leading to the appearance of AMR. The origin
for AMR is known to be caused by spin—orbit interaction [4] although the details are not
shown here.

The magnitude of AMR is defined as the ratio of resistance change (MR ratio: Ap/p):

Ap/p = (p1 = p)/Pay> (1.2)
where p,, is the average of the resistance, and is described as

by using ( cos?0),, = 1/3 and (sin’@),, = 2/3.

! Strictly speaking, TMR had been discovered before GMR. However, the effect had been very small at room temperature, and
had attracted not much attention from the practical point of view. The discovery of GMR activated the TMR study; leading to the
observation of large TMR at room temperature. Based on this historical background, in Section 1.1, GMR is considered to be the
origin of spintronics. More details on TMR will be given in Section 1.2.
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Figure 1.1 Typical MR curves in a ferromagnetic material. The magnetic field is applied par-
allel or perpendicular to the direction of electric current

Figure 1.1 shows a typical MR curve for a ferromagnetic material, where the vertical
and horizontal axes represent the electric resistance and the applied magnetic field, respec-
tively. With sweeping the magnetic field from positive to negative and then back to positive
again, a hysteresis curve of the resistance shows a maximum or minimum value around the
coercivity. The MR curve shown in Figure 1.1 is for the case with p; > p,. However, mate-
rials with p; < p, also exist. In any case, Ap/p for AMR is usually a small value from 0.1
to a few percent at room temperature [4].

1.1.2 Phenomenon of GMR Effect

The phenomenon of the GMR effect differs from AMR in ferromagnetic materials in terms
of both quantitative and qualitative characteristics. First, GMR is isotropic irrespective of
the angle between magnetic field and electric current. Second, the resistance decreases
remarkably when the magnetization is being saturated, so the sign of MR is negative. A
typical GMR curve and the corresponding magnetization curve are shown in Figure 1.2(a)
and (b), respectively. The magnitude of GMR is usually defined as the MR ratio (Ap/p)
and is given by

Ap/p=(p—py)/ps (1.4

where p is the maximum resistance around zero magnetic field and p, is the resistance
when the magnetization is saturated. Note that in some cases, the change in the resistance
(Ap = p — p,) is divided by p, which leads to a large difference in the MR ratio. In addi-
tion, an MR curve showing GMR sometimes contains the contribution of AMR and the
difference between p; and p, is observed. However, compared to the total change in the
resistance, the AMR effect is rather small and can often be ignored. Since GMR was dis-
covered in Fe/Cr superlattices in 1988 [1], GMR has been reported in various superlattices
consisting of ferromagnetic metals (FM) and nonmagnetic metals (NM), such as Co/Cu [5],



Trim size: 1770mm x 244mm Sato cO1.tex V3-06/25/2015 12:56 A.M. Page 5

&

Fundamentals of Magnetoresistance Effects 5

Electric resistivity p

A
Po
: ; Ps
Az Magnetic field
: : > H
iMagnetization M
' s '
§ Magnetic field
. » H
Hs

Figure 1.2 (a) Typical MR curve and (b) magnetization curve of a superlattice showing GMR

Co/Ag [6], Ni/Ag [7], etc. The superlattice is a thin film composed of two or more differ-
ent materials, which are alternately deposited in a nanometer scale by thin film preparation
methods such as molecular beam epitaxy (MBE) and sputtering.

All the superlattices with any combination of FM and NM do not show GMR. Cru-
cial requirements should be satisfied to show GMR. One requirement is antiferromagnetic
interaction between FM layers through a NM layer leading to the antiparallel alignment
of magnetization vectors in adjacent FM layers at zero magnetic field. When the mag-
netic field is applied and increased, the alignment of magnetization turns to parallel which
gives rise to the resistance decrease, i.e., the appearance of GMR. Table 1.1 summarizes
the reported data in some representative superlattices showing GMR [1, 5—12]. The MR
ratios are larger than 10% at room temperature, and reach a few tens to more than 100%
at low temperature. GMR in metallic superlattices is caused by spin-dependent scattering
of conduction electrons at the interface as mentioned in Section 1.1.3. This effect strongly
depends on the condition of the interface, and the GMR is highly sensitive to the structure.
Therefore, GMR is not solely determined by the combination of metal elements. Generally,
however, we may say that Fe/Cr in Fe-based superlattices and Co/Cu in Co-based superlat-
tices show the largest GMR, which is qualitatively consistent with theoretical calculations
[13, 14]. In addition, GMR usually decreases with temperature.
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Table 1.1 GMR effect in various kinds of superlattices

Superlattices Ap/p(%) Temperature  Fabrication ~ Reference

[A (X (A)) /B (y (A)) =(py — p)lp, (K method

[Fe (30)/Cr (9)], 5, 85 4.2 MBE [1]
220 1.5

Fe (4.5)/Cr (12 MBE 8

[Fe (4.5)/Cr (12)],5, 1 300 (8]

[Fe (20)/Cr (12)],.5 33 4.5 Sputtering [5]
78 4.2 .

[Co (15)/Cu (9] 50 18 300 Sputtering [5]
115 4.2 .

(Co (8)/Cu (8.3)], 4o 65 295 Sputtering [10]

[Fe (10.7)/Cu (13.7)], 45 ?i :i Sputtering [11]
38 77

Co (6)/Ag (25 MBE 6

[Co (6)/Ag (25)], 7o 16 RT [6]

[Ni (8)/Ag (11)],, 26 4.2 Sputtering [7]
25 4.2

[Nig, Fe,q (15)/Cu (8)] Sputterin [12]

8117€19 x 14 16 300 p 8

1.1.3 Mechanism of GMR Effect

The mechanism of GMR originates from the spin-dependent scattering of conduction elec-
trons. The spin-dependent scattering occurs in FM layers or at FM/NM interfaces. Here we
consider a two-current model where up-spin (1) and down-spin (| ) electrons pass through
two independent channels without taking into account the spin-flip scattering that causes
the change of spin orientation. The scattering probability of conduction electrons depends
on whether the spin orientation is parallel or antiparallel to the magnetization which is
called spin-dependent scattering. The electric resistivity for spins parallel (antiparallel) to
the magnetization is written as p, (p_). Generally p, # p_, and here we assume p, < p_.
In other words, the electrons with spins parallel to the magnetization have a low scattering
possibility while the electrons with spins antiparallel to the magnetization have a high
scattering possibility. (Even if we assume the opposite relationship, i.e., p, > p_, there
is no influence on the following discussion, keeping the generality.) Figure 1.3 depicts a
schematic illustration of the conduction of electrons. In the case of superlattices, the thick-
ness of each layer is of the order of nanometer. Thus the electrons do not stay in one layer
during conduction, and flow across the layers even when the electric current is applied
in-plane. If the magnetization vectors of adjacent FM layers are parallel, the electrons with
1 spins parallel to the magnetizations are hardly scattered which contributes dominantly to
the conduction, leading to a low electric resistance. On the other hand, if the magnetization
vectors are antiparallel, both 1 spins and | spins should pass through the layers with the
opposite magnetization vectors and are significantly scattered, leading to a high electric
resistance. In order to discuss the above situation more quantitatively, we consider a
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Figure 1.3 Schematic illustration of the conduction of electrons in a superlattice with alter-
natively stacked a ferromagnetic metal (FM) and a nonmagnetic metal (NM). The cases for
(a) parallel and (b) antiparallel alignments of the magnetization vectors are shown

parallel circuit of the 1 spin channel and the | spin channel. Then, the electric resistivity
p is expressed as

1/p=1/p; +1/p,, (1.5)
where p; (p,) is the resistivity for the electrons with 1 () spin. Namely, p is rewritten as
p=pip /Py +p)) (1.6)

When all the magnetization vectors are parallel, we consider p; ~ p, and p; ~ p_ and
the total resistance pp is expressed as

pp=pPip_/(py+p_)
~p, (forp, <<p_). (1.7)

When the adjacent magnetization vectors are antiparallel, we consider p, ~ p, ~
(p, + p_)/2, the total resistance p,p is expressed as

pap = (py +p_)/4. (1.8)
With Equations (1.7) and (1.8), the magnitude of GMR is given by
(Pap — Pp)/Pp = (py — p_)/4p,p_
= (1 —a)?/4a, (1.9)

where « is a parameter representing the spin dependence of electron scattering and is
defined as

a=p_/[p,. (1.10)

One can see that GMR appears when a # 1 and GMR is large as a >> 1 or & << 1.
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The requirements for the appearance of GMR are summarized as follows:

(1) Antiparallel alignment of the magnetization vectors in adjacent FM layers through a
NM layer.

(i) Large spin-dependent scattering of electrons (a >> 1 or a << 1).

(iii) The multilayer period of the superlattice is shorter than the mean free path of conduc-
tion electrons.

The first and second requirements have already been mentioned above. The third require-
ment is an additional one but important as well. If the multilayer period of the superlattice is
longer than the mean free path, the electron scattering inside each layer is increased for both
1 spin and | spin electrons, and the spin-independent scattering dominates the total electric
resistance, which smears out the difference in the electric resistance between parallel and
antiparallel alignments of magnetization vectors.

1.1.4 Oscillatory Behavior of Interlayer Exchange Coupling and GMR

When the antiferromagnetic interlayer exchange coupling acts on FM layers through a NM
layer, the saturation field H in the MR curve or the magnetization curve where the electric
resistance or the magnetization is saturated, is proportional to the exchange coupling energy
per unit area J. The antiparallel alignment of magnetization vectors for FM layers requires
J < 0 (antiferromagnetic coupling), and H, corresponds to the magnetic field applied to
align the magnetization vectors in parallel. The relationship between J and Hj is written
as?

H, = —4] /M, - tgy (1.11)

where M, and tp,,; are the saturation magnetization and the thickness of FM layer, respec-
tively. In the case of J > 0 (ferromagnetic coupling), the magnetization vectors of FM
layers are aligned in parallel without applied magnetic field, and the magnetization curve
shows a simple ferromagnetic behavior (H, ~ 0) and GMR does not appear.

The sign and the magnitude of J depend on the thickness of NM layer, fy, and have
oscillatory behavior as shown in Figure 1.4. Since GMR only appears when J < 0, GMR
also shows oscillatory behavior. The magnitude of J decreases with #y,;, and in general
J becomes negligibly small when #y,, is larger than several nanometers, leading to the
disappearance of GMR. The period of the oscillation in J depends on the material, and is
usually a couple of nanometers [9].

As mentioned above, although the interlayer exchange coupling is closely related to
GMR, it is important to notice that GMR is in nature a completely separate physical
phenomenon. An important point for the appearance of GMR is that the magnetization
alignment can be changed from parallel to antiparallel or from antiparallel to parallel by
applying the external magnetic field, and there is no direct correlation between GMR and J.
In other words, irrespective of the sign and the magnitude of J, if the magnetization align-
ment is controllable by a certain method, GMR may be observed which is shown in
Section 1.1.5. The mechanism of the oscillation in J against #,; was first discussed on the

2 Technically, Equation (1.11) is valid only for infinite alternation of FM and NM layers. In the case of the trilayer structure
FM/NM/FM, the factor is 2 instead of 4.
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Figure 1.4 NM layer thickness dependence of exchange coupling energy | of a FM layer
through a NM layer, saturation field H,, and GMR for a superlattice with a FM/NM structure

basis of the RKKY interaction which successfully explained some part of the oscillatory
behavior, but not completely. The phenomena that could not be interpreted only within
the framework of RKKY interaction were observed, such as the oscillation in J against
the thickness of FM layer tg);. They are now understood by considering the quantum
size effect, i.e., the formation of quantum wells caused by the multiple interferences of
conduction electrons [15].

1.1.5 The Application of GMR and the Spin Valve

If the strong antiferromagnetic exchange coupling exists between adjacent FM layers, a
large external magnetic field is required to align the magnetization vectors in parallel, and
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Figure 1.5 Typical stacking structure of a spin valve

also to obtain GMR. This was a major obstacle for practical applications of GMR. One
possible way to overcome this obstacle is to eliminate the interlayer exchange coupling
by increasing the thickness of NM layer and give a difference in coercivities between the
adjacent FM layers to achieve the antiparallel alignment of magnetization vectors [16].
Another way is to make a spin-valve structure shown in Figure 1.5 [17]. For the spin-valve
structure, one of the two FM layers (free layer) easily changes its magnetization direction
with a low magnetic field whereas the other (fixed layer) has its magnetization pinned by
the exchange magnetic anisotropy from the neighboring antiferromagnetic layer (AFM).
Consequently, GMR appears even under the application of a low external magnetic field.
In practical applications, soft magnetic materials like permalloy (Ni—Fe alloy) are usually
used as FM layers, Cu is used as a NM layer, while Mn alloys like FeMn, IrMn, PtMn, or
oxides like NiO and CoO are used as an AFM layer. The spin-valve structure was used for
aread head of HDD in 1998, and played an important role for the remarkable enhancement
of recording density as mentioned in the introductory part.

It is noted that the basic structure of a spin valve is the FM/NM/FM trilayer. The mag-
nitude of GMR for superlattices or the MR ratio is known to depend on the number of
alternated layers, which means that a structure having more layers shows a larger MR ratio.
From the viewpoint of MR ratio, the trilayered structure is unfavorable. In other words, the
spin valves realize the high magnetic-field sensitivity at the expense of the MR ratio. In
order to improve this point, a five-layered structure of FM/NM/FM/NM/FM with AFM
layers on both sides was designed which was called a dual spin valve. However, there is
a limitation of the total thickness for the application to ultrahigh density recording. As
a result, TMR with the same trilayered structure, showing a high MR ratio compared to
GMR, has got to attract more attention, and eventually the TMR read head has replaced
the GMR read head in HDD (see Section 1.2.).

11.6 CIP-GMR and CPP-GMR

The conventional MR measurement is carried out by measuring the change of the
electric resistance under the electric current flow in the film plane. GMR depends on the
magnetization configuration of the FM layers. If the electric current flows perpendicularly
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to the film plane and therefore all the electrons contribute to the conduction through each
layer GMR is expected to become larger. The type of GMR when the electric current
flows in the film plane is called current-in-plane GMR (CIP-GMR), and when the electric
current flows perpendicularly to the film plane, GMR is called current-perpendicular-
to-plane GMR (CPP-GMR). Because the thickness of a superlattice is at most several
hundred nanometers and the resistance is small due to the metallic conductivity, the
measurement of CPP-GMR is not easy. For the measurement of CPP-GMR, various
techniques have been developed [18]. Nowadays superlattices are usually microfabricated
into a pillar structure with a cross-sectional area of the dimension of micrometer or less,
and electrodes are also attached to both the top and bottom ends of the pillar. It has
experimentally been confirmed that the MR ratio of CPP-GMR is usually larger than that
of CIP-GMR [19].

In the case of CIP-GMR, the mean free path is an important characteristic length as
already mentioned in Section 1.1.3. In the case of CPP-GMR, on the other hand, the spin
diffusion length (the distance over which the traveling electron spin keeps the initial ori-
entation) is the characteristic length. CPP-GMR is theoretically analyzed by using the
Valet—Fert model [20], in which the finite spin diffusion length is taken into account based
on the two-current model. By analyzing the experimental data of the layer thickness depen-
dence of CPP-GMR using the Valet—Fert model, the spin dependence in electron scattering
is evaluated separately for the bulk and the interface [19].

CPP-GMR was studied from the fundamental point of view at the early stage. Recently,
however, it has also attracted much attention in terms of practical applications, because the
miniaturization of device elements leads to the increase in the device resistance. In the case
of a TMR device for a read head of ultrahigh-density HDD, for example, the resistance of
the device becomes so high that it will be difficult to carry out high-speed operation. On the
other hand, the resistance of a CPP-GMR device is not so high thanks to all-metal structure.
It is to say that the CPP-GMR device will be advantageous because of its low resistance.
However, CPP-GMR devices based on the typical FM/NM/FM trilayered structure only
showed a small MR ratio around 1% because of a large contribution of parasitic resis-
tance. A variety of studies have been done to increase the MR ratio. From the viewpoint of
materials development, half-metallic materials such as Heusler alloys have attracted much
attention to improve the MR ratio by applying them to the FM layers, in which the conduc-
tion electrons are theoretically predicted to be 100% spin polarized. Co,MnSi (CMS) is a
representative Heusler alloy with high spin polarization, and the large GMR ratios of 36%
and 67% at room temperature and 110 K, respectively, were obtained experimentally for
the CMS/Ag/CMS stacks [21, 22]. Those experiments stimulated the research activity for
CPP-GMR using the Heusler alloys, and recently larger GMR effects have been reported
by using Co,(Fe,Mn)Si [23, 24], and Co,Fe(Ge,Ga) [25].

1.1.7 GMR in Granular Systems

GMR was observed not only in the layered structure of superlattice, but also in granular sys-
tems consisting of ferromagnetic nanoparticles embedded in a nonmagnetic metal matrix.
The magnetization vectors of ferromagnetic particles are distributed in random directions
under zero external magnetic field because of superparamagnetism caused by thermal fluc-
tuation, or the difference in magnetic anisotropy of each particle. GMR of granular systems
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appears when the magnetization vectors of particles align to the same direction by applying
an external magnetic field.

The granular systems are fabricated with the combination of metal elements with no
solid solubility such as Cu—Co [26, 27], Ag—Co [28], Ag—Fe [29], making nonequilibrium
solid solution by means of a vapor quenching method such as sputtering, and then giving
heat treatment to promote the phase separation. Alternatively, granular systems can also be
prepared by only sputtering at a proper substrate temperature. In addition, in the case of
systems like Cu—Co which are soluble in the liquid phase, a bulk sample can be obtained
by a liquid quenching method [30]. Compared to superlattices, granular systems are easily
fabricated. However, low magnetic field sensitivity of MR is a major obstacle for practical
applications

1.2 Tunnel Magnetoresistance (TMR) Effect

For a magnetic tunnel junction (MTJ), where two ferromagnetic electrodes are separated by
an ultrathin insulating layer, its tunneling probability of electrons depends on the relative
orientation of magnetization vectors of two ferromagnetic electrodes. In general, the tun-
neling probability is high when the magnetization vectors are aligned in parallel, while the
tunneling probability is low when the magnetization vectors are aligned in antiparallel.
In other words, the electric resistance of MTJ is low (high) for the parallel (antiparal-
lel) alignment of magnetization vectors. This magnetoresistance effect is called a TMR
effect.

The research for TMR has a long history. In 1975, Julliére et al.. reported a change
in the electric resistance by 14% at 4.2 K in an MTJ consisting of Fe/Ge/Co [31]. After
that, despite of pioneering work by Maekawa and Géfvert [32] and Slonczewski [33],
a room temperature TMR ratio larger than 10% had not been observed experimentally.
In 1995, however, Miyazaki et al. [34] and Moodera et al. [35] independently reported
TMR showing MR ratios larger than 10% at room temperature in a Fe/Al,05/Fe MTJ
and a FeCo/Al,05/Co MTJ, respectively. After their discoveries, many experimental
studies have been performed, and recently not only for basic scientific interest, but also for
practical applications, such as read heads of HDD and magnetic random access memories
(MRAMs). In Section 1.2, the principle and the recent progress of TMR studies are
reviewed.

1.2.1 The Principle of TMR

Generally TMR arises from the spin polarization of conduction electrons at the Fermi sur-
face for ferromagnetic electrodes. Figure 1.6 shows a schematic illustration for comprehen-
sive explanation of the principle of TMR. With the assumption that the spin-flip scattering
is negligible during electron tunneling, the electrons in an up-spin band move to the other
up-spin band whereas the electrons in a down-spin band move to the other down-spin band.
Therefore, when the numbers of electrons in majority and minority spin bands are different,
the tunneling probability depends on the relative orientation of the magnetization vectors
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Figure 1.6  Schematic illustration explaining the principle of TMR. n| (N,) represents the den-
sity of state at the Fermi level for majority (minority) spins

for two ferromagnetic electrodes. The relationship between the tunnel conductance G and
the relative angle between the two magnetization vectors 6 can be expressed as [33]

G = Go(l +P1P2 COS 9), (112)

where G is the conductance at § = 7 /2. P, and P, are the spin polarization factors at the
Fermi surfaces of two ferromagnetic electrodes, which are defined as

P1(2) = (Nl(z) - ”1(2))/(N1(2) + ”1(2))» (1.13)

where Ny, and n,(,, are the numbers of electrons at the Fermi level in majority and
minority spin bands, respectively. Defining Rp and R,p as the resistances in the cases
that the two magnetization vectors are aligned in parallel (8 = 0) and antiparallel (6 = ),
respectively, the magnitude of TMR can be described as the MR ratio, i.e., the ratio of the
resistance difference between Rp and R p to Rp. Then, Equation (1.12) yields

(Rap —R,)/R, =2P P, /(1 = P\ P,), (1.14)

where 0 < Py, < 1. Therefore, high-spin polarization factors of P, and P, give a large
TMR ratio. If the two ferromagnetic electrodes are perfectly spin polarized (P, = P, = 1),
R p reaches infinity in principle, and the infinite TMR ratio could be obtained.

1.2.2 TMR Effect in Transition Metals and Alloys with A1-O Tunnel Barrier

Many of MTJs studied previously consisted of ferromagnetic transition metals represented
by Fe, Co, Ni, and their alloys, which were used as ferromagnetic electrodes, and an Al
oxide that was used as an insulating material for the tunneling barrier. Most of the MTJs
were prepared using conventional film preparation methods such as sputtering and vac-
uum evaporation. The films were patterned into a micrometer- or nanometer-sized junction
employing a lithography technique, as shown in Figure 1.7. In general, an Al oxide layer
for the tunneling barrier was amorphous with nonstoichiometric composition. The Al oxide
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Figure 1.7 Schematic illustration of the device structure for the measurement of TMR effect

layer was prepared by depositing a 1-2 nm thick metallic Al film, and then oxidizing the
metallic Al film. The oxidization methods are classified roughly into two kinds; one is the
oxidization process carried out naturally in an O, atmosphere, and the other is the oxidiza-
tion by using O, plasma. Compared to natural oxidization, an Al oxide layer is fabricated
quickly by plasma oxidization. However, natural oxidization has a merit in fabricating a
MT]J with a low junction resistance.

In the case of MTJ, there is no or quite small interlayer exchange coupling between two
ferromagnetic electrodes, which is different from the case of metallic superlattices, and
the antiparallel alignment of magnetization vectors cannot be achieved using the interlayer
exchange coupling. Therefore, the following methods enable us to achieve the antiparallel
orientation of magnetization vectors; making a coercivity difference between two ferro-
magnetic electrodes by changing the material or the thickness, or fabricating a spin-valve
structure with an antiferromagnetic layer.

TMR should be measured carefully because the magnitude of TMR strongly depends
on the bias voltage and the measurement temperature. These dependences are mainly
attributable to the spin-flip scattering by magnons [36]. In the limit of low bias voltage
and low temperature, Equation (1.14) indicates that the TMR ratio depends only on the
spin polarization factors of ferromagnetic electrodes in principle. Figure 1.8 shows the
plot of representative experimental values of TMR (at low temperature) for the MTJs
with the ferromagnetic electrodes of transition metals and their alloys and the Al-O
tunneling barrier, versus the calculated values of TMR from Equation (1.14) [37]. There
are almost no differences between the experiments and the calculations. The values of
spin-polarization factors are obtained independently by employing several methods: (a)
preparing a tunnel junction with a target ferromagnetic metal and a superconductor, and
measuring its current—voltage characteristics [38, 39], (b) fabricating a point contact
with a superconductor, and measuring the Andreev reflection [40], (c) employing spin-
polarized photoemission spectroscopy, and so on. The spin-polarization factors shown in
the transverse axis of Figure 1.8 correspond to the values obtained with the method (a)
using a tunnel junction of the ferromagnetic metal and Al superconductor with an Al oxide
barrier. However, the electrons contributing to TMR are sometimes different from the
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Figure 1.8 Representative experimental values of TMR ratios obtained at low temperature
for the MT]Js with the ferromagnetic electrodes of transition metals and their alloys and the
Al=0O tunneling barrier. The values of TMR calculated from Equation (1.14) are also plotted
(Ref. [37])

electrons related to spin-polarization measurements, and it is noted that the relationship of
Equation (1.14) is not always applicable.

1.2.3 TMR Effect in Half-Metallic Systems

As mentioned above, a larger TMR ratio is expected when the spin polarization becomes
high, and if a 100% spin-polarized material is used as a ferromagnetic electrode, a huge
(infinite in principle) TMR ratio would be obtained. A material with 100% spin polariza-
tion is called a half-metal. A half-metal, in other words, has a characteristic band struc-
ture in which either majority or minority spin band has an energy gap at the Fermi level.
Half-metals are classified roughly into two groups: transition metal oxides and Heusler
alloys. The oxide series include Fe;O,, CrO,, and perovskite compounds represented by
LaSrMnO; (LSMO). There is still no report for a large MR ratio for a MTJ with Fe;O,
or CrO,. For the perovskite compounds, a large MR ratio of 1800% was reported at 4.2 K
in an MTJ with LSMO/ SrTiO;/LSMO where SrTiO; (STO) acted as a tunneling barrier
[41]. However, LSMO is not suitable for practical application because the Curie tempera-
ture is low, and almost no TMR appears at room temperature. In the case of Heusler alloys,
there are two types of Heusler alloys: half-Heusler alloys having C1, structures, and full-
Heusler alloys having L2, structure. NiMnSb is a typical half-Heusler alloy, but a large
TMR ratio has not been reported yet. For the full-Heusler alloys, on the other hand, large
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TMR effects have been reported. At the early stage of the study on the MTJs with the
full-Heusler alloys, the TMR ratios of 20%—-40% at room temperature were reported for
Co,MnAl [42], Co,MnSi [43] and Co,(Cr, Fe)Al [44] In 2006, the MTJ consisting of
Co,MnSi/Al-0/ Co,MnSi showed a TMR ratio of 570% at low temperature [45], sug-
gesting the half-metallic feature of Co,MnSi. Following the experimental demonstration
of large TMR effect in the full-Heusler alloy huge TMR ratios were achieved at low temper-
ature for several full-Heusler alloys, e.g., 832% at 9 K for Co,Fe(Al,Si)/MgO/Co,Fe(ALSi)
[46], and 1995% at 4.2 K for Co,MnSi/MgO/Co,MnSi [47], where the crystalline MgO
tunnel barriers were used. The role of MgO barrier is described in Section 1.2. Although
the huge TMR effects are obtained at low temperature, the MTJs with full-Heusler alloys
show remarkable temperature dependence of the TMR ratio, and it is largely reduced at
room temperature [45]. This is a remaining important problem for the full-Heusler alloys.

1.24 TMR Effect with Coherent Tunneling

Although Equation (1.14) simply describes the relationship between the TMR and the
spin polarization of ferromagnetic electrodes, in realistic cases the relationship between
the TMR and the electronic structure is not so simple. If tunneling electrons are scat-
tered strongly at the interface between the electrode and the tunneling barrier, so-called
diffusive limit, Equation (1.14) well explains the TMR effect by directly using the spin-
polarization factor at the interface for each electrode as P,,). If scattering rates are very
small and tunneling electrons travel ballistically, however, the symmetry of wave functions
and quantum-mechanical interference affects the TMR significantly.

Yuasa et al., fabricated a MTJ with a single-crystal Fe electrode and an atomically flat
Al-0 tunneling barrier, and found that the MR ratio was varied for three crystal orienta-
tions of (100), (110), and (211). This means that the TMR effect depends on the crystal
orientations of ferromagnetic electrodes [48]. It was also revealed that when the thickness
of Fe electrodes was smaller than ~ 10 monolayers, the electronic states were modulated
by the quantum size effect, and the TMR showed oscillatory behavior due to the formation
of quantum well states [49]. Furthermore, for a Co(001)/Cu(001)/Al-O/NiFe MTJ where
the nonmagnetic Cu(001) layer was inserted between the Co(001) single crystal electrode
and the Al-O tunneling barrier, the TMR ratio showed oscillatory behavior with the sign
reversal as a function of the Cu layer thickness [50]. This behavior is attributable to the
spin-polarized resonant tunneling via the quantum-well states formed in the Cu interlayer.
This cannot be explained only by the spin polarization at the interfaces, but is explained by
the quantum-mechanical interference effects, which is called coherent tunneling.

Although an amorphous Al-O layer was used as a tunneling barrier in most cases pre-
viously, the TMR effect with coherent tunneling has been found to give rise to a large
MR ratio. Since the lattice mismatch between Fe(001) and MgO(001) is very small and
Fe(001) grows on MgO(001) epitaxially, this combination is suitable for the fabrication of
the epitaxial MTJ. Theoretical calculations also predict a huge TMR ratio of 1000% in a
Fe(001)/MgO(001)/Fe(001) MTJ due to a perfectly spin-polarized A band of Fe [51, 52].
Yuasa et al. fabricated a fully epitaxial Fe(001)/MgO(001)/Fe(001) MTJ, and observed a
large MR ratio of ~ 180% at room temperature and over 200% at low temperature [53].
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Figure 1.9 Yearly change of TMR at room temperature with Al-O and MgO tunnel barriers

They also reported an oscillation of the TMR as a function of the MgO layer thickness
due to a coherent effect. Large TMR ratios reaching 200% at room temperature were also
observed in a polycrystalline CoFe [54] and an amorphous CoFeB [55], in which the amor-
phous CoFeB was crystallized into bcc-CoFe by annealing. As in the case of MTJs with
Fe/MgO/Fe, the large TMR observed for the CoFe electrode is interpreted within the frame-
work of the coherent tunneling effect. Figure 1.9 shows yearly change in TMR at room
temperature with A1-O and MgO tunnel barriers. Huge TMR ratios of 604% and 1144%
at room temperature and 5 K, respectively, were obtained for CoFeB/MgO/CoFeB [56].

1.2.5 TMR Effect in Granular Systems

A TMR effect is also observed in granular systems, where magnetic nanoparticles are dis-
persed in an insulating matrix. If the insulator separating two nanoparticles is thinner than
1-2 nm, electrons move from one particle to another via tunneling. The magnetization
vectors for nanoparticles are randomly distributed without magnetic field. When the mag-
netization vectors are aligned to the same direction by applying an external magnetic field,
the tunneling probability of electrons increases, resulting in the decrease of resistance. The
phenomenon that the resistance is decreased by the application of magnetic field is the
same as that in granular systems with metallic matrices (see Section 1.1.6). However, a
characteristic feature for insulating matrices is that the resistance decrease is not caused
by spin-dependent scattering but by spin-dependent tunneling. In addition, the magnitudes
of electric resistances are quite different. The electric resistances for metallic matrices are
of the order of 10—10? pQ cm; on the other hand, those for insulating matrices are about
10°-10° pQ cm (at room temperature). The TMR effects in granular systems are observed
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in Co, Fe, or CoFe nanoparticles embedded in Al oxide, Si oxide, Mg oxide, rare-earth
oxide, or Mg fluoride insulating matrix. For details, see Ref. [57].
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