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Introduction

Magnetite (Fe3Oy4) is a magnetic iron oxide that has the unique properties such
as half-metallicity, high Curie temperature of 858 K and metal-insulator (Verwey)
transition at 120 K in a bulk [9-11]. Moreover, Fe;O, is abundantly present in the
earth and harmless to the human body. In the past decades, Fe3O, has been drawing
intense research interest because of their potential applications in magnetic devices,
spintronic devises, catalyst, drug delivery, and electrodes. Due to these superior
properties, it is highly desirable to Fe3O4 into thin film form. The fabrication
of high quality Fe;O, thin films has been attempt by several deposition method
such as molecular beam epitaxy [12-17], sputtering [18], and pulsed laser deposition
[19,20]. Many groups have succeeded in depositing FesO, on various substrates
(MgO, SrTiO3, MgAl,Oy, sapphire, and Si) [14,19,21-23]. However, these thin films
show decreased electrical conductivity [14], unsaturated magnetization [18,24], and
low magnetoresistance [25,26]. It has been also reported that ultrathin films below
5 nm become superparamagnetic [21]. Epitaxially grown Fe3O4 films are well known
to contain a high density of antiphase domain boundaries (APBs) as investigated by
transmission electron microscopy (TEM) [14,18]. It is believed that these anomalous
properties are a result of the presence of the APBs and the existence of a strong
antiferromagnetic coupling across the APBs. K. P. McKenna et al. have recently
demonstrated that APB defects on the {110} planes are unusually stable and induce
antiferromagnetic coupling between adjacent domains by high-resolution TEM and
theoretical calculation [27]. The literature concerning the atomic configuration and
magnetic coupling of APB defect on the {100} and {130} is, however, limited. It is

needed that the investigation of the atomic configuration of the APBs with atomic



resolution.

At the surface of Fe;O4(001), the disappearance of the half-metallicity and the
emergence of a surface verwey transition at room temperature have been reported
[5,28]. Because of these properties and phenomena, Fe3Oy is a fascinating material
for the understanding of the electronic correlation effects in oxides. It is well known
that the (v/2 x v/2) R45° reconstruction pattern is observed by low energy electron
diffraction (LEED) measurement of Fe304(001) surface [29,30]. Up to date, a signifi-
cant number of attempts has been under taken to understand the atomic structure of
Fe30,4(001) surface (i.e. the origin of the (/2 x v/2) R45° reconstruction) [4-6,31-36].
Scanning tunneling microscopy (STM) measurements have observed several types of
surface reconstruction, and revealed that the surface atomic arrangement is highly
dependent on the sample preparation procedure. S. A. Chambers et al. have re-
ported an A-terminated surface contains Fe cation on tetrahedral A site by STM [31].
On the other hand, a B-terminated surface contains Fe cation on octahedral B site
has been also observed by STM [12,13,32,33,37-40]. Emergence of the B-terminated
surface structure has been also predicted by theoretical calculations performed by
Pentcheva et al. [4,6]. They suggested that the (v/2 x v/2) R45° reconstruction is a
result of a Jahn-Teller distortion and that the reconstructed B-terminated surface is
the most stable energetically compare to the A-terminated and non reconstruct sur-
face [4]. However, the origin of the (v/2x v/2) R45° reconstruction still remains under
discussion. The investigation of the surface structural and electronic properties of

Fe30, at the atomic scale is necessary for future oxide based device development.

Among many apparatus used for the investigation of surfaces/interfaces, for ex-
ample, auger electron spectroscopy (AES), low energy electron diffraction (LEED),
photoemission spectroscopy (PES), electron energy loss spectroscopy (EELS) and
so on, scanning tunneling microscopy (STM) is one of the most powerful tools that
provide the geometric information at surface. The STM also makes it possible to
perform the local tunneling spectroscopy called scanning tunneling spectroscopy
(STS), which provides the variety of spectroscopic information, such as local den-

sity of states (LDOS) [41,42], elementary excitation of phonon, magnon [43] and



plasmon, etc. These two features of STM/STS, i.e., high resolved imaging of sur-
face geometry and local tunneling spectroscopy, allow us to correlate the structural
and electronic properties at surface with unprecedented spatial resolution [44]. For
that reasons, STM/STS have been widely used for the investigation of the defects,
adsorbed atoms [45,46] and any local phenomena at the surfaces. Recently, spin-
polarized scanning tunneling microscopy (SP-STM) [47,48] and spin-polarized scan-
ning tunneling spectroscopy [49,50] (SP-STS) that have a sensitivity for spin of

tunneling electron are used for the investigation of surface magnetism.

In this work, we have performed STM and STS on FesO4(001) films using a
nonmagnetic W tip and a magnetic film coated tip, in order to reveal surface atomic
and electronic structure on the Fe3O4(001) films include the APBs. The atomic
structure of the APBs and its effects on the electronic structure near the APBs are

investigated.



Chapter 1

Theoretical Treatment of Scanning
Tunneling Microscopy and
Spectroscopy

1.1 Scanning Tunneling Microscopy

Scanning tunneling microscopy (STM) was invented by G. Binnig and H. Rohrer
in 1982 [51,52] as a novel type of microscopy that had unprecedented high spatial

resolution down to the atomic scale [44].

Thanks to the inventors, G. Binnig and H. Rohrer, we have been able to access
to the atomic world since then. Instead of using a lens as conventional microscopes,
the STM uses sharpened conducting material named as tip to image the geometric
and electronic structures of surface of conducting material. The tip is attached to a
piezoelectric actuator that can control the tip position with high precision. During
the measurement bias voltage is applied between the tip and sample, and the tip is
brought closer to the sample surface until the tunneling current begins to flow. The
typical tip-sample distance is less than 1 nm. With keeping the tunneling current
constant, the tip is scanned over the sample surface. The trajectory of the tip, i.e.,
motion of the piezoelectric actuator is imaged as a topographic image. Although
the implementation of STM is not so easy task, the principle of operation is very
simple and it is easy to understand intuitively. The key mechanism is based on the

fundamental quantum effect, ”tunneling”.
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1.1.1 Tunneling effect

In classical mechanics, a ball with potential energy (U) is described by

p2
LA U - B (1.1)
2m
~~ ~~~ ~~~
kinetic energy potential energy total energy

where m is the mass of the ball and F is the total energy. The momentum of the
ball p = [2m(E — U)]*/2. When p > 0, the ball is moving. Considering the case of
an electron in a potential U(z), the electron is described by

2

2p—m +U(2) = E, (1.2)

where m is the electron mass and E is the energy. The potential is expressed as

follows (Fig.1.1)

0 z<0
U(z) =4 Uy 0<z<a. (1.3)
0 zZ>a
In the region, E > U(2), the electron has non-zero momentum p = 2m(E — U)]'/?
Ul\
Ul)
Classical FE
mechanics -~~~ @ = =
0 a z
UA
Uf)
Quantum £ [_ - _X\A/_\v
mechanics
0 a ‘

Figure 1.1 Schematic of a one-dimensional potential barrier.
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vacuum level
¢
AL
/ \ [ 1 v—|
¥
VERVAE
sample vacuum tip
0 a

Figure 1.2 Schematic of a one-dimensional potential barrier.

as same as the case of the ball. On the other hand, the electron cannot have
momentum in the region £ < U,. Therefore, in the classical mechanics, the electron
cannot pass through a potential barrier. In quantum mechanics, any particle such
as the electron has wave-like characteristics. The electrons can penetrate (tunnel)
through the potential barrier in the case of a is very short distance up to a few
Angstroms (see Fig.1.1). Here we think a one-dimensional metal-vacuum-metal
tunneling junction as shown in Fig.1.2. The state of the electron is described by
a wavefunction 1 (z). The one-dimensional Schrédinger equation for the electron is
expressed as

;_:dzc;igZ) +U()9(2) = By (2), (1.4)

where the 7 is the Plank’s constant divided by 27, m is a mass of the particle, ¥(z)

is the wave function of the electron, U(z) is the potential energy and E' is the total

energy of the electron. In the region, 0 < z < a, Eq. (1.4) has solution

U(z) = ¥(0)e™™. (1.5)
It is decaying with the decay constant

V2mao

= 1.6
w= (16)
where ¢ is the barrier height. It can be roughly approximated as
Ps+ ¢
¢ = TT (1.7)
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where ¢g(¢r) is the work function of the sample(tip), and we assume that ¢g and ¢r
are equal in order to simplify discussion. The probability of the electron tunneling

through the vacuum gap of width a is proportional to

[(a)* = [(0)[*e™, (1.8)

which has a non-zero value. Therefore it has a non-zero probability of tunneling

through the vacuum gap which has small a.

The easiest way to understand the principle of STM operation is to solve the
one-dimensional time-independent Schrodinger equation for square potential barrier.

The problem is introduced in most textbooks of quantum mechanics.

Consider the motion of a particle having energy E in the potential expressed as

follows (Fig. 1.3).

0 z<0
Vizg) =9 Vo 0<z2<a (1.9)
0 zZ>a

If the particle proceeds to the potential barrier from the left side, according to the

V(x)

I II III

Vo~

0 a

Figure 1.3 Schematic of a one-dimensional potential barrier.

classical mechanics, the particle will be reflected at z = 0 and never proceed to
the right side of the potential barrier. On the other hand, for a small particle like
electron, we should apply quantum mechanics to investigate the motion, which re-

sults in the totally different picture due to the wave-particle dualism. The incoming
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particle to the potential barrier has a certain probability to exist even in the region
E < V and penetrate the potential barrier with a certain probability. Then, the

particle proceeds to the right side of the barrier (z > a) as explained below.

The one-dimensional Schrodinger equation for a particle is expressed as

—_7”12 d*y(z)
2m  dz?

+ V(2)Y(z) = Ey(z), (1.10)

where the h is the Plank’s constant divided by 27, m is a mass of the particle, ¥(2)
is the wave function of the particle, V(z) is the potential energy and E is the total
energy of the particle. At first, we consider three region independently: region I,
left of the barrier (z < 0), region II, barrier region (0 < z < a), and region III, right
of the barrier (z > a). Then the respective wave function will be matched using the

boundary condition. For region I and III the Schrodinger equation is given by

d*P(z)  V2mE
. O] (1.11)

The general solution of 1.11 becomes

U(z) = A" + Be** (2 <0), (1.12)
Y(z) = Ce™ + De ™ (2> a), (1.13)
Eo_ VQ;”E, (1.14)

where A, B, C and D are arbitrary constants. For region II, the the Schrodinger

equation is given by
d*y(2) 2m(E — Vp)

= ; W(2) (1.15)
The general solution of 1.11 becomes
P(z) = Fe™ +Ge ™™, (1.16)
2m(E — V;
g o= YEIEZV) (1.17)

h

where G and F are arbitrary constants. Note that we are now considering the solu-

tion for the particle coming from the left side of potential. Therefore, D should be

10
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zero because no reflection will occur for z > a. Schrodinger equation requires the

: o d d
continuous 9(z) and the first derivative % for all z, namely, ¥1(0) = ¢1(0), % ‘z:O =
dj; |z:0 Jn(a) = Ym(a), %‘Z:a = %tza. As a result, the following condition

has to be fulfilled.

A+B = F+G, (1.18)
ik(A—B) = k(F—-G), (1.19)

Fef + Ge ™™ = (e ', (1.20)
kFe™ — kGe ™ = ikCe™, (1.21)

Solving this simultaneous equation, we can determine other coefficient of B, C, G and
F in terms of A. A value of A can be determined from the normalization condition
of the wave function. Using the obtained wave function, the probability flux can be
calculated. The ratio of the incident probability flux and transmitted probability

flux give the transmission coefficient T" as

1
T = . (1.22)
(k?+r2)
L+ 4k2k2sinh? (ka)
When ka > 1 corresponding to the strongly attenuating barrier, the 7' is approxi-
mated as
k22

The exponential dependence of T' on the barrier width is the key factor for the
STM operation, which makes it possible to detect the slight change of tip-sample
separation through the tunneling current. Assuming the work function of sample is
4 eV, we get the value of decay constant x = 1 A~'. As a result, if the tip-sample
distance is changed by 1 A, the tunneling current will be reduced by 86 % (1/e?).

1.1.2 Tunneling in STM configuration

In 1961, Bardeen developed time-dependent perturbation approach as a basic
theory for tunneling junction [53]. The advantage of the Bardeen’s approach com-

pared to the time-independent one in previous section is that it is applicable to the

11
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three-dimensional case. Therefore, his approach was further developed for the three
dimensional tunneling junction in STM [1,2,54-56], which provided the insight into
the physics in STM. In this section, I briefly introduce a theory of tunneling process
in STM configuration in the Bardeen’s approach scheme developed by Tersoff and
Hamann [1,2].

Consider the STM configuration in which the bias voltage is applied to sample
with respect to the tip. Using Bardeen’s approach, tunneling current I/ can be

expressed as

2“2{f (B)[1— f(Es+eV)| = f(Eg+eV)[1— f(E)} My *S(Es— Ey), (1.24)

where the f(F) is the Fermi-Dirac distribution function, V' is the bias voltage, M
is the tunneling matrix element between tip (¢;) and sample (1)) electronic states
and F; (E;) is the energy of states ¥ (¢5). The tunneling matrix element, according

to Bardeen, can be given by

- // GV, — 0,V0;)dS (1.25)

where the integration is carried out over a surface which is located entirely within
the barrier region. To calculate the matrix element, the wave function of the tip and
sample have to be known, however, it is almost impossible to extract the explicit
expression for the tip states due to the lack of information of the atomic geometry
of the tip apex. Tersoff and Hamann introduce the simplified model for a tip called
s wave tip. They assume a probe tip that has spherical end with radius of curvature
of R as shown in Fig. 1.4. The center of the curvature is located at rq. The distance
between the tip end and surface is d. In this model, wave function with s symmetry
(I = 0) is only considered, whereas wave functions having the angular momentum
(I # 0) are ignored. In the limit of low temperature and small bias voltage, Tersoff

and Hamann calculated the tunneling current, which is proportional to

I o<V -ny(Ep)-exp(26R) - Y [1h(ro)[*(Es — Er), (1.26)

12
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I 3

7% %%

Figure 1.4 Schematic of a s wave tip model proposed by Tersoff
and Hamann [1,2]. The tip has a spherical end with a radius of
curvature of R. The center of the curvature is located at ry. The
distance between the tip end and surface is d.

where V' is the bias voltage, n:(Er) is the density of states (DOS) of the tip at the
Fermi energy and x = \/(2m¢)/h where ¢ is the effective local potential barrier
height. The quantity

ns(Ep,m0) = Y [1s(10)[*6(Es — Er) (1.27)

is the local density of states (LDOS) of the sample at the Fermi energy evaluated
at the center of the s wave tip. Eq. (1.26) indicates that in the limitation of low
temperature and low bias voltage, STM image in a constant tunneling current mode
shows the contour of the constant surface LDOS at the Fermi energy evaluated at

the center of the s wave tip.

The generalization of Eq. (1.26) to the finite bias voltage is too complicated,
because finite bias voltage distort the tip and sample wave function as well as the
energy eigenvalues. However, if we take zero-voltage wave functions and energy
eigenvalue as a first order approximation, the effect of the bias voltage is just the

shift of sample wave function and eigenvalue with respect to those of the tip in

13
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energy. Then, the Eq. (1.26) can be generalized as
eV
I oc/ ny(E — eV) - ny(E, 7o) dE, (1.28)
0

where ny(E) is the DOS for the tip, ns(F, o) is the DOS for the sample evaluated at
the center of s wave tip. The energy levels are evaluated with respect to the Fermi

energy.

1.2 Scanning Tunneling Spectroscopy

In the previous section, the tunneling current evaluated in the Tersoff-Hamann

scheme is introduced. In Eq. (1.28), the quantity ns(E, r¢) can be modified to
ns(E,ro) = ns(F) - exp{—2k(d + R)}, (1.29)

where ng(F) is the LDOS evaluated at sample surface. Then, using the WKB

approximation, the exponential decay component exp{—2x(s+ R)}. is calculated as

exp{—2(d + R)} = exp {—2(d+R) {2—’” (‘bt £V E)} } (1.30)

h? 2 2

where ¢;,¢4 are the work function of tip and sample, respectively. As a consequence,

we finally obtain the expression of tunneling current as
eV
I x / n(E —eV)-ng(E) -T(E,eV)dE, (1.31)
0

where the T'(E,eV) is the energy and bias dependent tunneling transmission prob-

ability function expressed as

exp{—2(d+R) Bi_? <¢t;¢s+%—E)F}. (1.32)

Assuming the n; is independent of E, the differentiation of tunneling current with

respect to V becomes

d] eV
G O ITV) & [l = V(B

AT (E,eV)

dE. 1.
dv (1.33)
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As can be seen in the first term, dI/dV reflect the LDOS of the sample at the
energy eV with respect to the Fermi level. Therefore, if we measure the dI/dV
dependence on bias voltage V, we can extract the bias dependent LDOS structures.
The second term work as the background variation due to the bias dependence of the
transmission coefficient. Among several types of spectroscopy in STS, dI/dV is the
most extensively measured spectrum to investigate the LDOS structure of sample
surfaces. Especially surface states appeared as protrusion in dI/dV spectrum is

often explored.
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Part 1

Fabrication and evaluation of
spin-polarized tip for SP-STS
measurement






Abstract

In this part, the SP-STM /STS experiments of Cr(001) will be summarized. We have
studied surface magnetic domain on Cr(001) single crystal by SP-STM/STS with
spin sensitive tip. The spin sensitive tips were fabricated by coating Fe, ferromag-
netic material, on W tips which treated by electron bombardment (EB) heating. We
have developed STM tip holders in order to be able to use for treatment the tips, such
as EB heating and the coating magnetic materials. Scanning electron microscopy is
used to characterize the radios of the tips apex before and after EB heating. The
Cr(001) single crystal surface was cleaned with thermal heating and ion-sputtering.
SP-STM/STS using Fe coated W tip is also performed on the Cr(001) single crystal
in order to confirm the capability of the spin sensitivity of the Fe coated W tip.
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Chapter 2

Introduction

Spintronics is an emerging field of electronics using electron spin different from con-
ventional way using electron charge. Studies of new type spintronics devices such
as quantum information device using spin states are advancing rapidly, and micro
scale magnetics has recently received broad attention due to the miniaturization
and high-density of the magnetic devices. These devices are using magnetic films,
magnetic nanostructures and hybrid structures of magnetic material and semicon-
ductor. Therefore, measurement and visualization of spin information of magnetic
materials with atomic scale are highly significant. SP-STS has been drawing in-
tense research interest because of its abilities such as imaging of surface topography
and spin information with atomic scale [43,57-65]. SP-STS is an application of the
STM. In a STM/STS measurement, non magnetic tips (e.g. W tip) are commonly
used. On the other hand, it is necessary that both of the tip apex and sample are
spin-polarized for the SP-STS measurement. Especially, it is difficult to fabricate
the spin-polarized tips. To date, several way of the spin-polarized tip fabrication
have been proposed. In this study, We use the method coating a W tip with a
magnetic film. In order to evaluate the spin-polarized tip, we conducted SP-STS

measurements of Cr(001) surface.
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Chapter 3

Experimental

3.1 Ultra high vacuum system

The STM, STS and SP-STS is operating in a ultra high vacuum (UHV) chamber
shown in Fig.3.1. The UHV system is mainly composed of two chamber; an analysis
chamber and a preparation chamber. Our STM/STS and SP-STS measurements
were performed in Analysis chamber. This chamber is equipped with a commercial
variable temperature STM (VT-STM) and UHV STM system (Omicron Ltd.), our
experiments were mainly performed by VT-STM system. Vacuum in the UHV
system is achieved by a combination of turbo molecular pumps (TMP), sputter ion
pumps (SIP), and a titanium sublimation pump (TSP). The base pressure of both
chambers was below 2.0 x 107!% mbar. We will describe the details of two chamber

below.

3.1.1 Preparation Chamber

This chamber is for sample preparation, which is equipped with facilities for it
such as evaporators (Omicron Ltd., Electron beam evaporator with flax monitor:
EFM3), a sample and tip heating system, a ion sputter gun, and reflection high
energy electron diffraction (RHEED) optics.
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Analysis Chamber - § PR D) 8 ST
; . PSR Preparation Chamber

Figure 3.1 UHYV surface science system (Omicron Ltd.)

3.1.2 Analysis Chamber

This chamber is for sample preparation and characterization, which is equipped
with facilities for those such as an evaporator (EFM3), a sample heating system,
low energy electron diffraction (LEED) optics, X-ray photoelectron spectroscopy
system, UHV-STM (Omicron Ltd.) system, and variable temperature STM (VT-
STM) system.

3.2 Fabrication of spin-polarized tip

Several fabrication method for spin-polarized tip have been proposed such as
using bulk magnetic material tips [13,47], optically pumped GaAs tips [66—69], and
magnetic materials covered W tips [49,70-72]. In particular, W tips covered with
magnetic materials are most commonly used for SP-STS measurements. In this
study, we adopted the magnetic materials covered W tip. We choose the Fe as the

ferromagnetic material in order to fabricate the in plane magnetized spin-polarized
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W-tip Spin-polalized tip
— —
EB hearting Fe deposition
post anneal

Ferromagnetic film (Fe)

Figure 3.2 Fabrication process of spin-polarized tip

tip. First, a W-tip was heated up to 2200 K by electron bombardment (EB) heating
method in order to clean the tip surface and make the curvature radius of the tip
apex larger moderately. This larger curvature radius is needed for the following
reason: If the tip is too sharp, the shape anisotropy is strong and then the magnetic
moment of the tip apex is likely to be rotated out of plane of the sample. Then, we
carried out a Fe deposition to the tip apex at room temperature. Finally, the tip

was annealed.
The details of the fabrication process;
e Electron Bomberdment (EB) heating treatment
e Deposition of Fe

e Post annealing

, are described below.

3.2.1 Modification of normal Omicron tip holder for VT-
STM

Figure. 3.3(a) shows Omicron official tip holder, and (b) shows a modified tip
holder for VT-STM. For the fabrication of spin-polarized tip, it is needed that the
apex of W-tip is heated up to 2200 K. On the case of Omicron official tip holder
as shown in Fig. 3.3(a), it is difficult to access the tip apex, and thus it is difficult
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Figure 3.3 (a)Omicron official tip holder for VI-STM, (b)Modified
tip holder for VIT-STM

to do high temperature heating treatment and deposition of Fe film. We modified
the official tip holder in order to resolve these fault, and fabricated new tip holder
which has easy accessibility to the tip apex as shown in Fig. 3.3(b). In this study,
we use this modified tip holder.

3.3 Electron Bomberdment (EB) heating treat-

ment

Figure 3.4 shows the simplified circuit diagram for EB heating. High voltage is
applied to the tip and the filament. Thermal electrons are ejected from the filament
by causing a current to flow through it. The thermal electrons are accelerated by
the electric field between the tip and the filament, and collide with the tip apex. As
a result, the tip apex is heated up to about 2200 K, thus impurities and oxide film
on the tip apex are vaporize. At this time, to give an effective thermal treatment of
the tip apex, the tip was attached so that the length of the tip is 5 mm as shown
in Fig.3.5(a) and the positions of the tip and filament were set so that the tip was
insert about 1~2 mm into the filament as shown in Fig.3.5(b). High voltage of 500
V was applied to the tip, and EB heating was carried out for 15 sec so that the

emission current flowing across the tip and the filament is kept at 70~80 mA.
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Figure 3.4 Circuit diagram for EB heating
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= D m
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Figure 3.5 (a) Mounting position of a tip, (b) Positional relationship
between tip and filament.
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(a) Before EB heating (b) After EB heating

Figure 3.6 SEM images of the tip. (a) Before EB heating, (b) After
EB heating

After EB heating treatment, we checked the curvature radius (R) of tips by SEM.
Figure 3.6(a) is the SEM image of the tip before EB heating. It is seen that the R
of the tip is less than 50 nm. On the other hand, it is clearly observed that the R
of the tip got larger (about 250 nm) after EB hearing,.

3.4 Deposition of Fe

After the EB heating, Fe was deposited on the tip apex by EFM3 at 1 ML/min

for 30 min in a vacuum of 5 x 107'% mbar at room temperature.

3.5 Post annealing

After the Fe deposition, the tip inserted into the filament at 1 2 mm and heated
by filament. The filament was annealed by applying a DC current of 1.5 A for 5
min. This post annealing conducted by thermal radiation of the filament without

applying High voltage between the tip and the filament.
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3.6 Standard specimen: Cr(001) single crystal

We adopt Cr(001) single crystal as the standard specimen of SP-STS measure-
ments. The Cr(001) is known that it is easy to get an atomically flat surface by
some cleaning process and its surface exhibits the topological antiferromagnetism
(i.e. magnetic moments of the atomically at terraces couple parallel but the adja-
cent terraces that are separated by a monoatomic step are magnetized antiparal-
lel.) [73,74]. For this reason, it has been reported that the dI/dV image which has

spin contrast reversed on every terraces was observed [74].

3.7 Cleaning method of the standard specimen:

Cr(001) single crystal cleaning

The spin-polarized d-like surface state locates close to the Fermi level on the clean
Cr(001) as shown in Fig. 3.7 [3]. However, the peak does not obtained in the case
of that the cleaning of the surface is insufficient. Therefore, Cr(001) single crystal
surface is cleaned by repeated cycles of Ar™ ion sputtering and annealing until the
dl/dV curve which has the peak obtained. The details of the fabrication process

are described below.

(1) Ar™ ion sputtering with annealing (Annealing temperature: Ty)
(2) Ar™ ion sputtering at RT

(3) Post annealing (Annealing temperature: T,)
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Figure 3.7 Tunneling conductance vs sample voltage measurements
of the Cr(001) surface obtained at constant height above the Fe
surface.(after figure 5 in Ref. [3])
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Results and Discussion

4.1 Cr(001) single crystal cleaning

We conducted the cleaning of Cr(001) surface with four different conditions. The
cleaning conditions of Ar™ ion sputtering and annealing temperature are shown in
table 4.1 and 4.2. Figure 4.1-4.4 are STM images and dI/dV — V curves taken on
the Cr(001) surface after each cleaning condition A, B, C and D, respectively. In the
case of condition A, as can be seen from Fig. 4.1, there were some contamination
on the surface, and dI/dV curve does not show the peak around Fermi level. In
the case of condition B, it can be seen that the width of the terraces were 10-20
nm and the dI/dV curve shows the peak around energy level of 0.1 V (see in Fig.
4.2). In the case of condition C, the results in Fig. 4.3 indicate that the width of
the terraces were about 100 nm and the dI/dV curve shows the peak around Fermi
level. Moreover, the surface which has monoatomic terraces was clearly observed. It
is needed for SP-STS measurements of Cr(001) surface. In the case of condition D,
as can be seen from Fig. 4.4, there were some contamination on the surface, though
dl/dV curve shows the peak around Fermi level. These results indicate that the
cleaning condition C is appropriate cleaning condition in order to conduct SP-STS
measurements. We adopted the condition C and obtained clean Cr(001) surface

with high reproducibility.
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Table 4.1 Cleaning condition of Ar* ion sputtering

Cleaning Acceleration voltage [kV] | Ar Pressure [mPa]
(1)Ar™ ion sputtering with annealing 1.0 11
(2)Ar* ion sputtering at RT 1.5 11

Table 4.2 Cleaning condition (Annealing temperature)

Cleaning condition || T, [C] | T, [C]
A (RT) | 700
B 700 700
C 820 800
D 840 800
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Figure 4.1 (a) STM image of Cr(001) single crystal surface (/; = 0.3
nA, V; =0.8 V), (b) dI/dV curve taken at the terrace.
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Figure 4.2 (a) STM image of Cr(001) single crystal surface (I, = 0.3
nA, Vs =0.2 V), (b) dI/dV curve taken at the terrace.
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Figure 4.3 (a) STM image of Cr(001) single crystal surface (/; = 0.3
nA, V; = —0.12 V), (b) dI/dV curve taken at the terrace.
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Figure 4.4 (a) STM image of Cr(001) single crystal surface (I, = 0.3
nA, Vs =—-0.1 V), (b) dI/dV curve taken at the terrace.
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4.2 SP-STS measurements of Cr(001) by Fe/W
tip

We carried out SP-ST'S measurements of Cr(001) surface with the Fe coated W tip.
STS results were acquired using a phase-sensitive detection technique with a bias
modulation of 20 mV at 5.23 kHz. Figure 4.5(a) is the STM image of the Cr(001)
surface, and Fig.4.5(c) is the dI/dV conductance map taken simultaneously with
the STM image. Figure 4.5(b) and (d) are cross sectional line profile along area
A and B, respectively. As can b seen from Fig. 4.5(c), atomically flat terraces
and monoatomic steps (1.45 A) are observed. The same step terrace structure was
clearly observed in dI/dV map shown in Fig. 4.5(c). According to the dI/dV map
and the cross sectional line profile shown in Fig.4.5(d), mutually adjacent terraces
have different values of dI/dV. A SP-STS study with a Fe coated W tip should
be sensitive to the alternating magnetization of the (001) terraces. Consequently, it

can be said that the Fe coated W tip is spin-polarized.
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Figure 4.5 Results of SP-STS measurement on Cr(001) single crys-
tal surface with Fe coted W tip at a tunneling current of 360 pA and
a bias voltage of -170 mV. (a) Topographic image of Cr(001) single
crystal surface. (b) dI/dV map at a bias voltage of -170 mV for the
same region shoen in (a). (c) Line profiles of the topography and
the dI/dV signal taken along the white rectangle in (a) and black
rectangle in (b). The relative position of the rectangles is same.
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Abstract

In this part, the STM/STS experiments of Fe3O4(001) films on MgO(001) substrate
will be summarized. We have studied the surface atomic configurations around
antiphase domain boundaries (APBs) in epitaxial magnetite (Fe3Oy4) thin films on
MgO(001) by scanning tunneling microscopy (STM). The observed surface of the
Fe30, films is the B-plane terminating surface with the (\/§ X \/§)R45° reconstruc-
tion. Several variations of APBs are observed by STM at atomic resolution. The
observed APBs are categorized into a APBs labeled by three different phase shift
vectors: in-plane 1/4[110], in-plane 1/2[100], and out-of-plane 1/4[101]. We dis-
cussed how these APBs appear on the surface. The proportions of the APBs with
1/4[110], 1/2[100], and 1/4[101] shifts are about 38%, 1%, and 61%, respectively, in

our experiment.
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Introduction

Magnetite (Fe3O4) has been attracting much attention because of its electrical and
magnetic properties such as half-metallicity and a high Curie temperature of 858
K [9,10,75]. From the viewpoint of its application to spin-related devices, thin films
of Fe3O4 are also interesting because they have fascinating potential properties that
could provide highly spin-polarized electrodes for such devices. However, Fe3Oy
films grown epitaxially on MgO substrates (MgO is an insulating material often
used in spin-sensitive devices) contain a high density of antiphase domain boundaries
(APBs) [14,76,77]. These APBs make the electrical and magnetic properties of the
films complicated. For example, APB-induced magnetic domains as small as 5 to 10
nm were studied by Lorentz microscopy [78]. The atomic configurations of APBs in
an epitaxial Fe3O,4(110) films and its effects on their magnetic properties have been
discussed [79]. In addition to these reports, it has recently been reported that APBs
can induce inhomogeneous electronic properties on the surface of Fe3O,(001) [37].
Therefore, it would also be interesting to study the effects of APBs on surface

electronic states as well as on magnetic properties.

APBs with seven different shift vectors can exist in epitaxial Fe;O4 layers [76].
Seven different types of APBs in the bulk films have been observed, and the atomic
configurations of the APBs have been discussed [77]. However, there have been
no reports yet on the surface atomic configurations of APBs in the film surface
of Fe304(001). We have used scanning tunneling microscopy (STM) to identify
the atomic structures of the APBs. In this part, we report STM studies of epitaxial

Fe;0, films on MgO(001) and reveal the surface atomic configurations around APBs.
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5.1 Crystal structure and Surface reconstruction
of F6304

Bulk Fe3O,4 has a cubic inverse spinel structure with a lattice constant of 8.397
A. In the [001] direction, A layers of tetrahedral iron (Fea) and B layers containing
oxygen and octahedral iron (Fep) are stacked alternately as shown in Fig. 5.1(a).
A B-terminated surface with the (\/§ X \/§)R45° reconstruction has often been
observed on the Fe3O4(001) surface by STM [32,34,80]. Several models have been
proposed to explain this reconstruction on the basis of the formation of Fe?*-Fe?*
and Fe?T-Fe?T pairs along the Feg rows [34], B layer termination with one oxygen
vacancy per unit cell [32,81], Jahn-Teller distortion in the B-terminated surface [4],

or cation vacancy in the B-terminated surface [33].

5.2 Antiphase domain boundary (APB)

It is well known that epitaxially grown FezO, films on MgO(001) substrate contain
a high density of anti-phase domain boundaries (APBs), these APBs make the
electrical and magnetic properties of the films complicated. The APB is a type
of stacking fault with shift vector R relating adjacent domains, and the domains

separated by the APBs are called anti-phase domains (APDs).

5.2.1 Formation of the APBs in Fe;0O, films on MgO(001)

In the case of deposition of Fe3O4, MgO(001) is used as the substrates in our
experiments because of its small lattice mismatch (0.3%). A lattice constant of
MgO is 0.4212 nm, and a lattice constant of Fe3O,4 is 0.8397 nm. Additionally, the
crystal structure of MgO(001) has fourfold rotational symmetry, and Fe3O4(001)
has twofold rotational symmetry. Because of the difference in lattice constant and

crystal symmetry, the different islands which shifted with shift vector R each other
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Figure 5.1 (a) Cubic inverse spinel structure of Fe3;O,4. Tetrahedral
iron (Fep) in the A-plane, a octahedral iron (Fep) in the B-plane,
and oxygen are indicated by a reddish circle, a bluish circle, and a
grayish circle, respectively. (b) Four possible types of surface unit
cells in unrelaxed B-plane termination Fe3;0,4(001) surfaces. Precise
surface relaxation should be considered, and surface unit cells do
not coincide with the actual unit cell on the surfaces. However,
it is convenient to use these unit cells for understanding atomic
arrangements around APBs.

can be formed in the first stages of growth of Fe;O4 on MgO(001) (see in fig.5.2).
Then APBs form when such islands of Fe3O4(001) coalesce. In the fig.5.2, base
Fe;04(001) monolayer (island A) and two adjacent Fe3O4(001) monolayer shifted
by 1/2[010] (island C) and 1/4[110] (or 1/4[110]) (island D) are illustrated. These
1/2[010], 1/4[110] and 1/4[110] shift type of APBs are called in-plane shifts APBs
[76]. Another Fe304(001) monolayer, island B, shows different type of shift. It is a
result of the lower symmetry of Fe304(001) monolayers compared to the MgO(001)
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Figure 5.2 First monolayer of Fe30, on MgO(001) substrate.

substrate. The Fe;O, monolayer of island B is rotated by 90° compared to the island
A. This type of shift is classified the 1/4[101] (or 1/4[101], 1/4[011], and 1/4[011]),
and these type of APBs are called out-of-plane shifts APBs [76].

5.2.2 Atomic structures around APBs on the Fe;04(001)

films surface

The APBs are distinguished by seven different shift vectors as described above.
The 1/4[110], 1/4[110], and 1/2[100] shifts (1/4[101], 1/4[101], 1/4[011], and 1/4[011]
shifts) are classified as in-plane shifts (out-of-plane shifts). The atomic structure
of the 1/4[110] shift (1/4[101] shift) is equivalent to that of the 1/4[110] shift
(1/4[101], 1/4[011], and 1/4[011] shifts). Therefore, here we describe only the
1/4[110], 1/2[100], and 1/4[101] shifts.
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in-plane 1/4[110] shift

Figure 5.3 shows the atomic structure models near the APB with 1/4[110] shift
vector. In the figure, topmost B-plane, A-plane below the top most B-plane, and
second B-plane of the FesO4(001) are illustrated. Tetrahedral iron (Fep) in the
A-plane, a octahedral iron (Feg) in the B-plane, and oxygen are indicated by a
reddish circle, a bluish circle, and a grayish circle, respectively. As indicated in
Fig. 5.1, there are four B-planes (B-plane (1), (2), (3), (4)). Therefore, in the Fig.
5.3, four atomic structure models which each B-plane is set as the reference plane
are illustrated. The unit cell of the reference plane is highlighted as blue color.
According to Fig. 5.3(a)-(d), each model has different periodic structure of Fe, and
Feg. Here it can be seen that four different surface atomic structures are observable

in the STM measurements.

in-plane 1/2[100] shift

Figure 5.4 shows the atomic structure models near the APB with 1/2[100] shift
vector. As indicated in Fig. 5.4(a)-(d), the atomic structure of Fig. 5.4(a) is
equivalent to that of Fig. 5.4(c). Similarly, the atomic structure of Fig. 5.4(b) is
equivalent to that of Fig. 5.4(d). Therefore, it is expected that two different surface

atomic structures are observable in the STM measurements.

out-of-plane 1/4[101] shift

Figure 5.5 shows the atomic structure models near the APB with 1/4[101] shift
vector. As indicated in Fig. 5.5(a)-(d), the atomic structure of Fig. 5.5(a) is
equivalent to that of Fig. 5.5(c). Similarly, the atomic structure of Fig. 5.5(b) is
equivalent to that of Fig. 5.5(d). Therefore, it is expected that two different surface

atomic structures are observable in the STM measurements.

Figure 5.5 is the models which the APB is induced along [010] direction. In reality,
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however, the APB inducing along [130] direction has often observed by STM and
TEM studies [13,37,77]. Figure 5.6 shows the atomic structure models near the
such APB.
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Figure 5.3 Atomic structure models near the APB with 1/4[110]
shift vector. (a) shows the first oxygen layer with octahedral sites
and the tetrahedral sites directly below this plane and (b), (c) and
(d) show the second third and fourth layer respectively.
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Figure 5.4 Atomic structure models near the APB with 1/2[100]
shift vector. (a) shows the first oxygen layer with octahedral sites
and the tetrahedral sites directly below this plane and (b), (c) and
(d) show the second third and fourth layer respectively.
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Figure 5.5 Atomic structure models near the APB with 1/4[101]
shift vector and (010) boundary plane. (a) shows the first oxygen
layer with octahedral sites and the tetrahedral sites directly below
this plane and (b), (c) and (d) show the second third and fourth
layer respectively.
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Figure 5.6 Atomic structure models near the APB with 1/4[101]
shift vector and (130) boundary plane. (a) shows the first oxygen
layer with octahedral sites and the tetrahedral sites directly below
this plane and (b), (c) and (d) show the second third and fourth
layer respectively.
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Table 5.1 Magnetic exchange interactions in ideal bulk Fe3;O,, listed
according to their relative strength.

Label | Exchange | Type | angle | Sign | Srength

interaction [deg]

I Feg-O-Feyp | super | ~120 | AF | strong

I Feg-O-Fep | super 90 FM weak

il Feg-Feg | direct FM weak

5.2.3 Magnetic coupling in Fe3;O, films

It is expected that the atomic arrangement of Fe and O atoms adjacent to the
APBs are different from that of the bulk FesO4. The atomic arrangement and
interval differ depending on the type of the APBs. The magnetic frustration arises
from the APBs, and it causes formation of inhomogeneous magnetic domain. There
have been predictions for the exchange interaction between Fe atoms adjacent to the
APBs based on a geometric arrangement relation of the atoms [77,82,83]. According
to these studies, three types of the magnetic interaction are exist in ideal bulk Fe;O,

as described below and shown in Table 5.1.

o Fep-O-Fey (~ 120°) , superexchange interaction, Anti-ferromagnetic(AF) cou-
pling (labeled I)

e Fep-O-Fep (90°), superexchange interaction, Ferromagnetic(FM) coupling (la-
beled )

e Fep-Fep, double exchange interaction, FM coupling (labeled II)

Figure 5.7 shows the relationship among the atomic arrangements, the magnetic

coupling and the directions of magnetic moment. As can be seen in Fig. 5.7, each
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Figure 5.7 Atomic structure models of ideal bulk Fe;O4. (a) and (b)
show the first oxygen layer with octahedral sites and the tetrahedral
sites directly below this plane. Examples of magnetic couplings are
indicated as green lines. The directions of the spin are indicated as
black arrows.

Feg atoms are arranged ferromagnetically, and each Fe, atoms are also arranged
ferromagnetically. However, Fey and Feg are arranged anti-ferromagnetically each
other. Aaccording to the Hund’s rule, Fe?™ atoms (Fey, Feg) have a magnetic mo-
ment of 5 up, and Fe*™ atoms (Feg) have a magnetic moment of 4 pup. Hence,
Fe30,4 shows the ferromagnetism [75]. However, in the case of Fe3O4 films induced
the APBs, it is necessary to consider five new magnetic coupling besides the three
magnetic coupling described above. We describe these five types of magnetic cou-

pling below.

e Fep-O-Fep (180°) , superexchange interaction, AF coupling (labeled IV)
e Fey-O-Fey (~ 140°), superexchange interaction, AF coupling (labeled V)

e Fey-O-Fep (~ 70°), superexchange interaction, AF coupling (labeled VII)
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Table 5.2 Magnetic exchange interactions across APBs in Fe3O,
films on MgO, listed according to their relative strength.

Label | Exchange | Type | angle | Sign | Srength Presence
interaction [deg]
v Feg-O-Fep | super | 180 AF | strong at APB
Vv Fea-O-Fey | super | ~140 | AF | strong at APB
VI | Feg-O-Fep | super | ~120 | AF | strong | bulk and at APB
VI Feg-O-Feg | super 90 FM weak | bulk and at APB
VIII | Fea-O-Fey | super | ~70 | AF weak at APB
X Feg-Feg | direct FM weak | bulk and at APB
X Fea-Fey | direct AF weak at APB
XI Fep-Fey | direct FM weak at APB

e Fey-Fey, double exchange interaction, AF coupling (labeled X)

e Fep-Fey, double exchange interaction, FM coupling (labeled XI)

Figure 5.8 shows the atomic arrangements and the magnetic coupling adjacent to
the APB with 1/4[101] shift vector. In this case, there are four types of the magnetic
coupling, type IV, V, VI, VII | adjacent to the APB. These magnetic frustrations
cause formation of inhomogeneous magnetic domain. Recently, McKenna et al. have
reported that the APB with 1/4[110] shift vector induce antiferromagnetic coupling

between adjacent domains by using DF'T calculation.
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Figure 5.8 Atomic structure models near the APB with 1/4[101]
shift vector and (010) boundary plane. Figure shows the first oxygen
layer with octahedral sites and the tetrahedral sites directly below
this plane. Examples of magnetic superexchange interactions across
the boundary are indicated as green lines.
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Experimental

The experiments were carried out in an ultrahigh-vacuum (UHV) system with a
base pressure of 5 x 107! mbar. The system has two chambers containing STM
and molecular beam epitaxy (MBE) facilities as described in Chap. 3 in detail.
STM/STS was performed at room temperature with W-tips. The W-tips were
prepared by electrochemical etching and were subsequently flashed up to 2200 K by
electron beam heating in the UHV. SP-STS was performed at room temperature
with Cr/W-tips. The W-tips were prepared by electrochemical etching and were
subsequently flashed up to 2200 K by electron beam heating in the UHV, then a Cr
layer of 5 nm thick was deposited onto the W-tip. After that, the tip was annealed
in situ for 5 min by thermal radiation of the filament, which is close to the tip [84].
STM images were acquired in a constant-current mode. A bias voltage was applied
to the sample with respect to the grounded tip. The dI/dV signal was measured
using a standard lock-in technique with a modulation signal of 20 mV,, at 5.24

kHz.

The epitaxially grown Fe3O,(001) thin films were prepared on MgO(001) single-
crystal substrates by the deposition of Fe in the presence of oxygen. The MgO(001)
substrates were cleaned in situ by heating at 573 K over 16 hours and then annealed
at 1073 K for 1 hour in oxygen atmosphere (7 x 1077 mbar). The Fe deposition
were performed using an electron-beam heating evaporator (Omicron EFM 3) at a
substrate temperature of 573 K. During the film formation, the oxygen pressure was
set in the range from 7 x 1077 to 1 x 107% mbar. The growth rate was 0.9 ML/min
and the film thickness was 20 nm [12,13,37,40]. After the deposition, the grown
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films were annealed at 573 K for 30 min in the same oxygen atmosphere.
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Chapter 7

Results and Discussion

7.1 STM measurements of the surface atomic struc-

ture on Fe3;O, films surface

An STM image of the epitaxially grown Fe;O4(001) surface is shown in Fig. 7.1(a).
Atomically flat terraces can be seen. The minimum step height is ~ 0.21 nm, as
revealed by the line profile shown in Fig. 7.1(b). This step height corresponds to
the A-A or B-B layer separation distance of Fe3O,. It indicates that the surface
is terminated at the A-plane or B-plane. Additionally, we show a high-resolution
STM image in Fig. 7.2. Rows running along [110] can be clearly seen. The distance
between two rows is ~ 0.6 nm, and the distance between two bright spots within
the rows is ~ 0.3 nm. Since the periodicities of ~ 0.6 and ~ 0.3 nm correspond to
those of Fep in the B-plane, each bright spot in the STM images should represent
a single Feg. Therefore, we conclude that the surface is terminated by the B-plane.
STM also resolved the (v/2 x v/2)R45° reconstruction (indicated by the square in
Fig. 7.2), which has been reported by several groups [32,34,80].

7.2 STM measurements of the surface atomic struc-
ture around the APBs

In this section, we discuss STM images of the FesO, surface that includes APBs
and investigate models of the atomic configurations around the APBs. Models of

APBs in the bulk have been reported by Celotto et al [77]. In addition, it has
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Figure 7.1 (a) STM image of Fe3O, film on MgO(001). The feedback
control set point was Vg = 2.0 V, I = 1 nA. The scan size was 50 X
50 nm?. Atomically flat terraces exhibiting atomic rows oriented
along the [110] direction can be seen. (b) Line profile taken along
the black line in the STM image. The step height of ~ 0.21 nm is
indicated.
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Figure 7.2 High-resolution STM image of Fe3O, film on MgO(001).
The feedback control set point was Vg = 2.0 V, I = 1 nA. The scan
width was 5 nm. The (v/2 x v/2) R45° reconstruction unit cell is indi-
cated by the yellow square.
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been observed that the surface structure of Fep is not significantly different from
the structure of Feg in the bulk [13,32,80]. Thus, we based the surface structure
models of the APBs on the bulk configuration.

7.2.1 in-plane 1/4[110] shift

A topographic image of an APB observed on the surface of an epitaxial grown
Fe30y4 film is shown in Fig. 7.3(a). Two domains are coreless and the APB has
formed in between them, as indicated by a dashed line. As shown in this figure,
APBs are observed as regions where the periodicity of the corrugation in the image
is disrupted. According to the above assumption in which bright corrugation should
be assigned to the location of the topmost Feg cations, the atomic arrangement of
this surface could be represented by a model shown in Fig. 7.3(b). In this drawing,
the topmost layer on the surface and the second layer in the subsurface are shown.
Oxygen anions are represented by large circles. Lighter circles (red online) indicate
Fe cations in octahedral sites (B sites) on the topmost (001) surface and darker
ones (blue online) are Fe cations in tetrahedral sites (A sites) located in the second
layer. Around these lighter circles, topography observed by STM should be imaged
as brighter regions. In the STM image shown in Fig. 7.3(a), single Fep sites are
not resolved owing to the tip condition; however, bright rows running in the [110]
direction are observed. The distance between two Feg rows on each domain is ~ 0.6
nm as indicated by black lines in Fig. 7.3(a) and 7.3(b). On the other hand, the
distance between two Fep rows separated by the APB (indicated by gray lines, red
online) is ~ 0.9 nm. These features are explained using the APB with a 1/4[110]
shift vector. As shown in Fig. 7.3(b), two domains indicated by hatched areas are
grown on the surface with a different phase of the periodicity characterized by the
shift vector of 1/4[110]. In the left bottom of this figure, a unit cell is marked to

explain the origin of periodicity in the domains.

Since there are four types of B-plane in which Fep cations are aligned in two

different directions with two different phases as shown in Fig. 5.1(b), the APBs with
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the 1/4[110] shift vector emerge on the surface in four different ways. By seeking
several areas of the surface, two other means of the emergence have been found.
Figure 7.4(a) shows an APB that divides domains. The domains have the topmost
Fe cations aligned along the [110] direction as in the image shown in Fig. 7.3(a). The
detailed structure of the APB is vague in the STM image, and it is not clear whether
contaminants or instability of the structure causes this ambiguous image. However,
the distance between two Feg rows separated by the APB is thought to be ~ 1.5 nm,
and the atomic arrangement of the surface is shown in Fig. 7.4(b). The difference
between Figs. 7.3(b) and 7.4(b) is due to the translational relations of the Feg rows
observed in B-planes (4) and (2), as indicated in Fig. 5.1(b). For convenience, two
proximate Feg cations are depicted in the region of the APB. However, it is difficult

to discuss the atomic arrangement on the basis of this experimental result.

Figure 7.5(a) also shows an STM image of the APB characterized by the in-plane
shift vector of 1/4[110]. Fep rows running in the [110] direction are divided by the
APB. The APB is observed as a darker valley. The Feg cations beside the APB
are imaged as slightly brighter spots, and the distance between the spots over the
APB is ~ 0.6 nm. It should be considered that the observed APB is in B-plane (1)
or (3), as shown in Fig. 7.5(b) or 7.5(c). The main difference between the models
depicted in these figures is in the periodicity of the Fe, cations. More detailed study
of electronic states around the APB should be required to identify which model is
preferable to understand the obtained STM image.

As discussed above, our experimental results indicate that the APBs with the
in-plane 1/4[110] shift are observed in at least three different ways. This depends on
which B-plane is exposed at the surface. According to the crystallographic structure

of Fe3Oy, four different ways are observed for the APBs with the 1/4[110] shift.
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7.2.2 in-plane 1/2[100] shift

An STM image of an APB described by an in-plane shift vector of 1/2[100] is
shown in Fig. 7.6(a). As discussed in the previous section, four different types
of B-planes should be considered. However, two of them form equivalent atomic
arrangements because of the symmetry of the APB. That is, APBs in B-planes (1)
and (3) or B-planes (2) and (4) have the same atomic pattern. In this STM image,
bright rows corresponding to Fep cation rows run in the [110] direction; they shift by
~ 0.3 nm at the APB. This APB is a region where two domains shifted by 1/2[100]
coalesce, as shown in 7.6(b). The atomic structure around the APB is not resolved
in the STM image, and it is difficult to identify locations of Feg cations on the APB,
as shown in Fig. 7.6(b). The Fep cations in the region of the APB shown in this
figure are depicted for convenience to understand the direction of the shift vector,
and they do not necessarily indicate the actual locations of the cations. This type
of APB was seldom observed in our STM measurements. In our STM images, the

portion of the APBs recognized into this type was about 1%.

7.2.3 out-of-plane 1/4[101] shift

The most frequently observed APBs are those with an out-of-plane shift vector
of 1/4[101]. The STM image shown in Fig. 7.7(a) suggests that the observed APB
should be classified into this type of APB. Fep rows are rotated by 90° at the APB
with respect to the Feg rows in the neighboring domain. Because of the symmetry
of B-planes containing this type of APB, two possible atomic arrangements are
provided at the surface. The topographic image of this APB makes it possible to
assign its atomic arrangements into one of the models of the surface, as shown in Fig.
7.7(b). In contrast to the previous STM images, the surface structure around the
APB is clear. Bright spots observed on the APB could be assigned to Feg cations
at the center of the APB, as depicted in Fig. 7.7(b).

Since the atomic configurations of APBs surrounding an antiphase domain are
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not simple, several types of boundaries consisting of the fundamental APBs that
have been discussed so far are observed, as shown in Fig. 7.7(c). In this image,
an APB running along the [130] direction is observed. Carefully looking into the
topographic image of the boundary, it can be recognized that this boundary consists
of APBs characterized by the out-of-plane shift vector of 1/4[101]. Investigating
several STM images taken on four different Fe3O, films that were grown under the
same experimental conditions, about 61% of identified APBs are categorized into

the APB with this type of the shift vector.
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Figure 7.3 (a) STM image of an APB with a 1/4[110] shift. The
feedback control set point was Vg =2.0 V, I = 0.3 nA. The scan size
was 5 x 5 nm?. The APB is in a (110) plane. (b) Possible surface
atomic configuration around an APB with a 1/4[110] shift.
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Figure 7.4 (a) STM image of an APB which has a 1/4[110] shift.
The feedback control set point was Vg =1.5 V, [ = 0.7 nA. The scan

size was 5 x 5 nm?. (b) Possible surface atomic configuration around
an APB with a 1/4[110] shift.
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Figure 7.5 (a) STM image of an APB with a 1/4[110] shift. The
feedback control set point was Vg = 1.5 V, I = 0.8 nA. The scan

size was 5 x 5 nm?. (b) and (c) Possible surface atomic configuration
around an APB with a 1/4[110] shift.
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Figure 7.6 (a) STM image of an APB with a 1/2[100] shift. The
feedback control set point was Vg = 1.6 V, I = 1 nA. The scan size
was 5 x 5 nm?. The APB is in a (100) plane. (b) Possible surface
atomic configuration around an APB with a 1/2[100] shift.
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Figure 7.7 (a) STM image of an APB with a 1/4[101] shift. The
feedback control set point was Vg = 2.0 V, I = 1 nA. The scan size
was 5 x 5 nm?. The APB is in a (100) plane. (b) Possible surface
atomic configuration around an APB with a 1/4[101] shift and a
(110) boundary plane. (c) STM image of an APB with a 1/4[101]
shift. The feedback control set point was Vg = 2.0 V, I = 0.3 nA. The
scan size was 5 x 5 nm?. The APB is in a (130) plane. (d) Possible
surface atomic configuration around an APB with a 1/4[101] shift
and a (130) boundary plane.
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7.3 Observation of spin-polarized surface states
on a Fe;0Oy film by SP-STS

In this section, we discuss spin-polarized surface states on Fe3O, films that in-
cludes out-of-plane type APB. A STM image of the topography and a corresponding
dI/dV map at a bias voltage of 1.2 V| are shown in Fig.7.8(a) and 7.8(b), respec-
tively. Both of the images were simultaneously obtained on the same area. The
out-of-plane type APB is clearly observed in Fig. 7.8(a). Figure 7.8(c) and 7.8(d)
are histograms of dI/dV signal intensity derived from the area indicated by black
solid and dashed rectangles in Fig. 7.8(b), respectively. These are adsorbent and
defect free areas. Gaussian fits were used to determine the average dI/dV values.
Let Irefi righe be the averaged intensity of the dI/dV-signal measured at the left
(right) domain which separated by the APB, then we find I, = 5.15540.004 and
TRighte = 5.449 £ 0.003. Ipep is lower than Ipign. To quantitatively compare with

these data, we consider an asymmetry parameter

]Left - IRight

A= . (7.1)

Itert + TRight
These values result in the A at Vigmpe = 1.2 V of A = (3.23 +0.05)%.

As a reference, we also conducted STS measurement on the same Fe3O, film that
includes out-of-plane type APB with nonmagnetic W tip. A STM image of the
topography and a corresponding dI/dV map at a bias voltage of 1.2 V, are shown
in Fig.7.9(a) and 7.9(b), respectively. The same type APB shown in Fig. 7.8(a) is
clearly observed in Fig. 7.9(a). Figure 7.9(c) and 7.9(d) are histograms of dI/dV
signal intensity derived from the area indicated by black solid and dashed rectangles
in Fig. 7.9(b), respectively. We calculated the Iy, Igigne and A similarly as above,
then we find I7. = 2.128 &£ 0.003, Ig;gny = 2.099 & 0.002, and A = (0.68 £ 0.08)%.
It indicate that the average value of the electronic states of left and right domain

separated by the out-of-plane type APB are virtually equivalent.

In the case of SP-STS measurement with spin-polarized Cr/W tip, the A is much

than that of STS measurement with nonmagnetic W tip and has the non-zero value.
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It can be said that the spin-polarized surface states were observed on FezOy film. The
higher (lower) average dI/dV value means that the direction on the magnetization
of the Fep on the right (left) domain is parallel (anti-parallel) to that of the apex
of the spin-polarized Cr/W tip. Therefore, it can be said that the out-of-plane type

APB induces antiferromagnetic coupling between adjacent domains.
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Figure 7.8 (a) (10x10) nm? STM image of the topography. The
image of the Fe30,4(001) film was taken with Cr/W-tip at a tunneling
current of 0.3 nA and a bias voltage of 1.2 V. (b) dI/dV map at a bias
voltage of 1.2 V for the same region shown in (a). (c) Histograms of
dI/dV signal intensity derived from the area indicated by black solid
rectangles in Fig. 7.8(b). (d) Histograms of dI/dV signal intensity
derived from the area indicated by black dashed rectangles in Fig.
7.8(b)

67



Chapter 7 Results and Discussion

(d)

Counts

Counts

160 -

120 -

1.5

2.5 3.0

160F T

120 -

2.5 3.0
dl/dV (arb. unit)

Figure 7.9 a) (10x10) nm? STM image of the topography. The
image of the Fe30,4(001) film was taken with Cr/W-tip at a tunneling
current of 0.3 nA and a bias voltage of 1.2 V. (b) dI/dV map at a bias
voltage of 1.2 V for the same region shown in (a). (c) Histograms of
dI/dV signal intensity derived from the area indicated by black solid
rectangles in Fig. 7.9(b). (d) Histograms of dI/dV signal intensity
derived from the area indicated by black dashed rectangles in Fig.

7.9(b)
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Summary

In this part, we have revealed how APBs are observed on the surfaces of FezOy
films grown epitaxially on MgO(001) substrates. By comparing simple models of
APBs, the observed APBs in our experiment are categorized into boundaries with
three different phase shift vectors. A reduction in the symmetry of the surface
caused by the introduction of APBs gives the surface structures of APBs some
variations. The observed APBs in our experiment are classified under the APBs
that have been observed by Celotto et al. with transmission electron microscopy
(TEM) [77]. The tendency of the proportions of each type of APB estimated using
our experimental results (48 images of 8 samples) are nearly the same as that in
their report [77]. In our experiment, the proportion of the APBs with an in-plane
1/4[110] shift is about 38% and that of the APBs with an out-of-plane 1/4[101]
shift is about 61%. Only about 1% of the boundaries are classified into APBs
with an in-plane 1/2[100] shift. We have also conducted SP-STS measurement on
the Fe3Oy film which include the out-of-plane type APB. Different average dI/dV
values were measured between two domains separated by the out-of-plane type APB.
An asymmetry parameter A = (3.23 & 0.05)%, which means that the out-of-plane
type APB induces antiferromagnetic coupling between adjacent domains.. These
findings discussed in this thesis will be useful for the investigation of local electronic

properties or magnetic properties in regions containing well-defined APBs.
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Abstract

We have performed scanning tunneling microscopy/spectroscopy (STM/STS) on
Fe304(001) films. The sample consisted of 20 nm thick epitaxial films were grown
by molecular beam epitaxy (MBE) on MgO(001) substrates. On the surface of the
films, individual iron atoms and surface (\/5 X \/§)R45° reconstruction are clearly
observed by STM. In STS study, we have taken differential conductance (dI/dV)
maps. A charge ordered electronic structures are observed in a dI/dV map. The
structures is similar to that of the model of the charge ordering of Fe?*-Fe?* and
Fe3t-Fe?t dimer in the layer beneath the top layer proposed by density functional
theory (DFT) studies. STS measurements also reveal that DOS of surface octahedral
iron (Fep) has an energy gap of about 0.7 V, and the valence of the surface Fep

atoms should be close to Fe3™.
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Chapter 9

Introduction

The Fe304(001) surface structure has been studied by scanning tunneling microscopy/
spectroscopy (STM/STS) and Low energy electron diffraction (LEED), and a (v/2 x
V2)R45° surface reconstruction have been often observed on the FegO,(001) sur-
face. Several groups have observed individual Feg in B-plane by STM, which shows
a wavelike structure of the iron rows running along the [110] direction (see Fig.
9.1(a)) [12,32,37,40,80]. Emergence of the B-terminated surface structure has been
also predicted by density functional theory (DFT) using the generalized gradient
approximation (GGA) calculations performed by Pentcheva et al. [4,6]. They sug-
gested that the (\/§ X \/§)R45O reconstruction is a result of a Jahn-Teller distortion
and the surface is metallic. However, the STS study by Jordan et al. has reported
that the surface band gap of ~0.2 eV is present which means that the surface is insu-
lative. On the other hand, DFT (GGA+U) calculations have been proposed that the
charge states of the Fep ions beneath the surface is ordering, the subsurface charge
ordering causes a (\/5 X \/§)R45° surface reconstruction, and a ~0.3 eV band gap
exists. [5,85]. Figure 9.1(b) is the sketch of the proposed subsurface charge ordering
structure. The Fe?™-Fe?T and Fe?T-Fe?t dimers line up along [110] alternately in the
subsurface layer, and surface is terminated with Fe3* cations. In the surface layer,
the displacement of the Fe3* cations produce inequivalent narrow “n” and wide “w”
sections. The inequivalent sections compose the (\/§ X \/§)R45° surface reconstruc-
tion pattern. In addition, they have also predicted that the surface is terminated by
Fe3t cations. We have to note that, in this thesis, we labeled two charge states of
the Fep ions as Fe?™ and Fe3*, although the valence charge of the cations is larger

than the other by (0.2—0.4)e [5]. This subsurface charge ordering model has been

73



Chapter 9 Introduction

supported by DFT using the projector augmented waves (PAW) calculations [7].
On the other hand, surface charge ordering structure have been observed by several
groups. A magnetic structure of Fe304(001) by using a ferromagnetic Fe-tip [86-88].
These studies has suggested that a charge ordering of Fe?* and Fe3* cations exists
at the surface at room temperature. More recently, another surface charge ordering
structure which consists of Fe?t-Fe?* and Fe3*-Fe3* dimers, has been reported by
spin-polarized STM (SP-STM) studies with an antiferromagnetic MnNi-tip [34, 36]
and a ferromagnetic Ni-tip [13,37]. However, while SP-STM has clearly observed
the dimers, individual surface irons has not been resolved. Therefore, the surface

and subsurface charge states of Feg ions remain unclear.

The aim of this part is to reveal surface atomic and electronic structure. We have
performed STM and STS on FezO4(001) films using an antiferromagnetic Cr (or
ferromagnetic Fe) coated W-tip (Cr/W-tip or Fe/W-tip), in order to reveal surface
atomic and electronic structure. The (\/§ X \/§)R45° reconstructed B-terminated
surface structure is observed by STM with true atomic resolution (i.e., imaging of in-
dividual surface irons). In ST'S measurements, subsurface charge ordering structures
similarly reported in DFT (GGA+U) and DFT (PAW) studies [5,7] are observed in
differential tunneling conductance (df/dV’) map.
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Figure 9.1 (a) Model of the B-terminated surface structure of
Fe304(001) proposed by Pentcheva et al [4-6]. The black arrows in-
dicate the directions of the displacements of octahedral irons. The
narrow and wide section are marked as “n” and “w”. (b) Model of
the subsurface charge ordering structure with a (v/2 x v/2)R45° re-
constructed unit cell. The (v/2 x v/2)R45° cell is indicated by a black

square.
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Chapter 10

Experimental

The experiments were carried out in the same conditions as describe in Cap. 6.

The epitaxially grown FezO,4(001) thin films were prepared on cleaved MgO(001)
single-crystal substrates by the deposition of Fe in the presence of oxygen. The
MgO(001) substrates were cleaned in situ by heating at 573 K over 12 hours and
then annealed at 1073 K for 1 hour in oxygen atmosphere (7 x 1077 mbar). The
Fe deposition were performed using an electron-beam heating evaporator (Omicron
EFM 3) at a substrate temperature of 573 K. During the film formation, the oxygen
pressure was set in the range from 7 x 1077 to 1 x 1075 mbar. The growth rate was
0.9 ML/min and the film thickness was 20 nm [12,13,37,40]. After the deposition,

the grown films were annealed at 573 K for 30 min in the same oxygen atmosphere.
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Results and Discussion

11.1 Subsurface charge ordering

Figure 11.1 is an constant current STM image of the Fe;04(001) film surface grown
on the MgO(001) substrate. The STM image was taken at a tunneling current of 0.3
nA and a bias voltage of 1.2 V. In Fig. 11.1(a), atomic rows with the (\/§ X \/§)R45°
symmetry (marked with a white square in Fig. 11.1) running along [110] direction
are clearly resolved. As can be seen in a line profile indicating as the line “A” in Fig.
11.1(b), the averaged distance between neighboring rows is about 0.6 nm. The STM
image and the line profile “A” also revealed that the bright spots within each row
are slightly shifted along the directions perpendicular to the rows. It clearly shows
that the narrow and wide section shown in Fig. 9.1 are exist. Within the rows, the
difference of the height between next neighbor atoms is observed and the distance
between the atoms is about 0.3 nm (see line profile “B” in Fig. 11.1(b)). These
small displacements of the atoms perpendicular to the rows and the (001) plane
have been reported by DFT calculations and low energy electron diffraction (LEED)
analysis [6]. Since the periodicities and the shifts of the bright spots are correspond
to those of Fep ions in the surface structure model of B-terminated Fe;O4(001)
(shown in Fig. 9.1(a)), each bright spots in Fig. 11.1(a) should represent single Fep

ions in the B-plane.

We performed dI/dV mapping on the Fe3O4(001) films in order to explore the
surface electronic structures of the films. A STM image of the topography and
a corresponding dI/dV map at a bias voltage of 1.2 V, are shown in Fig.11.2(a)
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Figure 11.1 (a) (2.5x2.5) nm? STM image of the Fe304(001) film.
The image was taken with Cr/W-tip at a tunneling current of 0.3 nA
and a bias voltage of 1.2 V. The (v/2 x v/2)R45° reconstruction unit
cell is indicated by the white square. The narrow and wide section
are marked as “n” and “w”. Individual Fep ions are imaged. (b)
Line profiles taken along [110] and [110] directions marked as “A”
and “B” in (a).

and 11.2(b), respectively. Both of the images were simultaneously obtained on the
same area. Fig.11.2(c) shows cross sectional line profiles of the topography and the
dI/dV map taken along the arrows marked as “C” and “D”. The relative positions
of the arrows are same. In Fig.11.2(a), the B-terminated Fe304(001) surface with
individual Fep atoms are clearly observed, and iron rows are running along [110]
direction. Meanwhile, the dI/dV map shows a periodic structure different from that
in the STM image. It is composed of two different dI/dV signal intensity (“high-
peak” and “low-peak”) as indicated by the line profile “D” shown in Fig. 11.2(c).
The line profile is taken along the [110] direction (i.e., the perpendicular direction to
iron rows), and indicates a ~0.6 nm periodicity. The periodicities of high(low)-peak
to high(low)-peak are ~1.2 nm. In the dI/dV map, these periodic structure shows
a (V2 x /2)R45° symmetry as indicated with a white square in Fig. 11.2(b). By

comparing the positions of bright spots in dI /dV map with surface atomic structure,
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it is found that the bright spots locate between Fep rows (see in Fig.11.2(a) and (b)).
In Fig.11.2(c), it can be seen that the positions of high(low)-peaks are correspond to
that of wide(narrow) sections. Therefore, it is possible that the origin of the peaks
is the electronic states of surface oxygen atom or Fep atom in subsurface layer (see
in Fig.9.1). According to the DOS calculation by Bernal et al., it has predicted that
the DOS of subsurface Fe3* is higher than that of subsurface Fe?*, and the DOS of
surface oxygen is almost zero at the energy level of 1.2 eV (see, in particular, Fig.6(b)
in Section 4 of Ref. [7]). Consequently, the “high(low)-peak” should represent the

existence of the dimer of Fe¥T-Fe?T (Fe?-Fe*™) in subsurface layer.

We also performed STS measurements on the Fe3O,4(001) films. The spectra were
taken on four different surface Fep sites. Figurell.4(a) shows the STM image and
the locations of the STM tip where STS spectra were collected. These locations are
indicated by a red circle(o), blue cross(x), green triangle (A) and black cross(+).
At these locations, the tip is located above Fep sites. Figure 11.4(b) shows the
normalized tunneling conductance (dI/dV)/(I/V) curves taken at these locations.
The curves were converted from the I(V) data using the procedure developed by
Feenstra et al. [8]. The I(V) data was obtained for tunneling set points of +1 V and
0.2 nA. As can be seen in Fig.11.4(b), a band gap value of about 0.7 eV is obtained
in all (dI/dV)/(I/V) curves, and the gap is opening from —0.7 to 0 V. The band
gap value of 0.7 eV is larger than that of 0.2 V which has been reported by Jordanet
al. [89]. They obtained the value by averaging I(V) data taken from a specific area
on the Fe3O4(001) surface, thus it includes the properties of not only the Fep atoms
but also other surface area. Indeed, we also obtained smaller values than 0.2 eV at
the locations near a step edge and an adsorbate site such as an OH-group on the
Fes0,4(001) surface. Meanwhile, our (dI/dV)/(I/V) curves were taken above the
Fep sites. To the knowledge of the authors, the data as shown in Fig.11.4(b) for
individual Feg atom has not been reported so far. Moreover, these features of ~0.7
eV band gap and the gap region from —0.7 to 0 V, are similar to that of the DOS
of surface Fep atom at room temperature calculated by the DFT (PAW) method
(see Fig. 11.3(c)) [7]. From these result, the valence of the Fep in the Fe304(001)
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Figure 11.2 (a) (4.7x4.7) nm? STM image of the topography. The
image of the Fe30,4(001) film was taken with Cr/W-tip at a tunneling
current of 0.3 nA and a bias voltage of 1.2 V. The dashed line
indicates an APB. (b) dI/dV map at a bias voltage of 1.2 V for the
same region shown in (a). The white open rectangle indicates the
(v/2 x v/2) R45° reconstruction unit cell. The narrow and wide section
are marked as “n” and “w”. (c) Line profiles of the topography and
the dI/dV signal taken along the arrows marked as “C” and “D”
in (a) and (b), respectively. The relative position of the arrows is
same.
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Figure 11.3 (a) Top and (b) side views of the Fe304(001) surface.
Panel (b) only shows the 3 outermost planes, indicating the different
in-plane Fep-Fep distance in A. (c) Spin-resolved DOS of all inequiv-
alent atoms (blue for Fe, red/green for surface O) at the outermost
B-plane. [7]

surface layer should be confirmed to be Fe?* | and this charge freezing at the surface

can cause the surface Verwey transition.

As we discussed above, we observed subsurface charge ordering like electronic
structure composed of Fe?*-Fe3t and Fe?T-Fe?* dimers, and measured surface Fep
electronic property which shows the band gap value of ~0.7 eV. By combining our
results with the DFT studies, we found that the surface of Fe304(001) are terminated
by Fe3* cation and subsurface Fep ions show charge ordering of Fe?T-Fe?* and Fe?*-

Fe?t.
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Figure 11.4 (a) (3x3) nm? STM image of the Fe304(001) film. The
image was taken with Cr/W-tip at a tunneling current of 0.2 nA and
a bias voltage of 1.2 V. The locations of STM tip for STS measure-
ments are indicated by red circle(o), blue cross(x), green triangle

(A) and black cross(+). (b) (dI/dV)/(I/V) curves taken on surface
Fep sites. These curves were taken at the corresponding mark and
converted from the I(V) curve using the procedure developed by

Feenstra et al. 8]
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Summary

We have employed STM /STS with the antiferromagnetic Cr/W-tip in order to reveal
the surface atomic and electronic structure of the Fe304(001) films. STM resolved
individual Fep ions and B-terminated surface structure with (\/5 X \/5) R45° symme-
try. The observed surface structure corresponds to the model reported by Pentcheva
et al [4-7] and the results of the STM studies with W-tip [12, 32,37, 40, 80]. Our
STS result showed the presence of the charge ordering in the Fe304(001) subsurface
layer. The subsurface charge ordering structure showing an alternation of two types
of corrugations, has (v/2 x v/2)R45° symmetry. It is very similar to the model of
subsurface charge ordering [5,7]. Moreover, STS spectra taken above surface Fep
atoms could be indicative that the surface is terminated by Fe3* cations. Our results
suggest that the surface of Fe304(001) are terminated by Fe?T cation and subsurface

Fep ions show charge ordering of Fe?*-Fe*" and Fe3t-Fe3t.
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