
�

��/��

�

Electronic and magnetic structures of iron-nitride 

atomic layers on Cu(001) 

��	����	� )1+�$�2�-
�

42((#!0
'*	�

�

�

�8 �� � �� ��06%�7C.�

�

�

�
1�1�2%�,'*)�

$%����

�

5"� �3�





Abstract
Iron nitride in iron-rich phases is known to possess rich ferromagnetism such as
large saturation magnetization and high magnetic anisotropy, and thus expected to
replace existing neodymium magnet as a rare-earth free alternate. The growth in a
single phase has been a long-standing problem for iron nitride, which hinders a full
characterization of intrinsic physical properties. Recently, the successful epitaxial
growth of single-phase γ ′-Fe4N has been reported, and macroscopic properties of
the system can be understood in terms of the strong hybridization between Fe and
N states. Meanwhile, site-selective electronic and magnetic states as well as its in-
terplay with structure/dimensionality of γ ′-Fe4N has remained elusive for lack of a
detailed study in an atomic-layer limit.

In the present work, we establish a growth method and characterize the elec-
tronic/magnetic structures of γ ′-Fe4N atomic layers on Cu(001). First, we conduct
detailed scanning tunneling microscopy (STM) measurements on the monolayer γ ′-
Fe4N/Cu(001), to elucidate the nature of an Fe2N plane in γ ′-Fe4N. The observed
topographic images drastically change depending on a tip-surface distance unlike in
pure transition-metal systems. This is attributed to a spatial variation in local density
of states in a vacuum side, leading to the shift in an orbital character of the states
dominantly detected by the tip with respect to the distance. More generally, this
observation could be the first experimental demonstration of the orbital-selective
tunneling process inherent in any STM measurements.

A large overlap between the Fe and N states possibly leads to the itinerant elec-
tronic states of the monolayer γ ′-Fe4N. This in fact renders the ferromagnetism of
the sample sensitive to an atomic structure, namely, degree of surface lattice order-
ing as discussed in the next part. It turns out that an atomic point defect modulates
the surrounding electronic structures in a large area, resulting in deterioration of the
ideal sample ferromagnetism. This emphasizes the significant impact of a struc-
tural imperfection in an atomic scale on the entire physical properties of the system,
which is previously overlooked in macroscopic observations on ferromagnet.

Finally, we report the growth of ordered multilayer γ ′-Fe4N on Cu(001). The
strong two-dimensionality originating from the Fe-N hybridization enables a pre-
cise stacking of γ ′-Fe4N even in an atomic-layer limit, which makes it possible to
scrutinize the layer-by-layer electronic and magnetic states realized in γ ′-Fe4N. The
thickness dependence of the electronic structures and magnetic moments of the sys-
tem has been investigated in detail, the origin of which is perfectly interpreted with
the help of first-principle calculations.
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Chapter 1

Introduction

1.1 Background

1.1.1 Transition metal
Transition metal (TM) exhibits rich physical properties originating from unpaired
electrons in d shells [1]. An elemental TM possesses a high crystallinity with either
the body-centered cubic (bcc), face-centered cubic (fcc), or hexagonal close-packed
(hcp) structure at room temperature (RT) and ambient pressure [2]. Compared with
typical metals, TMs in a bulk form show fruitful properties such as high melting
point and superconducting transition temperature, and a wide variety of magnetism
[3–5]. The ground state of almost all the TMs is paramagnetic at ambient pres-
sure. Meanwhile, Fe, Co, and Ni in the 3d group are known to show a spontaneous
ferromagnetic ordering in an elemental form, with magnetic moments of a couple
µB/atom (where µB is Bohr magneton) and Curie temperature far above RT [6]. The
robust ferromagnetism of 3d TMs, in addition to cheapness and abundance as re-
sources, has attracted much interest in terms of both basic research and application.
Furthermore, the nature of d orbitals, represented by moderate localization and rel-
atively small spin-orbit coupling compared to outer orbitals, renders physical prop-
erties of d-electron systems sensitive to surroundings, e.g. an atomic coordination,
crystal field, or hybridization with the neighboring states [7]. This, in other words,
makes it easy to tailor the electronic and magnetic properties by changing com-
position, combination, or dimension of the materials. In fact, lots of novel findings
recently discovered in the field of magnetism are related to the spin-polarized nature
of 3d-TM-based ferromagnets: giant, tunneling, and colossal magnetoresistance ef-
fects [8–13], as well as large magnetic anisotropy of neodymium and L10-ordered
magnets [14–17].
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2 Ch. 1 Introduction

1.1.2 3d transition metal nitride
3d TMs tend to form a strong bonding to light elements with large electronegativ-
ity. It has been widely reported that the nitridation of 3d TMs not only improves
chemical stability of the elements, but possibly adds another function to the sys-
tem [18]. The theoretical observation anticipates that all the 3d TMs except for
Cu and Zn can form relatively stable nitride in the composition of TM4N with ei-
ther a cubic or tetragonal crystal structure1; the magnetism of the ground states
ranges from nonmagnetic, ferrimagnetic, to ferromagnetic [19]. In particular, fer-
romagnetic TM4N (TM = Mn, Fe, Co) has been under intense research because
of the perpendicular magnetic anisotropy (Mn4N) [20–22], high spin polarization
and large saturation magnetization Ms (Fe4N, Co4N) [23–26]. Further, these ferro-
magnetic TM4N can be epitaxially grown on common substrates of LaAlO3(001),
MgO(001), or SrTiO3(001) [22, 23, 27, 28]. Such a good epitaxy with the substrate
possibly facilitates a precise control of the system dimension from a bulk, film to
atomic-layer limit, in which the peculiar electronic and magnetic states are realized
in 3d-TM-based ferromagnets [29–36].

1.1.3 Iron nitride γ ′-Fe4N

Fe N

(a) (c) (d)(b)

[100]

[001]
[010]

Fe I

Fe II

Figure 1.1: Basics of γ ′-Fe4N on Cu(001). (a) Bulk crystal structure of γ ′-Fe4N. A dotted
parallelogram represents an Fe2N plane. (b) Schema of p4g(2 × 2) surface reconstruc-
tion. From an unreconstructed c(2× 2) coordination (dotted circles), each two of Fe atoms
dimerizes in two perpendicular directions indicated by arrows. For (a) and (b), large (small)
spheres represent Fe (N) atoms. (c) Atomically-resolved image (2.5 × 2.5 nm2, sample bias
Vs = 0.25 V, tunneling current I = 45 nA) of the surface-reconstructed Fe2N plane. The
dimerization of Fe atoms is indicated by encirclement. (d) LEED pattern with the p4g(2×2)

symmetry, taken with the incident electron energy of 100 eV.

1The metastability of TM4N (TM = Cu, Zn) arises from the fully-occupied 3d shell of the TM
elements.
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Figure 1.2: Local DOS calculated for (a) FeI and (b) FeII sites of Fe4N presented in Ref.
41. The Fermi energy is indicated by vertical arrows.

Among all the TM4N, Fe4N is theoretically expected to be most energetically
stable with a so-called γ ′-type crystal structure [19], in which one N atom occupies
the center of the fcc Fe lattice as shown in Fig. 1.1(a) . Due to a small lattice mis-
match between the bulk crystals of γ ′-Fe4N (3.80 Å) and Cu(001) (3.62 Å) [37, 38],
the γ ′-Fe4N can be epitaxially grown on metallic Cu(001). The topmost layer of the
γ ′-Fe4N/Cu(001) is known to always consist of the Fe2N plane in a bulk Fe4N crys-
tal structure [38–40]. Accordingly, the surface Fe2N plane takes reconstruction to
the p4g(2×2) coordination, in which the Fe atoms dimerize in two perpendicular di-
rections as illustrated in Fig. 1.1(b). The p4g(2× 2) coordination gains total energy
in the ferromagnetic ground states, while the nonmagnetic ground states prefers the
original c(2 × 2) coordination [38]. This surface reconstruction can be visualized
directly by STM imaging as shown in Fig. 1.1(c), and the corresponding low energy
electron diffraction (LEED) pattern of the surface is also observed [Fig. 1.1(d)].

Under the coordination shown in Fig. 1.1(a), two non-equivalent Fe sites FeI
and FeII exist, those without and with a bonding to a N atom, respectively. The dif-
ference in the site results in the different electronic and magnetic states: FeI and FeII
have an electron configuration of 3d74s and 3d84s, as well as the magnetic moment
of 3 µB and 2 µB, respectively [37, 42]. The spin-polarized band calculation in Ref.
41 emphasizes the site dependence of the local density of states (DOS) as shown in
Fig. 1.2. At the FeI site, the up-spin band is almost fully-occupied while contains
some holes at the Fe FeII site. In contrast to nearly the same occupation into the
up-spin band, the number of the down-spin electrons at the FeI and FeII sites are
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2.3 and 3.2, respectively. Therefore, the electrons occupied in the down-spin band
is responsible for the inequality of the electronic population.

The previous experiments report Ms of 2.3 µB/atom for the bulk γ ′-Fe4N [42],
comparable to that of 2.2 µB/atom for a pristine bulk Fe [37]. The theoretical study
points out almost full spin polarization around the Fermi energy EF [43], which has
already been applied to magnetic tunneling junctions revealing large inverse tunnel
magnetoresistance effect [26]. Thin films of the γ ′-Fe4N show an in-plane easy
magnetization [44, 45] in contrast to metastable fcc Fe with a complex spin-spiral
structure in the ground state [36, 46]. This difference in the magnetic structure ap-
parently originates from the nitridation of the Fe atoms, which leads to a strong
mixing between Fe and N states of the γ ′-Fe4N [19]. This hybridization turns out to
be responsible for the unique electronic and magnetic states realized in the γ ′-Fe4N.

1.2 Purpose of the present study
In bulk and thick-film forms, γ ′-Fe4N samples with a high crystallinity can be ob-
tained by molecular beam epitaxy [27] or an Fe deposition under a flux of N from
a rf source [38, 39]. A good quality of the samples has made it possible to investi-
gate macroscopic properties of the thick γ ′-Fe4N. On the other hand, for lack of a
growth method for ordered γ ′-Fe4N atomic layers, the relationship between struc-
ture/dimensionality and the electronic/magnetic states has not been revealed so far
in element- and site-selective manners.

In the present study, we succeed in fabricating well-ordered atomic layers of
γ ′-Fe4N on a Cu(001) substrate, and conduct a full characterization of the physical
properties by utilizing scanning tunneling microscopy/spectroscopy (STM/STS), x-
ray absorption spectroscopy/magnetic circular dichroism (XAS/XMCD), and first-
principles calculations. A complementary study from both microscopic and macro-
scopic points of views not only gives novel findings on the electronic and magnetic
structures realized in the γ ′-Fe4N atomic layers on Cu(001), but fills the gap be-
tween past observations on the present system.

The previous STM works on the γ ′-Fe4N/Cu(001) report different topographic
images with the p4g(2 × 2) [38] and c(2 × 2) [45] symmetry irrespective of the
same surface structures confirmed by the LEED observations. This discrepancy
between the images, possibly originating from the difference in the detected elec-
tronic structures, can be fully understood by the orbital-selective tunneling process
in the STM measurement discussed in Chap. 4. As for the magnetism of the mono-
layer γ ′-Fe4N/Cu(001), the past XAS/XMCD study reports ferromagnetism with
much small magnetic moments compared to the theoretical expectation [45]. The
reason for the observed drop in the magnetic moments is clarified by atomically-
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resolved STS observations in Chap. 5, which demonstrates the extensive impact
of an atomic-scale disorder on the surrounding electronic structures. Finally, in
Chap. 6, we present a new growth method to prepare the γ ′-Fe4N atomic layers on
Cu(001), and discuss the origin of the thickness-dependent electronic and magnetic
properties of the system.





Chapter 2

Experimental methods

2.1 X-ray absorption spectroscopy
X-ray absorption spectroscopy (XAS) is a conventional technique utilizing the pho-
ton absorption and subsequent excitation of core electrons into unoccupied states.
Combined with an energy-tunable light produced from synchrotron radiation source,
this technique can extract detailed information on the sample electronic structures
at specific absorption edges. The process of the photon absorption is dominated by
the dipole transition, whose intensity I(hν) is given by the following formula.

I(hν) =
∑

f

|⟨f |T |i⟩|2δ(Ei − Ef − hν), (2.1)

where hν is a photon energy of the incident x-ray, T a dipole-transition operator, |i⟩
(|f⟩) and Ei (Ef) the initial (final) state and the corresponding energy of the state,
respectively. According to Eq. 2.1, it is clear that the transitions accompanied by
a change of the angular momentum by ±1 can have a main contribution to I(hν).
Figure 2.1(a) represents an absorption process between the 2p and 3d states for 3d
TMs. Due to the strong spin-orbit coupling originating from 2p holes created by the
photon absorption, total spin and orbital angular momenta themselves are no longer
good quantum numbers. Instead, the 2p states can be labeled with total angular
momentum J = 1/2 and 3/2. Accordingly, an absorption spectrum reveals two
major peaks at so-called L2,3 (2p1/2,3/2 → 3d) edges as shown in Fig. 2.1(b). The
intensity of an experimental background can be expressed by a superposition of two
arc-tangents in a common manner [47]. It should be noted that a XAS spectrum at
the L2,3 edges reflects the electronic structures of the final 3d states in the vicinity
of the EF, because the initial states in the 2p core level are well described by atomic
orbitals. In the present study, the absorption spectroscopy is operated in the total-
electron yield (TEY) mode, which detects drain current from the sample generated
by irradiation of the incident soft x-ray. The TEY mode has the potential probing

7



8 Ch. 2 Experimental methods

depth of ∼ 5 nm from the surface, which is determined mainly by the mean free
path in the energy range of the soft x-ray [48]. Therefore, the measurement in the
TEY mode is quite surface-sensitive.
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Figure 2.1: Principle of XAS. (a) Schematic diagram of electron excitation from the 2p
core levels to the 3d bands. (b) Typical absorption spectrum at the L2,3 edges of 3d TMs.
A dotted line represents an absorption background.

2.2 X-ray magnetic circular dichroism
Combined with circularly polarized x-ray, the information on the sample magnetism
can be extracted from the XAS measurement. For ferromagnetic materials in which
the 3d-band occupation differs depending on the spin channel, the photon absorp-
tion process varies with respect to the relative direction between the photon helicity
and 3d majority spin, as shown in Fig. 2.2(a). This originates from that the right
(left)-handed circularly polarized light has the angular momentum of +1 (-1), and
then the transition obeys the selection rules. Two absorption spectra toward dif-
ferent circular polarization are distinguished as µ+ and µ−, and those difference
µ+ − µ− is defined as x-ray magnetic circular dichroism (XMCD). In Fig. 2.2(b),
typical XAS and XMCD spectra at the L2,3 edges of 3d TMs are presented. The
important is that this technique possesses an element specificity, which arises from
an element-dependent energy range of absorption edges. Unlike conventional tech-
niques for the characterization of magnetism, this allows us to extract a particular
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magnetic component even when measuring a material composed of more than two
magnetic elements. Further, by applying XMCD sum rules [49, 50] to the experi-
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Figure 2.2: Principle of XMCD. (a) Schematic diagram of electron excitation from the 2p
core levels to the each spin channel of the 3d bands. (b) Typical XAS (top) and XMCD
(bottom) spectra toward different circularly-polarized lights at the L2,3 edges of 3d TMs.
An absorption background is indicated by a dot-dashed line.

mental XAS and XMCD spectra, we can separately estimate the quantitative values
of the spin (Mspin) and orbital (Morb) magnetic moments, according to the following
equations.

Morb = −
4
∫
L3+L2

(µ+ − µ−)dν

3
∫
L3+L2

(µ+ + µ−)dν
(10− nd), (2.2)

Mspin + 7MT = −
6
∫
L3
(µ+ − µ−)dν − 4

∫
L3+L2

(µ+ − µ−)dν∫
L3+L2

(µ+ + µ−)dν
(10− nd), (2.3)

where integration is conducted with respect to the photon energy hν over the L3

and/or L2 edges, and nd is the number of 3d electrons. The MT term is related to
the magnetic dipole moment, which originates from the anisotropy of Mspin [51]
and can be neglected when the spectra are measured in the geometry at ”magic
angle” [52].



10 Ch. 2 Experimental methods

2.3 Scanning tunneling microscopy and spectroscopy

2.3.1 Theory of tunneling
The quantum mechanics allows the tunneling of electrons through a potential bar-
rier, even when their energy is lower than the barrier height. The most simplified
model is that the electrons pass through a one-dimensional potential barrier (height
V0, width w) as presented in Fig. 2.3. The electrons, coming from Region I and
impinging on the potential barrier in Region II, can exist in Region III with a fi-
nite probability. A wave function of the electrons Ψ(r), whose probability density
to be located at a position r corresponds to |Ψ(r)|2, obeys the time-independent
Schrödinger equation in a stationary limit [53]:

[
− !2
2m

∇2 + V (r)− E

]
Ψ(r) = 0 (2.4)

V (r) =
{ V0 (Region II)

0 (Region I, III)
(2.5)

where ! is the reduced Planck constant, m the mass of the electron, V (r) potential,
and E the energy of the electrons. A general solution of this equation is in the
following form:

Ψ(r) = Aeikr +Be−ikr, where k =

√
2m|V (r)− E|

! . (2.6)

Under boundary conditions at the interface between the regions, the transmission
probability T , in proportion to the tunneling current I , can be calculated as

T ∝ e−2κw, where κ =

√
2m|V0 − E|

! . (2.7)

This fast dumping of T through the potential barrier clearly leads to the sensitivity
of the STM measurement to a tip-surface distance.

2.3.2 Tersoff-Hamann model
To extract the information on the electronic structures of the sample surface from
the STM measurement, it is convenient to make some assumption on the tip state.
Within the first-order perturbation theory, I is expressed as follows [54]:

I =
2πe

!
∑

µ,ν

[f(Eµ){1− f(Eν + eVs)}− f(Eν + eVs){1− f(Eµ)}]

× |Mµν |2δ(Eµ − Eν), (2.8)
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Region I Region II Region III

V
0

ψ

w

Figure 2.3: Tunneling through the potential. The decay of the electron wave function Ψ via
the potential barrier is illustrated.

where f(E) is the Fermi distribution function, Eµ,ν the energies for wave functions
Ψµ,ν of two electrodes, Vs bias applied between electrodes. Note that, in the actual
STM measurement, one of the electrode corresponds to the tip and the other the
sample surface. Mµ,ν is the tunneling matrix element determined from an overlap
between the wave functions Ψµ and Ψν . According to the Bardeen’s theory [55], its
numerical expression is

Mµ,ν = − !2
2m

∫
dS ·

(
Ψ∗

µ∇Ψν −Ψν∇Ψ∗
µ

)
, (2.9)

where integral is over any surface within the barrier region. Tersoff and Hamann
assumed s-type wave functions for the tip, and then Mµ,ν becomes simply a function
of local density of states (LDOS) of the sample [56, 57]. In a low Vs limit, I can be
a reduced expression of

I ∝
∫ eVs

0

ρs (r0, E) ρt (±eVs ± E) dE, (2.10)

where ρs(r0, E) corresponds to the DOS at the position of the tip center r0, and
ρt the DOS of the tip. Here, all the energies are measured with respect to the EF.
This relationship tells that the sample LDOS integrated to the measurement voltage
can be a counterpart of what measured in the STM. Under the WKB approximation
[58], the following expression can be obtained:

I ∝
∫ eVs

0

ρt(±eVs ∓ E)ρs(E) · T (2.11)

T ≈ exp

[
−2(s+R)

√
2m

!

(
Φs + Φt

2
+

eVs

2
− E

)]
, (2.12)
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where s is distance of nearest approach, R radius of curvature for a tip apex, and
Φs (Φt) a work function of the sample (tip). Within a common approximation of
a constant DOS for the tip, the differential conductance dI/dVs reflects the sample
LDOS.

Tip

Sample surface

R

r
0 Φ

s

Φ
t

E
F, t

E
F, s

LDOS

(a) (b)

s

Figure 2.4: Simplified model for the tip. (a) Tip assumed in the Tersoff-Hamann model.
The center of the tip, radius of curvature, and nearest approach are labelled with r0, R, and
s, respectively. (b) Tunneling model in the STM measurement assuming the constant LDOS
of the tip.



Chapter 3

Measurement systems

3.1 STM and preparation chamber

(a) (b)STM
chamber

Preparation
chamber

STM
chamber Preparation

chamber

Figure 3.1: UHV-STM apparatuses operated at (a) 4 K and (b) 77 K.

STM measurements were performed under ultrahigh vacuum (UHV) condition
(< 3.0 × 10−11 Torr) using Scienta Omicron STM equipped with cryostat, operated
at 4 K with LHe cooling [Fig. 3.1(a)] and 77 K with LN2 one [Fig. 3.1(b)]. A
good UHV condition could be achieved by a basic pumping with rotary and turbo-
molecular pumps, in combination with ion and titanium-sublimation pumps for a
further improvement in pressure. All the processes needed for a sample preparation
including a surface cleaning, nitrogen bombardment, iron deposition and subse-
quent annealing were conducted in the UHV preparation chamber (< 1.0 × 10−10

13



14 Ch. 3 Measurement systems

Torr). The sample grown in the preparation chamber was transferred into the STM
chamber without breaking UHV (namely, in-situ measurement). A sharp tip, made
of tungsten wire and chemically etched with sodium hydroxide solution, was used
for the STM measurement. The tip apex was cleaned by sputtering with Ar+ ions
and heated by electron bombardment to obtain an acute and stable tip configuration.
For the STS measurement, the differential conductance dI/dV was recorded using
a conventional lock-in technique with a bias-voltage modulation of several tens mV
and 700-900 Hz.

3.2 UVSOR BL 4B
For the element-specific XAS/XMCD measurements, an energy-tunable x-ray emit-
ted from a synchrotron light source is indispensable. Here, all the synchrotron-
based measurements were performed using BL 4B at Ultra Violet Synchrotron
Orbital Radiation (UVSOR)-III, the facility of the Institute for Molecular Science,
Okazaki, Japan. This beamline can acquire a high energy resolution of E/∆E >

5000 in the soft x-ray range, by adopting a varied-line-spacing plane grating monochro-
mator (VLS-PGM) based on the Hetrrick-type design [59, 60] as shown in Fig. 3.2.
The degree of circular polarization was ∼ 65 % during our experiments, determined
by measuring reference ferromagnetic samples. The x-ray propagation vector lay
within the (11̄0) plane of the Cu(001) substrate. A XMCD chamber installed at BL

Figure 3.2: Layout of the VLS-PGM beamline BL 4B at UVSOR [59].

4B is presented in Fig. 3.3. The main measurement system is equipped with a split
multifilamentary NbTi superconducting magnet [61]. Magnetic field B up to ± 5
T can be applied to the sample in the direction parallel to an incident x-ray. By
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rotating the sample manipulator, we could perform the XMCD measurement in any
incidence at an angle θ, where θ is defined as the angle between the sample normal
and incident x-ray. For the investigation of magnetic anisotropy, the spectra were
recorded mainly in the normal (θ = 0◦) and grazing (θ = 55◦) incidence. The latter
corresponds to the measurement at the magic angle discussed above [52]. The sam-
ple was prepared in the UHV preparation chamber connected to the measurement
chamber [Fig. 3.3(a)]. An all-in-one sample manipulator is equipped in the prepara-
tion chamber, at which all the preparation and characterization can be done without
extra transferring. During the annealing of the sample, temperature was monitored
with a thermocouple located close to the substrate. The sample surface could be
characterized using any of LEED, reflection high-energy electron diffraction, and
Auger electron spectroscopy. All the measurements were performed at ∼ 8 K with
a LHe cooling.

He cryostat with
superconducting magnet

Incident x-ray

(a) (b)

Figure 3.3: XMCD measurement system in BL 4B at UVSOR. Schema (a) and actual view
(b) of the system are presented [61].

3.3 Sample preparation

3.3.1 Substrate cleaning
A clean surface of the Cu(001) substrate was prepared in the following steps: First,
a single crystal of Cu(001) was chemically etched in a mixed solution of methanol
and nitric acid. The cleaned single crystal was mounted on a molybdenum sample
holder, fixed with tantalum wires as shown in Fig. 3.4. After introducing the sample
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inside the UHV preparation chamber, the cycles of sputtering with Ar+ ions and
subsequent annealing at 800 K were repeated several times. The cleanness of the
Cu surface was finally checked by a direct imaging with STM, as well as the sharp
spots observed in a LEED pattern.

Cu(001)
single crystal

(a) (b)

Molybdenum
sample holder

Figure 3.4: Cu(001) single crystal mounted on the (a) STM and (b) XMCD sample holder.

3.3.2 Nitrogen bombardment
Nitrogen ions, with an energy of 0.5 keV, were implanted to the surface by means of
bombardment using a commercial ion gun (ULVAC-PHI). The bombardment was
conducted under a pressure of ∼ 2.0 × 10−5 Torr, typically for 15 min. The ion
current could be measured through electrodes touching to the sample holder, so that
the amount of the implanted nitrogen ions was checked to be enough to saturate the
Cu surface.

3.3.3 Iron deposition
Iron was deposited at room temperature (RT) from a high-purity Fe rod (99.998
%) using an EFM evaporator (FOCUS). Thermal electrons emitted from a tungsten
filament inside the evaporator were designed to focus on an Fe rod apex, and heated
Fe started to be evaporated with a finite flux monitored by the electronics. The
deposition rate was almost the same during every deposition, estimated to be ∼ 0.2
ML/min. Note that monolayer was defined with respect to the density of surface Cu
atoms of the Cu(001) crystal.



Chapter 4

Orbital-selective tunneling process
observed in monolayer Fe2N on
Cu(001)

The contents of this chapter are published in the following:
Y. Takahashi, T. Miyamachi, K. Ienaga, N. Kawamura, A. Ernst, and F. Komori,
Phys. Rev. Lett. 116, 056802 (2016)
c⃝2016 American Physical Society. All rights reserved.

4.1 Introduction
Scanning tunneling microscopy (STM) is one of the most powerful tools to inves-
tigate surface topographic and electronic structures with an atomic resolution. Sur-
face nanostructures are often discussed based on the topographic image. However,
its image contrast mainly reflects the electron tunneling processes between the STM
tip and the surface orbitals at each position, i.e., local electronic states [57]. As a
consequence, the image does not always correspond to the real surface morphology
[62, 63]. Systematic changes of the image contrast as a function of the sample-bias
voltage Vs have been widely interpreted in terms of energy-dependent electronic
structures [64–66]. The STM tip-surface distance d is the alternative for the im-
age change. The strength of the STM tip-sample interaction changes at different d,
which can occasionally cause the image variation [67, 68]. The d-dependent image
change can be also expected for the surface consisted of several orbitals with dif-
ferent decay length of the wave function into the vacuum, e.g. compound systems.
In such systems, the image change could be induced by the shift of the dominant
surface orbital contributing to the tunneling process at different d, while a certain
surface state usually dominates throughout the vacuum region for elemental systems

17
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[69]. The importance of this orbital selective tunneling process on the d-dependent
images was suggested for O/Ru(0001), O/Fe(001) and the rutile TiO2(011)-(2×1)
surfaces [70–73]. However, the lack of the strong experimental evidence reinforced
by the solid theory still complicates to achieve a common understanding of the im-
pact of the orbital selectivity on the d-dependent imaging.

In this chapter, we also advocate the importance of an in-depth d-dependent
STM imaging and spectroscopy to fully characterize the orbital selective tunnel-
ing as the origin of the topographic image changes. A monatomic layer of iron
nitride (Fe2N) on Cu(001) with the ferromagnetic Fe4N stoichiometry [38, 45] is
chosen so as to highlight the role of the orbital selectivity. Due to the strong bond-
ing between Fe and N atoms typical for the nitride compounds [74, 75], we expect
hybridization-induced non-negligible contributions of s/p orbitals relative to 3d or-
bitals in the local density of states (LDOS), and the robust surface structure against
the tip-induced effect, which meets the purposes of this study.

We here show that the topographic image of the Fe2N layer changed from a
dimerized atomic image reflecting the atomic surface structure to a square lattice of
atomic-size dots with increasing d. Corresponding systematic d dependence of the
tunneling spectra implied the shift in the dominant electronic states contributing to
the tunneling process. Combining with the LDOS calculations by first principles,
we have attributed these to the change of the dominant orbitals detected by the STM
tip from the Fe 3d states to the s/p states with increasing the tip-surface distance.
The results resolve the discrepancy for the topographic images of the previous STM
studies between the p4g(2 × 2) structure for thick films and the c(2 × 2) one for
atomic-layer films [38, 45].

4.2 Experiment
Monatomic-layer iron nitrides were prepared in ultrahigh vacuum (UHV) with a
base pressure of better than 1.0× 10−10 Torr in the following process. First, a clean
surface of Cu(001) was obtained by several cycles of sputtering with Ar+ ions and
subsequent annealing at 820 K. Then, N+ ions with an energy of 0.5 keV were
bombarded to the clean surface and submonolayer Fe was subsequently deposited
at room temperature (RT). After annealing at 570 K, well-ordered iron nitrides were
obtained on the surface. The surface structure was confirmed by LEED at RT, and
STM at 77 K. For the scanning tunneling spectroscopy, the differential conductance
dI/dV was recorded using a lock-in technique with a bias-voltage modulation of 20
mV and 719 Hz.
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4.3 Results and Discussion

Figure 4.1: (a) Large scale topographic image at Vs = 100 mV, I = 5 nA. (b) LEED
pattern obtained with an incident electron energy of 100 eV. (c) Close view of a topographic
image for the Fe2N islands revealing a dimerization of Fe atoms (Vs = 50 mV, I = 5 nA).
The dimerization is indicated by encirclement.

A large-scale topographic image of the surface is shown in Fig. 4.1(a). Iron-
nitride islands of several tens of nanometers in diameter are formed on the Cu(001)
surface. A LEED pattern of the same surface shown in Fig. 4.1(b) exhibits the
p4g(2×2) symmetry identical to that of the previous studies [38, 45]. A close view
of the STM image shows a dimerized structure as shown in Fig. 4.1(c), which agrees
with the LEED pattern. This STM image is similar to that reported by Gallego et
al. for the thick Fe4N film [38]. It has been known that, irrespective of the film
thickness, the topmost layer of Fe4N films consists of an Fe2N single layer [38, 45].
In the surface layer, N atoms occupy the hollow sites of an Fe sublattice. Due to the
surface reconstruction, Fe positions are different from those of an ideal Fe2N layer
of the Fe4N crystal; the Fe atoms are dimerized in the two perpendicular directions,
which results in the decrease of the lattice constant compared to the bulk [38, 45].
This surface reconstruction did occur in the films of any thickness as confirmed by
LEED. Thus, it still remains unclear why the STM image of the atomic-layer films
showed the c(2×2)-like symmetry despite the p4g(2×2) LEED pattern [45].

To explore the origin of this discrepancy in the previous studies, we first inves-
tigated the tunneling-current (I) dependence of the STM images by fixing Vs at 0.25
V. Figure 4.2(a) shows a series of the images with varying I from 0.1 to 45 nA. At
I = 45 nA, the image consists of distinct Fe dimers. With the decrease of I , the
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Figure 4.2: Current dependence of STM images. (a) Topographic images taken at Vs =

0.25 V with varying I from 0.1, 3.0, 10 to 45 nA. (b) Line profiles at Vs = 0.25 V, measured
along lines indicated in (a). From the top to the bottom, I varies as follows: 45, 40, 35, 30,
28, 25, 22, 20, 18, 15, 12, 11, 10, 9.0, 8.0, 7.0, 5.0, 3.0, 2.0, 1.0, 0.9, 0.8, 0.7, 0.6, 0.5, 0.4,
0.3, 0.2, and 0.1 nA, respectively. Empty circles indicate peak positions extracted from one
Fe dimer.
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split of the Fe dimers gradually becomes ambiguous and turns into one elongated
structure, similar to that reported by Gallego et al. [38]. Finally at I = 0.1 nA, the
image consists of broad dots, like that reported by Takagi et al. [45]. Comparing
the structural model with the images for I ≥ 3.0 nA, we specify that the dots at 0.1
nA are located at the hollow sites of the Fe sublattice with no N atom1.

For a further grasp of the STM-image change induced by I , we extracted line
profiles along the Fe dimer for various I values from 0.1 to 45 nA, as shown in Fig.
4.2(b). One can see that a gradual transformation from a double-peak structure to
a single-peak one occurs at around I = 3.0 nA with decreasing I2. The separation
between the two protrusions is almost saturated at I ≥ 20 nA, and its maximum
reaches to 2.23 Å. This length is a little smaller3 than the reported distance between
the dimerized surface Fe atoms of the Fe2N layer, 2.83 Å of the monatomic-layer
Fe4N determined by LEED I-V [45] and 2.73 Å of the thick Fe4N film calculated
by first principles [38].

It should be noted that the observed I dependence of the Fe-dimer image differs
from what generally expected for adjacent two protrusions in the STM observation.
A protrusion in the image tends to be broader with increasing d as long as the tip
state keeps overlapping the identical states at the surface. Namely, in the present
case, the width of the single dot for I < 3 nA could be broader than the separation
of the two protrusions at higher I if we assumed that the same states at the surface
was detected in the entire I range. However, this is not the case in the present ob-
servations 4.

To understand the role of the electronic states for the change of STM images,
we performed extensive first-principles calculations of the surface LDOS for the
monatomic Fe2N layer on Cu(001) using a self-consistent Green function method
within the density functional theory (DFT), specially designed for semi-infinite lay-
ered systems [72]. Figure 4.3(a) shows the total, spin- and elementally-resolved
LDOS of the Fe2N surface. Besides large contribution of minority spin states orig-
inating from Fe, N majority spin states also contribute to the total LDOS near the
Fermi energy (EF) at the surface. Typical dI/dV spectra recorded above the Fe2N
and Cu(001) are shown in Fig. 4.3(b). In contrast to the Cu spectrum with only
minor features, the Fe2N spectrum shows several peaks located at Vs = -0.35, -0.15,
0.17, 0.52, and 0.79 V, respectively, which well correspond to the peaks of the calcu-
lated total LDOS shown in Fig. 4.3(a). Note that, possibly due to the tip condition,
the fine structures at the occupied states in the calculation are not so obvious in the

1See also Fig. 4.5 and related discussion on the charge distributions calculated at different dis-
tances.

2This threshold slightly changes depending on the tip condition.
3This could be attributed to the difference between an exact atomic position and a projected

LDOS distribution of the Fe dimer at each setpoint.
4See Appendix A for a numerical simulation of simple broadening of the charge density.
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Figure 4.3: (a) Spin-resolved LDOS of single-layer Fe2N on Cu(001). Fe and N states are
separately shown. (b) dI/dV spectra of Fe2N (solid) and bare Cu (dotted). The STM tip
was stabilized at I = 30 nA and Vs = 1 V. (c) Threshold dc for the image change. Empty
circles indicate parameter sets when the shift in the image from the dimerized to the dot
structure occurred. Lines fitted freely to the experimental data with assuming the constant
d (solid), E (dot-dashed), Vs (fine-dashed), P (rough-dashed) or I (dashed) in Eq. (4.1) are
also indicated. (d) Distant-dependent dI/dV spectra measured at d = 4.2, 3.4, and 2.9 Å

from the bottom to the top. Dashed curves indicate a tunneling background obtained by a
Tersoff-Hamann approximation.
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experimental dI/dV spectrum. Thus, hereafter we focus on the unoccupied states
(positive sample bias) near the EF.

In the STM measurement, local atomic structures and/or electronic properties
of the surface can be modified by the experimental parameters such as I , Vs, d, the
local Joule heating P = Vs × I , and the electric field E = Vs/d [76]. To eluci-
date which parameter is crucial to induce the transformation of the STM image in
the present study, we have taken the images in various combinations of I and Vs.
Here, we determine Ic and dc, which denote the critical tunneling current and tip-
sample distance that the image transforms from the dimerized to the dot structure,
respectively. The dc was evaluated from Ic at each Vs by applying Simmons’ rule
[77]

dc = − !
2
√
2mΦ

ln

(
R0Ic
Vs

)
, (4.1)

where m is the electron mass, Φ an average work function of the tip and the sample,
and R0 the resistance for a single-atomic point contact of 12.9 kΩ [78]. An average
Φ value of 5.5 eV, obtained from the fitting of several experimental I-d curves is
used in the evaluation5. Figure 4.3(c) shows a plot of dc as a function of Vs (empty
circles). The nearly constant dc values of 3.3 Å (solid line) are found, suggesting
that Ic increases (decreases) at higher (lower) Vs, and the image change is entirely
caused by d. None of E, Vs, P and I can be a threshold for the image change.
Therefore, we can conclude that the observed image change is triggered by the tip-
surface distance6.

It has been known that the decay length of the wave function strongly depends
on an orbital character, i.e., the 3d states decay into the vacuum faster than the s/p
states [79]. The different decay lengths between the d and s/p states were previ-
ously investigated and confirmed in terms of the spin polarization [80, 81]. Thus,
the states detected by the tip with smaller distance could have more Fe 3d character.

To confirm this, we measured dI/dV spectra with various d values as shown in
Fig. 4.3(d). Here, the tip was fixed at Vs = 0.1 V , and all the spectra are normal-
ized to the intensity at Vs = −0.1 V. Note that the corresponding STM images
at d = 2.9, 3.4 and 4.2 Å consist of the distinct, blurred dimerized structures and
the dot structure, respectively. At d = 2.9 Å, the background contribution is small
and the peak around 0.2 V is mainly attributed to the Fe 3d state, in comparison
with the theoretical calculations (see Fig. 4.3(a). A detailed orbital assignment is
discussed below). However, one can clearly see that the contribution of an inte-
grated background signal monotonously increases as the tip becomes far. It should

5See Appendix B for the nearly constant Φ values with respect to the tip-surface distance.
6The observed LEED pattern agrees with the STM image at short d. Therefore, the tip-sample

interaction is excluded as the origin of the image change in the present case.
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Figure 4.4: Total and orbital-resolved LDOS of (a) surface and (b) vacuum (4 Å above the
surface) layers. The states with negligible intensity in this energy range are not shown here.
In the vacuum layer, LDOS cannot be separated into each atomic component due to a strong
orbital mixing between Fe and N.

be noted that an exponential background signal is mainly due to the tunneling pro-
cesses between the tip states and the sample s/p states [58, 79]. Therefore, a series
of the d-dependent dI/dV spectra well supports our interpretation on the observed
d-dependent change of the STM image. Namely, at short d, the tunneling process
through the Fe 3d states dominates that through the s/p states, and it results in the
STM image of the dimerized structure.

We have further studied the decay of orbital-resolved LDOS into the vacuum by
first-principles calculations to understand the tunneling process in detail. In Figs.
4.4(a) and 4.4(b), we extract dominant orbitals contributing to the total LDOS near
the EF. At the surface, the LDOS mainly consists of the Fe 3d states and the s/p

states are minute as shown in Fig. 4.4(a). It means that, at a short tip-surface dis-
tance, the possible states dominantly detected by the STM tip are 3d3z2−r2 , 3dzx and
3dyz. Another intriguing is that among 3d states, the dxy state shows no clear LDOS
around E − EF = 0.2 eV. This indicates a strong hybridization between Fe and
N atoms, which leads to delocalization of the dxy state while the other 3d states
relatively remain localized.

The situation drastically changed in the vacuum layer 4 Å above the surface.
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Figure 4.5: Charge distributions calculated at different distances. (a) Unreconstructed
c(2×2) surface model used for the calculation. Large (small) spheres correspond to the
surface Fe (N) atoms. (b,c) Charge distribution at d = 1.8 Å (b) and d = 6.5 Å (c).

In Fig. 4.4(b), one can see that the contributions of isotropic s and out-of-plane-
oriented pz overwhelm those of 3d except for 3d3z2−r2 . This is clearly due to the
longer decay lengths of the s/p states than the d states. Such large s/p contribu-
tions relative to the 3d ones and thus the tip-surface distance dependence of the
STM image have not been expected in elemental 3d systems, where the surface
states mainly of d3z2−r2 character slowly decay into the vacuum [69]. The consid-
erable enhancement of the s/p contribution in the present case is caused by strong
hybridization of N s/p states with Fe s, p, d states, which is characteristic of com-
pound systems.

Finally, we confirm how this shift in the s/p and d contributions at different
distances shows up in a spatial distribution of the charge density using DFT. Figure
4.5 shows the calculated charge distributions of states at the energy E = EF + 0.25

eV, corresponding to our experimental Vs of 0.25 V. It should be noted that an en-
ergy resolved charge distribution can be associated with STM topographic images
within the Tersoff-Hamann model [57]. An unreconstructed c(2×2) surface shown
in Fig. 4.5(a) was used in the calculation for simplicity, instead of the reconstructed
p4g(2×2) one. Thus obtained charge distributions at d = 1.8 Å and 6.5 Å are shown
in Fig. 4.5(b) and 4.5(c), respectively7. At a shorter distance of 1.8 Å, the charge
intensity is high on top of the Fe atoms, because of a large contribution of the Fe
3d states. This is consistent with that the surface Fe atoms were distinctly imaged
at higher Is [see Fig. 4.2(a)]. In the case of d = 6.5 Å, in contrast, the intensity
maxima locate above the hollow site of the Fe sublattice without N atoms. This
originates from the dominance of states with s/p characters at larger distances, and

7Note that the distances of the calculation cannot be directly compared with the experiments
since DFT has less accuracy for reproducing the surface excess charge.
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well reproduces the experimental I dependence of the STM images.

4.4 Conclusion
In summary, we have performed the comprehensive STM work to elucidate the
origin of the image changes for the monatomic-layer iron nitride on Cu(001). Sys-
tematic d-dependent STM imaging and spectroscopy reveal that the observed image
change is attributed to the orbital-dependent decay length of the wave function at the
surface. The validity of the experimental results is confirmed by the first-principles
calculations, which successfully reproduce that the STM image is dominated by
the Fe 3d states at short distance whereas by the s/p states at long distance. Since
the orbital-selective tunneling process is inherent in any STM measurements, the
atomic morphology based on the topographic image should be carefully discussed,
especially in the compound systems.



Chapter 5

Impact of atomic defects on the
macroscopic ferromagnetism of
monolayer Fe2N on Cu(001)

5.1 Introduction
Two dimensional (2D) materials have received much attention due to unique physics
absent in higher dimensions [82, 83]. The nature of 2D systems is such a close in-
terplay between structure and electronic states that a small structural perturbation
can dramatically alter physical properties. Engineering structural defects is one of
the most common ways to add novel functionalities to the 2D materials [84–88].
At the same time, some intrinsic structural defects have been reported to deteriorate
ideal properties of the system [89–91]. A large variation in a defect type requires
nearly material-by-material observations to elucidate the role of such defects in the
physical properties of the 2D system [92–94]. By analogy, the significant impact
of the structural defects is expected on magnetic states realized via 2D network of
atomic/spin structures, namely in 2D ferromagnets with long-range order or itin-
erancy. However, due to difficulty in controlling and characterizing the structural
defects of atomic-layer ferromagnets, the relationship between a structural disorder
and electronic/magnetic states of the system has remained elusive in an atomic-layer
limit.

Here, we investigate the impact of atomic point defects on the sample electronic
and magnetic properties of a monolayer ferromagnet of Fe2N on Cu(001). The to-
pography, electronic structures, and magnetic moments of the samples were inves-
tigated by scanning tunneling microscopy/spectroscopy (STM/STS) and x-ray ab-
sorption spectroscopy/magnetic circular dichroism (XAS/XMCD). This combina-
tion of measurement techniques is so useful especially in an atomic-layer limit that
the information obtained using microscopic and macroscopic observations comple-

27
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ments each other [95, 96]. Simultaneous STM/STS observations with an atomic res-
olution revealed the modulation of the electronic structures in a large area around
the atomic defects. The present results demonstrate an extensive deterioration of
2D ferromagnetism caused by a small amount of a structural disorder in an atomic
scale, which cannot be characterized by macroscopic structural characterizations.

5.2 Experiment
The monolayer Fe2N samples were prepared under ultrahigh vacuum (UHV) con-
dition (≤ 1.0 × 10−10 Torr) as follows [97]: First, a clean Cu(001) surface was
obtained by a repetition of sputtering with Ar+ ions and subsequent annealing at
820 K. The surface was then bombarded by N+ ions with an energy of 0.5 keV. The
following 1-2 ML Fe deposition was conducted at room temperature (RT), using an
electron bombardment type evaporator (EFM, FOCUS) equipped with a high-purity
Fe rod (99.998 %). Annealed at 540-570 K, a Cu(001) surface was covered with
monolayer Fe2N, identical to an Fe2N plane of a γ′-Fe4N unit cell in which one N
atom occupies a hollow site of a fcc Fe lattice [98]. The STM measurements were
performed at 4.7 K in UHV (≤ 3.0 × 10−11 Torr) using electrochemically etched W
tips. For the STS measurements, the differential conductance dI/dV was recorded
using a lock-in technique with a bias-voltage modulation of 20 mV and 810 Hz.
The XAS and XMCD measurements were performed at BL 4B of UVSOR-III in
the total electron yield (TEY) mode [59, 61]. The degree of circular polarization
was estimated to be ∼ 65 %, and the x-ray propagation vector lay in the (11̄0) plane
of a Cu substrate. All the spectra were recorded at ∼ 8 K and B = ±5 T applied
parallel to the incident x-ray. The symmetry of a surface structure was also checked
by low energy electron diffraction (LEED) in each apparatus.

5.3 Results and Discussion
Topographic images of the monolayer Fe2N samples, prepared by an initial 1 ML
Fe deposition and subsequent annealing at different temperatures, are shown in Fig.
5.1(a) to 5.1(c). At the lowest annealing temperature of 540 K [Fig. 5.1(a)], the
surface is mostly covered with the monolayer Fe2N. It is known that an ordered
monolayer Fe2N on Cu(001) is reconstructed into p4g(2 × 2) symmetry, in which
Fe atoms dimerize in mutually perpendicular directions as shown in Fig. 5.1(h)
[97]. Therefore, Fig. 5.1(d), a close view of an iron-nitride surface shown in Fig.
5.1(a), suggests that a large fraction of the surface Fe atoms does not form the



5.3. Results and Discussion 29
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Figure 5.1: Topography of the monolayer Fe2N on Cu(001). (a,b,c) Topographic images
(75×75 nm2) of the samples prepared by an initial 1 ML Fe deposition and subsequent
annealing at (a) 540 K (b) 555 K and (c) 570 K. (d,e,f) Close view (3.5×3.5 nm2) of the
Fe2N surface for (a), (b), and (c), respectively. The dimerization of the Fe atoms is indicated
by encirclement. In (e), the unit of the disordered area is defined by a dotted circle (see
text). (g) Topographic image (100×100 nm2) of the sample grown by an initial 2 ML Fe
deposition and annealing at 570 K. The images were taken at (sample bias Vs, tunneling
current I) = (+1.0 V, 50 pA), (−0.35 V, 0.6 nA), (+0.1 V, 20 pA), (+0.1 V, 30 nA), (+0.1

V, 40 nA), (+50 mV, 40 nA), and (−0.1 V, 0.1 nA) for (a), (b), (c), (d), (e), (f), and (g),
respectively. (h) Illustration of p4g(2 × 2) reconstruction in the surface Fe2N layer of γ′-
Fe4N. Arrows represent the shift of Fe atoms from an unreconstructed c(2×2) coordination
indicated by dotted circles. Large (small) spheres represent Fe (N) atoms. (i) LEED pattern
of the surface shown in (g) obtained with an incident electron energy of 103 eV.
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ordered Fe2N and/or exists without any bond to N atoms. With increase in the an-
nealing temperature up to 555 K, the coverage of an Fe2N area decreases to 0.65
ML as shown in Fig. 5.1(b). On the other hand, most of the surface Fe2N possesses
well lattice ordering as presented in Fig. 5.1(e). However, the surface contains a
small number of point defects recognized as dark holes in the image (identified as
missing-Fe defects later). This suggests that the annealing temperature is still low
to form the perfectly ordered Fe2N all over the surface. Eventually, it turned out
that an annealing temperature of 570 K was needed for preparing a nearly defect-
less Fe2N surface as shown in Fig. 5.1(f). Meanwhile, a further decrease in the
coverage of the surface Fe2N to 0.5 ML can be seen in Fig. 5.1(c). This means that
the formation of the highly-ordered Fe2N was always accompanied by an inevitable
loss of initially deposited Fe and/or N atoms during the annealing process.

As a result, the sample almost fully covered with the ordered monolayer Fe2N
could be grown by an initial 2 ML Fe deposition and subsequent annealing at 570
K, as shown in Fig. 5.1(g). The almost 1 ML coverage of the surface Fe2N was
confirmed by a XAS edge jump value at the Fe L (2p → 3d) edge, normalized by
that at the Cu one, of ∼ 0.12. A LEED pattern of the surface presented in Fig. 5.1(i)
exhibits sharp diffraction spots with the p4g(2×2) symmetry, indicating a uniform
formation of the surface-reconstructed Fe2N. It should be emphasized that these
annealing temperature dependence of the surface lattice ordering was difficult to
distinguish by conventional LEED observations; neither symmetry nor sharpness of
the spots changed apparently between the samples.

Here, we discuss the relationship between the amount of the initially-deposited
Fe and the coverage of the monolayer Fe2N finally obtained at the surface. The
samples shown in Fig. 5.1(a) and 5.1(g) showed similar values of the normalized
Fe L edge jump of 0.11 ± 0.01. In principle, the value of the XAS edge jump in
a thin-film limit is proportional to the amount of surface/subsurface atoms related
to absorption. Therefore, the observed edge-jump values suggest that the coverage
of the highly-ordered monolayer Fe2N was about half the amount of the initially-
deposited Fe. The other half was not detected in the edge-jump spectrum after the
annealing at 570 K, and thus considered to be buried into the Cu substrate at least
outside the XAS probing depth of several nms in the TEY mode [99].

The sample ferromagnetism turned out to be largely affected by the degree of
the surface lattice ordering, from the XMCD measurements on on different mono-
layer Fe2N samples prepared as follows: After the nitrogen bombardment to the
clean Cu(001) surface, three samples were grown by (1.0 ML Fe deposition, sub-
sequent annealing at 540 K), (1.8 ML, 555 K), and (2.0 ML, 570 K). The obtained
surfaces were thus almost fully covered by the monolayer Fe2N with the lattice or-
dering similar to that shown in Fig. 5.1(d), Fig. 5.1(e), and Fig. 5.1(f), respectively.
For convenience, we call them less-ordered, atomic-defect, and highly-ordered sam-
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Figure 5.2: Ferromagnetism of the monolayer Fe2N on Cu(001) with different lattice or-
dering. (a) Averaged XAS (top) and corresponding XMCD (bottom) spectra of the highly-
ordered (red), atomic-defect (blue), and less-ordered (yellow) samples. The spectral inten-
sity is normalized to the Fe L-edge XAS jump. (b) Dependence of Mspin values on the area
ratio of the p4g(2 × 2)-reconstructed Fe2N at the surface Rorder. A dotted line is the fit
assuming the decrease in Mspin to be a linear of the Rorder.

ples in that order. Note that the 1 ML coverage of each sample was checked by the
normalized Fe L-edge jump values of 0.11± 0.01.

Figure 5.2(a) shows averaged XAS [(µ+ +µ−)/2] and XMCD (µ+ −µ−) spec-
tra of those samples measured at the Fe L2,3 (2p1/2,3/2 → 3d) edges in the grazing
incidence (θ = 55◦), which mainly reflects magnetic moments along an in-plane
easy magnetization direction [98]. Here, µ+ (µ−) denotes a x-ray absorption spec-
trum with the photon helicity parallel (antiparallel) to the Fe 3d majority spin, and
an incident angle θ is defined as that between the sample normal and the incident
x-ray. A nearly identical shape of the XAS spectra between the samples indicates a
small variation in the hole coordination of unoccupied 3d states. This is in consis-
tent with the STS spectra recorded on each surface shown in Fig. 5.3(b), revealing
less variation in a spectral shape between the surfaces on the positive Vs side.

Meanwhile, the XMCD intensity clearly decreases as the surface lattice order-
ing lowers. By applying XMCD sum rules [49, 50] to the obtained spectra, the
difference in the spin magnetic moment (Mspin) for the Fe atoms can be visible as
shown in Fig. 5.2(c), against the ratio of the ordered Fe2N area Rorder. Here, the
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Rorder value simply represents the area ratio that the p4g(2× 2)-reconstructed Fe2N
occupies the entire surface. For the atomic-defect sample, e.g., the Rorder value is
estimated to be ∼ 0.90 by considering 10 % of the disordered area as defined in Fig.
5.1(e). Accordingly, the Rorder of the less-ordered and highly-ordered samples are
estimated to be ∼ 0.40 and 1.0, respectively. Note that in the present sum-rule anal-
ysis, we used the average number of 3d holes (nhole) of 3.2, obtained by comparing
the area of the experimental XAS spectra with that of a reference spectrum for bcc
Fe/Cu(001) with nhole = 3.4 [47].

The Mspin value of 1.1 µB/atom for the highly-ordered sample is in good agree-
ment with that calculated by first principles [98]. This ensures that the highly-
ordered sample forms an ideal lattice of the reconstructed Fe2N. The surprising is
the Mspin value of 0.6 µB/atom for the atomic-defect sample, almost half the value
of the highly-ordered one regardless of the high Rorder of 0.9. Further decrease
of the Rorder for the less-ordered sample results in much smaller Mspin value of
∼ 0.05 µB/atom. The observed non-linear dependence of the Mspin values on the
Rorder suggests that the decrease in the Mspin cannot be explained assuming only
the structurally disordered area is magnetically weak compared to the defect-free
Fe2N. In other words, the lattice disorder should not only cause a small magnetic
moment inside the disordered area, but also deteriorate the ferromagnetism of the
neighboring, highly-ordered Fe2N.

To reveal a possible impact of the lattice disorder on the surrounding elec-
tronic structures, atomically-resolved STS observations were conducted around the
atomic defect shown in Fig. 5.3(a). In comparison with an atomic structural model,
one Fe atom is missing atop the defect. It is also obvious that Fe dimers located
just below the defects become brighter in the image, indicating the change in the
electronic states rather than atomic structure accompanied by defect creation. Here-
after, we call this bright Fe dimer as a protrusion, and a dI/dV spectrum (height
profile) recorded above a defect-free Fe2N surface as a normal spectrum (profile).
The dI/dV spectra measured on top of the defect (blue) and the protrusion (red) are
shown in Fig. 5.3(b), in comparison with the normal spectrum (black). The spec-
trum recorded on the defect has high dI/dV intensity at Vs < −0.4 V compared
to the normal spectrum. This can be attributed to a broadening of the peak located
at Vs = −0.32 V, mainly composed of Fe local density of states (LDOS) with d

orbitals except for dx2−y2 [97]. For the spectrum recorded above the protrusion, the
peak intensity at Vs = −0.32 V is lower than that of the normal spectrum. This
indicates the intensity decrease in Fe LDOS near the Fermi energy. These changes
in the electronic states could lead small magnetic moments of the Fe atoms within
the defect/protrusion area, compared to those in the defect-free Fe2N surface [100].

In the vicinity of the protrusion, the modulation in the electronic structures of
the ordered Fe2N was clearly observed as shown in Fig. 5.3(c), which displays both
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Figure 5.3: Electronic-structure modulation around the atomic defect. (a) Atomically-
resolved image of an Fe2N surface of the atomic-defect sample. Surface Fe (N) atoms
are presented by large (small) spheres. (b) dI/dV spectra recorded on the positions of the
corresponding colored circles indicated in (a). The tip was fixed at Vs = +1.5 V and
I = 5.0 nA. (c,d) Top: Height profile taken along the (c) red and (d) blue lines shown
in (a). Black profiles were measured along the corresponding lines on a defect-free Fe2N
surface. Bottom: dI/dV profile at Vs = −0.32 [−0.65] V along the (c) red [(d) blue] line
indicated in (a). Details are explained in the text. Solid curves are the fitting of each profile
to the Gaussian function.

height and dI/dV profiles across the protrusion. Note that the dI/dV profiles were
obtained by first recording point-by-point dI/dV spectra along presented lines, and
then plotting the difference in the dI/dV intensity at a specific Vs with respect to
the normal spectrum. The structural width of the protrusion, tentatively defined as
the length within which its height profile differs from the normal one, is estimated
to be 0.5 nm. Meanwhile, the dI/dV profile indicates that the modulation of the
electronic structures spreads up to 1.3 nm (the value of 4σ, where σ is the standard
deviation of the fitted Gaussian function) across the protrusion. This demonstrates
the propagation of the electronic-structure modulation outside the protrusion, about
three times wider than its width. A similar discussion can be applied to the point
defect: the electronic structures across the defect are modulated over 1.1 nm, almost
three times wider than the defect size of 0.4 nm as shown in Fig. 5.3(d). Note that,
also in a vertical direction from a defect center to the top/bottom of Fig. 5.3(a), the
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electronic structures differ from those of the defect-free surface over ∼ 1.3 nm (not
shown here).

The observations above could explain the observed large drop in the Mspin val-
ues for the disordered samples. The atomic-defect sample contains ∼ 10 % of the
disordered area within the surface. Assuming an isotropic electronic-structure mod-
ulation expanding from the defect, most of the Fe atoms at the surface could elec-
tronically differ from those of the defect-free Fe2N. If the Mspin value distributed
from nearly zero at the defect center to an ideal one for the Fe2N far enough from
the defect, the atomic-defect sample could have the observed Mspin value on aver-
age. The less-ordered sample, whose surface is mostly composed of the disordered
structures, would suffer a further decrease in the magnetic moment. Therefore, the
coexistence of such magnetically-weak Fe atoms near the defect could explain the
non-linear dependence of the Mspin values on the Rorder. This gives an important
conclusion that the perfect lattice ordering in an atomic scale, beyond the resolution
of macroscopic structural characterizations, is indispensable to obtain monolayer
Fe2N with an ideal magnetic moment.

5.4 Conclusion
We have conducted a detailed study on the impact of the atomic defects on the
surface electronic structures of the monolayer Fe2N on Cu(001). The degree of
the surface lattice ordering showed large dependence on the annealing temperature,
and the weakly-annealed samples contained a fraction of the structural disorder.
The amount of the disorder could not account for the sudden drop of the Mspin

value, especially observed in the atomic-defect sample. The atomically-resolved
STS measurements could reveal the modulation of the surface electronic structures
in a large area around the defect, which possibly explains the observed deterioration
of the sample ferromagnetism. The present work establishes the importance of a
microscopic structural characterization to discuss 2D ferromagnetism, which stems
from ideal atomic/spin structures and thus can be easily modulated by structural
perturbation even in an atomic scale.



Chapter 6

Thickness-dependent electronic and
magnetic properties of γ′-Fe4N
multilayers on Cu(001)

6.1 Introduction
Iron nitrides, especially in iron-rich phases, have been under intense research due to
the strong ferromagnetism and interest in its physical origin [37, 101]. The difficulty
in obtaining a single phase has been a long-standing problem for ferromagnetic
iron nitrides, to hinder fundamental understanding of intrinsic physical properties
[102–104]. Recently, the successful epitaxial growth of single-phase ferromagnetic
γ′-Fe4N has been reported on various substrates, which helps to comprehend a cru-
cial role for the hybridization between Fe and N states in the ferromagnetism of
γ′-Fe4N [43, 44, 105–109]. The robust Fe-N bonding also renders an Fe2N layer
strongly two-dimensional [19], which possibly facilitates a layer-by-layer stack-
ing of γ′-Fe4N on metals. This contrasts with the case of elemental 3d transition
metals (TMs) deposited on 3d TM substrates, in which inevitable atom intermix-
ing and exchange of constituents prevent the formation of ordered overlayers [110–
112]. Therefore, the investigation into the electronic and magnetic states of γ′-Fe4N
atomic layers can not only elucidate the layer-/site-selective electronic and magnetic
states of γ′-Fe4N, but unravel the origin of the strongly thickness-dependent physi-
cal properties in a thin-film limit of 3d TM ferromagnets [29–36].

Here, we report two growth modes of γ′-Fe4N/Cu(001) depending on prepa-
ration methods. The scanning tunneling microscopy/spectroscopy (STM/STS) ob-
servations indicated a successful growth of ordered trilayer γ′-Fe4N, without ex-
tra nitrogen bombardment onto the existing structures. X-ray absorption spec-
troscopy/magnetic circular dichroism (XAS/XMCD) measurements revealed the
thickness dependence of the magnetic moments of Fe atoms, the origin of which

35
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was well explained by the first-principles calculations. Based on an atomically-
resolved structural characterization of the system, the layer-by-layer electronic and
magnetic states of the γ′-Fe4N atomic layers have been understood from both ex-
perimental and theoretical points of view.

6.2 Experiment
A clean Cu(001) surface was prepared by repetition of sputtering with Ar+ ions
and subsequent annealing at 820 K. Iron was deposited at room temperature (RT)
in a preparation chamber under an ultrahigh vacuum (UHV) condition (< 1.0 ×
10−10 Torr), using an electron-bombardment-type evaporator (EFM, FOCUS) from
a high-purity Fe rod (99.998 %). The STM measurements were performed at 77
K in UHV (< 3.0 × 10−11 Torr) using electrochemically etched W tips. The dif-
ferential conductance dI/dV was recorded for STS using a lock-in technique with
a bias-voltage modulation of 20 mV and 719 Hz. The XAS and XMCD measure-
ments were performed at BL 4B of UVSOR-III [59, 61] in a total electron yield
(TEY) mode. The degree of circular polarization was ∼ 65 %, and the x-ray propa-
gation vector lay within the (11̄0) plane of a Cu(001) substrate. All the XAS/XMCD
spectra were recorded at ∼ 8 K, with external magnetic field B up to ±5 T applied
parallel to the incident x-ray. The symmetry and quality of the surface were also
checked by low energy electron diffraction (LEED) in each preparation chamber.
First-principles calculations were performed within the density functional theory in
the local density approximation [113], using a self-consistent full-potential Green
function method specially designed for surfaces and interfaces [114, 115].

6.3 Results and Discussion

6.3.1 Monolayer and bilayer-dot γ′-Fe4N
Monolayer Fe2N on Cu(001) was prepared prior to any growth of multilayer γ′-
Fe4N by the following cycle: N+ ion bombardment with an energy of 0.5 keV to
a clean Cu(001) surface, subsequent Fe deposition at RT, and annealing at 600 K.
Note that the monolayer Fe2N is identical to Fe4N on Cu(001) in a monolayer limit,
and thus referred to as also ”monolayer γ′-Fe4N” hereafter. A topographic image of
the sample after one growth cycle is shown in Fig. 6.1(a). The monolayer γ′-Fe4N
is formed on the Cu terraces at ∼ 0.85 ML coverage. An atomically-resolved image
of that surface displayed in Fig. 6.1(b) reveals a clear dimerization of the Fe atoms,
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Figure 6.1: (Color online) Topography and atomic structure of the monolayer γ′-Fe4N on
Cu(001). (a) Topographic image (100×50 nm2, sample bias Vs = +1.0 V, tunneling current
I = 0.1 nA) of the monolayer γ′-Fe4N on Cu(001). White lines represent step edges of the
Cu(001) terraces. Color contrast is enhanced within each terrace. (b) Close view (2.5×2.5
nm2, Vs = 0.25 V, I = 45 nA) of the surface Fe2N layer. The dimerization of Fe atoms is
indicated by encirclement. (c) LEED pattern obtained with an incident electron energy of
100 eV. (d) Bulk crystal structure of γ′-Fe4N. A dotted parallelogram represents an Fe2N
plane. (e) Atomic structure of the monolayer γ′-Fe4N on Cu(001). (f) Schema illustrating
p4g(2 × 2) reconstruction in the surface Fe2N layer of γ′-Fe4N. Arrows indicate the shift
of the Fe atoms from an unreconstructed c(2 × 2) coordination (dotted circles). For (d) to
(f), large blue (yellow) and small red spheres represent Fe (Cu) and N atoms, respectively.
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typical of ordered γ′-Fe4N on Cu(001) [38, 97]. A LEED pattern of the surface is
shown in Fig. 6.1(c), which exhibits sharp spots with the corresponding p4g(2× 2)

symmetry. It is known that [38–40, 97] the topmost layer of the γ′-Fe4N on Cu(001)
always consists of the Fe2N plane in a bulk Fe4N crystal shown in Fig. 6.1(d). A
schematic model of the monolayer γ′-Fe4N is given in Fig. 6.1(e), composed of a
single Fe2N plane on Cu(001). Accordingly, the surface Fe2N plane takes recon-
struction to the p4g(2×2) coordination [38], in which the Fe atoms dimerize in two
perpendicular directions as illustrated in Fig. 6.1(f).

After repeating the growth cycles, we found a new structure different from the
monolayer γ′-Fe4N. Figure 6.2(a) displays the surface after two growth cycles in
total, namely, another cycle of the N+ ion bombardment, Fe deposition, and anneal-
ing onto the existing monolayer γ′-Fe4N surface. Then, the surface becomes mostly
covered with the monolayer γ′-Fe4N, which contains a small number of bright dots.
For a structural identification of these dots, we measured atomically-resolved topo-
graphic images and line profiles at different Vs as shown in Fig. 6.2(b) and 6.2(c).
The dot structure imaged at Vs = −0.1 V reveals the dimerization of the Fe atoms
as the monolayer γ′-Fe4N surface. This indicates that the topmost part of the dot
consists of the reconstructed Fe2N. At positive Vs of +0.1 V, in contrast, the dot is
recognized as a single protrusion both in the topographic image and line profile,
while the surrounding monolayer γ′-Fe4N still shows the Fe dimerization. This
implies the different electronic structure of the dot compared to the monolayer γ′-
Fe4N, which comes from the difference in a subsurface atomic structure.

The observed height difference between the dot and the monolayer γ′-Fe4N
ranges from 4 to 10 pm depending on Vs. These values are in the same order of
a lattice mismatch between the bulk crystals of the γ′-Fe4N/Cu(001) (380 pm) and
Cu(001) (362 pm) [38], but an order of magnitude smaller than the lattice con-
stant of the γ′-Fe4N/Cu(001). This suggests that the topmost layer of the dot is not
located above the monolayer γ′-Fe4N surface, but shares the Fe2N plane with. Fur-
thermore, the bright dot is composed of only four pairs of the Fe dimer as imaged in
Fig. 6.2(b), indicating that the difference in the atomic and/or electronic structures
is restricted within a small area. Considering the above, it is most plausible that one
Fe atom is embedded just under the surface N atom at the dot center, and thus a
bilayer γ′-Fe4N dot is formed as schematically shown in Fig. 6.2(d). This structure
corresponds to a minimum unit of the bilayer γ′-Fe4N on Cu(001).

This bilayer dot formed clusters by a further repetition of the growth cycles.
Figure 6.3(a) shows an enlarged view of the iron-nitride surface after two growth
cycles. The coverage of the dot is estimated to be ∼ 5 % of the entire surface. An-
other growth cycle onto this surface led to an increase in a dot density up to ∼ 40
%, as shown in Fig. 6.3(b). However, further repetitions of the cycles resulted in
neither a considerable increase in the dot density nor the formation of a continuous
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Figure 6.2: (Color online) Topography of the bilayer γ′-Fe4N dot on Cu(001). (a) Topo-
graphic image (120×60 nm2, Vs = −0.1 V, I = 0.1 nA) of the monolayer (darker area)
and dot-like bilayer γ′-Fe4N on Cu(001). White lines represent step edges of the Cu(001)
terraces. Color contrast is enhanced within each terrace. (b,c) Upper panels: Atomically-
resolved topographic images (7×3 nm2, I = 2.0 nA) taken at (b) Vs = −0.1 V and (c)
+0.1 V. Lower panels: Height profiles measured along lines indicated in the upper panels.
(d) Proposed atomic structure of the bilayer-dot γ′-Fe4N on Cu(001). Large blue (yellow)
and small red spheres correspond to Fe (Cu) and N atoms, respectively.
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Figure 6.3: (Color online) Topographic images (15×15 nm2) of the surface after repetition
of (a) two and (b) three growth cycles. The set point is (Vs, I) = (+0.25 V, 5.0 nA) for (a)
and (+0.1 V, 3.0 nA) for (b).

bilayer film. This can be attributed to an inevitable sputtering effect in every growth
cycle: an additional N+ ion bombardment to the existing surface not only implanted
N+ ions but also sputtered the surface, which caused the loss of the iron nitrides al-
ready formed at the surface, as well as the increase in the surface roughness.

To compensate this loss of surface Fe atoms by the sputtering effect, we also
tried to increase the amount of deposited Fe per cycle. Nonetheless, the number of
Fe atoms, which remained at the surface after annealing, did not increase possibly
because of the thermal metastability of Fe/Cu systems [116–119]. The isolated Fe
atoms without any bonding to N atoms were easily diffused and embedded into the
Cu substrate during the annealing process. As a result, only the imperfect bilayer
γ′-Fe4N was obtained through this method.

6.3.2 Trilayer γ′-Fe4N film
Multilayer γ′-Fe4N films were obtained by the following procedure. First, the
monolayer γ′-Fe4N was prepared on Cu(001) as above. Then, 2 ML Fe was de-
posited under N2 atmosphere (5.0×10−8 Torr)1 at RT, and the sample was annealed

1We checked the ionization of nitrogen molecules/atoms without bombardment using an ion gun.
The ion flux monitored for the Fe evaporator increased in proportion to the rise in the N2 pressure,
far below the parameters at which Fe started to be evaporated. This indicates the ionization of the
N2 molecules and/or N atoms around the evaporator possibly by thermal electrons created inside it.
Then, the N+ and N+

2 ions could reach to the surface together with the evaporated Fe atoms, or iron
nitride was already formed before landing.
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Figure 6.4: (Color online) Topography of the trilayer γ′-Fe4N film on Cu(001). Topographic
images (100×100 nm2) after (a) two and (b) three cycles of the Fe deposition under N2 at-
mosphere and subsequent annealing onto the monolayer γ′-Fe4N on Cu(001). The setpoint
is I = 0.1 nA, Vs = −0.1 V for (a) and -0.05 V for (b). White lines indicate step edges
of the Cu terraces. Color contrast is enhanced within each terrace. (c) Atomically-resolved
topographic image (4×4 nm2, I = 5.0 nA, Vs = −0.1 V) of the trilayer γ′-Fe4N surface.
An inset represents a LEED pattern of the sample shown in (b), obtained with an incident
electron energy of 100 eV. (d) Height profile measured along the line indicated in (b). (e)
XAS edge jump spectra of the trilayer (solid) and monolayer (dotted) samples at the Fe and
Cu L edges. The intensity is normalized to the Cu edge jump. (f) Atomic model expected
for the trilayer γ′-Fe4N on Cu(001). Blue (yellow) large and red small spheres represent Fe
(Cu) and N atoms, respectively.
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at 600 K. Figures 6.4(a) and 6.4(b) show topographic images after two and three
above mentioned cycles, respectively. In the images, the coverage of new bright
area, different from the imperfect bilayer dot, monotonously increases with repeat-
ing the cycles. A close view of that new surface is displayed in Fig. 6.4(c), revealing
the dimerized (or even c(2×2)-like dot) structures. Because a LEED pattern shown
in the inset of Fig. 6.4(c) exhibits the p4g(2 × 2) symmetry without extra spots,
the topmost layer of this surface is composed of the reconstructed Fe2N plane [97].
Therefore, these observations suggest that the new area would consist of γ′-Fe4N
other than both of the monolayer and bilayer dot.

In order to determine the structure of this newly obtained γ′-Fe4N, a typical
height profile of the surface was recorded as shown in Fig. 6.4(d). It is clear that
the new structure is higher than both the Cu surface and the surface including the
monolayer/dot-like bilayer γ′-Fe4N. This suggests that the new area is composed of
γ′-Fe4N thicker than bilayer. Quantitative information on the thickness of the new
structure could be obtained from Fe L (2p → 3d) edge jump spectra shown in Fig.
6.4(e), whose intensity is roughly proportional to the amount of surface/subsurface
Fe atoms. The sample prepared in the same procedure as that shown in Fig. 6.4(b)
reveals an edge jump value of 0.32, while the monolayer γ′-Fe4N 0.122. Consider-
ing that the new area occupies ∼ 60 % of the entire surface as deduced from Fig.
6.4(b), the thickness of this γ′-Fe4N must be less than quadlayer to meet the ex-
perimental edge jump value of 0.32 (See Appendix C). Hence, the newly obtained
structure is identified as a trilayer γ′-Fe4N film. An atomic structure expected for
the trilayer γ′-Fe4N on Cu(001) is presented in Fig. 6.4(f). The growth without any
ion bombardment to the monolayer surface possibly stabilizes the subsurface pure
Fe layer, which could promote the formation of the trilayer γ′-Fe4N film in a large
area.

Finally, let us mention another growth method of the γ′-Fe4N film. We pre-
viously report a possible layer-by-layer growth of the γ′-Fe4N atomic layers on
Cu(001), by the N+ ion bombardment with a relatively low energy of 0.15 kV [45].
This soft implantation of N+ ions successfully avoids extra damage to the existing
γ′-Fe4N structures during the repetition of the growth cycles. The reported different
electronic/magnetic states could then originate from the difference in the fabrication
processes. Another finding is that, in the current study, only the monolayer and tri-
layer γ′-Fe4N could be obtained in a continuous film form. This implies that an
Fe2N-layer termination would be preferable through the present methods, possibly
due to the metastability of an interface between Cu and pure Fe layers [116–119].

2The amount of the Fe atoms detected in the edge-jump spectra was smaller than that expected
from the initially deposited ones. This implies that a certain amount of Fe atoms, not participating
in forming any γ′-Fe4N structures, was embedded into the Cu substrate during annealing, at least
several nms (probing depth in the TEY mode) below the surface.
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6.3.3 Electronic and magnetic properties of γ′-Fe4N atomic lay-
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Figure 6.5: (Color online) Surface electronic structures of the γ′-Fe4N on Cu(001). Ex-
perimental dI/dV spectra recorded above the trilayer (solid) and monolayer (dotted) γ′-
Fe4N surfaces are presented. The dI/dV intensity is arbitrary. A STM tip was stabilized
at Vs = +1.0 V, I = 3.0 and 7.0 nA for the trilayer and monolayer surfaces, respectively.
Gray lines are guide to the eye.

The surface electronic structures of γ′-Fe4N showed large dependence on the
sample thickness. Figure 6.5 displays experimental dI/dV spectra measured on
the surfaces of the trilayer and monolayer γ′-Fe4N. The peaks located at Vs ∼
+0.20, +0.55, and +0.80 V, mainly originating from the unoccupied states in the
down-spin band characteristic of Fe local density of states (LDOS), are observed
for both the trilayer and monolayer surfaces. A significant difference between the
spectra is a dominant peak located around Vs = −50 mV observed only for the
trilayer surface. This peak possibly originates from the LDOS peak located around
E − EF = −0.2 eV, calculated for the Fe atoms not bonded to N atoms in the sub-
surface Fe layer [corresponding site of Fe4 shown in Fig. 6.7(b)]. Because of the
d3z2−r2 orbital character, this peak could be dominantly detected in the STS spec-
trum for the trilayer surface. Thus, the appearance of this additional peak could
support the different subsurface structure of the trilayer sample, especially, the ex-
istence of the subsurface Fe layer proposed above.

The entire electronic and magnetic properties of the sample, including both
surface and subsurface information, were investigated by using XAS and XMCD
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Figure 6.6: (Color online) Thickness-dependent electronic and magnetic properties of the
γ′-Fe4N atomic layers on Cu(001). (a) Upper panels: XAS spectra under B = ±5 T of
the trilayer (left) and monolayer (right) samples in the grazing (top) and normal (bottom)
incidence. Lower panels: Corresponding XMCD spectra in the grazing (solid) and normal
(dotted) incidence. All the spectra are normalized to the Fe XAS L-edge jump. (b) Upper
[lower] panel: Experimental spin [orbital] magnetic moment in the grazing (circle) and
normal (square) incidence plotted with respect to the Fe L-edge jump values. The edge
jump values of 0.12 and 0.32 correspond to those of the monolayer and trilayer samples,
respectively. Dotted lines are guide to the eye. Error bars are indicated to all the data,
and smaller than the marker size if not seen. (c) Magnetization of the monolayer sample
recorded in the grazing (circle and line) and normal (square) incidence. A dotted line is
the guide to the eye. An inset shows an enlarged view of the curve recorded in the grazing
incidence.
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techniques at the Fe L2,3 (2p1/2,3/2 → 3d) absorption edges. Figure 6.6(a) shows
XAS (µ+, µ−) and XMCD (µ+ − µ−) spectra under B = ±5 T of the trilayer
and monolayer samples in the grazing (θ = 55◦) and normal incidence (θ = 0◦).
Here, µ+ (µ−) denotes a x-ray absorption spectrum with the photon helicity parallel
(antiparallel) to the Fe 3d majority spin, and an incident angle θ is defined as that
between the sample normal and incident x-ray. The trilayer (monolayer) sample
was prepared in the same procedure as that shown in Fig. 6.4(b) [Fig. 6.1(a)]. It is
clear that the XMCD intensity is larger in the trilayer one, indicating an enhance-
ment of magnetic moments with increasing thickness.

For a further quantitative analysis on the magnetic moments, we applied XMCD
sum rules [49, 50] to the obtained spectra and estimated spin (Mspin) and orbital
(Morb) magnetic moments separately. Note that the average number of 3d holes
(nhole) of 3.2 was used in the sum-rule analysis, which was estimated by comparing
the area of the experimental XAS spectra with that of a reference spectrum of bcc
Fe/Cu(001) (nhole = 3.4) [47]. The thickness dependence of the Mspin and Morb

values is summarized in Fig. 6.6(b). The value of Mspin increases monotonously
with increasing the Fe L-edge jump value, namely, an average sample thickness,
and finally saturates at ∼ 1.4 µB/atom in the trilayer sample (corresponding edge
jump value of 0.32). The change in Morb is not so systematic relative to Mspin,
however, the Morb values seem to be enhanced in the grazing incidence. This im-
plies an in-plane easy magnetization of the γ′-Fe4N atomic layers on Cu(001), also
consistent with the previous reports on the γ′-Fe4N thin films on Cu(001) [44, 45].
Figure 6.6(c) shows magnetization curves of the monolayer sample, whose inten-
sity corresponds to the L3-peak XAS intensity normalized to the L2 one. The curve
recorded in the normal incidence shows negligible remanent magnetization. On the
other hand, that in the grazing one draws a rectangular hysteresis loop, which con-
firms the in-plane easy magnetization. The coercivity of the monolayer sample is
estimated to be ∼ 0.05 T at 8.0 K, larger than ∼ 0.01 T for 5 ML Fe/Cu(001) [33],
∼ 1 mT for 5 ML Fe/GaAs(100)-(4×6) [120] and the 30 nm thick γ′-Fe4N film [44]
at RT.

6.3.4 Theoretical analysis on the electronic and magnetic states
of γ′-Fe4N atomic layers on Cu(001)

The observed thickness dependence of the magnetic moments can be well under-
stood with a help of first-principles calculations. Figures 6.7(a) and 6.7(b) show
layer-resolved DOS of the monolayer and trilayer γ′-Fe4N on Cu(001), respec-
tively. Here, non-equivalent Fe sites in each layer are distinguished by different
numbering. In particular, the Fe atoms at the Fe3 (Fe4) site in the trilayer γ′-Fe4N
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Figure 6.7: (Color online) Layer-by-layer electronic states of the γ′-Fe4N atomic layers on
Cu(001). Calculated layer-resolved DOS projected to each 3d orbital of the (a) monolayer
and (b) trilayer γ′-Fe4N on Cu(001). The DOS in the up-(down-) spin band is shown at
upper (lower) panels. Note that the states with dyz and dzx orbitals are degenerated for the
Fe3 and Fe4 sites in (b).
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Table 6.1: Calculated atomic magnetic moments of the Fe atoms at each site (in units of
µB/atom). The site notation is the same as that used in Fig. 6.7.

Surface Fe2N Subsurface Fe Interfacial Fe2N
Fe1 Fe2 Fe3 Fe4 Fe5 Fe6

Monolayer 1.1 1.1 - - - -
Trilayer 1.8 1.8 2.0 3.0 0.62 0.62

correspond to those with (without) a bond to N atoms3. In Table 6.1, calculated val-
ues of an atomic magnetic moment Matom, corresponding to Mspin + Morb along the
easy magnetization direction, are also listed. In the monolayer case, the calculated
Matom is 1.1 µB/atom, which is in perfect agreement with the experimental value.
This supports an ideal atomic structure of our monolayer sample.

Interestingly, the value of Matom for the Fe atoms in the monolayer γ′-Fe4N is
more than 1.5 times smaller than that in the topmost layer of the trilayer one (1.83
µB/atom). In comparison with the DOS shown at the top of Fig. 6.7(b), the impact
of the hybridization with the Cu states on the Fe DOS can be seen in Fig. 6.7(a):
First, the DOS in the up-spin band, especially with d3z2−r2 and dyz orbitals, becomes
to have a tail toward a higher-energy side across the EF. This change deviates the
3d electrons in the up-spin band from a fully-occupied nature. Moreover, the spin
asymmetry of the occupied 3d electrons, the difference between the electron occu-
pation into each spin band normalized by the sum of them, reduces especially for
the DOS with dxy, d3z2−r2 and dyz orbitals. These changes could decrease Mspin of
the Fe atoms. Note that the similar reduction in the magnetic moments of 3d TMs
due to the hybridization with Cu states is reported, for example, in Ref. 121, 122.

Then, by comparing two different Fe2N interfaces with the Cu substrate, it turns
out that Matom of the monolayer γ′-Fe4N (1.1 µB/atom) is almost twice compared to
that of the trilayer one (0.62 µB/atom). In the monolayer case, the Fe2N layer faces
to a vacuum and the Fe atoms are under reduced atomic coordination. This results
in the narrower band width, and thus the DOS intensity increases in the vicinity of
EF. Accordingly, a larger exchange splitting can be possible and the spin asymme-
try of the occupied 3d electrons increases as shown in Fig. 6.7(a), compared to the
interfacial Fe2N layer of the trilayer γ′-Fe4N [bottom panel of Fig. 6.7(b)]. This
leads to larger magnetic moments at the surface. As a result, the competition be-
tween the enhancement at the surface and the decrease at the interface would make
Matom values quite layer-sensitive.

In the subsurface Fe layer of the trilayer γ′-Fe4N, the value of Matom becomes
largest due to the bulk coordination of the Fe atoms. Especially the Fe atoms not

3The difference of DOS between (Fe1, Fe2) in the monolayer γ′-Fe4N, (Fe1, Fe2) and (Fe5, Fe6)
in the trilayer one is just a switch of the orbital assignment between dyz and dzx. Therefore, the DOS
of Fe2 in the monolayer γ′-Fe4N, Fe2 and Fe6 in the trilayer one is not presented here.
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bonded to the N ones possess Matom of 3.0 µB/atom, which is comparable to the
values of Fe atoms at the same site in the bulk γ′-Fe4N [37]. Consequently, by av-
eraging the layer-by-layer Matom values of the trilayer γ′-Fe4N, the total magnetic
moment detected in the XMCD measurement is expected to be 1.7 µB/Fe, with the
electron escape depth taken into account (See Appendix C). Considering the com-
position expected to the trilayer sample, this value can well explain the experimental
one of ∼ 1.5 µB/Fe.

The theory also demonstrates the direction of an easy magnetization axis. The
in-plane easy magnetization of our γ′-Fe4N samples was confirmed by the magne-
tization curves as well as the incidence dependence of the Morb value. In contrast,
the pristine ultrathin Fe films, which form either fct or fcc structures on Cu(001),
show uncompensated out-of-plane spins over a few surface layers [36, 123]. This
shift of magnetic anisotropy by nitridation can be understood from the orbital-
resolved Fe DOS shown in Figs. 6.7(a) and 6.7(b). Unlike the pure Fe/Cu(001)
system [124], the occupation of 3d electrons in states with out-of-plane-oriented or-
bitals (dyz, dzx, d3z2−r2) is considerably larger than that with in-plane-oriented ones
(dxy, dx2−y2). This could make Morb prefer to align within a film plane, resulting in
the in-plane magnetization of the system [125].

6.4 Conclusion
In conclusion, we have conducted a detailed study on the growth, electronic and
magnetic properties of the γ′-Fe4N atomic layers on Cu(001). The ordered trilayer
film of γ′-Fe4N can be prepared by the Fe deposition under N2 atmosphere onto
the existing monolayer surface. On the other hand, the repetition of the growth cy-
cles including the high-energy N+ ion implantation resulted in the imperfect bilayer
γ′-Fe4N. The STM and STS observations revealed the change in the surface topog-
raphy and electronic structures with increasing the sample thickness. The XAS and
XMCD measurements also showed the thickness dependence of the spectra, and
the corresponding evolution of the Mspin values. All the thickness dependence of
the electronic and magnetic properties is well explained by the layer-resolved DOS
calculated using the first principles. Structural perfection of the system makes it
possible to fully comprehend the layer-by-layer electronic/magnetic states of the
γ′-Fe4N atomic layers.



Appendix

A Simulation of simple broadening for surface wave
functions

In the STM observation, two adjacent objects imaged at short tip-surface distance
usually appear to be broader structures when the tip is sufficiently far from the sur-
face. This is due to simple broadening of LDOS distribution, accompanied by the
decay of the surface wave functions. Here, we check the possibility that the ob-
served tunneling-current dependence of the line profiles can be explained by this
kind of simple broadening. As a first approximation, we use a summation of Gaus-
sian functions fG to reproduce six peaks observed in the line profiles at higher I . A
numerical expression fprofile is given in the following form,

fprofile (x, xh, σh, xl, σl) = Ah{fG (x, xh, σh) + fG (x,−xh, σh)

+fG (x, 2xl − xh, σh) + fG (x,−2xl + xh, σh)}
+Al {fG (x, xl, σl) + fG (x,−xl, σl)} , (6.1)

where fG (x, x0, σ) =
1√
2πσ2

exp

[
−(x− x0)2

2σ2

]
,

xh (xl), σh (σl) and Ah (Al) are a center position, standard deviation and nor-
malization coefficient of the Gaussian functions corresponding to four higher- (two
lower-) intensity peaks in the line profiles, respectively. First, to analyze the charge
distribution without considerable decay, the experimental line profile at I = 45 nA
is fitted to Eq. (6.1). Thus simulated profile (solid line) is shown in the top panel
of Fig. 6.8(a), well reproducing the experimental one (open circles). Note that all
the profiles in Fig. 6.8(a) are normalized to the peak intensity, and dashed (dot-
dashed) curves correspond to the first four (last two) terms in Eq. (6.1). Parameters
extracted from the fitting are summarized in Table 6.2. Hereafter, for considering
the decay of the surface wave functions at longer distances, only σh and σl are in-
creased to the same extent, with xh and xl fixed. In Fig. 6.8(a), one can see that
sharp peaks, recognized in the top panel, gradually become blunt with a broadening
of the Gaussian functions, and finally form almost one broad structure at the center,
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Table 6.2: Results of the fitting for the experimental line profile at I = 45 nA.

xh (Å) σh (Å) xl (Å) σl (Å)
1.0 0.60 3.4 0.41

as shown in the bottom. A series of broadened line profiles is shown in the left
of Fig. 6.8(b), in comparison with the current dependence of the experimental ones
(the same in the manuscript). It is obvious that an increase in the σ value renders the
simulated profiles deviated from the experimental ones, in terms of the width of the
peak structures and relative peak intensities. Note that these discrepancy cannot be
compensated even if different decay speeds are assumed for the Gaussian functions
with σh and those with σl. Therefore, the simple broadening of the surface wave
functions can be ruled out from a possible reason for the observed image change.
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Iσ

Figure 6.8: Demonstration of simple broadening of the charge density. (a) Simulated line
profiles (solid) with (σh, σl) = (0.60, 0.41), (0.70, 0.52), (0.80, 0.61), and (1.1, 0.90),
from the top to the bottom, respectively. Each profile is decomposed into four (two) equal
Gaussian functions indicated by dashed (dot-dashed) curves. Open circles in the top panel
correspond to the experimental line profiles at I = 45 nA. (b) Simulated (experimental) line
profiles are shown in the left (right). From the top to the bottom, σ (I) values become large
(low).
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B Estimated values of work function

Table 6.3: Values of work function Φ estimated for various pairs of I and Vs. Corresponding
d values are also shown.

I (nA) 45 30 20 3.0 1.0 0.5 0.5 0.1
Vs (V) 0.25 0.4 0.5 0.2 0.2 0.25 0.5 0.25
d (Å) 2.6 2.9 3.2 3.6 4.0 4.4 4.8 5.1
Φ (eV) 5.52 5.42 5.43 5.61 5.57 5.52 5.41 5.56

All the measured I-z curves could be fitted to a single exponential function fol-
lowing Simmons’ rule [77]. In Table 6.3, we summarize values of the work func-
tion Φ estimated from the fitting of several experimental I-z curves. No systematic
change of the Φ value is observed depending on the combination of I and Vs, and
also on d. As a result, a small variation in Φ allowed us to assume the constant Φ
for the estimation of d.

C Conversion of XAS edge jump values to the thick-
ness of γ′-Fe4N

The escape probability of electrons from inside a sample to a vacuum depends on
the depth at which the electrons are excited. For a numerical interpretation of the
XAS edge jump, the following factors should be mainly considered in principle:
the penetration length of an incident x-ray (λx) and electron escape depth (λe), both
energy-dependent. In the case of a few atomic layers of 3d transition metals, the
attenuation of the incident x-ray intensity is almost negligible because λx is orders
of magnitude longer than the sample thickness [99]. Therefore, in the present case,
only the electron escape probability at the depth z from the surface, namely, a factor
of exp (−z/λe) is taken into account. As for the λe value of Fe, 17 Å was tentatively
assumed in our analysis, which is experimentally determined for Fe thin films [99].
Then, based on the experimental Fe (N) edge jump values of 0.12 (0.015), those for
the full-coverage dot-like bilayer, trilayer, and quadlayer γ′-Fe4N on Cu(001) are
calculated as summarized in Table 6.4.



C. Conversion of XAS edge jump values to the thickness of γ′-Fe4N 53

Table 6.4: Experimental and calculated Fe (N) edge jump values for the monolayer, dot-
like bilayer, trilayer, and quadlayer γ′-Fe4N on Cu(001). In the calculation, each γ′-Fe4N is
assumed to have the atomic structure presented in the text and fully cover the entire surface.
For the quadlayer one, an Fe2N/Fe2/Fe2N/Fe2/Cu(001) structure is assumed.

Fe edge jump N edge jump
Experiment Calculation Experiment Calculation

Monolayer 0.12 (exp.) 0.015 (exp.)
Bilayer dot - 0.19 - 0.015

Trilayer 0.32 0.40 0.032 0.034
Quadlayer - 0.57 - 0.034





Summary

In conclusion, we have investigated electronic and magnetic structures of the γ′-
Fe4N atomic layers on Cu(001). The important findings are summarized in the
following.

1. Surface electronic structures of the monolayer γ′-Fe4N/Cu(001)
Due to the large hybridization between the Fe and N states in the γ′-Fe4N,
the decay of the states at the surface into the vacuum strongly depends on
the orbital character. This contrasts with the case of elemental 3d systems
in which the surface states with particular orbitals dominate the vacuum, and
thus no variation is expected for topographic images. The first experimental
demonstration of the orbital-selective tunneling process in STM also links
the two different images previously reported for the surface with the same
symmetry [38, 45].

2. Ferromagnetism of the monolayer γ′-Fe4N/Cu(001)
The values of the spin magnetic moment estimated from the XMCD measure-
ments show large dependence on the degree of surface lattice ordering, which
cannot be distinguished by macroscopic structural characterizations. Due to
the Fe-N hybridization and strong two dimensionality of the system, the elec-
tronic states of the monolayer γ′-Fe4N/Cu(001) could take on itinerancy. This
renders the ferromagnetism of the system sensitive to the structure even in an
atomic scale, which possibly explains the small magnetic moment previously
reported within the macroscopic observations [45].

3. Thickness dependence of the electronic/magnetic properties
With the increase of the average sample thickness from monolayer to trilayer,
the change in the surface electronic structures as well as the enhancement in
the values of the spin magnetic moment has been observed. This clearly orig-
inates from the difference in the subsurface layers, especially the stabilization
of the subsurface Fe layer in the trilayer γ′-Fe4N. The layer-resolved DOS
calculated by the first principles perfectly explains the experimental results,
in terms of the interface sensitive magnetic moments of the Fe atoms.
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Overall, the atomically-resolved observation on the sample atomic structure turns
out to be indispensable for investigating the physical properties intrinsic to the γ′-
Fe4N atomic layers. The present study demonstrates a close interplay between the
microscopic atomic structure and the electronic/magnetic properties of the system,
by combining the complementary multiple methods.

The new observations here can also be a guide to the future experiments. The
variation in the STM topographic images depending on the tip-surface distance was
considered negligible so far. However, the present results establish the importance
of the tip-surface distance as a measurement parameter, to be taken into account
especially in the STM measurements on multielement/complex surfaces. Utilizing
the orbital-dependent decay length could then pave the new way to experimentally
identify the orbital character of the states decaying into the vacuum by detailed
STM/STS experiments. It is also revealed that, for the systems with itinerant elec-
tronic states, the defect in an atomic level largely affects the surrounding electronic
structures. The impact of the atomic-scale disorder on the thin-film ferromagnetism
was previously underestimated, but the characterization from both microscopic and
macroscopic points of views would be necessary for the quantitative discussion on
ferromagnetism particularly in an atomic-layer limit.

Finally, we briefly mention future prospects. The γ′-Fe4N/Cu(001) is a unique
monolayer 3d ferromagnet on a metallic substrate and has a robust structure toward
external perturbations such as the tip-induced force, oxidization, or contamination.
That means, the present system will be a good template to investigate an intrinsic
interaction between an adsorbate and ferromagnetic substrate; in particular, com-
paring the results with those on a common monolayer insulator of Cu2N/Cu(001)
with similar c(2 × 2) symmetry [126, 127], the role of a ferromagnetic interaction
on physical properties including magnetic anisotropy, life time of magnetization,
or Kondo effect could be understood. Furthermore, spin-polarized STM measure-
ments [128] would give the additional information on the electronic and magnetic
structures of the γ′-Fe4N/Cu(001): the orbital-selective tunneling process possibly
shows clear difference with respect to the spin channel, and the spin polarization
around the atomic defect could inform the in-plane spin-dependent decay length of
the ferromagnetic interaction.
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[64] S. Heinze, S. Blügel, R. Pascal, M. Bode, and R. Wiesendanger, Phys. Rev.
B 58, 16432 (1998).

[65] E. J. van Loenen, J. E. Demuth, R. M. Tromp, and R. J. Hamers, Phys. Rev.
Lett. 58, 373 (1987).



REFERENCES 63

[66] G. M. Rutter, N. P. Guisinger, J. N. Crain, E. A. A. Jarvis, M. D. Stiles, T. Li,
P. N. First, and J. A. Stroscio, Phys. Rev. B 76, 235416 (2007).

[67] G. Doyen, D. Drakova, J. V. Barth, R. Schuster, T. Gritsch, R. J. Behm, and
G. Ertl, Phys. Rev. B 48, 1738 (1993).
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F. Ciccacci, Phys. Rev. B 81, 115450 (2010).

[72] A. Tange, C. L. Gao, B. Y. Yavorsky, I. V. Maznichenko, C. Etz, A. Ernst, W.
Hergert, I. Mertig, W. Wulfhekel, and J. Kirschner, Phys. Rev. B 81, 195410
(2010).

[73] T. Woolcot, G. Teobaldi, C. L. Pang, N. S. Beglitis, A. J. Fisher, W. A. Hofer,
and G. Thornton, Phys. Rev. Lett. 109, 156105 (2012).

[74] S. Driver and D. Woodruff, Surf. Sci. 442, 1 (1999).

[75] F. Komori, S. Ohno, and K. Nakatsuji, Prog. Surf. Sci. 77, 1 (2004).

[76] L. Gerhard, T. K. Yamada, T. Balashov, A. F. Takacs, R. J. H. Wesselink, M.
Dane, M. Fechner, S. Ostanin, A. Ernst, I. Mertig, and W. Wulfhekel, Nat.
Nano. 5, 792 (2010).

[77] J. G. Simmons, J. Appl. Phys. 34, 1793 (1963).

[78] B. J. van Wees, H. van Houten, C. W. J. Beenakker, J. G. Williamson, L. P.
Kouwenhoven, D. van der Marel, and C. T. Foxon, Phys. Rev. Lett. 60, 848
(1988).

[79] C. Julian Chen, Introduction to Scanning Tunneling Microscopy (Oxford
University Press, 1993).

[80] S. F. Alvarado, Phys. Rev. Lett. 75, 513 (1995).



64 REFERENCES
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Rev. Lett. 104, 096804 (2010).

[88] J. Haskins, A. Knac, C. Sevik, H. Sevinçli, G. Cuniberti, and T. Çağn, ACS
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