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Abstract

With the recent discovery in the ferromagnetic two-dimensional van der Waals
crystals, fabrication for the magnetic monolayers and tuning their magnetic
properties by the substrates have attracted extensive attention. In order to
elucidate the origin of the magnetic properties tuned by the substrates, it is
necessary to grow the ferromagnetic monolayers without intermixing.

Here, we focused on the iron nitride monolayers. Due to the strong in-plane
robust bonding between Fe and N atoms, the well-ordered iron nitride mono-
layer grows on the Cu(001) substrate without intermixing and it exhibits fer-
romagnetism. In the present study, we have investigated growth condition and
structure of the new iron nitride monolayers and we have discussed their mag-
netic properties tuned by the substrates. We have combined the atomic scale
observation for the surface morphology and electronic properties by scanning
tunnel microscopy/spectroscopy (STM/STS) with the element specific study
on the magnetic properties by X-ray absorption spectra and X-ray magnetic
circular dichroism (XAS/XMCD).

First, we have investigated the growth and structure of the iron nitride film
on the Cu(111) substrate by using STM. At the high annealing temperature,
we observed the square Fe;N monolayer on the Cu(111) substrate which is
similar to the square FeaN monolayer on the Cu(001) substrate. From the
X-ray photoelectron spectroscopy (XPS) and low energy electron diffraction
(LEED), we found that the lattice of the FeoN monolayer was distorted toward
a monoclinic lattice.

By changing the symmetry of the substrates, the electronic and magnetic
properties of the square FeoN monolayer can be tuned. The XAS/XMCD
measurement reveals that the spin magnetic moment of the Fe; N monolayer on
the Cu(111) substrate became less than half of that of the Cu(001) substrate.
From the dI/dV spectra, we consider that this is attributed to the difference
in the local hybridization.

Next, we have fabricated the Co-mixed iron nitride layer on the Cu(001)
substrate. The magnetic moment of this Co-mixed iron nitride film estimated
by XAS/XMCD increased compared with the FeoN monolayer. the local den-
sity of states became similar to that of the +'-FeyN trilayer with the strong
spin magnetic moment. The Co atoms enhance the spin magnetic moment of
the iron nitride layer.

Finally, we have fabricated a new hexagonal iron nitride film on the Cu(111)
substrate by changing the sample preparation procedure. The structure was
very similar to the iron nitride film on the Cu(001) substrate. We observed



the strong peak at the positive bias voltage which is not observed in other iron
nitride films.

In our dissertation, we found that hexagonal iron nitride monolayer and
square one are selectively fabricated on the Cu(111) substrates by changing the
fabrication condition. In addition, we discovered that the magnetic moment of
the square Fe;N monolayer is controlled by selecting the layer under the FeoN
monolayer.
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Chapter 1

Introduction

1.1 Preface

The history of magnetism is traced back to 5000 years ago. Greek found that
iron is attracted by a rock containing Fe3O4. According to one account, the
word "magnet” is named after the province of Magnesia where the rock was
found for the first time [1]. The first practical use of magnets was a compass.
It was used for the navigation in the age of discovery. In the 20th century, the
demand for the magnetic materials was increased since the magnets were used
as a motor, a generator and so on at that time. People began to search for the
permanent magnet with the high coercivity [2]. After the KS steel containing
Co, W, and Cr was artificially synthesized by K. Honda et al., in 1920 [3], many
permanent magnet such as alnico and ferrite were discovered. In particular,
the neodymium magnet NdyFe 4B discovered in 1984 [4] has been widely used
because of the large saturation magnetization and the high crystal magnetic
anisotropy. Nowadays, the magnetic materials are widely utilized in our daily
lives such as hard desk drive, mobile phone and so on. In addition, in step
with the development of the spintronics, the materials with small saturation
magnetization also begin to draw attention [5,6].

Iron nitrides have attracted much attention as a ferromagnetic material
because of their various electronic and magnetic properties depending on the
N content and structure [7-10]. There are various phases of a/-FeigNg, +'-
FeyN, e-FesN, and (-FesN. They are fabricated by heating Fe under NH;/H,
gas. In particular, the large saturation magnetization in «o”-FeigN, higher
than a-Fe reported by T. K. Kim et al., [11] inspired various research related
to the magnetic materials [12,13]. Y. Takahashi et al., reported that an FesN
monolayer film corresponding to a plane of +'-FesN grows on the Cu(001)
substrate and it exhibits ferromagnetism with the spin magnetic moment of
1.1 pp/atom [14,15]. Recently, the hexagonal iron nitride monolayer are also
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observed near the step edge of the Cu(001) substrates by the other fabrication
procedure [16].

The monolayers are distorted by the substrates and the distance between
the atoms is changed. In addition, the charge transfer from the substrates af-
fects the density of states of iron nitride layers. These effects by the substrates
change the electronic and magnetic properties of the monolayers [17]. In order
to elucidate the origin of the magnetic properties induced by the substrates,
the iron nitride monolayer is one of the appropriate materials since the ro-
bust in-plane bonding between Fe and N atoms prevents from mixing at the
interface. However, iron nitride monolayers are observed only on the Cu(001)
substrate so far. Firstly, we have to fabricate the iron nitride monolayers on
other substrates. It is expected that several stable phases are observed on
other substrates by controlling fabrication procedure as seen in the Cu(001)
substrate [15,16]. Investigating the magnetic properties of iron nitride mono-
layers could lead to elucidate the way to fabricate the iron nitride films with
the large magnetic moment like o’-Fe gNa.

1.2 Purpose of study

In this dissertation, we have investigated how the magnetic properties of iron
nitride monolayers are affected by the layers under the monolayers. In order
to achieve our goal, first of all, we have discovered the growth condition of
the new iron nitride monolayers on several substrates. After that, we have
investigated their electronic and magnetic properties.

For this study, we have conducted the atomic scale observation for the
surface morphology and local density of states by using the scanning tunnel
microscopy /spectroscopy (STM/STS). STM is an useful method to measure
the growth condition since STM enables us to observe the surface morphology
directly with considering the surface roughness and atomic-scale defects. The
magnetic properties were investigated by using XAS/XMCD measurements.
We can obtain element specific information on the magnetic properties quan-
titatively.

1.3 Outline

Our dissertation consists of eight chapters as below:

In Chapter 2, we firstly introduce the principle of the experimental tech-
niques we used in our dissertation. Then, we summarize the previous research
of iron nitride.
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In Chapter 3, we explain our experimental system and our sample prepa-
ration method.

In Chapter 4, we report the growth and structure of iron nitride monolayers
on the Cu(111) substrate. The square FeoN monolayer similar to that on the
Cu(001) substrate is fabricated. We propose the structure model of the FeoN
monolayer on the Cu(111) substrate.

In Chapter 5, we compare the electronic and magnetic properties of the
square FesN monolayer on the Cu(111) substrate with those on the Cu(001)
substrate. We presents the result of the electronic and magnetic properties of
the square Fe;N monolayer induced by the substrates.

In Chapter 6, we show the Co-mixed iron nitride films on the Cu(001)
substrates fabricated by codepositing Co and Fe. We observed Fe and Co
layers are fabricated under the Fe;N monolayer. We describe the magnetic
properties of the films investigated by using XAS/XMCD.

In Chapter 7, we show the structure of the new hexagonal iron nitride
monolayer on the Cu(111) substrate. we discuss the growth condition and the
structure.

Finally, we summarize and conclude our dissertation in Chapter 8.






Chapter 2

Experimental method

2.1 Scanning tunnel microscopy

Scanning tunnel microscopy (STM) is a technique for observing the surface
morphology at the atomic level by using an atomically-sharp tip. It detects
the tunneling current between the sample and the tip. Figure 2.1 shows the
STM image of the clean Cu(111) substrate with the atomic resolution. STM
has been widely used since the first STM observation by G. Binnig and H.
Rohrer in 1982 [18].

Figure 2.1: Atomically-resolved topographic STM image of the clean Cu(111)
substrate.

We describe the principle of STM by using a one-dimensional rectangular
potential model shown in Fig. 2.2 (a). The region 1 and region 3 shown
in Fig. 2.2 (a) indicate a sample region and a tip region respectively. The
region 2 describes the vacuum region between the sample and the tip with
the energy barrier V. In the classical model, the electron in the region 1 with
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the energy F (< V) cannot overcome the energy barrier in the region 2. It,
however, can pass the barrier by the tunneling effect in the quantum system.
A Schorodinger’s equation of this one dimensional model can be described as
below:

h? 02
[—%@—FV(Z)—E]‘IIZO, (2.1)

for V(2) 0 (region 1,3)
or V(z) =
V' (region 2)

where m is the mass of the electron, ¥ the wave function of the electron, i the
Dirac’s constant. The differential equation of Eq. (2.1) is solved as

region 1 (z < 0)
U = Ae™™*  Be %=
V2mE

h
region 2 (0 < z < a)

U = Ce"™ + De

V2m(V — E) (2.2)

k:

h
region 3 (a < z)
U = Fe*
V2mE

k=
h

where A, B, C, D and F are normalization constants. The wave function ¥
and its differential function d¥/dz must be the continuous function at the
boundary. Therefore, the transmittance 7' is obtained as
_IFP 1

AR 14 —(é’f,’:jp sinh®(ka)

T (2.3)

The tip-sample distance a is usually much larger than the wavelength 1/x, i.e.
rka >>1. In this approximation, the transmittance 7" is given by

T 16k%K2 o2k
(k2 + 2)?
2om(V — E) (2.4)

K =

h
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(a) (b)

V(2)
A
T region1 region2 region3
(tip) (vacuum) (sample)
4

Figure 2.2: (a) One dimensional rectangular potential model. In this model,
the electron moving from the region 1 to the region 3 is considered. (b)
Schematic image of Tersoff and Hamann model [19]. The wave function of
the tip is assumed to be a s-like wave function. The distance between the tip
and the sample is d. The radius of a curvature of the tip is R. The center of
the curvature is 7.

Equation 2.4 means that the tunneling current which is proportional to the
transmittance 7' varies exponentially with the tip-sample distance a. In the
actual system, the tunneling current increases by one order of magnitude per
0.1 nm.

The tunneling current does not only depend on the tip-sample distance,
but also on the local density of states. When applying the voltage V', the
current I;; flowing from the tip to the sample is written as

I —e / p(E)po(E — V)T (E,V)dE (2.5)

where p is the density of state and 7" the transmittance. The subscripts ‘s’ and
‘4’ mean a sample and a tip respectively. Here, we neglect the temperature
dependence. According to the Fermi’s golden rule, the transmittance T of the
initial state | i > to the final state | f > is

N
T = 22| Mu[*0(E; — B) (2.6)

where My; is the matrix element from the initial state to the final state. Equa-
tion 2.6 indicates that the energy of the initial state E; and that of the final
state £y must be the same. Equation (2.5) denotes the current generated by
the electrons moving from an occupied state of the tip (p;) to the unoccupied
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state of a sample (ps). By substituting Eq. (2.6) into Eq. (2.5), one obtains

2me
Iis = - pi(B)ps(E — eV) x | My |*dE (2.7)

At the low bias voltage, Eq. (2.7) can be written as

2
I= EQQV Zt |M,,|?6(E, — Ep)d(E; — Ey) (2.8)

where Ey is Fermi energy. Here, we consider the matrix element M. J.
Bardeen suggests that M, is given by [20]
h2

My = o~ dS - (UVU, — U*VT,) (2.9)

We choose the wave functions of the surface U, as below [19]

v,=Y aéex/mze%kw@)-f (2.10)
G

where k?” is the surface Bloch vector, G the surface reciprocal lattice vector,

and £ is given as Y22 (JW: work function). The wave function in Eq. (2.10)

varies periodically at the direction parallel to the surface and it decays with the

decay length of 1/k at the normal direction to the surface. The wave function
of the tip ¥, is simply assumed to be a s-wave function and to be localized
within a radius of R as shown in Fig. 2.2 (b). The wave function of the tip is
written as
_ kp_ 1 Kl

U, = CkRe (k|F—7“B|)€ (2.11)
where C is a normalized constant. The relation between R and 7 is shown in
Fig. 2.2 (b). Since the matrix element is strongly dependent on the overlap
of the wave functions of the tip with that of the sample, the wave function of
the sample at the nearest area from the tip impacts on the tunneling current.
By substituting the wave functions of Eq. (2.10) and Eq. (2.11) to Eq. (2.9),
one obtains [19]

My oc kRe* W (7) (2.12)
Therefore, the tunneling current is

I o< py(Er) Y |, (ro)P0(E, — Ey) (2.13)

It suggests that we can observe the local density of states near the Er by STM.
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The voltage dependency on dI/dV can be written by using Eq. (2.5) [21]

Er+eV

dI

dv [ps(EYT(E,V)|dE  (2.14)

x eps(Ep + eV)T(Ep + €V, V) + / -

Ep av
The first term is proportional to the local density of states of the sample at
the applied voltage. The second one is a background term which arises from
the transmittance parameter or differential local density of states of the tip.
Since the transmittance is nearly independent on the bias voltage, the second
term can be neglected. Thus, Equation 2.14 is written as

dl
a7 eps(Er + eV)T(Er + eV, V) (2.15)

sometimes (dI/dV)/(I/V) are used instead of dI/dV to reduce the back-

ground.

eV s(E)pi(—eV+E) dT(E,eV)
4z B s(eV)pe(0) + [ B eT ) v 916
A T(E.eV) (2.16)
% dEps(E) ((—eV + E) )

2.2 X-ray photoemission spectroscopy

The X-ray photoemission spectroscopy (XPS) is a surface sensitive technique
and is intensively used to investigate the chemical binding energy and the
elemental composition qualitatively. The electrons in the core level are excited
by the X-ray with the photon energy of hr and subsequently is emitted to a
vacuum. This phenomenon is described as

where FEk is the kinetic energy of the electron, Eg the binding energy and W
work function. The binding energy is estimated from Eq. (2.17) by measuring
the kinetic energy of the photoelectron by using hemisphere analyzer.

Some photoelectrons excited by the X-ray lose their energy by the inelastic
or elastic scattering with phonon, impurity, and defect states. Since the typical
electron escape depth is around 1 nm at photon energy of 100 eV, the XPS
method is regarded as the surface sensitive method. The Al Ka X-ray and Mg
Ka X-ray are usually used as X-ray sources. The photon energies of Al K«
X-ray and Mg Ka are 1486.6 eV and 1253.6 eV respectively. The XP spectrum
of the clean Cu(111) substrate is displayed in Fig. 2.4.

The peak position of the binding energy is shifted by several effects. For
example, the binding energy of the oxides is much higher than that of the
single element since oxygen has a large electronegativity. This is called as
chemical shifts. As increasing the ionic valence, the binding energy becomes
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Figure 2.3: Schematic image of the principle for XPS.
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Figure 2.4: XP spectrum of the clean Cu(111) substrate.

higher. Therefore, the XPS studies are also used to measure the ionic valence
of the elements.

The inelastic scattering induced by the photoelectrons makes the back-
ground of XPS. It is necessary to subtract the background in order to analyze
the spectra quantitatively. There are several ways to subtract the background.
One of the simplest ways is to draw the straight line from the pre-edge to the
post-edge. However, this method is very difficult to estimate the peak area
quantitatively since the post edge position strongly affects the peak area.

Here, we introduce the one conventional way called as the Shirley method
[22]. One assumes that the number of the inelastic electron is proportional to
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the peak intensity of XPS and that it is independent on the energy loss.

(@) peak A ®)

Figure 2.5: (a) Delta peak and the background proportional to the intensity
of the delta peaks. (b) Schematic image of the Shirley method.

Figure 2.5 (a) describes the background of the delta-like peaks estimated
by the Shirley method. The background proportional to the peak intensities
of the delta-like peaks is generated at the higher binding energy. Here, the
background B(z) at the binding energy x can be written as

Bi(z) = (a — b)% +b (2.18)
where T; is the total peak area after subtracting the background, Q;(x) the
peak area from the pre-edge energy to the energy x, a and b the intensities at
the post-edge and the pre-edge. The background is calculated as follows: 1)
The constant background b which is the same intensity as that at the pre-edge
is subtracted. 2) Assuming B;—o(xz) = b, one calculates the peak intensity
Qi=o(z) and T;—( from the spectra. 3) The background B;_;(z) is calculated
by substituting Q;—o(z) and T;—o(x) to Eq. (2.18). 4) Repeating the cycle of
2) and 3) until Q;(z) and T; converge. Here, ¢ denotes the number of cycles of
these processes.

The careful measurement of XPS allows us to estimate the chemical com-
position quantitatively. The number of the photoelectrons M generated by
XPS is written as

M = I,No (2.19)

where [y is X-rays intensity, N number of atoms in a unit area, and o ionic
cross section.

Here, we introduce the relative sensitivity factor S; of element 7. It is
defined as

Si -
Iref

(2.20)
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I; e is the intensity of the reference sample of the element ¢ and I, is that of
the reference materials. The 1s peak of fluorine in lithium fluoride is used as
the reference material. Relative sensitive factors of all elements are obtained
by measuring the photoelectron intensity of all elements. The concentration of
the unknown material X; of the element 7 is obtained by using relative sensitive
factor as

I

X; =
[refSi

(2.21)

where [; is the XPS intensity of the unknown materials of the element i. By
measuring all elements in the unknown materials, we can obtain the normalized
concentration of the unknown materials as below:
i L
Xi _ Lot S; _ Si (2'22)

1; 1;
Zn Irefjsj Zn S_Jj

2.3 X-ray absorption spectroscopy/ X-ray mag-
netic circular dichroism

X-ray absorption spectroscopy/X-ray magnetic circular dichroism (XAS/XMCD)
is a surface sensitive method to measure the magnetic properties quantitatively.
The XA spectra is an absorption spectra from the inner occupied state to the
outer unoccupied states by irradiating X-ray. Here, we consider the transition
from the occupied states | [, m > to the unoccupied states | I, m’ >. The [ and
m denotes the orbital angular momentum and the spin angular momentum.
They obey the equations as below.

I'—1=+4+1

m —m=n

(2.23)

In the case of the transition induced by the liner polarized light, 1 should be
0. In contrast, in the case of the transition induced by the circularly polarized
light, n should be +1. Equation (2.23) is called as selection rule.

XMCD is defined as the difference between the absorption of right- and left-
handed circularly polarized light. When the same number of d electrons are
occupied both in the spin-up band and spin-down band, i.e. spin polarization
is zero, the transition rate from spin-up (spin-down) band by the right(left)-
handed circularly polarized light is the same as that from the spin-down (spin-
up) band by the left (right)-handed circularly polarized light. The XA spectra
obtained by the right-handed circularly polarized light is the same intensity
as that obtained by the left-handed circularly polarized light. Therefore, no
XMCD signal is obtained if the paramagnetic materials or non-spin polarized
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materials are measured. In the case of the ferromagnetic materials, the number
of the electrons in the spin-up band is different from that in the spin-down band
due to the exchange splitting. The XA spectra of the ferromagnetic materials
obtained by the right-handed circularly polarized light is different from by the
left-handed circularly polarized light. Therefore, one can obtain the XMCD
signal. Since the absorption energy is different in each material, we can obtain
the magnetic properties for each element.

B. T. Thole et al., [23] and P. Carra et al., [24] suggest that the spin
magnetic moment and orbital moment are estimated from the experimental
XAS/XMCD measurements quantitatively. Here, we define three parameters

as below.
p= / (Hs — p)dE (2.24a)
Ls
q= / (s — p)dE (2.24b)
L3+Lo
r= / (g +p— —b.g.)dE (2.24c¢)
L3+Lo

where p, (pu—) is the XA spectra obtained by right-handed (left-handed) cir-
cularly polarized light, b.g. means the background. The relation between these
three parameters and the spectra is shown in Fig. 2.6. The spin magnetic

moment (S,) and the orbital magnetic moment (L,) of 3d orbital are written
as [23,24]

(S2) + ;(Tz> - ; 4q(lO — N3q) (2.25)
(L:) = —%(10 — N34) (2.26).

where (7)) is the magnetic dipole operator and nsy the number of the 3d
electrons. These are called as sum rule. The value of (7,) can be often ignored
since it is usually much less than that of (S,).

2.4 Low energy electron diffraction

Low energy electron diffraction (LEED) is a surface-sensitive method for in-
vestigating the surface structure. The electron with the incidence energy of
30 - 300 eV is irradiated to the sample vertically. The two dimensional re-
ciprocal lattice pattern is obtained by observing the backscattering electron
by the hemisphere screen. Since the electron escape depth is less than 2 nm
which is much lower than X-ray penetration depth, LEED has widely been
used to measure the surface structure. According to the de Broglie wave, the
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Figure 2.6: XA spectra and XMCD spectra generated by some Lorentzian
functions. The values p, ¢, and r correspond to Eq. (2.24a)-Eq. (2.24c)

wavelength of the electron A\ and kinetic energy Fx are written as

h
A= — 2.27
; (2.27)
2
p
Fy = — 2.2
K 2m ( 8)

where h is the Planck constant, p the momentum of the electron, and m the
mass of the electron. From these equations, one obtains

_h 1504
_\/ZmEKN EK

The wavelength of the electron with the incidence energy of a few hundred eV

A (nm) (2.29)

is estimated to be approximately 1 A which is almost the same as the lattice
constant of the sample. Therefore, the diffraction pattern is obtained by using
electron instead of X-ray.

We consider a crystal which is defined as three vectors a;, as, and as.
Here, a; and as are unit cell vectors parallel to the surface and az is normal
to the surface. The scattering intensity F' is written as

sin’(8la; Ak) sin®(Z2a, Ak) sin® (22 as Ak)

- sin®($a1Ak) sin’*(1axAk) sin’(1asAk)

(2.30)

Ak =k — k; (2.31)

where k; is the wave vector of the incidence wave, k; the wave vector of the
scattering wave and N; (i=1, 2, 3) the number of atoms along a,;. Equation
2.30 has peaks when the following equations are obeyed.

a1 Ak =27l as Ak = 2mm, asAk = 2mn (2.32)
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//JW/

Figure 2.7: (a) Reciprocal vector point group and the Ewald sphere with the
radius of |k¢|. (b) Reciprocal ‘rod’ in the case of the N3 =1. (c) Reciprocal
‘rod’ in the case of the actual LEED pattern.

(@)

(b)

where [, m, and n are integer. We can define the vector G which obeys Eq.
(2.32) as

G = Ak = lb; + mbs, + nb; (2.33)

The b; (i = 1, 2, 3) is defined as

as X as as X ay a; X ay

b1 =27 ,b2 =27 ,bg =27 (234)

a - (CLQ X a,3) a - (CLQ X CLg) a - (CLQ X a,3)

In addition, we assume that the electron does not lose energy during the scat-
tering,

LARLY (2.35)

When the scattering vector kf obeys Eq. (2.33) and Eq. (2.35), the intensity
of the diffraction is maximum. The vector G is called as a reciprocal vector.
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Here, we seek the scattering vector ks by using the Ewald sphere. Figure
2.7 (a) shows the reciprocal vector point group. For simplicity, we consider
only two dimension vector. Here, the end point of k; is fixed at a reciprocal
vector point. Then, we draw a sphere which obeys two conditions; 1) The
center of the sphere is located at the start point of k;. 2) The radius of the
sphere is equal to |k¢|. When the sphere overlaps the reciprocal vector point
group, we obtain the scattering vector k; which satisfies Eq. (2.33) and Eq.
(2.35) as shown in Fig. 2.7 (a). This sphere is called as an Ewald sphere.

When one assumes that all electrons are scattered at the top layer, i.e. N

Sln2 N3 . .
= 1in Eq. (2.30), the term% is always 1, and the reciprocal vector

point group is a ‘rod” along the normal direction to the surface as shown in Fig.
2.7 (b). In this case, the Ewald sphere always overlaps the rods. Therefore,
the two dimensional patten by LEED is observed irrespective of the incidence
energy. In the case of the actual LEED pattern, the electrons are scattered
from a few layers depth. Then, the ‘rod’ becomes like Fig. 2.7 (¢). Therefore,
the peak intensity gradually changes with increasing the incidence energy.

2.5 Moiré pattern

Moiré pattern appears when superposing two sets of lines. Figure 2.8 shows
examples of moiré pattern formed by overlapping geometrical patterns. Here,
we theoretically calculate the gap and angle of the moiré pattern obtained by
using the two stripe pattern shown in Fig. 2.9.
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Figure 2.8: Moiré pattern formed by simple lines: (a) Two sets of lines with
different direction, (b)Two sets of hexagonal patterns with different steps.

Here, we define the step of the first line pattern as a, that of the second
one as b and the angle between two line patterns as . We consider that the
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first pattern is parallel to the y axis.
r=na(n=0=%1,+£2,4£3,---) (2.36)

The second pattern in Fig. 2.9 can be described by using the angle 6.

1 mb
= T —
tan 6 sin 8

y (m=0,+1,42,+3,---) (2.37)

In addition, n and m satisfy
n—m=p(p=0,+£1,4+2,+£3,--) (2.38)

By eliminating n and m from Eq. (2.36) - Eq. (2.38), one obtains the equation
of moiré pattern.

_acos@—b a

(2.39)
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Figure 2.9: Moiré pattern formed by simple lines. The two sets of black lines
form the moiré pattern as indicated by blue lines.

In addition, by using the step of the moiré pattern d and the angle between
the first line pattern and the moiré pattern v, the equation of moiré pattern
is also written as

1 d
= T —
tan pSiIl'(/}

y (2.40)
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The coefficients of Eq. (2.39) and Eq. (2.40) should be equal. Therefore, one
obtains
J— ab
~ VaZ+ b2 —2abcosd

) bsin @
siny =
Va2 + b2 — 2abcosb

(2.41)

(2.42)

2.6 Iron nitride

Iron nitride attracted much attention because of a catalyst for a synthesis of
ammonia in 1930s. F. Haber and C. Bosch discovered the ammonia synthesis
way from N, gas and Hy gas by using Fe catalysts under high pressure and
high temperature in 1910s [28]. While the iron nitride is fabricated by this
synthesis way, it suppresses the ammonia synthesis. Therefore, it was necessary
to determine the dissociation condition of iron nitride in order to enhance the
efficiency of the Fe catalysts [29,30].

In 1940s, various phases of iron nitride, for example, v'-Fes;N and e-FesN
were discovered. In particular, K. H. Jack greatly contributed to the structure
determination for iron nitrides by using XRD [31-33]. Later, the magnetic
properties of iron nitrides were investigated, and it was revealed that the iron
nitrides exhibit ferromagnetism with a strong magnetic moment comparable
to bee a-Fe. Figure 2.10 (a) shows the phase diagram of Fe - N system [26].
There are various crystal structures of iron nitride depending on the N content.
We introduce each structure and magnetic property.

o’ -FeiNg, the Fe-richest phase, exhibits high saturated magnetization. In
1951, the o/’-Fe;gNg was fabricated by K. H. Jack for the first time by annealing
the nitrogen-martensite at 120 degree for 7 days [32]. However, the limited
N solubility in Fe of less than 10.5 at/% indicates that the high-quality «”-
FeigNy is not fabricated by the annealing. It is pointed out that other phases
such as a-Fe (bcc) and +-FeyN were mixed [10]. In 1972, T. K. Kim and
M. Takahashi fabricated o’-FeigN, film by depositing Fe on a glass substrate
under the N atmosphere. The experiments by using torque magnetometer and
the ferromagnetic resonance method revealed that the magnetic moment of o/~
FeiNy is 3.0 up/atom. Since this result was reported, many groups have tried
to fabricate o”-Fe;gNy and measured the magnetic moment. Although there
are differences in the quality of the samples, the saturation magnetizations
are 2.4 - 3.5 ug/atom which are higher than a-Fe [34,35]. The o”-Fe;sNy is
drawn attention from the view point of applications since the spin magnetic
moment is just as high as that of a neodymium magnet and the o’-FeigN, is
a rare-earth-free material.

~v'—FeyN, the second Fe richest phase has a cubic structure in which N
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500 700 900 1100
temperature T [K] (reciprocally)

Figure 2.10: (a) Phase diagram of iron nitride system. (b) Lehrer diagram
which is used as nitriding Fe in NH3 and Hy gas. The value ry in the horizon-
tal axis is defined as Pyp,/ Péé ® by using the pressure of ammonia Pyp, and
hydrogen Py,. (c) Crystal structures of iron nitride depicted by VESTA [25]
(a) : taken from Fig. 1 in [26], (b) : taken from Fig. 6 in [27]

atoms occupy the body center position of a fcc y-Fe. While some structure
models of Fe4,N were proposed at the early stage, its structure was determined
from the polycrystalline samples by the X-ray diffraction (XRD) [31] and the
neutron diffraction [36]. While these polycrystalline containing other phases
were used to investigate the structures, the XRD measurements of the single
phase of v'—FeyN later refined the lattice constants [37]. In the four Fe atoms
in the unit cell, one Fe atom ( Fel sites) is located at the corner position and is
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surrounded by 12 neighbor Fe atoms. The other three Fe atoms (Fell sites) are
located at the face center position with a bonding to two N atoms as described
in Fig. 2.10 (¢). The mossbauer study allows us to measure the site dependence
on the spin magnetic moment of Fe [38,39]. The spin magnetic moments of
Fel sites and Fell sites are 3.0 ug/atom and 2.0 up/atom respectively and the
average magnetic moment per Fe atom of 2.2 ug/atom is comparable to Fe
atoms [36]. The reported Curie temperature of v'—FesN is 761 K [40] or 767
K [38].

e-FesN exhibits a hexagonal structure where N atoms are located at the
hep sites of the fecc y-Fe. The lattice parameter of e-FesN measured by XRD
is a = 470.80(6) pm, and ¢ = 438.85(9) pm [37]. The spin magnetic moment
of e-FesN is 1.9 up/atom [8,41] or 2.2 up/atom [26]. The curie temperature
investigated by neutron diffraction and superconducting quantum interference
device (SQUID) is 575 K [26].

The octahedral sites of the fcc y-Fe are randomly occupied by N atoms and
Feo N1 (0< z <1) are fabricated. Asthe N concentration increases, the Currie
temperature and saturation magnetic moment decrease. The ideal structure (-
FesN exhibits very weak ferromagnetism and the Currie temperature is below
9 K [42]. The structure of (-FesN is also determined by XRD [43].

One of the ways to fabricate the iron nitride is to anneal Fe under NH3 /H,
atmosphere. According to Lehrer [27,44], v'—FeyN, e-FegN, and (-FeoN can
be selectively fabricated by carefully controlling the temperature of Fe and the
ratio of pressure of NHj3 to that of Hy. The phase diagram, called as Lehrer
diagram is shown in Fig. 2.10 (b). However, the way to fabricate the single
phase of o’ -FegNy has not been discovered. It should be noted that all iron
nitrides are metastable at room temperature compared with Fe and N, gas
while this process is very slow at room temperature [8].

The theoretical calculation can explain the magnetic moment of the iron
nitrides [7,9]. By the N atom invasion to the Fe crystal, the volume of the
crystal is expanded and the distance between Fe and Fe becomes longer, which
localizes the density of states of Fe and increases the spin magnetic moment. In
contrast, the N invasion impacts on the reduction of the spin magnetic moment
of Fe since the electrons of Fe are delocalized by the strong hybridization
between the N and Fe atoms. Therefore, at the low N content compounds,
the former effect strongly affects the enhancement in the magnetic moment of
iron nitrides. In contrast, at the N-rich compounds the latter effect strongly
impacts on the reduction of the magnetic moment. As discussed above, the
mossbauer study of 7/-FeyN revealed the site dependence on the magnetic
moment. The volume expansion of 7/-FeyN compared with a-Fe affects the
stronger magnetic moment of the Fel sites of 7/-FeyN than a-Fe. In contrast,
the electrons of Fell sites are delocalized by the hybridization and the magnetic
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moment of the Fell sites are smaller than «-Fe.

2.7 Iron nitride film

Iron nitride films are fabricated on various substrates. Especially, 7/-Fe,N films
are fabricated by molecular beam epitaxy (MBE) with Fe under the N atoms
obtained from a radio frequency atomic source [10,45,46] or under NHj gas, by
magnetron sputtering [47], and by nitriding Fe on the glass with flowing NHj
and Hy gas [48]. To best of our knowledge, only the MBE method achieves
the single phase growth of the +-Fe,N film. These films are relatively easily
fabricated independent of the lattice mismatch between the substrates and the
v'-FeyN films. The +/-FeyN films are fabricated on Cu(001) [10], LaAlO3(001)
[46,49], SrTiO3(001) [49], MgO(001) [45], NaCl(001) [47] and Si(001) [47].

The lattice mismatch between the +'-FesN and the substrate could enable us
to tune the magnetic properties. The +/-Fe,N belongs to cubic crystal system
and the lattice constant is a = 374 pm [9]. S. Atiq et al., fabricate 7'-Fe,N films
on LaAlO3(001) (@ =379 pm ), SrTiO3(001) (a = 390 pm), and MgO(001) (a =
421 pm). Here, a is a lattice constant [49]. While the saturation magnetization
for v"-FeyN on LaAlO3(001) is 2.9 pp/atom, that on MgO(001) which causes
the lattice mismatch between the film and the substrate is 2.6 ug/atom. The
lattice mismatch between the films and the substrates can induce the lattice
distortion to the film. The e-FesN films are fabricated on the AIN(0001)/3C-
SiC/Si(111) [50], GaN(0002) [51] and SrTiO3(001) [52]. However, the e-FesN
films on GaN(0002) coexists the a-Fe and the single crystal fabrication is not
achieved [51].

In addition to the spin magnetic moment, the spin polarization character-
izes the magnetic properties. The spin polarization P(E) is defined as

_ Di(E) — D\(E)

P = 5(B) + Dy(B)

(2.43)

where D+(E) (D, (E)) is the density of state of majority (minority) band at
energy F. It is theoretically suggested that the spin polarization at the Fermi
energy P(Ep) of the v'—FeyN, e-FesN and (-Fe;N are 0.3, 0.5, and 0.7, re-
spectively [9,50]. Therefore, the e-FesN and (-Fe;N films have potential to be
used as a magnetic tunnel junction (MTJ) device [53]. In fact, fundamental
research about a-Fe/AIN/e-FesN [54] and CugN/FeyN [55] are conducted in
order to fabricate the MTJ device by using iron nitride films.

The N-richer iron nitride phases, the v”—FeN phase with a ZnS type struc-
ture and the v”—FeN phase with the NaCl type structure [56,57] are grown
by the DC sputtering. To best of our knowledge, they are not fabricated in
the bulk system. The lattice constant of 7"—FeN is a = 433 pm and that of
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7" —FeN is a = 450 pm by XRD [58]. The mossbauer measurements indicate
that the ZnS type v’ —FeN exhibits nonmagnetism. In contrast, the mossbauer
spectra of the sample including a NaCl type " —FeN has two sextets spec-
trum. However, the peak broadening are not observed when increasing the
applied magnetic field. It suggests that v/—FeN exhibits antiferromagnetism
at 4 K [59].

The epitaxial growth succeeded only in growth of the 7”"—FeN phase on
the GaN(0001) substrate [60] and on the Cu(001) substrate [61]. To best of
our knowledge, it seems that there is no report about the epitaxial growth of
single phase (-FeyN.

(b) 45 nA

Figure 2.11: (a), (b) Topographic STM image of the FeosN monolayer on the
Cu(001) substrate scanned at (a) tunneling current /; = 1 nA and (b) I; =
45 nA . (c) LEED pattern of the FeoN monolayer on the Cu(001) substrate
with the incidence energy of 100 eV. Blue circle indicates the fundamental
spot of Cu(001). Those data are measured by ourselves. (d) Schematic model
of the FesN monolayer on the Cu(001) substrate. The Fe, N and Cu atoms
are described as the green, blue and orange balls respectively. The numbers
correspond to the atoms in Table2.1.
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Table 2.1: The coordination of the FeoN monolayer on the Cu(001) substrate
determined by LEED-IV [62]. The number in the first column corresponds to
the atoms in Fig. 2.11 (d).

No. x(A) y(A) z(A)

1 0 0 0.23
2 3.62 0 -0.24
3 1.81 039 0.04
4 0 0 -1.85
) 3.62 0 -1.83
6 1.81 -1.81 -1.86
7 1.84 0 -3.57

2.8 Iron nitride monatomic layer on the Cu(001)
substrate

The FeysN monatomic layer is fabricated on the Cu(001) substrate by the N*
ion bombardment on the clean Cu(001) substrate, 2 monolayer (ML) Fe depo-
sition in ultrahigh vacuum (UHV) at room temperature (RT) and subsequently
annealing at 580 K [15,62]. Figures 2.11 (a), (b) and (c) show the topographic
STM images and LEED pattern of the FesN monolayer on the Cu(001) sub-
strate. The detail of the structure with a pdgm(2x2) lattice is determined by
the LEED-IV measurements as shown in Fig. 2.11 (d) and Table 2.1 [62]. The
two Fe atoms close to each other are seen as protrusions at tunneling current
I; = 45 nA in the topographic STM images.

As shown in Fig. 2.11 (b), the topographic STM image of the Fe;N mono-
layer depends on the tunneling current. At the large tunneling current, the
dumbbell shapes are observed by STM. Two humps in the dumbbell shapes
are located at the position of the Fe atoms. In contrast, at the small tunneling
current, the dots are observed at the center position of the dumbbell shapes
which correspond to the N-absent sites. This change in the topographic STM
image is described by the dependence of the tunneling probabilities on the tip
sample distance [14]. At the long tip sample distance, the STM tip sensitively
proves the outer orbital of the surface. As closing the tip-sample distance, the
STM tip can sensitively prove other inner orbitals of the surface. Therefore, at
the short tip-sample distance, the Fe atoms are observed as protrusions since
the inner d orbital of the FesN monolayer is relatively sensitively proven. In
contrast, at the long tip sample distance, the s/p orbitals are observed. The
N atoms are located at the depressions in the topographic STM images.
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Figure 2.12: (a) Bright protrusions at the N sites of the Fe;N monolayer. (b)
Topographic STM image of the +/-FeyN trilayer. (a) taken from Fig. 2 in [15].
(b): taken from Fig. 4 in [15]

The XAS/XMCD measurement indicates that the FeoN monolayer on the
Cu(001) substrate exhibits ferromagnetism with an in-plane magnetic anisotropy
at 8 K. The spin magnetic moment of the FesN monolayer at 8 K is estimated
to be 0.8 up/atom [62] and 1.1 up/atom [15] by XMCD sum rule. We assume
that the difference in the magnetic moment is due to the quality of the sample.

At the low annealing temperature, some defects are observed at the Fe
position. As increasing the annealing temperature, the number of defects at
the Fe sites becomes low, and instead some bright protrusions are observed as
shown in Fig. 2.12 (a). The number of these bright protrusions increases with
increasing the annealing temperature. While the apparent height of the bright
dots is 10 pm at the positive bias voltage, that at the negative bias voltage is 5
pm. They are observed since the Cu atoms under the N atoms are substituted
by Fe atoms during the annealing process [15]. Here, we refer to these bright
dots as bilayer dots.

Y. Takagi et al., [62] claimed that the 1-4 ML iron nitride layers are fab-
ricated by repeating the cycle of the N ion bombardment, Fe deposition and
subsequent annealing. The thickness was estimated by the Fe Ly3 and N K
edge and all LEED pattern of 1-4 ML iron nitride layers were pdgm pattern. In
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Figure 2.13: Hexagonal iron nitride monolayer on the Cu(001) substrate :
taken Fig. 1 in [16]

other group, Y. Takahashi et al., [15] fabricated iron nitride layer by the same
procedure. However, they observed only Fe,N monolayer with at most 40%
bilayer dots by using STM while repeating the cycle four times. Therefore, the
amount of the Fe was at most 2 ML which is in conflict with the results by Y.
Takagi et al.,.

Y. Takahashi et al., uses the other way to fabricate the v'-FeyN trilayer as
following step; First, they grew the Fe,N monolayer on the Cu(001) substrate.
Then, 2 ML Fe was deposited under the Ny atmosphere while the sample was
kept at RT. Finally, the sample was annealed at 600 K. They observed ~/-Fe,N
trilayer regions as shown in Fig. 2.12 (b). In addition, the thickness estimated
from the XA spectra was 3 ML. Since the sample fabricated by Y. Takagi et
al., only mention the surface structure by the pdgm(2x2) LEED pattern, it
is possible that some Fe cluster or other disorder regions can remain at the
subsurface. We consider that only the fabrication procedure conducted by Y.
Takahashi et al., can obtain the +'-Fe,N trilayer.

The magnetic moment of the sample containing the '-Fe4N trilayer regions
is 1.4 pp/atom which is larger than that of the FeoN monolayer of 1.1 pp/atom
[15]. The film also has an in-plane magnetic anisotropy. According to the first
principle calculation [15], magnetic moment of the FesN top layer of the Fey,N
trilayer is 1.8 up/ atom. However. that of the Fe atoms of the FesN trilayer
bonding with Cu of the Cu(001) substrates is 0.62 up/atom.

By supplying the excess N atoms, the other hexagonal iron nitride film
grows near the step edge of the Cu(001) substrate [16]. The nearest distance
between the protrusions is 310410 pm which is very similar to the Fe-Fe dis-
tance in a (111) plane of 4”—FeN. Therefore, K. Ienaga et al., [16] claimed
that the FeN film is fabricated. The symmetry difference between the film and
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substrate makes a stripe superstructure as shown in Fig. 2.13.
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Chapter 3

Measurement systems

3.1 Experimental system overview

3.1.1 STM measurements

The STM measurements were conducted in an UHV chamber, which consists
of two chambers, a preparation chamber and an STM chamber as shown in Fig.
3.1 (a). The preparation chamber is equipped with an ion gun, an annealing
base, Fe and Co EFM evaporates (FOCUS), and a LEED system. All sample
preparation process for the STM observation were conducted in this prepa-
ration chamber with the base pressure of better than 1.0x107° Torr. The
chamber is evacuated by tandem molecular turbo pumps and a rotary pump.
The titanium sublimation pump is used to achieve better vacuum. The sample
can be transferred to the STM chamber from the preparation chamber under
1.0x1071% Torr without breaking the vacuum. The base pressure of the STM
chamber was better than 3.0x1071° Torr by using an ion pump. The sample
is cooled at 80 K by using liquid N5. Topographic STM images are taken
with a constant current mode by operating the Nanonis SPM control system.
The chemically-edged W is used as a tip [63]. The STM data are analyzed
by using a software for data analysis; WsXM [64] and Gwyddion [65]. The
differential conductance dI/dV spectra is obtained by a conventional lock-in
amplifier with a bias modulation of 20 mV and with a modulation of frequency
at 717 Hz.

3.1.2 XPS measurements

Figure 3.1 (b) shows a chamber used for the XPS measurement. It also consists
of two chambers, a preparation chamber and an XPS-measurement chamber.
In the preparation chamber with the base pressure of below 2.0x10~!* Torr,
there are an ion gun, a sample annealing system by direct current heating,
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Figure 3.1: UHV chambers for (a) STM and (b) XPS

a thickness monitor and two evaporators. The samples were prepared in the
preparation chamber. In the XPS-measurement chamber which is connected to
the preparation chamber, there are a LEED system, a hemispherical analyzer
(SES100, Scienta) and a twin Mg K, and Al K, anode X-ray source. The
X-ray is irradiated to the sample at the 60-degree rotated direction from the
sample normal direction.

3.1.3 XAS/XMCD measurements

The XAS and XMCD measurements were conducted at Ultra Violet Syn-
chrotron Orbital Radiation (UVSOR) Ill BL-4B, the facility of the Institute for
Molecular Science (IMS), Okazaki, Japan [66,67]. A variedline-spacing plane
grating monochromator (VLS-PGM) based on the Hetrrick-type design [66] is
used to achieve high energy resolution as shown in Fig. 3.2. The magnetic
field can be applied up to B = +5 T in the direction parallel to the X-ray
incidence. It is generated by using superconducting magnet which is cooled
by liquid He. The XAS/XMCD measurements were conducted at 8 K by total
electron yield (TEY) mode. The circular polarization was 50 - 65 % which was
checked by the saturation magnetization of the thick Fe film every beamtime.
The angle 6 defined as the angle between the sample normal direction and the
X-ray incidence can be freely changed by rotating the sample manipulator.
We usually measure the XA spectra at § = 0° as well as at § = 55°. The
samples were fabricated at the other UHV chamber in which the sample can
be transferred from the measurement chamber. The base pressure was better
than 5.0x107!° Torr. The chamber is evacuated by a tandem molecular turbo
pump and a rotary pump. In addition, a titanium sublimation pump and a
NEG pump are used. An ion gun, an annealing base with a thermocouple,
evaporators, a thickness monitor, a mass monitor, LEED system are equipped
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Figure 3.2: (a) Layout of the VLS-PGM beamline BL 4B at UVSOR 1III (b)
Schematic view of the XAS/XMCD measurements chamber. (c¢) Image of the
XAS/XMCD measurements chamber. (a): taken from Fig. 1in [66] (b): taken
from Fig. 1 in [67]

in the preparation chamber.

3.2 Sample preparation

First, we show the detail of the sample preparation in STM chamber. Then,
we show the difference between the procedures in STM chamber and those in
other chambers.

3.2.1 Cleaning Cu substrates

We used single crystals Cu(111) (¢ = 6 mm and 5 mm) and Cu(001) (¢ =4
mm) in our STM and XPS measurement. First, the sample was cleaned by
the chemical etching by using nitric acid and methanol under 230 K. Then,
the crystal was mounted on a molybdenum sample holder by fixing a tantalum
wire. After the sample was transferred to the chamber, the sample was cleaned
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by the following step. First, Art sputtering was conducted by the ion gun
under the pressure of Ar gas of 2.0x107° Torr with the ion energy of 1 keV.
Then, the sample was annealed at 900 K by electron bombardment emitted
from the W filament. The temperature during the annealing process was
monitored by a pyrometer. The surface cleanness was checked by STM and

the sharp shots of LEED.

3.2.2 N7 ion bombardment

N atoms were bombard by the ion gun with the ion energy of 500 eV under
the pressure of Ny gas of 1.0x107° Torr for 15 min. After we performed the
N+ ion bombardment on the Cu substrate at this condition and subsequently
annealing at 530 K, we confirmed the N-saturated Cu(001) surface [68] and
Cu(111) surface [69]. Therefore, the N atoms can adsorb sufficiently on the
Cu substrates by this condition.

3.2.3 Fe and Co deposition

Iron and cobalt were deposited from high purity Fe (99.998 %) and Co rod
(99.998 %) by using EFM evaporators (FOCUS). In order to avoid contamina-
tion, the pressure in the chamber must be better than 1.5x 107! Torr. During
the deposition, the sample was kept at RT. The deposition rate was estimated
by depositing each material on the Cu substrate under the UHV condition
and measuring the coverage of Fe and Co islands on the Cu substrates in the
topographic STM images. The deposition rate of Fe and Co were 0.3 mono-
layer (ML)/min and 0.1 ML/min respectively. Here, 1 ML is defined as the
Cu atomic density on the Cu substrates. The topographic STM images of Fe
islands on the Cu(111) substrate and Co islands on the Cu(001) substrate are
shown in Figs. 3.3 (a) and (b). It should be noted that the bilayer Fe islands
are grown on the Cu(111) substrate [70].

3.2.4 Difference in the sample preparation condition

In principle, the sample preparation condition in the STM chamber is the
same as that in the XPS chamber. The only difference is the heating system.
While the samples were annealed by an electron bombardment in the STM
chamber, those were annealed by an electrical heating in the XPS chambers.
The annealing temperature was measured by a pyrometer both in the chamber.

Next, we show the difference in the sample preparation system between
the STM chamber and the XAS chamber. In the Ar"™ sputtering and N* ion
bombardment, the pressure of Ny gas and Ar gas were about 4.0x10~" Torr
at the XAS chamber. After the N ion bombardment with the ion energy of
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Figure 3.3: (a), (b) Topographic STM images of (a) Fe islands on the Cu(111)
substrate and (b) Co islands on the Cu(001) substrate. The height profiles
along the lines in the STM images are shown at the bottom.

200 eV under the Ny gas atmosphere with the pressure of 4.0x10~7 Torr for
15 min and subsequently annealing at 530 K, the N-saturated Cu(001) surface
was observed by using LEED [71]. Therefore, we used this condition for the
N* ion bombardment. The annealing temperature at the XAS chamber was
monitored by a C-type thermocouple. For the Fe and Co deposition, we also
used EFM evaporators. At the XAS measurement, the thickness monitor was
used to estimate the Fe and Co deposition rate.

The LEED pattern are used to confirm that the same samples were fabri-
cated in each chamber.
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Chapter 4

Lattice distortion of square iron
nitride monolayers induced by
changing symmetry of Cu
substrates

4.1 Introduction

The lattice of the magnetic monolayer films grown epitaxially on the substrate
can be distorted by the lattice mismatch between the substrate and the film
[72-74]. This enables us to tune their electronic and magnetic properties such
as the band gap [73,74], easy magnetization axis [75, 76|, magnetic moment
[49,77] and so on. As for the iron nitride film, it is reported that the saturation
magnetization of the 7/-FeyN film is tuned by changing the substrates from
LaAlO3(001) to MgO(001) [49].

Although the epitaxial growth is the major way to grow the magnetic
films on the substrates, the appropriate substrates should be selected from
the limited substrates. The lattice constant and the coefficient of the ther-
mal expansion of the substrates must be similar to those of the films [78].
Recently, some single or a-few-monolayer films with a robust in-plane bond-
ing, such as transition metal dichalcogenides, hexagonal boron nitrides, and
metal carbides [79, 80|, have drawn much attention. They can retain their
structure irrespective of the substrates by taking advantage of the high stabil-
ity of the films [80]. As for the magnetic film, few-atomic-layer films of van
der Waals materials grown by chemical vapor transport are explored [81-83].
Moreover, some ferromagnetic monolayer alloys with robust in-plane bonds
such as GdAgy [84], GdAu, [85] and Fe,N [62] have been reported.

In order to fabricate the new iron nitride monolayers, we focus on the



34 4.2. Experimental method

stability of the transition metal nitride monolayer films with a square lattice
since they are stabilized by the robust covalent bond of N atoms with the
metal atoms. It is reported that monolayer films with rectangular or square
lattices can grow on the fcc(111) substrates with hexagonal lattices in several
systems such as N/Cu(111) [69,86], C/Ni(111) [87,88], and S/Ni(111) [89],
which has been considered as adsorption-induced reconstruction by N, C and
S. Increasing the number of the robust covalent bonds from 3 to 4 overcomes
instability induced by the difference in symmetry between the substrates and
the films [88]. By the robust covalent bonds between Fe and N atoms [9],
we expect that the square iron nitride films are fabricated on the Cu(111)
substrate as observed in the square CusN monolayer on the Cu(111) substrate
[69].

In this chapter, we describe the growth and structure of iron nitride films
on the Cu(111) substrate by a similar way to fabricate the square FesN mono-
layer on the Cu(001) substrate [15]. In order to determine the structure, we
have combined an atomic-scale observation by STM with spatially-averaged
observations by LEED and XPS. We show the proposed structure models of
their monolayer films.

4.2 Experimental method

The STM measurement system and the procedure of cleaning the Cu(111)
substrate are described in Chapter 3. Iron nitride monolayers were fabricated
by N* ion bombardment on the clean Cu(111) substrate, Fe deposition in UHV
at RT and subsequent annealing.

The detail in the XPS measurements is shown in Chapter 3. The fabrication
procedure for iron nitride monolayers in the XPS chamber was similar to that
in the STM chamber and the surface structures were confirmed by LEED. The
Mg K, source was used to measure the Fe2p core level and Al K, source was
used to measure the N1s core level. The spectra were obtained at RT. The
Cu2ps)s core level of the Cu crystal at 932.7 eV was used for the calibration
of the binding energy measured by each X-ray source [90].

4.3 Results and Discussion

4.3.1 Two ordered iron nitride monolayers

After the 1 ML Fe deposition on the N-bombard Cu(111) substrate followed by
annealing at 510 K and 580 K, two ordered structures shown in Figs. 4.1 (a)
and (b) were observed by STM. In both structures, the protrusions are almost
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Figure 4.1: (a), (b) Atomically-resolved topographic STM images of iron ni-
tride monolayers after the annealing at (a) 510 K and (b) 580 K. They are
scanned at the sample bias voltage V;, = 500 mV and tunneling current [, =
5.0 nA, and (b) at V4, = 50 mV, and I; = 1.0 nA. (c) Large scale topographic
STM image of an iron nitride monolayer film obtained by the annealing at 580
K with V4, = 2.0 V and I; = 1.0 nA. (d) Large scale topographic STM image
of an iron nitride monolayer film obtained by the 0.4 ML Fe deposition and
subsequent annealing at 580 K with V;, = 0.3 V and I; = 0.5 nA. (e) Height
profile along the blue line in (d).

squarely arranged. The nearest protrusion distance are 268 4+ 10 pm in Fig.
4.1 (a), and 355 £ 10 pm in Fig. 4.1 (b). The latter distance is close to the
nearest N-N distance of the FeoN monolayer on the Cu(001) substrate [15,62].

Figure 4.1 (c) displays the large scale topographic STM image of the surface
shown in Fig. 4.1 (b). The stripe superstructure of 1.7 nm periodicity was
formed along the £ 18° rotated direction from the close packed direction of
the Cu(111) substrate and six equivalent structural domains with different
stripe direction were observed. The apparent height difference in the stripe
superstructure was 18 pm at the sample bias voltage V;, = 50 mV. Here, we
refer to the structure shown in Fig. 4.1 (a) as the dotted structure and the
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Figure 4.2: (a), (b) XPS of (a) Nls core level and (b) Fe2p core level. Red
(blue) line indicates XPS of the iron nitride monolayer film annealed at 510 K
(580 K) which corresponds to the dotted (stripe) structure.

structure shown in Figs. 4.1 (b) and (c) as the stripe structure.

After the 0.4 ML Fe was deposited instead of 1 ML, each structure co-
existed with the bright regions. The topographic STM image of the stripe
superstructure fabricated by 0.4 ML Fe deposition is shown in Fig. 4.1 (d).
We confirmed the bright regions are the bare Cu(111) regions by observing the
standing wave near the step edge and defects. They were apparently 80 pm
higher than the iron nitride regions at V4, = 0.3 V as shown in Fig. 4.1 (e).
This indicates that the iron nitride layers are located at the same layer as the
bare Cu(111) regions. In addition, this suggests that each films are monatomic
layer films.

4.3.2 XPS study

The XPS measurements for N1s and Fe2p core level were conducted to estimate
the chemical composition of iron nitride monolayer on the Cu(111) substrates.
Figures 4.2 (a) and (b) display the XPS of N1s and Fe2p core level of each
structure. The Nls peak of the dotted and stripe structure were located at
397.2 eV and 397.1 eV, respectively. They are lower than the N1s core level
of the FeyN top layer of 1.5 nm thick 7/-FeyN film [61] which has a peak at
397.8 eV. In addition, they are higher than that of the N-adsorbed Cu(001)
substrate which is located at 396.2 eV [91].

The Fe2pz/; peaks of dotted and stripe structures appeared at 707.4 eV
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(a) 1nA

Figure 4.3: (a) Tunneling current dependence on topographic STM images of
the stripe structure at V4= 50 mV and [; = 1.0, 10, and 40 nA. (b) LEED
pattern of the stripe structure at the incidence energy of 110 eV. (c) Schematic
LEED pattern of the stripe structure corresponding to (b). Blue circles indi-
cate the LEED pattern from the single domain. The blue arrows show the
reciprocal primitive vectors of the stripe structure. Orange circles in (b) and
(c) show the fundamental spots of the Cu(111) substrate.

which were very similar to those observed in the 1.5 nm thick v"-Fe,N [61] and
other iron nitride thin films [92,93]. However, the peak energy was higher than
that of Fe crystal at 706.7 eV. This is attributed to the charge transfer from
Fe to N. The weak satellite peaks appeared at 713-715 eV are ascribed to the
shake-up satellite peak [94,95].

The Fe2ps/, peak positions is strongly related to the ionic valence of Fe.
According to the previous researches [96,97], the Fe2p;,, peak of Fe’, Fe?* and
Fe?T are located at about 707 eV, 708-709 eV and 710-711 eV, respectively.
The Fe2ps/, peaks of dotted and stripe structures at 707.4 eV are associated
with Fe® as seen in the v/-Fe,N films [61,98].

In order to investigate the chemical composition, the peak area of Fe2ps/,
and N1s were calculated after subtracting the background by the Shirley
method [22]. Considering the relative sensitive factor and ionization cross
section [99], the chemical composition of the dotted and stripe structures are
estimated to be Fej g19oN and Fego102N, respectively.



38 4.3. Results and Discussion

4.3.3 Clock reconstruction of the stripe structure

The topographic STM image of the stripe superstructure is strongly dependent
on the tunneling current I as shown in Fig. 4.3 (a). Asincreasing the tunneling
current, protrusions seen as dots at Iy = 1.0 nA gradually changed toward an
ellipse shape elongated along the two perpendicular direction. Finally, at I,
2 30 nA, the dumbbell shape with two humps were observed. As described
in Chapter 2, a similar dependence of the topographic STM image on the
tunneling current is observed on the FeoN monolayer on the Cu(001) substrate
since the tunneling probabilities of outer s/p orbital on the tunneling current
is different from those of inner d orbitals.

In addition to similar dependence of topographic STM image on the tun-
neling current to the FeoN monolayer on the Cu(001) substrate, the chemical
composition of the stripe structure of Feso192N estimated by XPS indicates
that the square Fe;N monolayer with a clock reconstruction is fabricated on
the Cu (111) substrate. It should be noted that the N atoms are located at
the depression sites in the topographic STM image.

The LEED pattern of the structure shown in Fig. 4.3 (b) also indicates the
clock reconstruction of the FesN monolayer with the plane symmetry group of
pdgm. Considering that the nearest distance between the protrusions in the
STM images and the crystal orientation of the Cu(111) substrate, the spots
corresponding to the (1/2, 0) spot of the FeaN monolayer on the Cu(001)
substrate should be located at the green circles in Figs. 4.3 (b) and (c).
The absence of the (1/2, 0) spots at a wide incident energy of 40 to 200 eV
demonstrates that the clock reconstruction occurs even at the Fe;N monolayer
on the Cu(111) substrates.

It is known that the surface Fe;N layer on the +/-FeyN film exhibits the
clock reconstruction [10,100]. According to the first principles calculation, the
clock reconstruction stabilizes the FesN layer compared with unreconstructed
layer at the nearest N-N distance of 365 pm or 382 pm [100]. This is explained
by the stabilization of the surface iron nitride layer by the expansion of the
nearest Fe -N distance. This would also stabilize the Fe;N monolayer even on
the Cu(111) substrate.

By the STM measurements, it is reported that the C-adsorbed Ni(111)
substrate also forms the square lattice and induces the clock reconstruction
[88]. The LEED pattern of the C-adsorbed Ni(111) substrate [87] is similar to
Fig. 4.3 (b).
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Figure 4.4: (a) Schematic model of the stripe structure. Orange and blue balls
show Cu and N atoms, respectively. Unit cell of the Fe;N monolayer films (b)
on the Cu(111) substrate and (c) Cu(001) substrate. (d) Topographic STM
image at V= 50 mV and I; = 40 nA. The red, blue and pink squares in the
right images show the magnified images of the left image indicated by the
red, blue and pink squares, respectively. (e) The moiré pattern between the
hexagonal Cu(111) lattice and FesN monolayer lattice. The model in (b) was
used as the lattice constant of the Fe;N monolayer.

4.3.4 Stacking of the Fe;N monolayer on Cu(111) sub-
strate

The two blue arrows in Fig. 4.3 (c) corresponding to the reciprocal primitive
vectors was slightly larger than 90°. In addition, the nearest neighbor N-N
distance estimated by LEED pattern was slightly shorter than that of the
square FesN monolayer on the Cu(001) substrate of 361 pm. This suggests
that the lattice of the Fe;N monolayer on the Cu(111) substrate is distorted
toward a monoclinic lattice. It should be noted that the lattice constants of all
six domains of the stripe structure from the same LEED pattern were the same.
Therefore, the distortion is not attributed to the experimental misalignment
between the sample position and LEED, but to the intrinsic lattice distortion
induced by the difference of symmetry between the Cu(111) substrate and the
Fe;N monolayer.
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From these STM and LEED results of the lattice constant and lattice ori-
entation of the stripe structure, a model of the FeaN monolayer on the Cu(111)
substrate is proposed as shown in Fig. 4.4 (a). The unit cell with the con-
sideration of the Cu substrate indicated by the light blue arrows in Fig. 4.4

(a) is denoted as ( Z 8

this model, the lattice is distorted toward a monoclinic lattice compared to

) by the conventional matrix notation [101]. In

a square FeoN monolayer on the Cu(001) substrate. The detail of the lattice
constant are shown in Figs. 4.4 (b) and (c). This schematic model repro-
duce the direction and the periodicity of the stripe moiré pattern observed in
the STM well as shown in Fig. 4.4 (e) which is also the evidence that our
schematic model reflects the actual structure. Note that the moiré pattern
could not be reproduced by using a square or rectangular lattice of the iron
nitride monolayer.

Although the dumbbell shapes in the topographic STM image of the FesN
monolayer obtained at a short tip-sample distance are homogeneous, those on
the Cu(111) substrate shown in Fig. 4.3 (a) and Fig. 4.4 (d) are asymmetric.
The apparent height difference between the two humps of the dumbbell shape
was 0 - 4 pm. The asymmetric shape was changed periodically. As seen in
the red and pink box in Fig. 4.4 (e) which are the same position in each unit
cells, the periodicity is the same one as the unit cell of our model. Therefore,
the change in the apparent height was owing to the stacking geometry of Fe
on the Cu(111) substrates.

4.3.5 Structural modulation of the stripe structure

Bias dependence of the height profile of the stripe superstructure along the
blue dotted line on the topographic STM image in Fig. 4.5 (¢) are shown in
Figs. 4.5 (a) and (b). The height of the stripe superstructure is constantly
18 pm at V;, = 0.5 - 2.0 V while that at V;, = 3.0 V is to 13 pm. Bias
independence on the apparent height at the low bias voltage indicates that the
stripe superstructure is attributed to an actual geometrical corrugation. On
the basis of the schematic model in Fig. 4.4 (a), the horizontal distance from
each N atoms to the closest subsurface Cu atoms are calculated. The color of
the balls in Fig. 4.5 (d) correspond to the horizontal distance. The N atoms
indicated by white balls are located at the atop sites of the Cu atoms since
the horizontal distance from N atoms to the nearest Cu atoms is almost zero.
In contrast, the dark blue balls describe the N atoms at the hollow sites of the
Cu atoms. We can recognize that a period of the stripe pattern of the color in
Fig. 4.5(d) is consistent with the stripe superstructure with the STM images
shown in Fig. 4.5 (c¢). This result indicates that the observed geometrical
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corrugation is attributed from the stacking difference in the N atoms on the
Cu (111) substrates.

When the FeoN monolayer was prepared by higher annealing temperature,
some protrusions apparently higher than those of Fe atoms are observed at the
N sites as indicated by purple balls in Fig. 4.6 (a). They were 10 - 25 pm higher
than the protrusions of Fe at V};, = 50 mV and the apparent height depended on
the tunneling current and the sample bias voltage. As explained in Chapter
2, similar protrusions are observed on the FeosN monolayer on the Cu(001)
substrate when some Cu atoms at the subsurface are substituted to Fe atoms
and local density of states are increased by the hybridization between Fe and N
atoms. Similarly, in the case of the Cu(111) substrates, we consider that these
apparently-higher protrusions are observed by the subsurface Fe atoms. Here,
we refer to these apparently-higher protrusions as bilayer dots. The bilayer
dots are mainly located at the bright regions in the stripe superstructure as
shown in Fig. 4.6 (a). By using our schematic model, we can describe that
the bilayer dots are selectively located near the atop sites of the substituted
Cu atoms as indicated by purple and red balls in Fig. 4.6 (b). This result is
consistent with our assumption that most of the N atoms at the bright regions
are located at the atom sites of the Cu atoms as described in Fig. 4.5 (d).

Here, we discuss the stability of the monolayers with the rectangular and
square lattices on fec(111) substrate. As mentioned above, increase in the cova-
lent bond between the adsorbate and surface metal atoms from 3 to 4 stabilize
the square lattice on the fcc substrates [88,102-104]. Moreover, some atoms on
the fcc(111) substrate are stabilized by the covalent bond with the second layer
atoms in addition to the four in-plane bonds by being located on atop sites of
the fce(111) substrate [88,103]. As for the nitride layers, a density functional
calculation for the CusN monolayer on the Cu(111) substrate reveals that the
total binding energy of a square CusN monolayer on the hexagonal Cu(111)
substrate is larger than that for the hexagonal copper nitride monolayer on
the Cu(111) substrate [103]. Therefore, we assume that the robust covalent
bond of N with Fe atoms stabilizes the square Fe;N monolayer on the hexag-
onal Cu(111) substrates. Furthermore, we consider that the Fe,N monolayer
on the Cu(111) substrate is stabilized by the modulation of Fe atoms at the
normal direction to the surface. The modulations of the apparent height of
the square or rectangle lattice on the fcc(111) substrate was also reported in
several systems such as Cu,S on Au(111) [104], and NiO on Pt(111) [105].

4.3.6 Schematic model of the dotted structure

In this subsection, we propose a schematic model of the dotted structure.
As the Fe atoms of the square FeoN monolayer are seen as protrusions at a
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Figure 4.5: (a) Apparent height along the blue dotted line in the topographic
STM image of (c) at Vg = 1.0, 2.0, and 3.0 V. (b) Bias dependence on the
apparent height modulation amplitude of the stripe superstructure at posi-
tive bias voltage. (c¢) Topographic STM image of the FeoN monolayer on the
Cu(111) substrate obtained at Vg = 50 mV and I; = 40 nA. (d) Schematic
model of the FeoN monolayer on the Cu(111) substrate. The size is the same
as the topographic STM image of (¢). Cu atoms are indicated by orange balls.
The N atoms are indicated by other balls. The color of balls display the hor-
izontal distance from the nearest Cu atoms. Green parallelograms in (c) and
(d) show the unit cell with respect to the Cu(111) substrate.

short tip-sample distance, we simply assume that the Fe atoms are observed
as protrusions by STM. Although the topographic STM image of the dotted
structure is measured by changing a tunneling current, topographic STM image
was independent on the tunneling current.

By the XPS measurement, the chemical composition of the dotted structure
was estimated to be FejgiooN. The nearest distance between Fe atoms are
248 pm in bulk Fe and 268 pm in +'-FesN [10]. However, if the N atoms
were observed as protrusions, the nearest distance between Fe atoms would be
less than 200 pm and the density of the surface atoms would be much higher.
Therefore, from the surface Fe density, it is excluded that the N atoms are
seen as protrusions.

Figures 4.7 (a) and (b) display large scale topographic images of the dotted
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Figure 4.6: (a) Topographic STM image recoded at Vg = 50 mV and I; = 1.0
nA. Blue balls indicate the N atoms which are imaged as depressions. Purple
balls indicate the positions of the N atoms on apparently-high protrusions at
the top-right area. (b) Schematic model of Fe;N/Cu(111) corresponding to the
topographic STM image of (a). Blue and purple balls show N atoms, green
and red Fe atoms, and orange Cu atoms. The red Fe atoms are in the substrate
Cu lattice. Three purple balls at the top-right area are located on the same
positions as those in (a).

structure. The six equivalent domains with different orientation were observed.
Protrusions in Fig. 4.7 (b) are aligned with 1.0 nm periodicity. While no
difference of these protrusions were recognized with a blunt tip, three patterns
as indicated by red, pink and purple circles in Fig. 4.7 (c) are aligned in
order. This change in the pattern is attributed to the stacking difference of
the Cu(111) substrate. Therefore, the unit cell size of the dotted structure can
be drawn as white dotted parallelograms shown in Fig. 4.7 (c¢). Considering
the crystal orientation and the length of the periodicity, the unit cell with

-5 8
conventional matrix notation [101]. The 8 protrusions indicated by green balls

the consideration of the Cu(111) substrate is denoted as ( 39 ) in the

in Fig. 4.7 (d) form the minimum atomic unit of the dotted structure. These
units are periodically aligned. This unit consists of six protrusions which form
a 2x3 rectangle and the other two protrusions which are aligned at a different
direction from the rectangle. Here, we call this unit as the minimum cell.

There are 5 minimum cells in the unit cell of ( 2 Z )

The chemical composition of the dotted structure is estimated to be Feq g4g.oN.
While the actual stoichiometry of the stripe structure is Fe;N, the chemical
composition of the XPS measurement is Fes 510oN. In our XPS measurement,
the amount of Fe in the actual film seems to be smaller than that obtained by
the XPS measurement. Therefore, we speculate that the chemical composition
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Figure 4.7: (a) Large scale topographic STM image of the dotted structure
measured at Vg= 2.0 V, [y = 1.0 nA. (b) A magnified image of (a). (c¢) To-
pographic STM image of the dotted structure measured at Vg= 50 mV and
I; = 5.0 nA. The red, pink, and purple circles indicate different patterns of
the apparently higher areas. (d) Atomically-resolved topographic STM image
identical with Fig. 4.1 (a). Fe atoms which form the minimum cell are indi-
cated by green circles. (e) Proposed schematic model of the dotted structure.
Cu, Fe and N atoms are indicated by orange, green and blue balls, respectively.
Black arrows show the primitive vectors of the Cu(111) substrate. The white
dotted lines in (b), (c), (d) and (e) show the unit cell. The light blue arrows
in (e) indicate the primitive vectors of dotted structure.

of the dotted structure is FegN5. From our XPS and STM results, we can pro-
pose a structure model of the dotted structure as shown in Fig. 4.7 (e). We
can speculate the N atoms are located at the fourfold hollow sites of the Fe
atoms as observed in N-adsorbed Cu(111) substrate [69,86] or the FesN mono-
layer on the Cu(001) substrate [15,62]. However, the actual position cannot
be determined from our measurements.

The LEED pattern of the dotted structure at the incidence energy of 50
eV is shown in Fig. 4.8 (a). This pattern is reproduced well by the Fourier
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Figure 4.8: (a) LEED pattern of the dotted structure at the incidence energy
of 50 eV. The orange circles in (a), (b) and (c) show the fundamental spots
of Cu(111). (b) Fourier transform image of the schematic model of Fe and Cu
atoms in Fig. 4.7 (e). (c¢) Schematic LEED pattern of the dotted structure with
six domains. Blue circles show the diffraction pattern of a single domain. The
light blue arrows in (b) and (c) indicate the reciprocal vectors corresponding
to the primitive vectors in Fig. 4.7 (e).

transform image of our schematic model in Fig. 4.7 (e) as shown in Fig. 4.8
(b), which justifies that the unit cell of the dotted structure is denoted as

< g g > . In the Fourier transform image in Fig. 4.8 (b), the patterns with

six equivalent domains with the different lattice orientation are involved. It

-5 8
unit cell was observed as the diffraction pattern since the five minimum cell

should be noted that one fifth spots of simple diffraction pattern of ( 35 )

form the unit cell indicated by the white dotted parallelogram in Fig. 4.7 (d).

Some surfaces such as O/Pd(111) [106] and CH3S/Cu(111) [107] form the
large unit cells on the threefold symmetric substrate. For example, in the
O-adsorbed Pd(111) surface, the PdyO1s and Pd3,Oq structure are more
thermodynamically stable than the square and hexagonal film [106] since the
complicated structure with large unit cell can reduce the in-plane repulsive
interaction. In the case of CH3S/Cu(111), the adsorbed CH3S species favor
fourfold symmetric sites than threefold symmetric sites [107] because of the
in-plane strong inter-molecular interaction. Similarly, in our case, N atoms can
stabilize the fourfold symmetric iron nitride monolayer by the robust in-plane
bonding between Fe and N.
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4.4 Summary

The growth and structure of iron nitride films on the Cu(111) substrate were
investigated by using STM, XPS and LEED. An ordered structure was ob-
served after the annealing at 510 K. This ordered structure was changed to
another ordered structure with a square lattice after the annealing at 580 K.
The XPS measurement revealed that the chemical composition of the dotted
structure is Fes g+0.0N and that of the stripe structure is Fes 919 oN. In addition,
the lattice constant and the unit cell with the consideration of the Cu(111) sub-
strate are estimated from the LEED measurement. By combining with these
experimental results, the stripe structure after the annealing at 580 K was the
square FesN monolayer with a clock reconstruction. This structure is similar
to the structure observed on the Cu(001) substrate. Because of the stacking
geometry difference, the lattice is distorted toward a monoclinic lattice. In
addition, the actual height is periodically changed along the stripe superstruc-
ture due to the stacking difference. We also proposed that the structure model
of the film after the annealing at 510 K. The stoichiometry was FegN5 and the

unit cell was denoted as ( ? g )
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Chapter 5

Electronic and magnetic
properties of FeoN monolayer
tuned by symmetry of
substrates

5.1 Introduction

The magnetic properties of the ferromagnetic film such as coercivity, magnetic
easy axis, and saturation magnetization have been tuned by the substrates
[49,108,109]. The substrate changes the atomic distance between the film
and the substrate as well as the inner atomic distance of the magnetic films.
In addition, in a-few-monolayer level, the hybridization between the substrate
and film [110, 111] and spin-orbit coupling [17, 112] also strongly affect the
magnetic properties since a-few-monolayer films are strongly affected by the
interaction with the substrates [17].

The superstructure also impacts on the electronic and magnetic proper-
ties of a-few-monolayer films. Some films with the robust bonding can grow
incommensurately on the substrates and form the superstructures due to the
difference in the lattice constant between the film and the substrate. They
are observed in some systems such as FeO/Pt(111) [113], Ag/Cu(111) [114],
CuyN/Cu(111) [69] and so on. The superstructure can induce the modulation
of local density of states and magnetic properties of the film in addition to the
structural modulation [114-116].

In Chapter 4, we have successfully fabricated the two new iron nitride films
on the Cu(111) substrate. We found that one is the square FeoN monolayer on
the Cu(111) substrate (Fe;N/Cu(111)) similar to the square FesN monolayer
on the Cu(001) substrate (FeaN/Cu(001)). The lattice of FeaN/Cu(111) is
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distorted toward a monoclinic lattice. In addition, the periodic lateral mod-
ulation is observed. It is expected that the magnetic moment of the square
FesN monolayer can be modified by the symmetry of the Cu substrate.

In this chapter, we report the local electronic properties of FeoN/Cu(111)
studied by using STM /STS and magnetic properties obtained by using XAS/XMCD
measurements. We found that the magnetic moment of FeoN/Cu(111) is
smaller than that of Fe;N/Cu(001). We compared the results of electronic
and magnetic properties of FeaN/Cu(001) with those of FeoN/Cu(001) and
discussed the origin of the magnetic properties tuned by the symmetry of the
Cu substrates.

5.2 Experimental method

The detail of our STM measurement system is described in Chapter 3. The
square FeoN/Cu(111) for the STM study was fabricated by the same way
as that we established in Chapter 4. The Fe,N/Cu(001) was fabricated by
the following procedure as reported previously [15]. First, the clean Cu(001)
substrate was obtained by repeating the cycle of Ar™ sputtering and annealing
at 900 K. Then, the Fe;N/Cu(001) was fabricated by N* ion bombardment, 2
ML Fe deposition in UHV and subsequent annealing at 580 K.

The XAS/XMCD measurements were conducted at UVSOR-II BL-4B [66,
67]. The measurement system is shown in Chapter 3. At this measurement,
the degree of the circular polarization was 50%. For XAS/XMCD study, the
FeoN monolayers were prepared in a similar way to that for the STM/STS
measurements. The well-ordered Fe;N monolayers were confirmed by the sharp
spots of LEED pattern. Here, the coverage of FeoN/Cu(111) was 0.8 £+ 0.2 ML,
which was estimated from the LEED spot intensities of the Fe;N monolayer
compared with those of the Cu(111) substrate.

5.3 Results and Discussion

5.3.1 Electronic structure

First, we measured the spatially-averaged dI/dV spectra of FeaN/Cu(001)
and FeoN/Cu(111). The dI/dV spectra are shown in Fig. 5.1 (a). Both in the
dI/dV spectra of FeoN/Cu(001) and FeoN/Cu(111), broad shoulder structures
appear below Ex. In contrast, the shoulder structure above E¥f is only observed
on FeoN/Cu(001). Here, Ef is located at 0 V.

Figure 5.1 (b) displays the tunneling current dependence on the dI/dV
spectra of Fe;N/Cu(111). The shoulder structure below Er became a distinct
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peak as increasing the tunneling current of the set point, i.e. decreasing the
tip-surface distance. As described in Chapter 4, the tunneling probability to
the inner d states becomes higher with decreasing the tip-sample distance.
Therefore, the prominent peak at the short tip-sample distance indicates that
the peak below Efr is mainly attributed to the 3d states of the FeoaN monolayer.

The feature of the dI/dV spectra of FeoaN/Cu(111) was changed along
the stripe superstructure as shown in Fig. 5.1 (¢). The peak just below
Er measured at the apparently-low regions is slightly broader than that at
the apparently-high regions. In addition, the peak position obtained at the
apparently-low regions shifts toward the higher binding energy. As seen in
Chapter 4, the actual height is corrugated along the stripe superstructure.
According to the calculation, the local density of states of 3d orbitals of the
FesN monolayer near Ex strongly affect the local hybridization with the sub-
strates [14,15]. At the low regions where the actual distance between the FesN
monolayer and the Cu(111) substrate is low, the hybridization of Fe atoms
with the Cu atoms is stronger than at the high regions. Therefore, the differ-
ence in the dI/dV curve between the low and high regions is attributed to the
difference in the local hybridization.

In order to investigate the difference of the unoccupied states between
FeaN/Cu(001) and FeaN/Cu(111), we have investigated the XA spectra of N
K edge by irradiating linear polarized light without external magnetic field
as shown in Fig. 5.2 (a). In the case of the XA spectra of N K edge of
FeoN/Cu(001), two distinct peaks denoted as peaks A and B in Fig. 5.2 (a)
are located at 397.2 eV and 400.3 eV both at 6 = 0° and 55°. Here, 0 is defined
as the angle between the surface normal direction and the X-ray incidence
direction. The XA spectrum of N K edge of FeoN/Cu(111) at = 0° also
has two distinct peaks at almost the same energy as that of FesN/Cu(001).
In contrast, those at # = 55° and 70° have an additional shoulder structure
at 399.0 eV denoted as A’ in Fig. 5.2 (a). The shoulder structure becomes
prominent with increasing 6. The intensity of peak B decreases with increasing
6 both at Fe;N/Cu(001) and FeoN/Cu(111).

As seen in Chapter 4, the N atoms are distributed at various sites of
the Cu(111) substrate. We consider that the N atoms at the atop sites of
the Cu(111) substrate have similar local electronic structure to those on the
Cu(001) substrate since the closest Fe and Cu atoms from the N atoms are
the same as those on the Cu(001) substrate. Therefore, the peak A which
appeared both on the Cu(001) and Cu(111) substrates is attributed to the N
atoms located at the atop sites of the Cu substrates. The shoulder structure
at A’ is attributed to be the distribution of the local electronic structure of the
N atoms since the N atoms are located at other sites such as hollow sites and
bridge sites. Similar sites and incident-angle dependence of XAS is previously
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Figure 5.1: (a) The dI/dV spectra of FeoN/Cu(001) (a red line) and
FeoN/Cu(111) (a blue line). Black dotted lines indicate the dI/dV spectra
at each clean Cu regions. These dI/dV spectra of the FeoN monolayer and Cu
substrate are obtained by using the same tip. The STM tip was stabilized at
Vg = 1.5 V and I; = 2.0 nA in the case of FeoN/ Cu(001) and at Vg = 1.0
V and I; = 2.0 nA in the case of Fe;N/Cu(111). The black arrows indicate
the shoulder structures. (b) Tip-height dependence of the dI/dV spectra for
FesN/Cu(111). During the measurement, the tip was stabilized at Vg = 200
mV and I; = 1, 5, and 10 nA. (c) The dI/dV spectra recorded at the two
circles on the inset topographic STM image with the tip-stabilized condition
of Vg = 200 mV and I; = 8.0 nA.

reported for a graphene on the Ni(111) substrate [117].

The dI/dV spectra of FeoaN/Cu(111) and FeoN/Cu(001) have a peak at
+3.2 V and 3.3 V, respectively as shown in Fig. 5.2 (b). The peak B of the XA
spectra is also located at about 3 eV higher than Fp. The density functional
calculation for a 7/-Fey,N which includes a square FesN plane suggests that the
N-Fe antibonding state of the 7/-Fey;N is located at around +3.5 V [9]. The
distinct peak of the dI/dV spectra is also observed at the CusN monolayer
[118,119] and the hexagonal iron nitride monolayer on the Cu(001) substrate
[16]. The origin of the peak B could be the Fe and N antibonding states.
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Figure 5.2: (a) N K edge XA spectra of (upper) FeoN/Cu(001) and (lower)
FesN/Cu(111). The linear background estimated from the pre-edge region
was subtracted from each raw spectrum. (b) The dI/dV spectra of (upper)
FeoN/Cu(001) and (lower) FeoN/Cu(111) recorded at Vg = 4.0 V and [y = 2.0
nA. The spectra on the clean Cu regions are shown as dotted curves.

5.3.2 Magnetic properties

The XA spectra and XMCD of Fe Ly 3 edge of FesN/Cu(111) are shown in
Fig. 5.3 (a). They are obtained at 8 K by irradiating left-handed and right
banded circularly polarized light under external magnetic field B = £ 5 T.
The surface is irradiated from the normal incidence # = 0°, or from the grazing
incidence, 6 = 55°. Here, py () is defined as the spectrum obtained by X-
ray helicity parallel (antiparallel) to the direction of Fe3d majority spin. The
strong XMCD signals indicate that FeoN/Cu(111) exhibits ferromagnetism.
The intensity of the XMCD signal at the grazing incidence is similar to that
at the normal incidence. The orbital magnetic moment and effective spin
magnetic moment estimated by applying XMCD sum rule [23,24] are shown
in Table 5.1. Here, the average number of Fe3d holes is 3.2. Compared with
the effective spin magnetic moment of FeoaN/Cu(001) of 1.1 pp/atom [15], that
of FeaN/Cu(001) became less than half.

The magnetization curve of FeyN/Cu(111) was obtained by plotting the
ratio of L3 peak intensity to Ly one against the external magnetic field. The
magnetization curves both at the grazing and normal incidence are saturated
at more than 3 T. In contrast to the magnetization curve of FeaN/Cu(001)
which shows the strong in plane magnetic anisotropy, the magnetization curve
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Figure 5.3: (a) (upper) XA spectra of Fe Ls 5 edge of FeoN/Cu(111) in the graz-
ing incidence and normal incidence. (lower) XMCD spectra obtained from the
XA spectra. (b) Magnetization curves of Fe;N/Cu(111) in the grazing inci-
dence indicated by blue circles and normal incidence indicated by red squares.
(c) The magnetization curve in the range of -0.1 T to 0.1 T at the grazing
incidence.

of FeoN/Cu(111) at the grazing incidence was similar to that at the normal inci-
dence. It means that the magnetic anisotropy became weak at Fe;N/Cu(111).
The coercivity was approximately 20 mT in the grazing incidence as shown
in Fig. 5.3 (c). Due to the symmetry difference between the square FesN
monolayer and the hexagonal Cu(111) substrate, we observed the six equiv-
alent structural domains and the average structure domain size was at most
10x10 nm?. In contrast, in the case of FeoN/Cu(001), the uniform structural
domain is formed in larger than 100x100 nm?. We consider that the small
structural domain size causes the small magnetic domain and weakens the
magnetic anisotropy.

Strong hybridization between the films of 3d metal and substrates generally
reduces the exchange splitting of the 3d band and reduces the spin magnetic
moment [120]. This is true for a-few-monolayer iron nitride. According to
the theoretical calculation, the hybridization between the iron nitride film
and the Cu(001) substrate actually reduces the spin magnetic moment [15].
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eff

Table 5.1: Effective spin magnetic moment mg;,

Morb 0f FeaN/Cu(111) and FeoN/Cu(001)

and orbital magnetic moment

eff

Mgpin Morb
(1 /atom) _(up /atom)
FeoN/Cu(111) 0° 0.45(10) 0.06(5)
55° 0.51(10) 0.05(5)
FeoN/Cu(001) [15]  0° 0.95 0.06
55° 1.1 0.07

We observed the different feature of the spatially-averaged dI/dV spectra as
shown in Fig. 5.1 (a). This indicates that the hybridization between the FeoN
monolayer and the Cu(111) substrate is different from that between the FeoN
monolayer and the Cu(001) substrate. Therefore, we consider that one of the
reason for the reduction of the spin magnetic moment is the difference in the
hybridization of the Fe;N monolayer with the Cu substrates.

In addition, the spatial modulation of the local density of states are ob-
served in the dI /dV spectra shown in Fig. 5.1 (¢) and N K edge spectra shown
in Fig. 5.2 (a) because of the spatial hybridization induced by the difference
in the gap between the substrates and the film. We consider that other reason
for the reduction of moment is the spatial modulation in the hybridization
which is induced by the actual spatial modulation of the FesN monolayer on
the C(111) substrates. In fact, it is reported that the modulation of the local
density of states of the ferromagnetic films induces the spatial modulation of
the magnetic moment [115,116].

In Chapter 4, we described that the FeoN monolayer on the Cu(111) sub-
strate is distorted by the lattice mismatch between the film and the substrate.
The distortion also changes the magnetic moment of the film near the inter-
face. According to the experimental results, the lattice distortion of 7'-FeyN
decreases the saturation magnetization by more than 10% [49]. Therefore, we
consider that the lattice distortion affect the reduction of the magnetic moment
as well as the spatial hybridization difference.

From the XPS measurement in Chapter4, the electric configuration of Fe
in the Fe,N monolayer is 3d®4s?. According to the first-principle calculations,
the Fe3d orbitals of ¢(2x2) FeaN/Cu(001) split as shown in Fig. 5.4 (a). Here,
x and y axis denote the in-plane direction and z axis denotes the out-of-plane
direction as indicated in Fig. 5.4 (b). The density of state of d,, orbital
spreads broadly compared with other orbitals. From the crystal field theory,
this indicates that the states of Fe are more strongly affected by the neighbor
Fe and N atoms than by the neighbor Cu atoms. However, since it is difficult
to predict the splitting width of Fe3d orbitals by the crystal field theory and
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Figure 5.4: (a) The calculated electronic states of the ¢(2x2)Fe;N monolayer
on the Cu(001) substrate [15]. (b) Atomic structure around an Fe atom indi-
cated by a red ball. Schematic model of ¢(2x2)FesN are shown. Green, blue
and orange balls show the Fe, N, and Cu atoms respectively. (a): taken from
Fig. 7 (b) in [15]

Fe atoms of FeoN/Cu(111) are located at the low-symmetry sites, we could
not describe the reduction of the magnetic moment of Fe;N/Cu(111) by the
crystal field theory. Further calculations would be necessary to get a better
understanding.

5.4 Summary

We have investigated the difference in the local density of states and magnetic
properties between FeoN/Cu(111) and FeoN/Cu(001). The dI/dV spectra of
FeoN/Cu(111) indicates that the spatial modulation of the local density of 3d
Fe states near Ex. This result was also supported by the shoulder structure of N
K edge XA spectra of FesN/Cu(111) which was not observed at FeoN/Cu(001).
The effective spin magnetic moment of Fe of FeoN/Cu(111) became less than
half of that of FeoN/Cu(001). The reasons for this are the difference in the
hybridization and the lattice distortion induced by the substrates.

Appendix 5.A Curie temperature

We measured the XA spectra of FeoN/Cu(111) while the sample temperature
was kept at around 40 K. Figure 5.5 shows the XA and XMCD spectra obtained
at B =0 T after the magnetic field B = 5 T was applied. In contrast to XMCD
spectra at 8 K, XMCD spectra at 40 K does not have any peaks. This indicates
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Figure 5.5: (a),(b) (upper) XA spectra of Fe;N/Cu(111) at B = 0 T after
magnetic field B = 5 T is applied. During the measurement, the sample
temperature was kept at (a) 8 K and (b) 40 K. (lower) XMCD spectra obtained
from the XA spectra.

that the Curie temperature of FeoN/Cu(111) is below 40 K. This value is lower
than the Curie temperature of FeoN/Cu(001) which is about 80 K [121].

Appendix 5.B XAS/XMCD spectra of the dot-
ted structure

As seen in Chapter 4, another iron nitride film which we call as dotted struc-
ture, is fabricated by the lower annealing temperature. We have also conducted
XAS/XMCD measurements at UVSOR-III BL-4B. The sample was fabricated
by the same procedure as the STM measurements and the fabrication for the
dotted structure was confirmed by the sharp spots of LEED pattern. How-
ever, as shown in Fig. 5.6, we did not observe the XMCD signal at 8 K which
indicates the dotted structure exhibits paramagnetism.
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Chapter 6

Enhancement of spin magnetic
moment of iron nitride layers by
mixing Co

The contents of this chapter will be published elsewhere within five years, and
thus not open to the public in the abbreviated version.
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Chapter 7

STM study of hexagonal iron
nitride film on the Cu(111)

substrate

The contents of this chapter will be published elsewhere within five years, and
thus not open to the public in the abbreviated version.
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Chapter 8

Summary and Conclusion

In summary, we have succeeded in fabricating a square iron nitride film and
hexagonal one selectively on the Cu(111) substrate. We found that the mag-
netic properties of the square FesN monolayer can be tuned by changing the
symmetry of the substrates and making FeCo layer. The results in each chapter
are summarized as follows.

1. Lattice distortion of square iron nitride monolayers
induced by changing symmetry of Cu substrates

We fabricated two structures, the square FesN monolayer and the FegN5 mono-
layer on the Cu(111) substrates depending on the annealing temperature. The
former structure was similar to the square FeoN monolayer on the Cu(001)
substrates. The difference in the symmetry between the square Fe;N mono-
layer and hexagonal Cu(111) substrate distorted the FeaN monolayer toward a
monoclinic lattice. We have proposed the structure model of these iron nitride
monolayers.

2. Electronic and magnetic properties of Fe;IN monolayer
tuned by symmetry of substrates

We have investigated the electronic and magnetic properties of the FeosN mono-
layer on the Cu(111) substrate by combining STM/STS with XAS/XMCD.
The spin magnetic moment of the Fe;N monolayer on the Cu(111) substrate
was less than half of that on the Cu(001) substrates. The dI/dV spectra re-
veals that the density of states are modulated along the stripe superstructure.
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3. Enhancement of spin magnetic moment of iron nitride
layers by mixing Co

Not shown in the abbreviated version.

4. STM study of hexagonal iron nitride film on the
Cu(111) substrate

Not shown in the abbreviated version.

The origin of the change in the magnetic moment has not completely been un-
derstood yet. We have elucidated two important factors. First is the distance
between Fe and Cu atoms. We proposed that the local structural modulation
changes the magnetic properties in Chapter 5. Second is the hybridization be-
tween the Fe atoms and the adjacent elements. As described in Chapter 6, we
suggested that the hybridization between Fe and Cu decreases the magnetic
moment of Fe. Our results will be greatly useful for revealing the origin of the
magnetic properties by combining with further theoretical calculations.

Our new results would lead to the future experiment. It has been thought
that the lattice constant of the film should be similar to that of the substrates.
However, we demonstrate that the film with the robust in-plane bonding can
grow independently on the symmetry of the substrates. It is expected that
other monolayer films could also grow on various substrates. If it is achieved,
the physical properties can be tuned through various substrates.
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