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Abstract

The tunnel effect is one of the most fundamental phenomena in quantum mechanics. This
effect plays an important role in several physical phenomena such as the cosmic inflation
and the alpha decay. It is also of significance in solid state physics as we see in the tunnel
diode and scanning tunneling microscope.

In this thesis, we focus on the tunnel effect in the ferromagnet and the ferromagnetic
device, where the spin-dependent tunnel effect and the tunnel effect of spin degree of
freedom are expected. We measured the shot noise in the magnetic tunneling junctions
(MTJs), which are one of the most fascinating tunnel devices. The shot noise measurement
is a useful tool for studying the electron transport in the tunnel junctions beyond the
dc measurement and enables us to clarify further the tunneling process. We are also
interested in the macroscopic quantum tunneling in the magnetic vortex. It requires the
detection of the magnetic vortex core. We investigate a possible method of the detection
by the billiard simulation.

In Chapter 1, the tunnel effect in solid state and the current noise are explained. First,
the tunnel effect in one dimension and transport in a tunnel junction are explained. Next,
we introduce the tunnel magnetoresistance (TMR) effect in the MTJs and the mechanisms
of the TMR effect, which are called Julliere model and coherent tunnel model. The
macroscopic quantum tunneling is briefly described. Finally, we explain the three types
of the current noise, namely the thermal noise, shot noise and 1/f noise, as well as the
Fano factor, which characterizes the shot noise.

In Chapter 2, we describe the measurement setup and the analysis method for evalu-
ating the current noise.

In Chapter 3, we discuss the coherent tunnel in the MTJs with the spinel MgAl,Oy
barrier. We describe the previous study of the shot noise in MTJs with MgO barrier and
discuss the relevance between the shot noise and coherent tunnel. In our experiment, the
spin-dependent suppression of the shot noise is confirmed. This result suggests that the
coherent tunnel is essential to understand the transport in MgAl,Oy4-based MTJs.

In Chapter 4, we discuss the microscopic tunnel process in MgO-based MTJs. In
MTJs, there also exist other transport processes caused by the sequential tunneling or

the leak current due to the pinhole and the photon assisted tunneling. We estimate the



contribution of the leak current due to the pinhole by means of the shot noise measure-
ment.

In Chapter 5, we describe the detection method of the magnetic vortex core by using
microcavity fabricated on two dimensional electron gas. By the billiard simulation, it is
found that the microcavity can detect the magnetic vortex core in principle.

Finally, we summarize this thesis in Chapter 6.
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Chapter 1

Introduction

1.1 Tunnel effect

1.1.1 Tunnel effect in solid state [1]

In quantum physics, there are many phenomena beyond the classical concepts. The tunnel
effect is a typical phenomenon appearing in quantum physics. The conventional tunnel
effect is a phenomenon that microscopic particles can pass through a potential barrier
higher than their kinetic energy. It is caused by the seeping of wave function from the
one side to the other of a potential barrier. This tunnel effect is observed in the whole
area of quantum physics and plays important roles. The alpha decay, which is one of
the radioactive decay, is the first example where the idea of tunnel effect was applied.
These days, this idea ranges even to the beginning of the universe. In solid-state physics,
the study of the tunnel effect began from the field emission of electrons at a surface of
a metal. Later, the tunnel effect has been intensively studied especially in the fields of
semiconductor and superconductor such as the tunnel (Esaki) diode [2] and Josephson
effect [3]. L. Esaki, I. Giaever and B. D. Josephson won the Nobel prize in 1973 [2-4].
Remarkably, it was also found that the macroscopic quantum variable with a numerous
degree of freedom such as the phase of the superconductor can tunnel as well as the
microscopic variable, which receives a lot of attention [5]. In this section, we describe
the tunnel effect in a one dimensional system and the transport in the tunnel junction.
Later, we explain magnetic tunnel junction which is one of the most attractive tunnel

devices [6]. Finally, we introduce the macroscopic quantum tunneling.

Tunnel effect in one dimensional box-type potential

First, we consider the tunnel effect in the one dimensional box-type potential, where we



can obtain the exact solution. This potential is expressed as

0 (x<0)
U)=4 Uy (0<z<a) (1.1)
0 (a<u)

as shown in Fig. 1.1. We consider only the case that the energy of the electron £ > 0
is smaller than the height of the box-type potential Uy > 0, where the tunnel effect is
the most remarkable. We can obtain the tunnel probability 7" by solving the Schrodinger

equation
n 2
(g + V@) ) = . (12)
The result of the tunnel probability is written as

4e(1 —¢)
4e(1 — €) 4 sinh*(ny/1 —¢)’

Here, € = Uﬂo and n = v/2mUya?/h. Figure 1.2 shows the energy dependence of the tunnel

probability for 7 = 4. T increases monotonously with increasing energy of the electron.
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Figure 1.1: The shape of the box-type poten- Figure 1.2: Energy dependence of the tunnel
tial. probability for n = 4.

Conductance in tunnel junction

In the above, we saw that the tunnel probability is depending on the energy of the electron.
In the three dimensional conductor, electrons with the same energy may have different
wave number vector k and the tunnel probability depends on k. Here, we show that the
conductance of a tunnel junction can be expressed by Landauer formula, which relates
the conductance to the tunnel probability [7]. We consider two reservoirs for electrons Ry,
and Rg with chemical potential u, and pg, respectively, connected by a tunnel barrier
as shown in Fig. 1.3 [9]. One electron with the velocity for the direction from the left
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reservoir to the right reservoir (z direction) v carries a current equal to evS. We can

write the current density of electrons which leave Ry, and enter Rg such that

L 2e 3 4 18E
Jt = (zﬂ)?)/d kvl (k) fH(E) Z / gt (ETGR), (14)

k||,

10F
h Ok,

j is the Bloch state of each electron, T'(k) = ., T'(k, k’) represents sum of the tunnel

where we use a relation vl = . ky is the wave number parallel to the tunnel barrier,
probability from k state in the left reservoir to all of k’ state in the right reservoir and
A is the junction area of the tunnel junction. This equation yields an expression for the
tunnel current
4 26 M1 -
It = %/ dEZT(kH,j). (1.5)
kij»

We can deduce an expression for the current of electrons which leave Rr and enter Ry, in

the same way

2e [H?
I~ =— dE Y T(ky, 7). 1.6
h Z (ky, 7) (1.6)
ki
The net current is given by

2e [ 2¢? H1 — M2
I=1"—-1 = dE Y T(ky,j)=— T(ky,J . 1.7
W), kz; (ky, 5) = — kz; (R, )= (1.7)

I I

The two currents I and I~ of those electrons whose energies are smaller than p, are

canceled out. We can obtain the Landauer formula

2¢?

G = TZT(!{:H,j). (1.8)

We can regard the transport in a tunnel junction as a parallel circuit of virtually countless

conducting channels with different &y and j.

ML MR

RL RR

Figure 1.3: Two electron reservoirs connected by a tunnel barrier.



1.1.2 Magnetic tunneling junctions

The magnetic tunneling junctions (MTJs) attract a great deal of interest not only because
MTJs offer us a suitable stage to address spin-dependent transport, but also because MTJs
have enormous potential in various applications such as read head of magnetic recording
medium, nonvolatile memory (STT-MRAM) and spin torque oscillator. In this section,
we briefly review the history of MTJ study and explain the two important models for the
mechanism of MTJs, namely Julliere model [8] and coherent tunneling model [9, 10].

MTJs consist of ferromagnet/thin insulator /ferromagnet and the resistance of MTJs
changes depending on the relative alignment of two ferromagnetic layers as shown in
Fig. 1.4, which is called tunneling magnetoresistance (TMR) effect. When the relative
alignment is in the parallel (P) configuration, the resistance is smaller than that in the
anti-parallel (AP) configuration. Magnetoresistance (MR) ratio which characterizes TMR
effect is defined as

MR ratio = @ x 100(%) (1.9)

P
by using resistance for the P configuration Rp and that for the AP configuration Rap.
MTJs were first reported in 1975 by Julliere. He fabricated Fe/Ge-O/Co junction
and observed TMR effect with MR ratio of 14 % at 4.2 K [8]. However, MTJs had not
attracted attention for more than a decade because this effect was small and observed only
in the low temperature. In 1987, the giant magnetoresistance (GMR) effect was discovered
in ferromagnet/nonmagnetic metal multilayer [11,12]. The structure of the GMR device
corresponds to the structure of MTJs whose insulator is replaced by a nonmagnetic metal.
The GMR effect, where the resistance of multilayer depends on the relative alignment of
ferromagnetic layers, is similar to the TMR effect. This discovery invoked renewed interest
in the TMR effect and expectation that the larger MR ratio would be observed in MTJs.

The TMR effect at room temperature was first demonstrated in an Fe/amorphous
Al-O/Fe junction in 1995 by Miyazaki et al. [13] and Moodera et al. [14]. Since then,
amorphous Al-O based MTJs had been studied actively and MR ratio improved up to 70
%. Although Larger MR ratio would be desirable for applications, this value of MR ratio
gives the upper limit expected from a phenomenological description explained below.

In 2001, Butler et al. predicted by using the first principles calculation that MTJs
with crystalline MgO barrier will show an MR ratio larger than 1,000 % [9, 10], where
the coherent tunneling plays an important role as described below. Later in 2004, the
epitaxial Fe/MgO/Fe based MTJs were fabricated by Yuasa et al. [15] and Parkin et
al. [16] and they reported that MR ratio reached 180 % at room temperature [15, 16].
This value is more than twice as large as the MR ratio of Al-O based MTJs and the MR
ratio continues to be enhanced. MTJs is actually applied to the read head of HDD and
it enables high density recording.
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Figure 1.4: Schematic illustration of the tunneling magnetoresistance effect in a magnetic
tunnel junction.

The coherent tunneling is considered to enhance the TMR effect of MTJs not only
with an Fe electrode but also with Co, CoFe alloy, FePt and Co-based Heusler alloys elec-
trodes [17-19] and MgO-based MTJs with these electrodes are actively explored. However,
the lattice mismatch between MgO and these materials is relatively large (more than a
few %) and the misfit dislocations are induced in the interfaces between MgO and elec-
trodes. The spinel MgAl,O4 barrier is an alternative barrier for the coherent tunneling
and the lattice mismatch between MgAl,O,4 and these materials are smaller than that of
MgO. Actually, the large TMR effect was reported in Fe/MgAl,O4/Fe MTJs [20,21]. In
this thesis, we address the coherent tunneling in the spinel-based MTJs in Chapter 3.

Julliere model [§]

The Julliere model describes the spin-dependent transport in MTJs phenomenologically.
In this model, we consider the spin-dependent band structures of two ferromagnetic layers
as shown in Fig. 1.5. It is assumed that the electron spins are conserved during tunneling
processes; up (down) spins in the source ferromagnetic electrode transport into the band
of up (down) spin in the drain ferromagnetic electrode. It is also assumed that all the
electrons have the same tunneling probability. From these assumptions, it is found that
the conductance of MTJs is proportional to Di+(Ew)Dar(Ew) + D1 (Er)Ds)(Er), where
D1 2y1(y) (Er) is the density of states of up (down) spin in the source (drain) ferromagnetic
electrode at Fermi energy. The MR ratio is expressed by using the spin polarization of

conduction electrons P, (o = 1, 2)which is defined as follows;

2P Py

MR ratio = ————
ratio Y2

(1.10)



and
_ D1 (Er) — Da | (Er)
Do 1 (Er) + Do | (EF)
This model can well explain the TMR effect in amorphous Al-O based MTJs. P of 3d

transition metallic ferromagnets and alloys composed of these ferromagnets range between

P, (a=1,2) (1.11)

0 and 0.6 at low temperature [22] and the resultant MR ratio is expected to be at most
100 % in Julliere model. At room temperature the spin polarization becomes smaller and
the MR ratio is likely to be at most 70 %. On the other hand, TMR effect in MgO-based

MTJs is much larger than this expected value. We explain this mechanism below.

Parallel Antiparallel
E E E

Da; Dy, [F Dy, Di: Dy, D2; Dy,

Figure 1.5: Schematic illustration of the tunneling magnetoresistance effect based on the

spin-dependent density of states [6].

Coherent tunneling model [9,10]

The large TMR effect in MgO-based MTJs can be understood in the coherent tunneling
model rather than the Julliere model. The coherent transport in a tunnel junction is
expressed by the Landuer formula as described in Sec. 1.1. Here “coherent” means that
electrons conserve not only spin but also wave number vector. Taking the spin degree of
freedom into account, we can write the conductance of MTJs from Landuer formula,

G: 2—22 T(k?”,j,O'). (1.12)

k“vjvo-

Here, kj is the wave number parallel to the tunnel barrier, j represents the Bloch state of
electrons and o is the electron spin. In the 3d transition metallic ferromagnet, there are
three types of Bloch state.

e A state: It is the spd hybrid orbital and highly polarized at the Fermi energy as
shown Fig. 1.6 [6].



o Aj; state: It is the pd hybrid orbital.
e A, state: It is the d orbital and negatively spin polarized.

These three Bloch states have different symmetry. In amorphous Al-O barrier, they are
mixed by the scattering, which results in a averaged tunnel probability. Thus, the net
spin polarization of tunneling electrons is the averaged value of these three Bloch states.
In contrast, in MgO barrier case, electrons conserve their symmetry during the tunneling
processes because of the periodic potential of crystalline MgO. Electrons in different Bloch
states have different tunnel probabilities depending on their symmetries. The A; Bloch
state with high symmetry has much larger tunnel probability than A5 and Ay Bloch states
with low symmetry. The high spin polarization and tunnel probability of A; Bloch state
results in the high spin polarization of conducting electrons. It leads to the large TMR
effect.

Energy (eV)

Figure 1.6: Band dispersion of bee Fe in the [001 (I'-H)] direction [6].

Figures 1.8(a), 1.8(b) and 1.8(c) show the tunnel probability in eight layer thick MgO
barrier as a function of k) for spin majority-majority channel, majority-minority channel
and AP configuration respectively. For the P configuration, the conductance equals to the
sum of majority-majority and minority-minority channels contribution. For the majority-
majority channel, tunnel probability is much larger than that for the minority-minority
channels and there is a large peak around k| = 0 due to the A; Bloch state. For the
minority-minority channels and AP configurations, the conductance is carried not by A;

Bloch state but by As and A, Bloch states. These two wave functions are anisotropic
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Figure 1.7: Schematic illustrations of electron tunneling through (a) an amorphous Al-O
barrier and (b) a crystalline MgO (001) barrier [6].

and seep little into MgO barrier. As a result, the tunnel probability around & = 0 is
suppressed and the conductance becomes small.

As described above, the coherent tunnel is essential to the large TMR effect. Actu-
ally, the coherent tunneling was confirmed experimentally in MgO-based MTJs [23, 24].
Recently, MTJs not only with MgO barrier but also with MgAl,O4 barrier were reported,
where the coherent tunneling is considered to be important [20,21]. However, the coherent
tunneling in MgAl,Oy4-based MTJs was not proved experimentally. In Chapter 3, we will
discuss the coherent tunneling in this system by means of the noise measurement.

@ (b)
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Figure 1.8: Tunneling probability in a Fe/eight layers of MgO/Fe MTJ as a function of
k. and k, for (a) majority spin channels (b) minority spin channels and (¢) AP configu-

ration [9].



1.1.3 Macroscopic quantum tunneling [1,25,26]

In general, the tunnel effect is considered to be observed in the microscopic scale. How-
ever, it was found that a macroscopically distinguishable physical quantity such as the
phase of a superconductor can tunnel, which is called the macroscopic quantum tunneling
(MQT). We saw that the wave nature is important for the tunnel effect. The scale where
we can observe this wave nature is approximately de Broglie wavelength which ranges
from a few angstroms (electrons in a metal) to a few hundreds angstrom (electrons in a
semiconductor) in solid state. Thus the quantum effect including the tunnel effect is lim-
ited in the microscopic scale. At very low temperature, however, the situation is different
when macroscopic quantum phenomena such as the superconductivity as superfluidity are
observed.

First, the MQT is investigated in a superconductor [27,28] and one of the most famous
MQTs is the tunnel of the magnetic flux in a superconducting quantum interference device
(SQUID) [29,30]. The magnetic flux in a SQUID cannot take arbitrary values and is fixed
to ® = ndy, where &g = h/2e is called quantized magnetic flux. It is caused by the fact
that the phase of the order parameter which describes a superconductor must take a same
value after going round the ring. This magnetic flux in a SQUID is controlled by applying
the external magnetic field and we can equalize the energy of the two states with different
magnetic flux. In this situation, the magnetic flux in one state can tunnel into the other
state. The MQT is reported not only in superconductors but also in ferromagnets such
as a domain wall in the mesoscopic wire [31,32], the single domain particle [33] and the
magnetic molecule [34].

There are some perspective of interest in the MQT. First, it is whether “the macro-
scopic object can tunnel or not”. It is surprising that the large object behaves as a
quantum particle. Second, there are effects of the surrounding environment, or the other
degrees of freedom such as the electrons, photons and magnons, on the tunnel effect.
These degrees of freedom interact with the degree of freedom which tunnels and these
interactions work as the friction in quantum motion. We can test quantum physics with
friction by studying the MQT [35]. Third, at high temperature, the macroscopic object
obeys classical mechanics. If we observe that the macroscopic object recovers the quan-
tum nature as decreasing temperature, we can perform the experiment to address the
relation between quantum mechanics in the microscopic system and classical mechanics
in the macroscopic system. The MQT in ferromagnets attracts the interest mainly due

to the tunnel effect in the macroscopic system itself.



1.2 Current noise [36]

In this thesis, we especially focus on the current noise to probe the properties of the MTJ
and here we would like to introduce the current noise. When a bias voltage is applied to
a sample, the current is determined usually by Ohm’s law. However, actually, the current
fluctuates with time as schematically shown in Fig 1.9(a). We evaluate the current noise
(61)? by using current noise spectral density S;. S; is obtained through the fast Fourier

transform of time-dependent current as follows,

Si(f) = /_ N ™ (ST)2dt (A% /Hz). (1.13)

o0

By evaluating S7, we can obtain more information about transport dynamics which we
cannot access by usual conductance measurement. Here, we introduce three types of the

current noise, namely thermal noise, shot noise and 1/ f noise.

Thermal (Johnson-Nyquist) noise

The thermal noise appears even in the equilibrium state, which originates from thermal
fluctuation of electrons. The thermal noise is also called Johnson-Nyquist noise because
Johnson measured it and Nyquist calculated it quantitatively in 1920s [37,38]. The
thermal noise is frequency-independent (white) noise and proportional to temperature of

electron T,, which is expressed by
Sthermal = 4fk)Bj—‘eG(- (]_]_4)

Here, kg and G are the Boltzmann constant and the conductance of the resistor, respec-

tively. The thermal noise can be used for the primary standard of temperature [39].

Shot noise

The shot noise occurs when current is applied to a sample. The shot noise is caused by
the partition process of electrons; when electrons come into a sample, some electrons are
transmitted and others are reflected. The partition process of two processes is the origin
of the shot noise. The shot noise is white noise as is the thermal noise. At the zero
temperature limit, the shot noise is proportional to the average of the current (I) and is
given by

Sshot = 2€*(I) F. (1.15)

Here, e* is the effective charge of the conducting carrier and F' is called the Fano factor,
which characterizes the shot noise. We can obtain the information about the effective
charge and the statistical property of conducting electrons as described below.

In general, at a finite temperature, the shot noise and the thermal noise compete with

10



each other and the white noise at a finite voltage and temperature is calculated as

eVad
2kpT,

St = 4kpT.G + 2F {e([)coth < ) - QkBTeG] . (1.16)

Here, V4 is a bias voltage across the sample. This equation is plotted as a function of V4
in Fig 1.10. At Viq = 0, St equals to the thermal noise (4kgT.G) because there is no net
current. At e|Viq| ~ kT, the crossover from the thermal noise to the shot noise shows a
parabolic behavior. At e|Viq| > kgT., the shot noise is dominant and S; is proportional
to V.

1/f noise

The 1/f noise is usually proportional to the reciprocal of frequency and dominant in the
low frequency regime and is given by

a
?.

The origin of the 1/f noise is considered to be electron trap in the impurity state of

S = (1.17)

sample and fluctuation of the position of the scatterer [40]. Empirically, the intensity or
the constant of proportionality of the 1/f noise a is generally proportional to the squared
bias voltage V4. We evaluate the 1/f noise by using Hooge parameter o obtained from
empirical Hooge’s law [40]. In the tunnel junction, we can write Hooge’s law as
aVi
Af

Here, A is the junction area of the tunnel junction.

Sy = (1.18)

Fano factor

The Fano factor is a dimensionless parameter defined as F' = 22’”. Taking the number
of transmitting electron per time as N, (I) and ((61)?) are equal to e(N) and e*((6N)?),
respectively. Consequently, the Fano factor is derived to be F' = %. When there is no

correlation between each transmission process (Poissonian process) or classical case, the
Fano factor becomes unity because of (N) = ((§N)?). However, in case that there exist
some correlations in the partition process, the Fano factor is deviated from 1. When F is
less than 1, electrons are antibunching or move as if they avoid each other. On the other
hand, electrons are bunching or move in a group when F' is larger than unity. In this way,
the Fano factor offers us a quantitative information about the statistical property of the
conducting electrons.

When the conduction is described by Landauer formula explained in Sec 1.1, the Fano

factor is given by [36]

2k TRy, ) (= T(ky, 7))
N D k5 TRy, 7)

11

(1.19)
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Figure 1.9: (a) Schematic illustration of the noise measurement. (b) Main types of the

current noise which originates from conductors with schematic illustrations of the thermal

noise and the shot noise.
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Figure 1.10: Bias voltage dependence of S; at a finite temperature (red line) and at 0 K
(blue line).
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The term of (1 —T'(k,j)) comes from the Pauli exclusion principle. In addition to the
sum of the transmission probability of conducting channels, which can be obtained by
conductance measurement, we can get information about the distribution of the trans-
mission probability for the conducting channels from the shot noise; whether electrons
have similar transmission probability for all the channels or a few channels are dominant

for the conduction.

Examples of the shot noise measurement

Here, we introduce several experiments of the shot noise. First, the experiments on the
effective charge is described. Figure 1.11(a) shows the current dependence of the shot
noise in a superconductor/normal metal junction [41]. The slope of the shot noise is
twice as large as in the classical case. This result indicates that the conduction is carried
not by electrons with charge e but by Cooper pairs with charge 2e. Another experiment
investigated the shot noise in the fractional quantum Hall regime [42,43]. Although it
was theoretically predicted that the effective charge e* equals to e/3, it had not been con-
firmed experimentally. The shot noise clearly revealed that the current in the fractional

quantum Hall regime was carried by the elementary charge e/3 as shown in Fig. 1.11(b).

)
G

Current noise, S; (10722 A2 Hz™1)
Current noise, S; (10722 A2 Hz 1)

1.27mV
" PRI S M
0 05 1 1.5 2
Current (mA)

Backscattered current, /5 (pA)

Figure 1.11: (a) Shot noise as a function of the current in a superconductor/normal
metal junction [41]. Two solid curves represent the fitted line for e* = 2e and e* = e,
respectively. (b) Shot noise as a function of back scattering current in the fractional
quantum Hall regime [42]. The solid and dotted lines represent the fitted curves for
e* =e/3 and e* = e, respectively.

Second, the shot noise in the quantum point contact (QPC) is introduced. The QPC is
a narrow constriction between two large conductors. When the width of the constriction

is comparable to the Fermi wavelength, the conductance of the QPC is quantized in a

13



unit of 2¢2/h. The conductance is determined by the number of conducting channels n
within the construction. One channel contributes to the conductance by 2¢?/h, which
is called the quantized conductance. The QPC is a typical manifestation of Landauer
formula (Eq.(1.12)) and the shot noise in the QPC is expressed by Eq.(1.19). Figure 1.12
shows the gate voltage dependence of the Fano factor in the QPC [44]. The shot noise
is suppressed when the conductance equals to %n (n = 1,2,3---). This observation
reflects that only one electron can pass through one conducting channel at the same time

due to the Pauli exclusion principle.
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Figure 1.12: Shot noise as a function of the conductance in a quantum point contact, [44].

The shot noise is suppressed when the conductance equals 2¢?/h and 4e? /h

1.3 Purpose of the study

The tunnel effect is one of the most fundamental quantum effects and plays an important
role not only in pure physics but also in various applied physics researches. In this thesis,
the tunnel effect in the ferromagnetic device, where the spin-dependent tunnel effect and
the tunnel effect of spin degree of freedom are expected, is investigated. We focus on
the magnetic tunneling junctions and the macroscopic quantum tunneling (MQT) in the
magnetic vortex. Although the tunnel devices have been explored by the conventional
dc measurement, the shot noise measurement is a useful tool for studying the electron
transport in a tunnel junction beyond the dc measurement and enables us to clarify further
the tunneling process.

In Chapter 3, the coherent tunneling in M'TJs with a crystalline spinel MgAl,O,4 barrier
is discussed. As described above, the coherent tunneling in the MgO-MTJs is essential
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for a large TMR effect, which was experimentally confirmed [24]. Recently, a similar
large TMR effect is observed in the cation-site disordered spinel-based MTJs, where the
cation-site disorder is considered to play an important role in the coherent tunneling [21].
However, the coherent tunneling in the spinel-based MTJs is not confirmed. In this
Chapter, our purpose is to confirm the coherent tunneling in the spinel-based MTJs and
to clarify whether the disordered barrier allows the coherent tunneling.

In Chapter 4, we describe the contribution of the transport processes in addition to the
coherent tunneling. In MTJs, we can also consider the transport caused by the sequential
tunneling intermediated by the impurity state in the barrier, in other words, the leak
current due to the pinhole and the photon assisted tunneling. It is important not only
for pure physics but also for applications to estimate quantitatively the contribution of
these different kinds of transport process. In this Chapter, we estimate the contribution
of the leak current due to the pinhole from the shot noise.

In Chapter 5, we describe the detection method of the magnetic vortex core by using
microcavity fabricated on two dimensional electron gas. The magnetic vortex is a spiral
magnetic structure appeared in submicrometer magnetic disk and there is a about 10
nm turned up magnetization at the center of disk, so called vortex core. The quantum
tunneling of the magnetization has been discussed for a long time [75]. The magnetic
vortex core is a candidate for the MQT owing to the nanoscopic size. Actually, the
quantum depinning of the magnetic vortex core is reported [76]. Our motivation is to
observe the MQT in the reversal of vortex core. This requires the detection of the vortex
core reversal. In this Chapter, we propose the ballistic detector for the vortex core reversal
and confirm whether the detector can detect or not by using billiard simulation. If we
can detect it, we can proceed to test whether the magnetic vortex core reverses via the
quantum tunneling.

In Chapter 6, we summarize this thesis and remark the conclusion and the future

perspective.
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Chapter 2

Experiments

2.1 Measurement systems

Our experimental works described in Chapters 3 and 4 were carried out in the variable
temperature insert (VTI by Oxford Inc.). Samples were mounted at the top of VTI and
were cooled by pumping the liquid *He. By using VTI, the temperature can be changed
between 2 K and 300 K by controlling pumping speed of the liquid “He and heater. The
Dewar of liquid *He has a superconducting magnet whose field can be varied from -9 T
to9 T.

2.1.1 [ —V measurement

To measure the resistance, the constant current measurement is performed in our study.
The measurement circuit is schematically shown in Fig. 2.1. The dc current from the dc
voltage/current supplier (Yokogawa 7651) mixed with small ac modulation from the lock-
in amplifier (SR830) by using transformer is applied to the samples through a resistor with
resistance R (10 or 100 k€2) much larger than the resistance of the samples (typically 500
2) and the voltage signal is input to room-temperature amplifier (NF Corporation LI-
75A) through the coaxial cables. The amplified signal is recorded by the digital multimeter
(Keithely2000) and the lock-in amplifier. This circuit enables us to obtain the differential
resistance at a certain bias voltage. The differential resistance was calibrated by high-

precision resistor (MCY series, error: 0.1 %) [45].

2.1.2 Noise measurement

In the noise measurement, the current noise power spectral density Sy is converted into
the voltage noise power spectral density Sy through the circuit impedance. To obtain
Sy, a time-dependent voltage signal is Fourier-transformed after being amplified by the
amplifier and recorded by the digitizer (NI-5922). The measured voltage noise includes not
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Figure 2.1: Schematic measurement circuit.

only the intrinsic noise originated from the sample but also the extrinsic noise originated
from the measurement system and the surrounding environment such as the 1/f noise of
the amplifier and external electromagnetic interferences. It is important to reduce these
extrinsic noise as low as possible. To this end, in our study, the cross correlation technique

is used as explained below.

Cross correlation technique in the noise [46]

As explained above, the voltage signal includes the intrinsic signal Vg and the extrinsic
signal 6. In the conventional auto correlation technique, the sum of the two signals
(Vg + 0)?) is obtained. On the other hand, in the cross correlation technique, two sets
of the voltage signal Vi + 0% and Vi + 657, which pass different signal lines separated
spatially, are measured simultaneously as shown in Fig. 2.2(b). By yielding correlation
spectrum of those two signals obtained from each signal line (Vg + 0¢%)(Vr + d5%) and by
averaging it for a long time, the external noise that includes 6{* or 65 vanishes because
they are not correlated each other, and only the noise originated from the sample {(VR)?)

can be extracted.

Analysis method

A finite voltage must be applied in order to measure the shot noise because the shot
noise is nonequilibrium noise. At a finite voltage, however, the 1/f noise and the random
telegraph noise, which are dominant in low frequency, may also appear. The voltage
noise power spectral density Sy measured in spinel-based MTJs is shown in Fig. 2.3. It

is observed that the white noise such as the shot noise and the thermal noise cannot be

17



(a) auto-correlation ‘ (b) \ cross-correlation

(Vg + 6:°%) (Vg + 8,7))
Spectrum analyzer = ((V)?)

long time average

amplifier1

Figure 2.2: (a) Noise measurement by usual method. (b) Noise measurement by cross

correlation method.

estimated due to the 1/f noise in low frequency, while the white noise is dominant in high
frequency typically above 100 kHz. We can analytically extract the white noise as long
as 1/f noise is not overwhelmingly large.

It is known that the current noise in the sample can be represented as an ac current
source connected in parallel with the sample, and the measurement systems for ac current
can be realized by an equivalent circuit shown in Fig. 2.4. The coaxial cables connecting
the sample and the amplifier contain parallel capacitance C', and the high frequency
signals are attenuated by the low-pass filter composed of the parallel capacitance and the

sample resistance. Here, the followings are taken into account;

e Deviation from Ohm’s law; The sample resistance is treated as the differential re-

sistance dV/dI.
e Effect of the sample resistance to the constant current.

e The thermal noise also occurs in the resistor R¢.

The resistance and the thermal noise of R is a constant value independent of the bias
voltage V4. Considering only the white noise and the 1/f noise, the voltage spectral

density measured in the equivalent circuit shown in Fig. 2.4 is expressed as

R*Z
Sy =S¢ 2.1
VTV 4 2 fCRY)? (2.1)
1
S{k/ = GiC X <Sthite + a?> , (22)
and
av
IR
R — i (2.3)
E’I + Rc
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Figure 2.3: Example of the measured voltage noise spectral density in spinel-based MTJs
at Viq =0, 3, and 6 mV.

Here, Gac is the gain of amplifier. First, the attenuation due to the low-pass filter
is compensated by using Eq.(2.1). The value of the parallel capacitance is ~ 760 pF
in our measurement system. The measured voltage noise spectral density Sy and the
compensated voltage noise spectral density S}, is shown in Fig. 2.5. The 1/ f contribution
is almost subtracted. For the analysis of the 1/f noise, numerical fitting is performed to
obtain a by using Eq.(2.2). We can also estimate the white noise component Sy _yhite by
this method. However, it is usually not easy to determine Sy _ypnite with a high precision.

Therefore, the histgram analysis is necessary.

Histgram analysis

In Fig. 2.5(b), the compensated voltage noise spectral density S} still contains the spike
noise, which is originated from the external electromagnetic interferences. The histgram
analysis has an advantage as it is less likely to be disturbed by such spike noise. We
create histgram from S§, in the frequency domain of 140-180 kHz in the Chapter 3 and
100-140 kHz in the Chapter 4 as shown in Fig. 2.6. By comparing Figs. 2.5(b) and 2.6, it
is clear that the spike noise is well discriminated from the white noise that we would like

to obtain. This histgram is fitted to obtain Sy _wnite by using Gaussian function.

2.2 Fabrication

In our study of Chapter 5, we fabricated gate electrodes and a disk of permalloy (Py;

FeyoNigg) on the GaAs/AlGaAs heterojunction semiconductor (Sumitomo Electric In-
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Figure 2.6: Histgram from the voltage noise spectral density in Fig. 2.5(b). The solid

curves represent the fitted Gaussian function.

dustries, HEMT epitaxial wafer) formed by the molecular beam epitaxy method. This
heterojunction semiconductor contains two dimensional electron gas (2DEG) as explained
in Chapter 5, in the GaAs/AlGaAs heterojunction interface. The fabrication method is

explained in the followings in detail.

1. Hall bar fabrication on 2DEG

2DEG is patterned into the hall bar by photolithography and wet etching. The
resist S1813G(SHIPLEY) is used for photolithography. For the wet etching. we use
acid aqueous solution prepared by mixing phosphoric acid in a concentration of 85
%, hydrogen peroxide water in a concentration of 30-35.5 % and distilled water in
the ratio of H3PO4: HyO5: HoO = 1.1: 0.9: 48. In this solution, H3PO, dissolve
the surface of GaAs oxidized by H5Os.

2. Ohmic contact fabrication

The multilayer stack of Au(20 nm)/Ge(10 nm)/ Au(20 nm)/ Ge(10 nm)/ Au(20
nm)/ Ge(10 nm)/ Au(20 nm)/ Ge(10 nm)/ Au(20 nm)/ Ge(10 nm)/ Ni(30 nm)/
substrate is pattered by photolithography and deposited by the electron beam heat-
ing type vapor deposition. The ohmic contact is formed by heating multilayer at

450 degree in vacuum and diffusing Ni and Au into GaAs.

3. Fabrication of gate electrodes and Py disk
The Au/Ti electrode is fabricated by photolithography, EB lithography and the

electron beam heating type vapor deposition. The optical microscope and scan-
ning electron microscope images are shown in Fig. 2.7 A schottky barrier is formed
between this gate electrode and GaAs. Py disk is fabricated by the same method.
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Figure 2.7: Optical microscope and scanning electron microscope images of our sample.
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Chapter 3

Coherent tunneling in spinel-based

magnetic tunneling junctions

3.1 Background

In the field of electronics, which is typified by the transistor, the charge of electrons has
been utilized for the development of the devices. Recently, there arises a research field
called spintronics, where the active manipulation of both the charge and the spin degrees of
freedom is studied [47]. One of the essential phenomena is the spin-dependent transport
in the ferromagnetic systems. The typical example is the tunneling magnetoresistance
(TMR) effect in magnetic tunnel junctions (MTJs).

3.1.1 Spinel-based MTJs

In Chapter 1, the TMR effect in MTJs is described. In MTJs with a amorphous Al,O3
barrier, the MR ratio is at most 100 %. On the other hand, in MgO-based MTJs, a very
large MR ratio is observed [15,16]. It was discussed that the coherent tunneling of the
highly spin-polarized electrons in the A; Bloch state is considered to be essential for the
prominent TMR effect in the MgO-based MTJs. MgO-based MTJs have been used in hard
disk drive read heads and is one of the main topics in the spintronics field. However, the
lattice mismatch between MgO and Fe is not small (about 3 %) and the misfit dislocations
are induced. More recently, a similar large TMR ratio was obtained in the MTJs with
a crystalline spinel (MgAly,Oy4) barrier [20,21], whose structure is shown in Fig. 3.1(a).
The MTJs with a spinel barrier have two advantages, that is, its nondeliquescence, which
mean that the spinel barrier would be more stable than MgO barrier, and its small lattice
mismatch (less than 1% for an Fe electrode) compared with that of the MgO barrier case,
which leads to the less misfit dislocations.

The theoretical study predicted that there exists the coherent tunneling of the A; state
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in MgAl,Oy-based MTJs as well as in MgO-based MTJs [64]. However, the nature of the
coherent tunneling in the spinel-based MTJs could be different from the case in MgO-
based MTJs. The lattice constant of MgAl,O, is twice as large as that of bee Fe as shown
in Fig. 3.1(c) and therefore a band-folding effect in the two-dimensional Brillouin zone of
the in-plane wave vector occurs because the lattice constant of Fe at the interface of the
MgAl,Oy4 layer becomes twice as large. Due to this band-folding effect, the A; electrons
with the minority spin contribute to the conductance, which suppresses the TMR effect.
In order to prevent the band-folding effect, cation-site disorder, which makes the effective
lattice constant of the barrier reduced to half as shown in Figs. 3.1(b) and 3.1(c), is
induced by perfoming the oxidation and postannealing processes at temperatures much
lower than the melting point of MgAl,O4 (2122 C). This cation-site disorder enhances the
TMR effect in the spinel-based MTJs [21]. Tt is of primary importance to experimentally
investigate whether the coherent tunneling occurs in such a cation-site disorder spinel
barrier as well as in the MgO-based MTJs.

3.1.2 Shot noise in MgO-based MTJs

In order to consider the shot noise in MgAl;O4-based MTJs, the shot noise in MgO-based
MTJs is briefly explained. It is mentioned that the Fano factor in a tunnel junction is
given by Eq.(1.19). Taking the spin degree of freedom into account, the Fano factor in
MTJs is given by

_ Zkud’ﬁ Te(ap)(ky; ;) (1 = Tp(ap) (k) 5, 0))
> Tear) (k) 4, 0) '

Here, k|| is the wave number parallel to the tunnel barrier, j represents the Bloch state of

(3.1)

electrons and o is the electron spin. In normal metal/insulator/normal metal junctions,
the Fano factor is unity (Poissonian process), because the tunnel probability in the tunnel
junction is usually much smaller than 1 (7" ~ 0). In MTJs, the situation would be the
same as normal tunnel junction when the tunnel probability is much smaller than 1.
However, what was observed in MTJs was more complicated than this simple expectation
as we will see below.

In MgO-based MTJs, the Poissonian shot noise was observed [50-52]. Later, the shot
noise in MgO-based MTJs with a thin barrier was reported [24]. Figure 3.2 shows the
noise power spectral density S; as a function of the bias voltage. The solid and dotted
curves represent the fitted curve and the curve corresponding to F' = 1, respectively. F for
the parallel (P) configuration is clearly reduced from unity, while F' for the anti-parallel
configuration is close to 1. This result was proven to be quantitatively consistent with
theoretical calculation by the first principle [53], supporting the relevance of the coherent

tunneling model in the MgO barrier as discussed below.
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suppressed in the P configuration [24].
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Actually, the Fano factor in MTJs is expressed by expanding Eq.(3.1);

[ p(TYT(1 = T)dT
J p(T)TdT
[ p(D)T2dT

—f (TYTdT (3.2)

F =

Here, p(T) is a distribution function of the tunneling probability 7. In the case of thick
barrier, F' ~ 1 for both configurations because the tunneling probability decreases expo-
nentially with increasing barrier thickness, and 7T of all the electrons are almost 0. On
the other hand, in the case of thin barrier, [ p(T)T2dT for the P configuration has a finite
value due to the peak of tunneling probability around kj = 0 for A; coherent tunneling,
which suppresses F. In the AP configuration, A; electron does not contribute to the
conductance and the Fano factor is almost unity.

Figure 3.3 shows the detail of the distribution function of 7" in the disordered Fe/MgO/Fe
tunnel junction [53]. p(T") and the contribution of T' and T? (p(T)T and p(T)T?) are
shown in the left and right axis, respectively. For the AP configuration, p(7") rapidly de-
creases with increasing T In contrast, for the P configuration, p(7") has a finite value even
when T is larger than 0.5. For example, at T' = 0.5, p(T) is about 3 x 107°. Although it
is very small, it has a large contribution to p(T')T? and to suppression of the Fano factor.
Thus, the observed sub-Poissonian shot noise in MgO-based MTJs gives the evidence for
coherent tunneling in the MgO barrier. Although the coherent transport via the A; states
has been inferred theoretically and experimentally, a convincing experimental signature
can be obtained through the shot noise measurement.

Our purpose of this study is to examine whether this observation is also obtained in
the spinel-based MTJs.

3.2 Sample

The samples measured in this study are the Fe/MgAl,O,/Fe based MTJs with two dif-
ferent barrier thickness shown in Fig. 3.4(a) fabricated by Seiji Mitani, Hiroaki Sukegawa
and Shinya Kasai in National Institute for Materials Science [20,21]. The thickness
of thin insulating layer MgAl,O4 is 1.5 nm, which is fabricated by the oxidation of
Mg(0.45)/Mgs3Als7(0.9) (thickness in nm). Other device with thick insulating layer is
fabricated by the oxidation of Mg(0.45)/Mgi9Alg;(1.4) (the exact thickness was not di-
rectly measured). The junction area (JA) are 1.5 x 0.5, 3 x 1, and 6 x 2 ym? for MTJs
with a thin barrier and 8 x 4, 10 x 5, and 12 x 6 um? for MTJs with a thick barrier.
Resistance-Area (RA) products (Rp x junction area) are about 140 Q - ym? and 5.7
k(2 - um?, respectively.
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Figure 3.4(b) shows the typical MR curve of sample No.2 at 4K. The MR ratio is 280
%. In these MTJs, one ferromagnetic layer (pin layer) has a higher coercive force than the
other one (free layer) because of the antiferromagnetic coupling between the pin layer and
the antiferromagnetic layer. The smaller MR curve was caused as the free layer reversed
on the way of reversal of the pin layer. The characteristics of the nine MTJs that we
used in this study (No. 1 - 9) are summarized in tables 3.1 and 3.2. The MR ratio of
sample No.1 is smaller than the other samples due to the incomplete AP configuration.

The magnetic structure of Fe in sample No.1 might be multidomain.

Sample number JA(um?) MR ratio(% )
No.1 1.5 x 0.5 190
No.2 1.5 x 0.5 280
No.3 3x1 281
No.4 3x1 288
No.5 6 x 2 297
No.6 6 x 2 301

Table 3.1: Characteristics of MTJs with the 1.5 nm-thick barrier at 4 K.

Sample number JA(um?) MR ratio(% )

No.7 8 x4 269
No.8 10 x5 277
No.9 12 x 6 283

Table 3.2: Characteristics of MTJs with the thick barrier at 2 K.

3.2.1 Fabrication method of sample

In this section, the fabrication method of MTJs is explained [20,21].

1. The MTJs studied in this work consist of the multilayer stack of Cr(40)/Fe(30)/
Mg(0.45)/Mgs3Als7(0.9)O, or MggAlg;(1.4)0,/Fe(7)/IrMn(12)/Ru(7 or 4) grown
by magnetron sputtering on MgO(001) substrate. The (Mg/Mg-Al)-O,, barrier layer

was fabricated by plasma oxidation in an Ar+QO; atmosphere.
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Figure 3.4: (a) The structure of MTJs. (b) Typical MR curve of sample No.2 at 4 K.
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2. The multilayer was patterned into 1.5 x 0.5, 3 x 1,6 x 28 x4, 10 x 5 and 12 X 6
pm? by photolithography and Ar milling and Au/Ti electrodes are fabricated.

3. MTJs were annealed at 175 °C for 15 min under a magnetic field of 5 kOe.

In this MTJs, the pin layer is Fe(7). At the interface between Fe(7) layer and IrMn
(antiferromagnet) layer, localized spins of two layers are in the AP configuration due to
the exchange coupling (antiferromagnetic coupling). The pin layer is strongly pinned by
the antiferromagnetic coupling with IrMn layer, because IrMn layer is hardly affected by
the external magnetic field. The difference between the coercive forces of the pin layer
and free layer leads to achieve the P and AP configurations in the zero magnetic field.

The annealing was performed to align the magnetizing direction.

3.3 Experimental results and Discussion

3.3.1 Shot noise

The measurements were carried out in the variable temperature insert (Oxford Inc.) at
4 K for MTJs with a thick barrier and 2 K for MTJs with a thin barrier, respectively.
Figure 3.5(a) shows the voltage noise power spectral density of sample No.2 for the P
configuration. We can obtain the clear white noise. In order to estimate Sy, the histgram
analysis was performed as explained in Chapter 2. The histgrams and fitted Gaussian
function for the data presented in Fig. 3.5(a) are shown in Fig. 3.5(b). Sy was converted
to Sy by the expression
Sy
St = v (3.3)
(r)?
Figures 3.6(a) and 3.6(c) show the experimental result of the differential resistance dV'/dI
and the S} of No.2 for the P and AP configurations as a function of the bias voltage (Viq)
at 4K. The differential resistance in both configurations show the asymmetric zero bias
anomaly, which is consistent with the previous report for this type of MTJs [20]. It may
indicate the difference in microstructure between the top and bottom electrodes due to
the insertion of Mg layer. At Viq = 0, S; is equal to the thermal noise 4kg7'(1/R*) with T
= 4 K. Here, R* = (dV/dI)Rc/((dV/dI) + Rc) as described in Chapter 2. The obtained
St is symmetric with regard to the bias voltage reversal. The parabolic behavior at finite
bias(|eVia| ~ kgT') indicates the crossover from the thermal noise to shot noise, and Sy is
linearly dependent on V4 for |eViq| > kpT'. All these features agree with those expected
from the conventional shot noise theory as explained in Chapter 1.
In order to determine F, the numerical fitting was performed by using the following

equation:

4kgT
S; = B +2{e[coth(

(3.4)

e%d _ QkBT
R* '

2kpT, R*
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The numerical fitting was performed by using the nonlinear lease-square regression anal-
ysis taking the experimental errors into account. The results of numerical fitting are
superposed in Figs. 3.6(a) and 3.6(c) for the P and AP configurations, respectively. The
solid and dashed curves represent the fitted curve and the Poissonian case (F' = 1), respec-
tively. Figures 3.6(b) and 3.6(d) show the corresponding expanded view of Figs. 3.6(a)
and 3.6(c). As seen in Fig. 3.6(b), F' for the P configuration (Fp) is reduced from unity
to be Fp = 0.979 £ 0.009, where the error bars indicate 99.73 % confidential interval. In
contrast, F' for the AP configuration (Fap) is very close to 1 (Fap = 1.002 £ 0.010).
Figure 3.7(a) shows the junction area dependence of the Fano factor in MTJs with
the thin barrier and the Fano factor of all the samples is compiled in Tables 3.3 and 3.4.
In MTJs with the thin barrier, Fp is less than 1, while Fap statistically equals to 1.00
expept for sample No.1. It is noted that in sample No.l1 for the AP configuration, the
1/f noise contribution is much larger than other samples, and the estimated Fano factor
ranges between 1.01 and 1.05 depending on the frequency range for the histgram analysis.
In the P configuration, however, the 1/f noise is confirmed to have no influence on the
Fp value. It is the most important observation that for the both configurations, the Fano
factor does not depend on the junction area. This result indicates that the reduction of F
is not extrinsic affect such as the impurity state. The Fano factor in MTJs with the thick
barrier is compiled in Table 3.4 shown in Fig. 3.7(b). F' does not depend on the junction

area and is very close to 1 for both configurations.

3.3.2 Coherent tunneling

Here we would like to discuss what we can learn from the above observation. Previously,
the full shot noise in MgO-based MTJs with a 1.5 nm-thick barrier was reported [50].
Later, spin-dependent suppression of the Fano factor (typically 0.91 in the P configuration
and 0.99 in the AP configuration) in MgO-based MTJs with a barrier as thin as 1.05 nm
was observed [24]. These results are in agreement with theoretical study, where the shot
noise in disordered Fe/MgO /Fe tunnel junctions was calculated from first principles [53],
which gives the evidence for coherent tunneling in the MgO barrier. As described above,
Fp is reduced due to the high tunnel probability of A; coherent tunneling around k| = 0.
In contrast, Fap is close to unity because of the absence of the A; electron.

The present result of the shot noise qualitatively agrees with the result of MgO-based
MTJs. This strongly suggests that the above story is also applicable even in the cation-
disordered spinel barrier, as the relevance of the coherent tunneling of A; states in the
spinel-based MTJs was discussed theoretically [64]. Although the coherent tunneling in
spinel-based MTJs with a thick barrier is not proved by the shot noise measurement, the
coherent tunneling is expected in MTJs with a thick barrier from the fact that the MR
ratio of MTJs with a thick barrier is as large as that of MTJs with a thin barrier. It should
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Sample No. JA(um?)  Fano factor Hooge parameter(ym?)
No.1(P) 0.981 = 0.008 1.3 x 10712
1.5x0.5
No.1(AP) 1.01-1.05 2.5 x 10710
No.2(P) 0.979 £ 0.009 1 x 10712
1.5 x 0.5
No.2(AP) 1.002 = 0.009 2.5 x 10711
No.3(P) 0.977 £ 0.009 2.0 x 10712
3x1
No.3(AP) 1.000 £ 0.008 9.0 x 1071
No.4(P) 0.964 £ 0.008 2.6 x 10712
3x1
No.4(AP) 0.998 = 0.008 7.6 x 1011
No.5(P) 0.970 £ 0.005 5.2 x 10712
6 x 2
No.5(AP) 1.003 £ 0.013 6.2 x 10711
No.6(P) 0.984 £ 0.005 3.8 x 10712
6 x 2
No.6(AP) 0.999 £0.013 8.6 x 1071

Table 3.3: Fano factor and Hooge parameter of the spinel-based MTJs with a 1.5 nm-thick

barrier studied in this work.

Sample No. JA(um?)  Fano factor
No.7(P) 1.001 % 0.005
8 x4
No.7(AP) 1.005 + 0.005
No.8(P) 0.999 + 0.006
10 x5
No.8(AP) 0.998 = 0.006
No.9(P) 0.996 + 0.005
12 x 6
No.9(AP) 0.996 £ 0.006
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Table 3.4: Fano factor of the spinel-based MTJs with a thick barrier studied in this work.
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Figure 3.8: (a) Temperature dependence of the Hooge parameter of the AlyOsz-based
MTJs for P and AP configurations [48].

be also noted that the barrier thickness of the present MTJs with Fp ~ 0.98 is as thick as
1.5 nm, where the Poissonian shot noise would be the case theoretically for MgO-based
MTJs. We do not understand the exact reason why the suppression of Fp is observed for
a thick case, while it may have a relation with that RA product of the present MTJs (140
Q- um?) is smaller than that of the MgO-based MTJs with a 1.5 nm-thick barrier (500
Q- pm? to 50 kQ - um?) [50]. As a remarks, the experimental observation that Fap > Fp
with Fap significantly suppressed below 1 was reported for amorphous Al;O3-based MTJs,
which was attributed to the tunneling mediated by localized impurity states inside the
barrier [49]. However, the present result of Fap > Fp with Fap very close to 1 is not
likely to be explained within this model, where F' is suppressed for both configurations.

In addition to the shot noise measurement, the coherent tunneling is proved by other
methods. In MgO-based MTJs, where the barrier thickness of MgO tygo changes con-
tinuously in the single substrate owing to the wedge shaped MgO barrier, the MR ratio
oscillates with tygo [23]. It is considered to originate from the interference of the electron
and to be the evidence of the coherent tunneling. In this study, however, we can directly
observe the conducting electrons, and the present result would be the most direct proof
of the coherent tunneling. Moreover, the Fano factor characterizes the distribution of the
tunneling probability, and it is indicated that in MTJs with a thin barrier, there exist
electrons with the tunneling probability larger than 2 % based on the theoretical results
shown in Fig. 1.8 [9].
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3.3.3 1/f noise

Finally, we discuss 1/f noise in our MTJs. First, we briefly describe what the 1/f noise
indicates. In the case of applications such as the read head of magnetic recording medium
and magnetic sensor, the electrical signals of MTJs are measured. There, the electrical
noises, especially the 1/f noise disturb the detection of the electrical signals. For these
applications, the reduction of the 1/f noise is very important and many studies have
been carried out [45,48,54-63]. Amplitude of the 1/f noise is evaluated by the Hooge

parameter a given by

a
SV,l/f - ? (35)
and
aA

as explained in Chapter 1. Figure 3.8 shows the temperature dependence of a of AlyOs3-
based MTJs. The followings are known about the 1/f noise in MTJs.

e Amplitude of the 1/f noise for the AP configuration is usually much larger than
that for the P configuration.

e « increases as the temperature increases.

The origin of the 1/ f noise is considered to be the thermal fluctuation of magnetization,
which is notable for the AP configuration.

Figures 3.9(a) and 3.9(b) show the voltage noise power spectral density of sample No.1
for the P and AP configurations, respectively. The 1/f noise is clearly larger for the AP
configuration than for the P configuration. The 1/f noise observed at Viq = 0 (mV) is
the contribution of the amplifier. From the obtained spectral density between 6 and 60
kHz, we derived the a as a function of V4. The results of samples No.1 and No.2 for the
AP configuration is shown in Fig. 3.9(c). As is usually case for the 1/f noise, the factor
a shows a parabolic behavior as a function of V4. The numerical fitting is performed to
obtain « by using Eq.(3.6). The Hooge parameters « are summarized in Table 3.3 and
are shown in Fig. 3.10. It is noted that o of M'TJs with a thick barrier is too small to be
estimated because of the small «, large junction area, and small applied bias voltage. For
the P configuration, « is much smaller than the AP configuration as mentioned in case of
the MgO-based MTJs. For both configurations, the Hooge parameters « are roughly the
same for all the MTJs, which means the uniformity of the film.

The present result, which is similar to the MgO-based MTJs, may indicate that the
origin of 1/f noise for the P configuration is charge traps in the tunnel barrier, whereas
the considerable 1/f noise contribution in the AP configuration suggests the magnetic

origin. « of sample No.1 is much larger than other samples due to the imperfect AP
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configuration which is mentioned as the origin of smaller MR ratio. The Hooge parameter
of high-quality MgO-based MTJs is 3.4 x 107! (um?) at 3 K for the P configuration.
Although the sample geometries are different, this value is roughly comparable to those
of the present spinel-based MTJs. Such small 1/f noise contribution indicates the high
quality of the well-crystalized spinel barrier.

3.4 Summary

In conclusion, the current noise was measured in MgAl;O4-based MTJs with two different
barrier thicknesses and three different junction areas. In MTJs with a thick barrier, the
Poissoinan shot noise is observed for both configurations. The Fano factor less than
unity (typically 0.98) is observed for the P configuration, indicating the sub-Poissonian
process of the electron tunneling, while the Poissonian shot noise is obtained for the AP
configuration. These values of F' do not depend on the junction area. This observation
strongly suggests the relevance of the coherent tunneling in this type of MTJs. We also
evaluate the 1/f noise by estimating the Hooge parameter a. « is larger for the AP
configuration than for the P configuration, which indicates that 1/f noise in the AP

configuration originates from the thermal fluctuation of the magnetization.

38



(@)

® 10 mV
T 10°F
>
> -
) 10 19 |
-20 L1 S 1 -.| Lrrals S
10 5678 3 2 3 4 5678 4 2 3 4 56
10 10
Frequency (Hz)
(b)
E‘s
P e ® 6mV
A7 | sl TS ® 3mV
~ 10 E. T
N =
L -
N> -
~ -18 L
>10 g
0p] =
a9 [
10 Eu
56
Frequency (Hz)
(c)
Q\q O No.l 0/’
10 R, - - - fitted g
N =Y
> N O No.2 4
0 o — fitted 2
N h Vs
S5
X 5 o
?6 Et] BEJ'
oF e ssgaat e
-5 0 5
Vsd (mV)

Figure 3.9: Voltage noise power spectral density of sample No.l for (a) the P and (b)
AP configuration. (b) Magnitude of 1/f noise of samples No.1 and No.2 for the AP
configuration with a applied bias voltage at 4K.

39



O No.1
N O O No.2
= -10 [ A No.3
= 10 £ < Noa K
= 11 X No.6
@ 10 -
a ~ %
)
(@)
g 102 8
I 1 1 11 1 l 1 1 1 1 1 11 1 l 1
5 6 789 2 3 4 5 67809 2
1 10

Junction Area (pmz)

Figure 3.10: Junction area dependence of the Hooge parameter for the P (blue) and AP
(red) configuration at 4 K.

40



Chapter 4

Microscopic tunnel processes in
MgO-based magnetic tunneling

Junctions

It was theoretically [53] and experimentally [24] confirmed that the electrical conduction
in MgO-magnetic tunneling junctions (MTJs) is mainly carried by the coherent tunneling.
However, there are also other processes such as photon-assisted tunneling [65,66], magnon-
assisted tunneling [65,66], trap-assisted tunneling [67] and pinhole effect [68]. Especially
when the barrier is thin, the contribution of pinholes is not negligible. In this study, we
estimate the contribution of pinhole effect quantitatively by using shot noise. As we will
discuss below, our achievement tells that the shot noise is useful to quantify the quality
of the thin insulator in MTJs.

When the current [ is applied to a tunnel junction, the shot noise occurs due to the
particle nature of electron and their partition process at the junction. At zero temperature
limit, the shot noise is given by 2elF. Here, the Fano factor F' represents the degree of
the deviation from the Poissonian value. In normal metal/insulator/metal junctions, the
Fano factor becomes unity, which means that there is no correlation between successive
electron tunneling events at the barrier, which results in the Poissonian statistics. While
the above case is the most ideal one, in actual cases, F' can take various values from zero
to even more than unity depending on physical systems, which allows us to clarify more
the electron transport via the shot noise measurement [36]. For example, it is established
that the shot noise is absent (F = 0) in bulk resistances.

In the MTJs, the full shot noise is observed in both Al,O3- [48] and MgO- [24,45,50-52]
based MTJs. Later, it was found that the Fano factor in the high-quality MgO-based [24]
MTJs with a thin barrier is very close to 1 in the AP configuration, while it is suppressed
less than unity in the P configuration. This result quantitatively agreed with theoretical

calculation by the first principles [53], supporting the relevance of the coherent tunneling
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model in the MgO barrier. It is, however, also possible that, depending on the quality of
MTJs, the Fano factor decreases due to other transport processes such as the two step
tunneling [69] and/or the electrical pinhole effect [70]. Indeed, it was reported the Fano
factor in Al;Os-based MTJs is reduced due to the tunneling mediated by the localized
state in the barrier [49].

In this Chapter, we report the shot noise study of the epitaxial Fe/MgO/Fe MTJs
with various barrier thicknesses. The Fano factor is reduced from unity in the MTJs with
thin barrier. We found that the factor is smaller in the AP configuration than in the P
configuration unlike the previous reports [24,53]. We explain this observation by using a
simple parallel resistance model and estimate the contribution of the leak current through

the junction.

4.1 Sample and measurement setup

The present MTJs consist of the multilayer stack of caplayer/IrMn(10)/Fe(10)/MgO/
Fe(100)/buffer layer as shown in Fig. 4.1(a) fabricated by Shinji Yuasa, Akio Fukushima
and Takayuki Nozaki in National Institute of Advanced Industrial Science and Technol-
ogy [15]. The thickness of insulating layer MgO tyg0 changes continuously from 0.25 nm
to 1.75 nm in the single substrate owing to the wedge shaped MgO barrier. This mul-
tilayer is grown by MBE on MgO(001) substrate and is patterned into MTJs structure
with 200 x 800 and 500 x 2000 nm? by electron beam lithography and Ar ion milling.
In this study, we measured 15 MTJs with various thicknesses between 1.1 nm and 1.625
nm. Figure 4.1(b) shows the MR curve of MTJs with 1.4 nm barrier at 4 K. Typically,
the relative magnetization orientation switches from P configuration to AP configuration
at -14 mT and from AP configuration to P configuration at -6 mT. Figures 4.2(a) and
4.2(b) show tygo dependence of resistance-area (RA) products (Rpx junction area) and
MR ratios for 15 MTJs that we measured in this study. The RA product exponentially
increases as a function of tye0, being a well-established behavior of a tunneling trans-
port [71]. When tyg0 is very thin, the MR ratio rapidly decreases as the tygo decreases
in a good agreement with the previous reports [15]. The characteristics of MTJs are
summarized in Table 4.1.

The noise measurements were carried out in the variable temperature insert (VTI by
Oxford Inc.) between 1.6 and 4 K. As schematically shown Fig. 4.3, the dc current with
a small ac modulation is applied to the MTJ through a 100 k{2 resistor to obtain the
differential resistance by means of the standard lock-in technique. The two signals of
the voltage difference across the MTJs are amplified independently by using two room-
temperature amplifiers (NF Corporation LI-75A) and are recorded by the two-channel

digitizer (National Instruments PCI-5922). In order to reduce the external noises and
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the thermal noise of the cables, the measured two sets of time domain data are cross-

correlated to yield the noise power spectral density through fast Fourier transformation
(FFT).

4.2 Shot noise

Figure 4.4(a) shows the typical voltage noise power spectral density Sy of MTJs with
a 1.15 nm barrier for the P configuration. We performed the histogram analysis for the
measured voltage noise power spectral density Sy typically between 30 kHz and 90 kHz or
90 kHz and 130 kHz as shown in Fig. 4.4(b), where the observed spectra are confirmed to
be perfectly free from the 1/ f noise of the MTJ. By carefully calibrating the measurement
system and statistically treating the measurement errors, we are able to determine the
Fano factor well within an accuracy of 1%. The calibration of the amplifiers, which
determines the accuracy of the present noise measurement, was performed by measuring
the thermal noise of several different calibrated resistances at room-temperature. In this
study, we discuss the noise property obtained from 15 MTJs with various thicknesses
between 1.1 nm and 1.625 nm. The resistances in series with MTJ such as the contact
resistance are much smaller than the tunnel resistance and do not influence the shot noise
analysis.

Figures 4.5(a) and 4.5(b) show a typical experimental result of the differential resis-
tance (dV/dI) and the current noise power spectral density S; for the MTJ with 1.15 nm
barrier at 1.6 K as a function of V4 for the P and AP configurations, respectively. St
is deduced from Sy by using the equation S; = Sy /(dVia/dI)?. At Viq = 0, St exactly
equals to the thermal noise 4kgT'(dV/dI) with T'= 1.6 K. The obtained S; is symmet-
ric with regard to the bias-voltage reversal. The parabolic behavior at the finite bias
(|eVia| ~ kT ~ 0.14 meV) indicates the crossover from the thermal to shot noise, and
S linearly depends on |Vyq| for |eViq| > kgT. All these features qualitatively agree well
with those expected from the conventional shot noise theory.

To be more quantitative, the numerical fitting was performed to obtain F' by using
S; = 2e¢|I|F in the region of |eViq| > kgT. The numerical fitting was performed for
|Vaal > 1 mV for MTJs measured at 1.6 K and |Vi4| > 2 mV for MTJs measured at 4 K
by using the nonlinear least-square regression analysis taking the measurement errors into
account. The results of the fitting are superposed in Figs. 4.5(a) and 4.5(b). The solid
and dashed curves represent the fitted one and the Poissonian case (F' = 1), respectively.
As seen in Figs. 4.5(a) and 4.5(b), F is clearly reduced from unity to be 0.944 £ 0.005 for
the P configuration and 0.868 + 0.005 for the AP configuration. The same analysis was
performed for the 15 MTJs. The results are summarized in Table. 4.1. One of the MTJs

with 1.1 nm barrier was measured the shot noise only in the AP configuration because of
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Figure 4.3: Schematic illustration of the measurement circuit.

the breakdown.

Figure 4.6 is the central experimental result of this Chapter, which shows the experi-
mental results of the Fano factor for all the 15 MTJs with various tygo for the P and AP
configurations. In the MTJs with thick MgO barrier (fmgo > 1.2 nm), the Fano factor
is very close to 1 for both configurations. On the other hand, in barriers thinner than
~ 1.2 nm, we observe the Fano factor less than one. Furthermore, the Fano factor is
smaller in the AP configuration than in the P configuration. As seen in Fig. 4.6, the Fano
factor varies widely from device to device, which tells that the MTJs with the same thick

barrier can have different Fano factors.

4.3 Leak current model

As mentioned in Chapter 3, we obtained the full Poissonian shot noise in CoFeB/MgO/CoFeB
tunnel junctions with 1.5 nm-thick barrier [50]. Later, we reported that the Fano factor is
typically 0.91 in the P configuration and 0.98 in the AP configuration in the MTJs with
thin barrier (1.05 nm) [24]. The result, which was reproducible for the four measured
devices, quantitatively agrees with theoretical study by using first principle calculation
for the disordered Fe/MgO/Fe tunnel junctions [53]. In these results, the Fano factor
is smaller in the P configuration than in the AP configuration. Therefore, the present

result is qualitatively different from the previous report as well as from the theoretical

45



~
£

Sy (x10™*° VP/Hz)
| N

o

Frequency (kHz)

(b)

Counts

0.5 0.0 05 1.0 15
Sy (x10™*° VP/Hz)

Figure 4.4: (a) Measured voltage noise power spectral density at 0, 2, and 5 mV. (b)
Histgram deduced from the voltage noise spectral density in Fig. 4.4(a). The dotted lines

are fitted Gaussian function.

46



0H
§52.o
351.8
[
S
£51.6
(O]
o

ol
—_—
I

N

L
()

-5 0
Vsd(mv)

5

10

AntiParallel
Par?:'ilﬁéd — Fitted
F=1 F=1
¥
~~ 40
<
N
=
53
n 20

-4 0
Vsd(mv)

Figure 4.5: (a)(b) Differential resistance and current noise power spectral density of MTJs
with 1.15 nm thick barrier for the parallel configuration and the antiparallel configuration,
respectively. The solid line is the fitting curve and the dashed line represents the curve

corresponding to ' = 1.

47



1.0+ gl oo o
g
JLL 5 :
O
S 081 o" mP
3 O AP
LL
2
c 0.6
LL
O
] ] ]
1.2 1.4 1.6

Barrier Thickness(nm)

Figure 4.6: Dependence of the Fano factor F' for the P and AP configurations on the
MgO barrier thickness..

calculations, which cannot be attributed to the coherent tunneling model.

To explain the present result, we assume that the leakage effect due to possible pinholes
or defects is responsible for the reduction of F. The fact that the MTJ with 1.125 nm-
thick barrier has by far the smallest Fano factor (0.818 & 0.006 in the P configuration,
0.48240.004 in the AP configuration) with the lowest RA product (4.2 Q- um?) suggests
the existence of the leak current and the Fano factor associated with it.

We consider a simple model of the shot noise in the presence of leak current [69]. The
effect of the leak current is regarded as a parallel resistance in addition to the intrinsic
tunneling resistance as shown in Fig. 4.7. We simply assume that the leak current (parallel
resistance) does not depend on the magnetic configurations and that the Fano factor of
the leak current is zero as is the case for bulk resistors. That is, the shot noise occurs only
due to the current through the tunnel barrier. In this model, the current noise spectrum
density and current of MTJs is expressed by the tunnel current (;) and the leak current

(1) as

S[ = 26[1‘,7 (41)
and
_[ = -[t + Ig, (42)

respectively. The Fano factor is defined as F' = S;/2el and by substituting S; and [ into

F, we can obtain the following by using the intrinsic tunnel conductance Gy, (« is P or
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Figure 4.7: Schematic picture of the leak current model.

AP),
Gt,a

- G@a + Gy

Making use of the above, we deduce the leak conductance (G;) and the relation of the

F. (4.3)

Fano factor between the P and AP configurations as
Gg - (1 - FP)GP, (44)

and

Gp
Gap’

respectively. Here, Gp = 1/Rp, and Gap = 1/Rap. Now, we can calculate Fap and G

Fap=1—(1—Fp)

(4.5)

from the experimental results of Fp, Gp, and Gp.

Figures 4.8(a) and 4.8(b) show the obtained leak conductance G, and the normalized
leak conductance (G;/Gp) of the measured 15 MTJs. In MTJs with thick barriers, G,/Gp
is negligibly small to be zero within the error bar and leak current does not contribute
to the conduction in the MTJs, whereas Gy increases exponentially as barrier thickness
decreases. The increase of G;/Gp as the decrease of the barrier thickness suggests that
the leak current makes a significant contribution to the electrical conduction. The result
shown in Fig. 4.8(a), namely the quantitative relation between the barrier thickness and
the leak current, is the main finding of the present work. Figure 4.9 shows the relation
between the calculated Fano factor (Fap cac) and the experimental one (Fap eyp). Clearly,
Fap cale quantitatively agrees very well with Fyp exp, which supports the validity of this
model. Importantly, the leak conductance increases with decreasing t\z0, which agrees

well with our empirical knowledge of MTJs.
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From the dc measurement, we experimentally found that the RA values of the present
MTJs slightly deviate from the exponential dependence on the thickness as the barrier
thickness decreases below 1.2 nm. The conductance per area (inverse of the RA product)
was fitted numerically by exponential function and the residual between the conductance
and the fitted line was estimated as shown in Fig. 4.10(a). It should be noted that the nu-
merical fitting is performed by using the conductance of MTJs with F' = 1. Figure 4.10(b)
shows the residual and the leak conductance estimated from the shot noise. These two
values show a similar behavior, which constitutes an independent proof of the validity of
our model. Importantly, the signal of the leak current is much more prominent in the

Fano factor than what is obtained from the RA values.
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We note that there are several critical assumptions in the above model. First, the Fano
factor of the leak current is set to zero. Second, we take F' of the MgO barrier as unity by
ignoring the effect of the coherent tunneling. Because of these reasons, the present model
may look a simplified one. However, as long as F' of the MgO barrier is slightly smaller
than 1, the present result is not greatly influenced. It is remarkable that the leak current
can be directly estimated by the shot noise measurement to have a clear correlation
with the MgO barrier thicknesses. We confirmed that, even if the Fano factor of the
leak current component is assumed to be finite rather than zero, the observed tendency
remains unchanged. Previously, the coherent tunnel model was discussed by Arakawa et
al. for the MTJs with a 1.05 nm barrier which have about 200 % MR ratio [24]. The Fano
factor was observed to be reproducible from device to device. These results indicate that
tunnel barrier is uniform and there is no leak current. The present MTJs do not have
comparably large MR ratios and show device-dependent Fano factors. Thus, the MTJs
with large MR ratio are necessary to test the coherent tunnel model by the shot noise.

There are other models by which the spin-dependent suppression of the Fano factor
with Fp > Fap could be explained. For example, the spin-dependent tunneling interme-
diated by the localized impurity state was discussed before [49]. In their model, however,
all the electron transports are carried by the sequential tunneling, where the large MR
ratio is not expected. The MR ratios of the present MTJs are larger than 100 %, which

is not understood by their model.

4.4 Summary

In summary, we measure the shot noise in the MgO-based MTJs. The shot noise with
Fap < Fp is observed in MTJs with thin barrier. From the experimental result that indi-
cates the presence of the leak current, the leak conductance is determined quantitatively
by the parallel resistance model. We show that the shot noise measurement is a powerful

tool for estimation of the leak current.
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tmgo (nm)  JA (nm?) RA (Q-pum?) MR ratio (%) Fp Fap
1.1 200 x 800 2.7 97.2 (1.6 K) 0.790 £+ 0.006
1.1 200 x 800 5.9 105.3 (4 K)  0.974 +£0.006 0.956 4+ 0.015
1.125 200 x 800 4.2 44.7 (1.6 K)  0.818 £0.006 0.482 4+ 0.005
1.15 200 x 800 8.3 120.2 (1.6 K) 0.944 +£0.005 0.869 4 0.006
1.175 200 x 800 10.7 134.7 (4 K) 0.9744+£0.013 0.929 +0.013
1.2 200 x 800 14.3 1544 (4 K) 0.974+£0.015 0.933 +£0.012
1.2 200 x 800 13.9 170.1 (1.6 K) 1.000 4 0.005 1.000 4 0.009
1.225 200 x 800 15.7 171.8 (4 K)  0.993 +£0.013 0.986 4+ 0.012
1.225 200 x 800 15.3 176.5 (1.6 K) 1.008 +0.009 1.017 4 0.007
1.3 200 x 800 24.9 189.7 (4 K)  0.996 +0.010 0.996 4+ 0.013
1.325 200 x 800 30.5 190.2 (1.6 K) 1.005 4 0.008 1.007 4 0.009
1.4 200 x 800 46.7 190.6 (4 K)  0.982+0.016 0.964 4+ 0.014
1.45 200 x 800 60.6 201.6 (1.6 K) 0.997+0.009 1.003 4+ 0.008
1.625 500 x 2000 244.4 2212 (4 K) 0.992+0.013 0.968 +0.014
1.625 500 x 2000 251.8 240.2 (1.6 K) 1.005+0.008 1.001 £ 0.009

Table 4.1: Characteristics and Fano factor of the MgO-based MTJs studied in this work.
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Chapter 5

Ballistic detector for magnetic

vortex core

5.1 Background

In Chapter 1, the macroscopic quantum tunneling (MQT) was introduced. The MQT
is a phenomenon that the macroscopic object transmits a potential barrier by the quan-
tum tunnel process. The MQT in the ferromagnets was reported [31-34], and attracts
an interest from a point of view on whether the macroscopic spin system, namely the
ferromagnet, can tunnel or not. In this work, we focus on the magnetic vortex core [72].
In order to test the MQT in the magnetic vortex core, we require the detector for the
magnetic vortex core. In this Chapter, we explore the potential of a microcavity fabri-
cated in two dimensional electron gas as the ballistic detector of the vortex core by the
method of billiard simulation [73].

5.1.1 Magnetic vortex

The magnetic structure of ferromagnet is determined to minimize the free energy, which
is the sum of magnetostatic energy, magnetic anisotropy energy, and exchange energy.
Generally, the ferromagnet is demagnetized by taking multi-magnetic-domain structure
with different directions of magnetization to lower the magnetostatic energy [74]. There
is a transition region between two magnetic domains called domain wall, where electron
spins rotate gradually across a finite distance. However, when the ferromagnet becomes
submicroscale, the instability of forming the domain wall becomes larger. Consequently,
the submicroscale ferromagnet often exists only as a single domain.

In the submicroscale ferromagnet, the magnetic structure depends on the shape and
size. The ferromagnetic dot forms the magnetic vortex structure, where spin directions

change gradually in-plane [72]. Figure 5.1(a) shows the structure of magnetic vortex. This
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structure originates from the competition between magnetostatic energy and exchange
energy. At the center of the disk, the direction of spins becomes out-of-plane to prevent
exchange energy from increasing rapidly due to smaller angle between adjacent spins. The
direction of out-of-plane spins is called polarity of the vortex core. The size of vortex core
is about 10 nm. As is clear from Fig. 5.1(a), in addition to polarity the disk has another
degree of freedom, namely, the chirality, which is the rotating direction of the magnetic
vortex. However, in this Chapter, we only focus on the polarity of the magnetic core.

At zero magnetic field, the magnetic vortexes with up polarity and down polarity
have the same energy. There exists a potential barrier between the two states as shown
in Fig. 5.1(b). When a out-of-plane magnetic field is applied to the magnetic vortex, the
magnetic vortex with a polarity parallel to the magnetic field is more stable than that
with the other polarity. At a certain magnetic field, the magnetic vortex core is reversed
by exceeding the potential barrier.

As described above, the spin tunneling is not unusual at low temperature and have
been discussed [75]. The magnetic vortex core is one of the candidates for the MQT.
The vortex core behaves collaboratively because of the strong exchange interaction and
is nanoscopic size (10 nm). The quantum depinning of the magnetic vortex core is re-
ported [76]. Therefore, the vortex core might show the quantum tunneling between the
up and down polarities.

Usually, the polarity of the vortex core is measured by the magnetic force microscopy
(MFM) [72]. However, the MFM is invasive and may change the polarity of the core. The
MFM also takes a long time to detect the polarity of the vortex core. A another good
magnetic sensor, superconducting quantum interference device (SQUID) is weak to the

magnetic field. In this thesis, we focus on the microcavity fabricated in the 2DEG.

5.1.2 Two dimensional electron gas [7]

Two dimensional electron gas (2DEG) is a research target with good controllability, where
many studies about quantum Hall effect [77-79], quantum dot [80,81] and so on are carried
out. The ballistic detector in this is also fabricated in the 2DEG. Here, the typical 2DEG,
GaAs/AlGaAs heterojunction, is explained.

2DEG is formed at the interface between two semiconductor materials with different
band gap (,however, other properties such as lattice constant are similar, which in needed
for manufacturing heterostructure). Figure 5.2(a) shows the band diagram of the non-
doped GaAs/n-type AlGaAs heterojunction. The Fermi energy Fr in the n-type AlGaAs
is higher than that in the non-doped GaAs. Consequently, electrons transfer from AlGaAs
to GaAs leaving behind positively charged donors. This polarization prevents the charge
transfer. At equilibrium, the Fermi energies in AlGaAs and GaAs are the same as shown

in Fig. 5.2(b). The electrons spilled over from the n-type AlGaAs are restrained in the
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Figure 5.1: (a) Magnetic structure of magnetic vortex. (b) Schematic image of the po-

tential barrier between the magnetic vortexes with up and down polarity.

GaAs near the interface between AlGaAs and GaAs and form 2DEG. 2DEG in GaAs is
separated spatially from donors in AlGaAs, which suppresses the scattering due to the
impurities and defects. In the 2DEG, the mean free path reaches a few um and the

electron transport becomes ballistic.

5.1.3 Ballistic detector

In 2DEG, various structures such as quantum dot and quantum point contact are formed
by the split gate method. Microcavity is a typical example, where electrons are confined
in a microscale dot as shown in the inset of Fig. 5.3(a) [82]. It is mainly used as an
optical device [83], however, it also shows interesting electrical transport. At very low
temperature, weak localization and universal conductance fluctuation give sharp features
in the magnetoresistance as shown in Fig. 5.3(a) [82,84]. In this system, the conductance
is well described by billiard model simulation explained below [85].

In this Chapter, the microcavity is used for the ballistic detector. Figure 5.3(b) shows
the schematic image of the ballistic detector. The magnetic vortex is fabricated just above
the microcavity in 2DEG. Electrons transporting in the microcavity are expected to be
affected by the stray field from the magnetic vortex core; The electrons go backward
and forward many times in the microcavity and the effect of stray field would become

larger. It may enable us to detect the change in the conductance due to the stray field.
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Figure 5.2: Band diagram of the non-doped GaAs/n-type AlGaAs heterojunction (a)

before and (b) after charge transfer has taken place.

If the conductance changes depending on the polarity of the magnetic vortex core, we
can detect the polarity over wide range of temperature and external magnetic field. In
order to determine the value of magnetic field at which vortex core reverses, the magnetic
field dependence of the resistance should be measured. If the resistance has a hysteresis
depending on the polarity of the magnetic vortex core, we can determine the value of

magnetic field for core reversal from the hysteresis loop.

5.2 Billiard simulation

5.2.1 Billiard model [86]

In order to explore the potential of the ballistic detector, we performed the classical billiard
simulation which is useful for investigation of the transport in the microcavity. In this
model, the electrons are treated as the mass points and are elastically scattered many
times by the wall of the microcavity (billiard table) like billiard balls. Here, quantum
effects such as interferences are ignored. Due to it, the classical billiard model is invalid
at the very low temperature. However, the sensitivity of ballistic detector might increase
when the quantum effects arises. If the classical ballistic detector can detect the reversal
of magnetic vortex core, it is useful over the higher range of temperature where quantum

effect is not significant..
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Figure 5.3: (a)Magnetoresistance of the microcavity [82]. (b) Schematic picture of the
ballistic detector, which we treat in this Chapter.
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5.2.2 Calculation method

We calculated the transmission probability 7' for the both polarity and the change in
T defined as AT = (T+ — T})/T in the range of external magnetic field from 0.05 T to
0.4 T by using following condition and method. Here, T} and 7| are the transmission

probabilities for up and down polarity, respectively.

Calculation condition

The shape of the microcavity is set as a square of 1 x1 um? with 50 nm entrance and exit at
the center of left and right edge, respectively, as shown Fig 5.5. We injected 10° electrons
with various positions and angles of the incidence (1000 position: —25 nm < x < 25 nm,
1000 angle: —90° < 6 < 90°). The velocity of electron is 3.0 x 10°m/s which is a Fermi
velocity in a typical 2DEG.. The distance between 2DEG and the surface of magnetic
vortex is 60 nm. The stray field from magnetic vortex is calculated by Yoshinobu Nakatani
and Keisuke Yamada in University of Electro-Communications. This magnetic field is
calculated by summing the stray field from the magnetic vortex which is divided into
cells. Here, the thickness of the magnetic disk is 50 nm. Figures 5.4(a) and 5.4(b)
show the stray field from the magnetic vortex and the line profile at y = 0. The stray
field at just above magnetic vortex core is about 5 mT and spreads about 100 nm. We
approximate the stray field by a step function as shown in Fig. 5.4(b) in order to simplify
the calculation.

(a) (b)
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Figure 5.4: (a)Magnetic field distribution from magnetic vortex core at the plane 60 nm
away from the surface of magnetic vortex (b) Red line is the lineprofile of Fig. 5.4(a) at

y = 0. The blue line is the approximate step function.

Calculation method
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We calculated whether electrons transmit or are reflected by the following method.

1. We calculated the cyclotron motion from the initial conditions, position and angle

of incidence, velocity and external magnetic field.

2. We calculated a collision point between electron and ballistic detector and also

calculated the cyclotron motion after the elastic collision.

3. When the electron enters the region of stray field (red circle), the cyclotron radius

changes depending on the stray field from magnetic vortex core.

4. When the electron touches the entrance or exit of the ballistic detector, we count it

as transmission or reflection respectively.

@ @ —@

Figure 5.5: Schematic illustration of the calculation method.

5.3 Result and discussion

5.3.1 Transmission probability

First, we assumed that the stray field is a circular region of 10 mT with 100 nm-radius
and calculated the trajectories of electrons for both polarity in the external magnetic field
as large as 0.2 T as shown in Fig. 5.6. At first, electrons for both polarity moves in a
same trajectory. However, once electrons passed the stray field region, these trajectories
slightly change. After electrons are reflected in the microcavity many times and pass
stray field region sometimes, these trajectories become completely different. Finally, the
electron for up polarity transmitted, while the electron for down polarity was reflected. It
was found that the electrons transporting the microcavity are affected by stray field from
magnetic vortex.

Figures 5.7(a) and 5.7(b) show the magnetic field dependence of transmission proba-
bility for both polarities and AT. Transmission probability oscillates as a function of the
external magnetic field. AT is typically 3 % and at most 5 %, which would be experi-
mentally detectable value. We also calculated the stray field dependence of T and AT in
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Figure 5.6: Trajectories of electrons for (a) up polarity and (b) down polarity.

the external magnetic field of 0.45 T as shown in Figs. 5.8(a) and 5.8(b). The stray field
is assumed to be a circle with a radius as large as 100 nm. Although T} decreases with in-
creasing stray magnetic field, 7 increases monotonically. Consequently, AT increases up
to 6 % and AT at different external magnetic field also tends to increase with increasing
stray magnetic field. These results indicate that the ballistic detector works as a detector
of the polarity of magnetic vortex core in principle.

Figures 5.9(a) and 5.9(b) show the magnetic field dependence of transmission prob-
ability for the both polarities and AT, where calculated stray field (1 mT - 5 mT) was
used for the billiard simulation. 7T oscillates as a function of magnetic field as well as the
case of assumed stray field. T slightly depends on the polarity and AT is typically 0.3
%. The maximum value of AT is 3 % at 0.2 T. These values are much smaller than AT
for assumed stray field. In order to detect the polarity, we must measure the conductance

precisely.

5.4 Summary

We focus on the microcavity fabricated in 2DEG and investigate the potential of the
microcavity as the detector for the magnetic vortex core. We calculated the transmission
probability T of the microcavity by the method of the classical billiard simulation. T
depends on the polarity of the vortex core and AT tends to increase with increasing stray
field of vortex core, which indicates that the microcavity can detect the polarity of the
magnetic vortex core in principle. For the calculated stray field, AT is typically 0.3 % and
is 3 % at most. We might be able to detect the polarity through the precise measurement,

which leads to the experimental test of the MQT in the magnetic vortex core.
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Figure 5.7: Magnetic field dependence of (a) the transmission probability of the micro-
cavity for up and down polarity and (b) AT for the stray field of 10 mT.
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Figure 5.8: Stray field dependence of (a) the transmission probability of the microcavity
for up and down polarity and (b) AT.

64



(@

’\? L
< O T(+) B
E 60 0 T(- @] . a
o) B )
© o B O
'8 56 - 5
o - B
& 521
@ -
g 48f .
T O
= I I I l l
(b)
2_
|_
< [— 1|
-1

0.1 0.2 0.3 0.4 0.5
magnetic field (T)
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detector for up and down polarity and (b) AT in the case of calculated stray field.
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Chapter 6
Summary

Here, we summarize the results of this Thesis where, we investigated the tunnel phenom-

ena in submicroscale ferromagnetic systems.

Coherent tunneling in spinel-based MTJs

We measured the shot noise in nine spinel-based MTJs with the thin and thick barriers
and different junction areas and evaluated the Fano factor F. When the barrier is thick,
the Poissonian shot noise is observed for both of P and AP configuration. On the other
hand, in the MTJs with a thin barrier, the shot noise is suppressed for the P configu-
ration (typically F' = 0.98) although the Fano factor for the AP configuration equals to
unity. In the present MTJs, the Fano factor does not depend on the junction area, which
means that these observations are intrinsic in the present M'TJs. The present results are
qualitatively agree with the results in the MgO-based MTJs [24,53]. It supports that the
coherent tunneling model is valid in the spinel-based MTJs as well as MgO-based MTJs.
We also measured the 1/f noise. The Hooge parameters v are typically 1 — 5 x 10712
(um?) for the P configuration and 2 — 9 x 10~ (um?) for the AP configuration, which
is consistent with the previous results. For all the MTJs, a is larger in the AP configu-
ration than that in the P configuration, as is usually the case in MTJs [45,48,54-63]. It
indicates that one of the origins of the 1/f noise in the spinel-based MTJs is the thermal

fluctuation of the magnetization.

Microscopic tunnel processes in MgO-based MTJs

We measured the shot noise in 15 MgO-based MTJs with various barrier thickness tyg0.
When the barrier is thick (tmgo > 1.2 nm), the Fano factor is very close to 1 for both
configurations. In contrast, in the MTJs with a thin barrier (ty\z0 < 1.2 nm), F' decreases
with decreasing tygo. Furthermore, F' for the AP configuration is smaller than that for
the P configuration. We explain this result by the simple parallel resistance model in the

presence of the leak current. The leak current was estimated from the shot noise and is
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enhanced exponentially with decreasing tygo. The calculated Fano factor from the model
is in good agreement with the experimental Fano facor, which means that this model well
describes the present situation. This work shows that the shot noise is a powerful tool for

the quantitative estimation of the leak current.

Ballistic detector for magnetic vortex core

We focus on the microcavity as the detector for the magnetic vortex core. We confirmed
that the trajectory of the electron transporting in the microcavity is affected by the stray
field from the magnetic vortex. We calculated the transmission probability 7" of the mi-
crocavity by the method of the classical billiard simulation. T depends on the polarity of
the vortex core, which indicates that the microcavity can detect the polarity of the mag-
netic vortex core in principle. For the calculated stray field, AT is typically 0.3 % and is
3 % at most. We could detect the polarity through the precise conductance measurement.

In this thesis, we clarify the tunnel process by the various methods, establish and

propose the methods for investigation the tunnel processes through the three studies.

Future perspective

The shot noise measurement is the useful tool for addressing the conduction process
in tunnel junctions and expected to be applied in various tunnel junctions. It is also
worth trying to detect the polarity of the magnetic vortex core by the ballistic detector
experimentally, which leads to the experimental test of the MQT in a single magnetic

vortex core.
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