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Chapter 1. General Introduction

1.1 Background

Catalysts are indispensable for the chemical industry. The discovery of for new catalyst

are a foundation of the new chemical industry. Catalysts are used not only for the efficient

synthetic purposes but also for the reduction of harmful by-products which causes environ-

mental pollution. The importance of catalyst is increasing.

Atomic level catalyst characterization reveals the catalytic mechanisms and clarifies how

the molecules activate and react to the catalyst. This knowledge is the basis of the devel-

opment of new catalytic materials and improving the catalytic properties. Understanding

the active structure on the surface and its local electronic state is the key for realizing the

ideal catalyst which greatly contributes to environmental and economic problems. However,

analysis methods for acquiring the localized surface and interface structures, which relate to

the physical and chemical properties, are not established.

In this dissertation, I will demonstrate the applied usage of photoelectron diffraction, spec-

troscopy and X-ray absorption spectroscopy using our originally developed analysis method

for catalyst characterization. Among the materials, I have studied two state-of-the-art mate-

rials expected to become next generation devices and catalysts, graphene and Ni2P, because

the fundamental physical and chemical properties of these materials are not known. As a

result, I achieved new findings in five topics through my Ph.D study.
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1.1.1 Graphene

A. K. Geim and K. Novoselov of University of Manchester succeeded in the isolation of

monolayer graphite by exfoliating crystalline graphite using Scotch tapes in 2004, and won the

Nobel prize in 2010 within several years of the discovery. The existence of monolayer graphite

had been predicted and named as “graphene”, which is a combination of graphite and the

suffix “-ene”. Graphene has been attracting much interest (44,000 hits when searching the

word, “graphene” in THOMSON REUTERS, “web of knowledge” as of December 18, 2013)

because of its distinctive band structure, Dirac cone and physical properties. Recently, the

usage of graphene is expected as a substrate for catalysts by supporting metal nano-particle.

The investigation of the surface and interface structures, which have distinctive physical

properties, are crucial areas.

The size of exfoliated graphene is limited to small sizes of less than 1000 µm2, because the

films are produced mostly by exfoliating graphite, which is not scalable technique. However,

the electron mobility shows the highest value as more than 150,000 cm2/Vs. Graphene

has also been synthesized by a surface precipitation process of carbon in some transition

metals such as Cu and Ni. However, the mobility remains at only 4,000 cm2/Vs. The most

preferential method in industrial processes is heat decomposition of SiC substrate under low

pressure. The desorption of Si from SiC surface produces epitaxial-graphene with dimensions

dependent upon the wafer size. The termination of the SiC surface, Si- or C-faces, and the

interaction with the interface structure highly influenced the physical properties, electron

mobility and growing process at earlier stages. However, the subsurface atomic structure is

still controversial.
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Photoelectron from a localized core-level is an excellent element-selective probe for surface

structure analysis. In this dissertation, I have characterized each stage of thermal graphiti-

zation of the 4H-SiC(0001) substrate by photoelectron diffraction.
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1.1.2 Ni2P catalyst for hydrodesulfurization reaction

The development of new catalysts plays an important role in the discovery and improve-

ment of processes for the conversion of energy, the production of chemicals and the elimi-

nation of harmful materials from industrial products. In the past decades, there have been

great advances in the areas of automotive emission control, fine chemical production, syn-gas

conversion and oxidative transformations, thanks to the development of new catalysts [1, 2].

One of the most considerable advances in the last 10 years of catalyst development is hy-

droprocessing. This reaction has been the result of stricter global environmental laws for the

allowed sulfur content in petroleum feedstock. The catalysts help to decrease the exhausting

of sulfide and nitrogen oxides, which are the reasons for acid rainfall and atmosphere pollution

[3, 4]. These trends have led to worldwide research along the development of better catalysts

for hydrodesulfurization (HDS) and hydrodenitrogenation (HDN) reactions [5]. Figure 1.1

shows the typical HDS reaction of thiophene, (C4H4)-S. These sulfides are separated into

Fig. 1.1. The scheme of typical hydrodesulfurization reaction of thiophene.

carbon hydride and H2S in the petroleum processing. However, this process is heavy bur-

den for efficient industrial production because enormous amounts of catalysts and time are

necessary. Hence, a new series of catalysts, which will solve economic and environmental

problems, are necessary.

Current approaches include the improvement of conventional sulfide catalysts such as Ni-

MoS and CoMoS and the investigation of new compounds such as bimetallic carbides [6],

4



nitride [7], and noble metals such as Pt and Pd [8]. These studies report on a novel class

of catalyst materials which promise to be the next generation of catalysts. The materials

are transitional metal phosphides (TMPs), a group of stable, sulfur-resistant, metallic com-

pounds that have a remarkable hydroprocessing properties. Recent studies have revealed

that MoP [9–12], WP [13], Ni2P and Co2P [14–16] are highly active for HDS and HDN of

petroleum feedstocks. Among the TM phosphides studied so far, Ni2P has been found to

have outstanding performance in simultaneous HDN and HDS with higher activity than ex-

isting promoted sulfides [17]. As a prelude to future investigations of the chemical properties

of model Ni2P surfaces, characterization studies using single-crystalline Ni2P surfaces must

be undertaken.
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1.2 Details of atomic level characterization method

1.2.1 Photoelectron diffraction

A knowledge of the atomic identities, positions, and bonding mechanisms within several

layers of the surface, which plays a fundamental role in the understanding of surface prop-

erties for catalyst and device usages, has been essential so far. This implies knowing the

atomic arrangements, including bond directions, bond distances, site symmetries, coordina-

tion numbers, and the degree of both short-range and long-range periodicity present in the

surface terminated region. A number of surface structure analyses have been developed and

conducted in recent years in an attempt to provide this information. Each of these methods

has certain unique advantages and disadvantages, and they are often complementary to one

another.

When the light is incident into the material, photoelectron is emitted from the surface

under the vacuum atmosphere. By analyzing the kinetic and photon energies of the pho-

toelectron, photoelectron spectroscopy (PES) spectra are obtained. In the one electron ap-

proximation, PES spectra are considered as the density of states. Therefore, one can obtain

the surface chemical state and its reactivity from the PES spectra. According to the energy

conservation theorem, the photon energy hν, the binding EB and the kinetic Ek energies of

the photoelectron are defined as the following,

hν = Ek + EB + Φ (1)

where Φ indicates the work function of the analyzer. In this thesis, this model was used for
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understanding the process of PES.

Photoelectron diffraction (PED) is a local atomic structure analysis method which involves

exciting a core-hole photoelectron from an atom in a single-crystalline environment and then

observing modulations in the resulting peak intensities that are due to final-state scattering

from the scatterer atoms neighboring the emitter atom. The photoelectron direct wave Ψ0

exhibits interference from various scatterer waves Ψs, and this interference pattern, photo-

electron intensity angular distribution (PIAD), is analyzed to derive structural information.

As shown in the schematic diagram of photoelectron diffraction (Fig. 1.2), the higher-order

diffraction rings (DRs) appear around the 0th diffraction, the forward focusing peak (FFP).

The phenomena of photoelectron diffraction |I(θ, ϕ)|2 is described as,

|I(θ, ϕ)|2 = |Ψ0 + Ψs|2 = |Ψ0|2 + |Ψ∗
0Ψs + Ψ∗

sΨ0| + |Ψs|2 (2)

where FFP and DR components are explained as |Ψs|2 + |Ψ∗
0Ψs + Ψ∗

sΨ0| and |Ψ∗
0Ψs + Ψ∗

sΨ0|,

respectively. The opening angle θ of DR has the relation with the interatomic distance shown

with the following equation,

kR(1 − cos θn) = 2πn + ∆, n = 1, 2, 3, · · · (3)

where k, R and ∆ are the wave number, the interatomic distance and the phase shift effect

which was scattered by the atom. Thus the direction and distance of the surrounding atoms

seen from the emitter atom can be directly deduced from the direction of FFP ad the opening

angle of DR, respectively. The advantages of PED is the element specific probe of short-range
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by the selective detection of photoelectrons with the corresponding binding energy. Each type

of local structures in a sample can be studied, and they have unique diffraction signatures

associated with the neighboring atoms around it.

The first observations of strong diffraction effects in X-ray photoelectron emission from

single-crystal substrates were achieved by Siegbahn et al. [18] and by C. Fadley and S. A.

L. Bergstorm [19] in the 1970s using hard X-ray energies. The use of such effects at lower

energies to determine surface structures was predicted by Liebsch. [20, 21] The quantitative

experimental surface structure studies were initiated by Kono et al. [22, 23] Woodruff et

al. [24], and Kevan et al. [25] in the late 1970s. The appearance of synchrotron radiation

added the capability of varying the photon energy continuously and of studying the depen-

dence of the diffraction on polarization in the 1980s [26]. The application of the various

data acquisition modes to well-defined systems as well as to more complex overlayered struc-

tures is demonstrated. In particular, the potential of PED in structural determination of

molecular adsorbate and multi-site overlayer systems[27] is emphasized. Thus, Nihei et al

insisted that PIAD can be used in a “fingerprint” manner, when preferential substitution or

adsorption of atoms occur. In the late 1980s, the first PED observation of Pt nano-particles

on a single-crystalline TiO2 substrate as a model catalyst was reported, and the structural

model of Pt nano-particles based on the (111) surface of the face-centered cubic (fcc) crystal

was clarified[28, 29]. PED has been becoming more widely used to study surface atomic

geometries (2,035 hits when searching the word, “photoelectron diffraction” in THOMSON

REUTERS, “web of knowledge” as of January 8, 2014).

The progress in our laboratory has been playing an important role in the study of PED.

In 1993, Daimon et al. firstly observed the strong circular dichroism of photoelectron by
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the circularly-polarized light excitation [30]. The FFP in the PIAD rotate clockwise and

counterclockwise when the helicity of incident light is reversed. They also clarified the relation

between the azimuthal rotational shift of FFP ∆ϕ and the interatomic distance R [30, 31],

∆ϕ = tan−1 m

kR sin2 θ
. (4)

This is the equation that shows the direction of the FFP for the photoelectron with an

angular momentum m. This phenomenon is helpful to measure a three-dimensional surface

structure directly because this pattern tells us the bond length as well as the direction

through the FFP. As the actual example of application, Kato et al. clarified the B-dopant

site in a superconductive diamond by PED [32]. This achievement insisted that PED has

a possibility for applying to the diluted materials less than several percentages. Matsui et

al. developed new analysis method “diffraction spectroscopy” for detecting the electronic

structure which directly relates with the local site or surface structure [33]. This method

insists that PED can also be applied the catalyst, magnetic and device related materials

for the layer-resolved and site-selective electronic structure analysis. In this dissertation, I

applied photoelectron diffraction spectroscopy method for catalyst characterization to observe

the catalytic properties at the local atomic sites.

Theoretical calculations have been helpful in the interpretation of PIAD [23, 34]. To date,

several kinds of simulation packages, such as “Multiple Scattering Calculation of Diffraction

(MSCD)”, “Electron Diffraction in Atomic Clusters (EDAC )” [35], “Yet Another Single

sCattering program (YASC )”, and TMSP [36–38] have been developed but their usage is

complementary to each other. In this study, TMSP was used because this program has
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higher accuracy than the others. Complex calculations including polarization dependency and

infinite multiple-scattering are available. Figure 1.3 illustrates the kinetic energy dependence

of the relevant elastic-scattering factors for the case of Ni-Ni bonding of 2.58Å with curves

of the plane-wave scattering amplitude |I(θ, ϕ)|2 as a scattering polar angle θ and the kinetic

energy of 50, 80, 90, 100, 600, and 1000 eV. The calculation was performed using the multiple

scattering pattern code, TMSP developed by Dr. Matsushita [36–38]. For low energies

below 100 eV, it is clear that there is high amplitude for scattering into all angles. For the

intermediate energy at 600 eV, it is a reasonable approximation to only think of FFP at

θ = 0◦. However, at the highest energy, 1000 eV, the scattering amplitude is significant only

in the forward direction, in which it is strongly peaked. The relation between the degree of

FFP and kinetic energy was successfully reconstructed.

A three-dimensional atomic image reconstruction algorithm from electron holography

based on Fourier transformation was proposed by Barton [39]. Atomic image reconstructions

using an experimental electron hologram were also developed [40, 41]. However, Barton’s

algorithm causes an atomic position shift because it ignores the strong phase shift effect [42]

and forward focusing effect by electron scattering. I used the scattering pattern extraction

algorithm using maximum entropy method (SPEA-MEM), which was not based on Fourier

transform [36–38, 43, 44]. This algorithm used the scattering pattern function as a basis

function and the maximum entropy method for the fitting procedure.
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Fig. 1.2. The schematic diagram of photoelectron diffraction.
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Fig. 1.3. Simulated polar angle dependence of scattering cross section for forward focusing
peak (FFP) and diffraction ring (DR) excited at several kinetic energies by TMSP .
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1.2.2 Display-type spherical mirror analyzer

Since establishing several kinds of spectroscopic analysis in solid surface physics, electron

analyzers have been playing an important role. In fact, development of equipment directly

relates to the progress of this area of study. There are three types of electron analyzers in

general use for detecting solid angles, with each approach having its own set of advantages

and disadvantages. The angle resolved type detects only a narrow range and measures the

emission angle dependence. The angle integral type detects of a very wide range at one time

and measures the density of electronic states. The two-dimensional display type measures the

angular distribution of a very wide range at one time using a two-dimensional detector. Angle

resolved and integral types most commonly use a concentric hemispherical analyzer (CHA)

and cylindrical mirror analyzer (CMA), respectively. They achieve an efficient bright signal

detection because double focusing of photoelectrons emitted from a wide area is realized.

The cylindrical mirror analyzer (CMA) has served as the analytical foundation for the ma-

jority of operation Auger electron spectrometers since its analytical utility was first described

by Palmberg et al. in the last 1960s [45]. The CMA is used when it is not important that

the highest resolution be achieved and when the highest throughput is desired. For example,

CMA is routinely used if chemical state information is not required. The CMA design, with

its compact size, high sensitivity, energy resolution better than ∆E/E=0.1% [46], wide ac-

ceptance angle of 0.5π steradian [47], and convenient working distance, is advantageous as a

standard Auger electron spectroscopy analyzer. However, it is not a suitable application for

PED because CMA is not good for angle-resolved analysis.

The concentric hemispherical analyzer (CHA) is currently the most popular electron en-
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ergy analyzer for electron spectroscopy. The analyzer consists of two concentric hemispheres

capable of resolving the electron’s energy momentum simultaneously. The CHA has a much

better inherent energy resolution than any of the other analyzer designs. This can be an ad-

vantage for angle-resolved photoelectron spectroscopy measurements. The acceptance angle

of the previous CHA was only ±1◦ (solid angle is 0.0003π steradian) to improve the angular

resolution. However, the state-of-art CHA analyzer, R4000 Wide Angle Lens (WAL) pro-

duced by VG SCIENTA, improved the analytical efficiency such as a wider acceptance angle

of ±15◦, the best angular resolution of 0.1◦, and a convenient working distance of 34 mm [48].

PHOIBOS 150 WAL manufactured by SPECS also has cutting edge performance with a wide

acceptance angle of 60◦, fine angular resolution of 0.5◦, and a convenient working distance

of 27.75 mm [49]. The PED measurements consume a lot of time because the distribution

is measured step-wise for each azimuthal θ and polar ϕ angle. In the PED measurement, a

high angular resolution and wide acceptance angle are desired.

A display-type analyzer was first invented by Eastman et al. in 1980 [50], and the PIAD of

a interest kinetic energy became visible with wide acceptance angle of ±45◦ (0.6π steradian)

at the same time. The analyzer consists of an ellipsoidal grid, ellipsoidal mirror, and six

spherical grids. In spite of its importance, the system is not popular at present because

the its ellipsoidal structure is hard to construct. A computer-aided conversion process is

necessary because the obtained PIAD is distorted.

In 1988, PIAD was efficiently measured by display-type spherical mirror analyzer (DI-

ANA) which was invented by Daimon [51–53]. DIANA has several advantages for obtaining

PIAD which improved on Eastman type. One important is that the angle of emission and

detection of photoelectrons is exactly parallel, and PIAD is not distorted. Another is that
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the acceptance angle is very wide. Hence, the PIAD obtained using DIANA can be analyzed

directly without any computer-aided conversion processes. Figure 1.4 shows the schematic

view of DIANA. It consists of a hemispherical grid (G), obstacle rings (Ob) and guard ring

(Gd). The electronic field inside the electrodes G, Ob and Gd is spherically symmetric with

respect to the center of the analyzer. The guard rings are used to correct possible fringe field.

The orbit of the emitted electrons from the sample are subjected to this field after passing

through G and converge exactly to the exit aperture (A) with keeping emission angle from

the sample surface. A is located at the symmetric position of the sample with respect to the

center of analyzer. Ob acts an essential role to cut unnecessary electrons which has higher

kinetic energy than pass energy. An electron having a little outside locus and hit into the

electrodes and absorbed or scattered and hardly passes A. Thus the Ob works as “low-pass

filter”. On the other hand, retarding grid (R) works as a “high-pass filter” which retards

the electrons having lower kinetic energies than the applied potential. The electrons passed

through A and R are amplified by a pair of microchannel plates (MCPs) and converted by

the fluorescent screen to the light pulses which can be detected by a CCD camera (Sensi

cam-QE made by PCO imaging). Thus, the two-dimensional distribution without any dis-

tortion. The acceptance cone of the analyzer can cover the angular spread up to ±80◦, but

the region covered by a MCP is limited to about ±60◦.

The performance of first version DIANA was not satisfactory with respect to the energy

resolution and angular resolution to execute a highly accurate measurement. Therefore, the

advanced DIANA [53] was constructed at a very high resolution soft x-ray beamline, BL25SU

of SPring-8, Japan [54] in 2001. The size of the analyzer was twice enlarged from 150 mm of

the radius of previous analyzer to 300 mm. Number of Ob rings were increased from 26 to
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260, and the shaping accuracy was intended to be within 50 µmm because the radii of Ob is

very sensitive to the energy resolution. The performance of present DIANA is that energy

resolution, angle resolution and the acceptance angle of DIANA are 0.3%, ±0.5◦ and ±60◦,

respectively.

The BL25SU of SPring-8 [54] supplies completely right or left circularly-polarized light on

a common axis of a twin helical undulator to achieve the atomic stereography experiment [55].

A monochrometer with varied-line-spacing plane grating is installed to cover the region below

1.5 keV. I used the Au-coating SiC-made grating with 300 slits by holographic processing

to obtain the higher intensity than the others. A helicity modulation up to 10 Hz can be

performed using kicker magnets. I used 0.1 Hz modulation because the several seconds of

acquisition time is necessary for PED experiment.

These state of art facilities such as DIANA and circularly polarized soft X-ray are helpful

for studying the PES experiment. I concentrated on the experiment and analysis.
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Fig. 1.4. The schematic diagram of display-type spherical mirror analyzer (DIANA). G, Ob,
A, R and MCP indicate the hemispherical grid, obstacle rings, aperture and micro-channel-
plate, respectively.
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A two-dimensional photoelectron spectroscopy (2D-PES) station is shown in Fig. 1.5. A

2D-PES station is composed of three kinds of vacuum chambers for measurement, sample

preparation, and load lock. Measurement and sample preparation chambers maintain an

ultra-high vacuum condition of less than 3 × 10−8 Pa by using a turbo molecular pump

(TMP), a dry pump (DP), an ion pump (IP) and a titan sublimation pump (TSP). The

airlock chamber is evacuated by TMP and DP, and attached with differential pumping line

to the main manipulator. The vacuum degree is evaluated using a nude ion gauge (NIG).

The preparation chamber is equipped with two kinds of manipulators which are facing each

other, a film thickness monitor, a RHEED system including electron gun and fluorescent

screen, an evaporator, an ion gun for sputtering, and a gas line. Manipulators, equiped with

our laboratory-made sample receptor, utilizes a set of current injection and K-type thermo-

coupling lines. Hence, fine controlled sample preparation including annealing and depositing

are available.
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Fig. 1.5. The schematic diagram of a two-dimentional photoelectron spectroscopy (2D-PES)
station. TMP, DP, IP, TSP, NIG indicate turbo molecular pump, dry pump titan sublimation
pump and nude ion gauge, respectively.
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1.3 Purpose of this dissertation

Photoelectron diffraction is an ideal technique for characterizing the surface structure with

element and site selectively. A number of catalyst surface structure analyses dependant on

photoelectron diffraction has been reported but its usage has been limited for only structure

analysis. Recently, our applied photoelectron diffraction, such as photoelectron holography

and diffraction spectroscopy techniques, succeeded in analyzing the layer-resolved atomic

structure analysis [56] and clarifying the relation between atomic and electronic structures

[33]. Hence, the development of catalyst analysis dependant on photoelectron diffraction

and a related technique using practical materials has the possibility to clarify the relation

between the surface structure and catalytic properties.

This dissertation is composed of five chapters including the demonstration of photoelectron

diffraction ability for catalyst characterization and application for newly developed surface

phases which strongly relates to real catalyst studies. In chapter 1, I will demonstrate

the effective photoelectron diffraction through layer-resolved atomic and electronic structure

analysis at each stage of graphene formation on a SiC(0001) surface. Furthermore, new

analytical routine for clarifying the relation between atomic and electronic structures will

develop through the disentanglement of site specific X-ray absorption spectroscopy for a

Ni2P surface in chapter 2. Chapter 3 and 4 will be the applied usage for studying the

surface structure and catalytic properties parallel to state-of-the-art research in real catalyst

development through alloying. Finally, chapter 5 will reveal the future usage of photoelectron

diffraction as a major catalyst characterization through the study of poly-crystalline surfaces

which duplicated the real catalyst surface and the catalytic property at each crystal grain.
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Fig. 1.6. Flow chart of this dissertation. The purpose and the relation among each chapter
are shown.
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Chapter 2. Local atomic configuration of graphene, buffer

layer and precursor layer on SiC(0001) by

photoelectron holography

The layer-specific atomic structure of the 4H-SiC(0001) surface at each stage of single-layer

graphene formation was studied by photoelectron diffraction. 2π-steradian C 1s photoelec-

tron intensity angular distributions (PIADs) excited by circularly-polarized soft X-ray were

measured. Taking the photoelectron inelastic mean free path into account, we have sepa-

rated C 1s PIADs for graphene overlayer together with interface buffer layer beneath it and

precursor layer, (6
√

3 × 6
√

3)-R30◦, from that of the SiC substrate. Clear diffraction rings

due to the intra-layer C-C bond scattering of graphene were observed. The forward focusing

peaks indicating the directions of the neighboring atoms seen from the C atoms directly

bonded to the SiC substrate were observed for the case of the precursor and interface buffer

layers. Furthermore, local atomic configuration of precursor layer and single layer graphene

with buffer layer were reconstructed by photoelectron holography. The stacking registry of

graphene on buffer layer was determined to be AB type. Core-level chemical shifts for each

layer was deduced by taking an advantage of FFP as an excellent site selective prove.
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2.1 Introduction

Graphene, a single-layer carbon network arranged in a honeycomb lattice, is expected to

be a material for next generation device [1]. Epitaxial growth by the thermal decomposition

of SiC substrate is a promising method for fabricating high quality and uniform graphene.

To clarify the mechanism of graphene formation and determine the surface atomic arrange-

ments at each stage, various kinds of surface analyses have been performed. Early studies

have revealed that the SiC(0001) surface at graphitization precursor stage is terminated by

graphite-like structure covalently bonded to the SiC substrate with (6
√

3 × 6
√

3)-R30◦ peri-

odicity (hereafter the precursor layer) [2–5]. Further Si elimination leads to the formation of

single-layer graphene (SLG) on C-rich buffer layer [4–7]. Interaction of the buffer layer with

graphene as well as with the substrate greatly affects the electronic properties of graphene

[8]. Characterization for the buried layer is a key for improving the performance of graphene

device. However, the subsurface atomic structure of SLG has been still controversial.

Two neighboring C atoms of a crystalline graphite with Bernal (AB) stacking are in-

equivalent, which leads to the observations of a triangular lattice by scanning tunneling mi-

croscopy (STM) and three-fold symmetric low-energy electron diffraction (LEED) patterns.

The STM atomic images [9–12] as well as LEED patterns [13, 14] of the bilayer graphene on

the SiC(0001) surfaces are also three-fold symmetric suggesting that the two graphene sheets

are in the relation of Bernal stacking. However, the observed STM images [9–12] and LEED

patterns [13, 14] were six-fold symmetric in the case of SLG on the buffer layer. These ob-

servations have been regarded as the indication of SLG decoupled from the substrate. Riedl

et al. demonstrated that the precursor and buffer layers can be decoupled from the sub-
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strate and transformed to single and bilayer graphenes by hydrogen intercalation breaking

Si-C bonds in reversible manner [15]. This demonstration suggests the conservation of the

Bernal-like registry of SLG on graphite-like buffer layer, while some STM and LEED works

proposed AA stacking model [12, 14]. Most of theoretical works assumed or predicted AB

stacking model as the favorable structure for the registry of SLG on the graphite-like buffer

layer [16–20], but the direct experimental determination is not yet achieved.

STM investigations have given insights into the lateral atomic arrangement of subsurface

at precursor stage [21, 22]. Structures assigned to Si adatom and trimers were proposed at

the buried interface. Hass et al. supported this Si adatom model based on the atomic density

depth analysis of the graphene/4H-SiC(0001) interface by surface X-ray reflectivity (XRR)

measurements [6]. Norimatsu et al. measured cross-sectional images of interface using high-

resolution transmission electron microscopy (TEM). They proposed a C-terminated interface

model in addition to bulk-SiC [23]. The local atomic configuration at interface strongly

depend on the surface preparation applied and is still unclear, which is essential for under-

standing electronic properties. However, the subsurface information from TEM and XRR

methods are averaged along beam incident direction or within lateral plane, respectively.

Three-dimensional local atomic configuration has not been obtained.

Photoelectron from a localized core level is an excellent element-selective probe for sur-

face structure analysis [24]. Forward focusing peaks (FFPs) appearing in the photoelectron

intensity angular distribution (PIAD) indicate the directions of surrounding atoms seen from

photoelectron emitter atom [25]. The atomic distance between the emitter and scatterer

atoms can be deduced from the circular dichroism shift of FFP position [25–27] as well as

from the opening angles of diffraction rings (DRs) appearing around the FFP [27, 28]. Roth
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et al. have revealed the local corrugated subsurface boron nitride layer structure as well as

the free-standing-like graphene overlayer on the Cu(111) surface using photoelectron diffrac-

tion (PED) [29]. We have demonstrated that the stacking orientations of exfoliated bilayer

graphene flakes can be determined by using PED [30].

Recently, de Lima et al. have measured and separated C 1s PIADs from graphene and

precursor layers on SiC(0001) by chemical-specific PED approach [31]. They evaluated long

range order ripple amplitude of precursor layers and suggested just one type of hybridization

for local buckling structure. Furthermore, they proposed rather flat structure model for the

buffer layer. Actually, the buffer layer consists of various types of hybridization, i.e. sp2, sp3

and the intermediates [15, 32, 33]. However, their detection range did not include any FFP,

which is most sensitive signal for local structure.

Alternative approach for layer-resolved analysis is by differentiating a series of PED data

at the subsequent graphitization stages. Matsui et al. have succeeded in the atomic-layer-

resolved analysis of Ni thin film by differentiating a series of PED from wedged thickness

film [34]. In this study, we have characterized each stage of thermal graphitization of the

4H-SiC(0001) substrate by the similar approach. Site-specific PIADs were deduced by con-

sidering emission angle dependence of escape depth and subtracting the substrate signal

intensity. Furthermore, we succeeded in obtaining the local atomic arrangement images of

SLG as well as buffer and precursor layers by photoelectron holography reconstruction.
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2.2 Experimental details

A catalyst-referred etching (CARE) single-crystalline 4H-SiC(0001) wafer (N-doped, 0.02

Ω·cm) with an on-axis oriented Si face (0±0.5◦ off) was used as the substrate [35, 36]. This

wafer has an atomically flat and damage-free surface with a terrace width of 300-500 nm.

Hattori et al. reported a recipe to obtain a large scale uniform graphene by annealing this

substrate in ultrahigh vacuum (UHV) without using Si flux method during thermal epitaxial

growth [37]. This specially treated sample is a solution for the graphene fabrication at much

lower temperature than the conventional procedure without Si flux or Ar atmosphere. The

systematic comparison of annealing effect by eliminating the Si flux procedure parameter

during the epitaxial growth was achieved. The number of graphene layer on CARE-SiC can

be easily controlled as function of annealing temperature and duration. They confirmed the

changes of the surface structure on the CARE-SiC(0001) substrate from (1×1) to (
√

3×
√

3)-

R30◦ with increasing annealing temperature. The (6
√

3×6
√

3)-R30◦ precursor layer structure

appeared at further 900◦C annealing.

In this study, we also prepared the samples step by step in a same manner. All experi-

ments were performed at the circularly-polarized soft-X-ray beamline BL25SU at SPring-8,

in Japan [38]. The sample preparation chamber attached directly to two-dimensional display-

type spherical mirror analyzer (DIANA) and is equipped with reflection high-energy electron

diffraction (RHEED) system. The sample was annealed by direct current injection after

installing into UHV chamber with a base pressure of less than 3×10−8 Pa. The surface

structure was monitored by RHEED. When annealing temperatures were raised every 200◦C

from room temperature up to 600◦C, (1×1) spots originated from the SiC surface remained.
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The annealing at 800◦C for 10 min gave 6
√

3 spots originated from the graphene precursor

layer. Further annealing at 1000◦C for 10 min made the dilution of 6
√

3 spots, which is

strong indication of the formation of graphene on the SiC substrate [3, 5, 17]. These results

are consistent with the previous reports [37].

PIAD from the sample at a specific kinetic energy is most efficiently measured using

DIANA [39–41]. A two-dimensional angular distribution snapshot of a specific kinetic energy

electron can be measured [25, 42–46]. The acceptance angle of the analyzer is ±60◦. Light

was incident from the direction 45◦ inclined from the analyzer center. The emission angle

θ dependence from 0 to 90◦ relative to the surface normal is measured simultaneously. A

2π steradian PIAD was obtained by scanning the sample azimuth for 360◦ [47, 48]. The

helicity (σ±) of monochromatized circularly-polarized soft X-ray was altered by switching

the path of storage ring electrons in twin helical undulators at 0.1 Hz [49]. The photon

energy resolution was better than 100 meV. The total acquisition time for a pair of 2π-

steradian PIADs excited by σ+ and σ− helicity lights was 1 hr. All data were measured at

room temperature. Electric vector was in-plane, thus core level was excited at completely

s-polarized geometry. Diffraction rings and some interference patterns originated from in-

plane structure become dominant. The energy window width of DIANA was set to 1 eV for

spectoscopy measurements, while it was set to 40 eV for PIAD measurements, to achieve the

best energy and angular resolution, respectively. All PIADs obtained with the photoelectron

kinetic energy of 800 eV, and displayed in stereo projection.
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2.3 Results and discussion

The chemical composition at each stage of graphitization were characterized by constant-

final-state-mode two-dimensional photoelectron spectroscopy. Photoelectron kinetic energy

was fixed at 800 eV, while photon energy was scanned from 800 eV to 1160 eV, so that we

can detect C 1s and Si 2p core-level at the same kinetic energy. Thus the probing depth for

each emission angle were kept constant for different binding energy photoelectron. Figure 2.1

shows the signal intensity ratio of C 1s over Si 2p for different annealing temperatures and

emission angle ranges θ. The photoionization cross section was considered [50]. Normal and

grazing emission angle spectra were sensitive to bulk and surface, respectively. The ratio did

not change up to the annealing temperature of 600◦C. This indicates the surface composition

of the substrate was maintained below this temperature. On the other hand, at 800◦C, the

ratio of C 1s over Si 2p intensity at grazing angle emission was larger than that of normal

emission. This implies that Si was eliminated from the SiC surface and C-rich surface was

formed on the SiC substrate. The carbon overlayer thickness on the SiC surface at 1000◦C

annealing was estimated by following Starke and Riedl’s angular-resolved XPS analysis [51].

The value was 0.34 ± 0.02 nm, which is close to the interlayer distance in graphite (0.335

nm), suggesting that the surface covered with SLG was obtained [52].
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Fig. 2.1. The signal intensity ratio of C 1s over Si 2p deduced from constant-final-state-mode
angle-resolved photoelectron spectra for different annealing temperatures.
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Figures 2.2(a) and 2.2(b) are measured PIAD and the corresponding local structure model

from hydrogen terminated SiC surface, respectively. Two PIAD images using σ+ and σ−

helicity lights are superimposed. When excited with σ+ helicity light, diffraction patterns

rotate clockwise (red), while they rotate counterclockwise (blue) when excited with σ− helicity

light [25–27]. Red and blue arrows indicate the directions of the first neighboring Si1 atoms

and the second neighboring Cβ atoms seen from the emitter Cα atom. FFP positions in the

PIAD are indicated by opened marks with corresponding colors in Fig. 2.2(a). The local

structure is three-fold symmetric but the observed PIAD was six-fold symmetric. This is

because of the coexisting two mirrored terrace at the surface due to the stacking faults of

4H-SiC(0001) substrate. The FFP positions, diffraction patterns and their circular dichroism

were basically similar to the previously measured C 1s PIAD from the 6H-SiC(0001) surface

[26].

In the precursor layer PIAD shown in Fig. 2.2(c), six bright spots at vicinity of ⟨112̄0⟩

directions newly appeared in addition to the SiC bulk PIAD pattern. Three of them were

marked with green opened circle. They are assigned to the FFPs emitted from the Cγ

atom directly bonded with the SiC substrate to the first neighboring Cδ atoms. The FFP

circular dichroism rotational shift of 2.4◦ correspond to the nearest C-C distance [25]. As

the precursor structure grows on the SiC substrate, the substrate signal contrast appearing

at around the surface normal direction in PIAD becomes smaller.

In Fig. 2.2(e), six clear DRs around the polar angle region of 55 ∼ 86◦, which are basically

similar with that of single-crystalline graphite, were observed in addition to Fig. 2.2(c). From

our previous study [27], these clear DRs at the kinetic energy of 800 eV were attributed to

the second neighboring atoms from the emitter Cϵ atom. The opening angle of DR (28.8◦)
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matched with that of graphite (28.5◦) within error bar. Clear circular dichroism shift at

vicinity of ⟨112̄0⟩ directions due to rotational shift of DRs were observed. These characteristic

structure strongly suggests the formation of flat graphene lattice having weak interaction

with substrate. Moreover, the signal contrast of the SiC substrate appearing at the normal

direction region in Fig. 2.2(e) became even more smaller than that of the precursor layer

structure in Fig. 2.2(c).
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Fig. 2.2. (a) Measured 2π-steradian C 1s photoelectron intensity angular distribution (PIAD)
from the 4H-SiC(0001) substrate terminated with hydrogen together and (b) structure model.
Dotted lines indicate

{
1120

}
planes. (c) and (d) Measured PIAD and model for (6

√
3 ×

6
√

3)-R30◦ precursor layer. (e) and (f) Measured PIAD and model for single-layer graphene
(SLG) terminated surface. Dashed arc indicates the diffraction ring (DR) originated from the
scattering by the in-plane second nearest C atoms of graphene. Each PIAD was obtained with
the kinetic energy of 800 eV and displayed in stereo projection. Each colored arrow indicates
the direction of the forward focusing peak from each emitter atom to the surrounding atom.
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The observed PIADs shown in Fig. 2.2 are the superpositions of PIADs from each photo-

electron emitter site. Here we show that the PIADs from the precursor layer and SLG with

buffer layer can be deduced by subtracting the SiC substrate signal intensity. The inelastic

mean free path lengths of the photoelectron, λ, determined using Tanuma et al.’s equation

were 1.93 and 1.55 nm in the SiC substrate and graphene layer, respectively [53]. The in-

terlayer distance between the SiC bulk top and the precursor layer was assumed to be the

bulk Si-C covalent bond length of d=0.189 nm, while graphite interlayer distance of d=0.335

nm was used for that between graphene and buffer layer [52]. The intensities of substrate

decrease by factor of C(θ) defined in the following equation.

C(θ) = exp(− d

λ cos θ
). (5)

C(0◦) of the SiC substrate are estimated to be 0.89 under the precursor layer and 0.71 under

SLG and buffer layer. C(θ) decreases as the polar angle θ increases.

Figures 2.3(a) and (b) show 2π-steradian C 1s PIADs from the precursor layer and SLG

together with buffer layer by subtracting the SiC substrate PIAD shown in Fig. 2.2(a) from

PIADs shown in Fig. 2.2(c) and 2.2(e), respectively. The PIADs excited by σ+ and σ− helicity

light were averaged, so that the circular dichroism effect of FFP rotation were eliminated in

order to identify the exact orientation. In Fig. 1.3(a), six broad FFPs appeared in Fig. 2.2(c)

can be identified more clearly. The observed FFPs were broad along the polar angle direction.

This feature indicates that the vertical distribution of the surrounding atom around the

emitter atom in the precursor layer. To estimate the distribution, the polar intensity profiles

of the FFPs marked with bars in Fig. 2.3(a) and 2.3(b) were analyzed as shown in Fig. 2.3(c).
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Note that the emission polar angle was corrected by considering refraction effect due to the

difference between the vacuum level and inner potential. Therefore signal intensity at the

vicinity of horizontal direction is lacking. The red solid line (A) indicates the signal intensity

profile of the FFP from the precursor layer. The FFP intensity was distributed within the

polar angle of 72∼82◦ with a peak at 75◦ and a shoulder around 80◦. These angles correspond

to the hybridization bond angle for the local buckling structure which were reported in

the previous studies [31]. The maximum buckling angle from the horizontal direction was

determined to be 15◦ (θ=75◦). Therefore, the buckling width was determined to be 0.037 nm

by considering the neighboring C-C atom distance for ideal graphite value of 0.142 nm. The

observed angles were smaller than that for the bulk Si-C sp3 bond with the angle of 19.5◦

from the horizontal direction. The C atom intermediate rehybridization between sp2 and sp3

takes place to make the bond with the SiC substrate.

As shown in Fig. 2.3(b), the DR intensities from SLG marked with double dash line

appeared in the PIAD. The width of double dash lines indicate the half-maximum full-width

of Gaussian of the DR intensity. The DR signal intensity along the bar (C) in Fig. 2.3(b) was

evaluated using the Gaussian. It was shown as black dot line (B) in Fig. 2.3(c). The profile

along the bar (C) in Fig. 2.3(b) is shown with black solid line (C). This profile was larger and

wider than that of (B). This indicates that the FFP intensity from buffer layer is actually

coexisting with the DR signal. The FFP distribution from buffer layer was separated by

subtracting (B) from (C) as indicated by blue solid line in Fig. 2.3(c). The contribution of the

FFP intensity for the entire signal was 46%. This value corresponds to the attenuation degree

of the FFP considering the photoelectron mean free path length. The FFP distribution from

buffer layer has two component around 75◦ and 80◦ which is similar with that of the precursor
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layer. This result suggests that both the precursor and buffer layers are qualitatively similar

with each other. The existence of the comparable buckling structure with the precursor layer

was also confirmed at the polar angle of 75◦ in buffer layer. Therefore, the previous structure

model proposed by de Lima et al., which has a flat buffer layer, was denied [31]. This

is because their detection range did not include the FFPs around the horizontal direction

which are the most sensitive to the local structure. The histogram in Fig. 2.3(c) indicates

the polar angle distribution of the C-C bonds in buffer layer (6
√

3 × 6
√

3)-R30◦ structure

calculated by Sclauzero et al [54]. The open columns refer to buffer layer C atoms bonded

with Si atom, while the solid columns refer to non-bonded C atoms. Their calculation of the

buckling structure was 2 ∼ 3◦ smaller than our present experimentally observed distribution.
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Fig. 2.3. 2π-steradian C 1s PIADs for (a) the precursor layer and (b) SLG together with
buffer layer by subtracting the signal intensity from the SiC substrate. Black dashed lines
indicate the half-maximum positions of DR. (c) Intensity profile of the region indicated by
bars in Fig. 2.3(a) and (b) along the polar angle direction. Black and red solid lines indicate
the intensity profile from the precursor layer and SLG together with buffer layer. Black dot
line indicates the profile from the DR specific intensity. The histogram indicates the polar
angle distribution of the C-C bonds in buffer layer (6

√
3 × 6

√
3)-R30◦ structure calculated

by Sclauzero et al [54]. The open columns refer to buffer layer C atom bonded with Si atom,
while the solid columns refer to non-bonded C atoms.
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A scattering pattern extraction algorithm using the maximum-entropy method (SPEA-

MEM), which was developed by one of the authors (T. Matsushita), was used for the recon-

struction of three-dimensional atomic arrangements in the real space from the experimental

PIAD in Fig. 2.3(a) and 2.3(b) [55]. PIAD data was extended to 4π-steradian by flipping the

z-coordinate to fit the diffraction ring near horizontal direction [27]. Mixing operations by

in-plane translational symmetry (a=b=0.2456 nm, γ=120◦) were applied among neighboring

unit cells during the iterative fitting procedure for hologram reconstruction.

Figures 2.4(a) and 2.4(b) are the horizontal and vertical cross sections including the emitter

atom of the reconstructed real-space atomic images from the precursor layer, respectively.

Coordination was scaled by the lattice constant unit, a. Note that this image contains

the total distribution of the atom seen from every emitter atom. In Fig. 2.4(a), two kinds of

honeycomb lattice marked with blue and pink circles were obtained. Since two kinds of atomic

sites exist within a graphite-like layer units cell, the atomic images seen from each site are

superimposed. Some of the reconstructed spots marked with both blue and pink circles have

strong intensities, implying that the atomic images from two different sites are overlapping at

the same position. In Fig. 2.4(b), the reconstructed atomic images were observed above the

emitter atom with the height range of 0.02∼0.1 nm. The intensity distributions reflected the

amplitude of the C-C bonds in the precursor layer. The reconstructed intensity distribution

corresponds to the inter-atomic distances and directions of the precursor layer. The lowest

position atoms (L) are bounded to Si atoms of the substrate as shown in Fig. 2.4(e). A pair

of two top position atoms (T) with sp2 rehybridization and having no interaction with the

SiC substrate is also depicted. The reconstructed image of T atoms seen from the L atoms

and from T atoms appear at different z positions. The region from z=0.2 nm to 0.4 nm and
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the intensity contrast was enhanced by 20 times. The structure at z=0.25 nm correpond to

the Cα-Cβ atoms pair in the SiC substrate lattice, due to the reconstruction from the residual

substrate signal in the background subtracted PIAD.

Figure 2.4(c) is the horizontal cross section at z=0 corresponding to the in-plane structure

of buffer and SLG layers. As shown in Fig. 2.4(d), similar image was reconstructed at vicinity

of z=0 in-plane structure, suggesting the existence of buckling in buffer layer similar to that

of precursor layer. Furthermore, additional signals were observed at around the height of

0.335 nm. We attributed these images to SLG seen from L and T atoms in the buffer layer.
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Fig. 2.4. (a) and (b) Horizontal and vertical cross sections including the emitter atom of the
reconstructed real-space atomic images from the precursor layer, respectively. (c) and (d)
Same as (a) and (b), but for SLG together with buffer layer. SLG region within z = 0.2 ∼ 0.4
nm was shown separately to enhance the intensity contrast by 20 times. (e) Vertical cross
section model of SLG on the SiC (0001) which has a local buckling structure in buffer layer.

46



To determine the stacking registry of SLG on buffer layer, the horizontal cross section

image intensity of SLG at z = 0.335±0.025 nm seen from buffer layer atoms was integrated as

shown in Fig. 2.5(a). Triangular lattice was obtained. Note that the intensity of reconstructed

atomic image at the first and the third neighboring atoms are stronger than that of the center

and the second neighboring atoms, while the second neighboring atomic image is strongest

in the case of Fig. 2.4(a) and 2.4(c). Figure 2.5(b) is the comparison of the signal intensity

at the center and the first neighboring atom in Fig. 2.5(a). The signal intensity ratio for the

center and the first neighboring atom was estimated to be 2:3. The intensity distribution

differs for each stacking geometry of SLG on buffer layer as shown in Fig. 2.5(c). The blue

and red sphere indicate the C atom from buffer layer and SLG, respectively. In the case

of AA stacking, two types of atomic configuration overlap at the center position, hence the

center atomic image is expected to be twice more intense than that of first neighboring

atomic images. On the other hand, three-fold symmetric intensity distribution is expected

for AB stacking as well as AC stacking. When AB and AC stacking coexist, the signal

intensity ratio for the center and the first neighboring atom will be 2:3 which matches with

the present experimental result. Therefore, AA stacking model suggested by earlier LEED

and STM analyses were denied [12, 14].
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Fig. 2.5. (a) Horizontal cross section of reconstructed atomic image integrated for the height
range of z=0.31∼0.36 nm for SLG. (b) The comparison of signal intensity at the center and
the first neighboring atom in Fig. 5(a). (c)The schematic relation between each stacking
geometry and the expected signal ratio at the center and the first neighboring atom.
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From the above result, the expected structure model of graphene on (6
√

3 × 6
√

3)-R30◦-

terminated 4H-SiC(0001) surface with AB stacking registry was shown in Fig. 2.6. The cross

section and top view were shown in top and bottom. Basic concept was given from covalently

bonded stretched graphene (CSG) model which was proposed by K.V. Emtsev et al [32].

The buffer layer C atoms arranged in graphene-like honeycomb lattice was placed on the

top of Si adatom of non-stretched SiC substrate. The model contains 169 graphene unit

cells and 108 SiC(0001) unit meshes. These C atoms have a covalent bond with the SiC

substrate within several lattice match. The averaged lattice mismatch for 6
√

3 periodicity

along the [2110] direction is estimated as 1.5% between six Si atoms and 13 graphite lattice

units. The C atoms at the corner of 6
√

3 and some positions were matched but the other

seem to be difficult to bond with the substrate due to the mismatch above 5%. Hence, the

matched atoms are expected to have graphene-like sp2 bond without the correlation with the

substrate while the mismatched atoms have the sp3-like covalent bond with substrate. The

hybridization of C atom was shown with the color differences from yellow to red as shown in

the scale of Fig. 2.4(c). To make a continuous bonding in plane, gradual relaxing from sp2

to sp3 was considered.
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Fig. 2.6. The structure model of graphene on (6
√

3 × 6
√

3)-R30◦-terminated 4H-SiC(0001)
surface with AB stacking registry. Top and bottom figures indicate the cross section and
top view, respectively. White sphere indicate Si atom while the hybridization of C atom was
shown with the color differences from red to yellow. The color scale was shown in Figure
1.4(c)
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Taking an advantage of FFP as an excellent site selective probe, C 1s XPS spectra were

disentangled [34]. Figure 2.7 is the separated C 1s XPS for graphene, buffer layer, precursor

layer and SiC, respectively. The core level shifts from each termination relative to the SiC

substrate were observed although the raw spectra did not show. SiC and graphene had one

sharp peak at the binding energy of 285.5 and 286.5 eV, respectively. On the other hand,

buffer and precursor layers showed a shoulder peak including several components. These

peaks were separated into two components, SiC and sp3 at 285.5 and 288.0 eV by Gaussian

fitting. The measured core-level shifts of graphite and diamond relative to SiC were also

shown with dotted and dashed lines. Each core-level shift was qualitatively agree with that of

this separated spectra, indicating the direct observation of site specific electronic states were

successfully achieved. The reciprocated analysis between atomic and electronic structures

have been difficult for the conventional analysis but here we demonstrated that PED is ideal

method for clarifying the local site analysis which relates with catalysis and device efficiency.
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Fig. 2.7. Site specific C 1s XPS spectra from grahene, buffer layer, precursor layer and SiC.
Vertical dotted and dashled lines indicate the measured C 1s core-level shifts of diamond and
graphite relative to SiC.
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2.4 Conclusion

In conclusion, we have characterized each stage of thermal graphitization of the 4H-

SiC(0001) substrate by using PED. PIADs of the precursor layer and SLG with buffer layer

were deduced by considering emission angle dependence of escape depth and subtracting the

SiC substrate signal intensity. Furthermore, the local atomic configuration at the precursor

layer and SLG together with buffer layer were reconstructed by photoelectron holography.

The existence of the local buckling on both the precursor and buffer layers were confirmed

by photoelectron FFP analyses and the reconstructed atomic images. The vertical position

of SLG seen from buffer layer was observed above the emitter atom with the height of 0.335

nm. The stacking registry of SLG on buffer layer was determined to be AB stacking and AA

stacking model was denied, based on the reconstructed SLG image analysis seen from buffer

layer. The present comprehensive analysis of photoelectron diffraction and holography made

the structure determination for local surface and interface possible directly.
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Chapter 3. Disentanglement of site selective X-ray ab-

sorption spectra of catalytic Ni2P surface by

photoelectron diffraction spectroscopy

Ni L3 (2p2/3) edge X-ray absorption spectra (XAS) of a single-crystalline Ni2P(1010)

catalytic surface for hydrodesulfurization reaction were measured while collecting a series of

2π-steradian Ni-LMM Auger electron intensity angular distributions (AIADs) at each photon

energy. Ni2P includes two major Ni sites, pyramidal (Py) and tetrahedral (T), in the bulk.

The AIAD patterns on the lower and higher energies in XAS, which emphasized the local

atomic site information, showed different patterns by normalizing with that of the L3 edge

jump. The AIAD pattern contrast disappeared at the L3 peak, indicating the isosbestic point

of two Ni sites. The spatial distributions, the density of the state (DOS) of the Py-Ni site

was more dominant than the T-Ni site near the Fermi-level, were clarified by comparing the

simulated AIADs. Taking advantage of FFP as an excellent site selective probe, site selective

XAS spectra were disentangled. The difference of spectra coming from the DOS near the

Fermi-level was successfully observed.
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3.1 Introduction

Ni2P is a promising material for next-generation petroleum processing catalysts with high

activities in hydrodesulfurization (HDS) and hydrodenitrogenation (HDN) reactions [1]. The

origin of high activity is considered as the number of surface active sites come from a three

dimensional Ni2P structure while that of conventional Co-Mo or Ni-Mo sulfide catalysts

have a layered MoS2 structure with Co and Ni at the edges. Therefore, several catalytic

reformings, including the increase of surface area and the interplay with the substrate, have

been a curious area in Ni2P study along with the development of a better catalyst.

To clarify the relation between the surface structure and catalytic properties, X-ray ab-

sorption fine structure (XAFS), which enables an operando-observation, has been conducted.

XAFS is a powerful tool for studying the local atomic and electronic structures. Oyama et

al. prepared several crystallite size of the Ni2P phase with a range of 3.8-10.1 nm and found

that the smaller particle size, which shows a higher catalytic activity, tended to have a higher

coordination number [2]. This indicates that the DOS of the pyramidal (Py)-Ni site is more

dominant than the tetrahedral (T)-Ni site on the Ni2P surface (see Fig. 1). Time-resolved

simultaneous measurements of quick-XAFS and Fourier transform infrared spectra during

thiophene HDS indicated that a Ni phosphosulfide (NiPS) phase was responsible for the

catalytic activity [3, 4]. Wada et al. reported the correlation between the change in the

shoulder structure which reflected the local T-Ni site in Ni K-edge X-ray absorption near

edge structure (XANES) spectra and the amount of Ni-S bonds [5]. The decreasing of the

shoulder peak corresponded to a decrease in the number of T-Ni sites because a site-selective

Ni-S bond formation indicates that T-Ni sites on the surface preferentially react with S [6, 7].
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However, the complex Ni2P structure with more than two Ni-P distances has been difficult

to analyze. The characterization of a bimetallic NiFe phosphide catalyst, which has higher

catalytic activity than commercial catalysts, probed just T-Ni site although the NiFeP cata-

lyst consists of a Ni2P structure with the equivalent occupancy of S- and T-Ni sites [8]. They

explained that the XAFS intensity collected the shorter distance of T-Ni sites or the T-Ni

termination. It is not easy to obtain the relation between the structure and catalytic activ-

ity only by XAFS and surface sensitive yield must be taken in account for catalyst surface

analysis.

A photoelectron from a localized core level is an excellent element selective probe for

surface structure analysis [9]. Forward focusing peaks (FFPs) appearing in the photoelec-

tron intensity angular distribution (PIAD) indicate the directions of surrounding atoms seen

from photoelectron emitter atom [10]. The atomic distance between the emitter and scat-

terer atoms can be deduced from the opening angles of diffraction rings (DRs) appearing

around the FFP [11, 12]. Kato et al. clarified that the dopant site in B-diamond crys-

tal as the superconductive material. This achievement implied that the application for the

diluted material less than several % is possible [13]. Matsui et al. have developed a direct

method for detecting the electronic and atomic structures of each atomic layer at the surface,

diffraction spectroscopy, based on the photon energy dependence of Auger electron intensity

angular distributions (AIADs).[14]. They succeeded in obtaining atomic-layer resolved x-ray

absorption (XAS) for a Ni ultrathin film on Cu(001) surface. Here we have characterized

the single-crystalline Ni2P surface by a combined measurement of Auger electron yield Ni

L-edge XAS and Ni-LMM AIAD. The local site contribution for XAS was deduced by AIAD.

Disentanglement of site selective XAS was achieved by photoelectron diffraction analysis.
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3.2 Experimental details

A single-crystalline Ni2P(1010) surface was used as a sample [15]. The (1010) surface

terminates with a Ni/P stoichiometric composition of bulk 2:1, and is suitable for studying

the bulk Ni2P chemical feature [16]. The sample was cut and mechanically polished to a

mirror finishing. The sample surface was cleaned by Ar+ sputtering at 2.5 keV (current: 1

µA, time: 30 min, Ar pressure: 1×10−3 Pa). It was then anealed at 350◦C by repeating

injection a direct current after transferring into an ultra-high vacuum (UHV) chamber with

a base pressure of less than 3×10−8 Pa [16]. The annealing temperature was monitored by a

K-type thermo-coupling directly attached to the back of the sample. The surface structure

was characterized by reflection high-energy electron diffraction (RHEED). A sharp (1×1)

structure coming from the clean bulk lattice was confirmed [16]. The chemical composition

was checked by XPS. The C and O impurities were successfully removed after the cleaning

processes.

All experiments were performed using the circularly-polarized soft x-ray beamline BL25SU

at SPring-8 in Japan [17]. The sample preparation chamber was attached directly to a two-

dimensional display-type spherical mirror analyzer (DIANA)[18–20], and the sample was

transferred under UHV. AIAD from the sample at a specific kinetic energy was most efficiently

measured using DIANA. A two-dimensional angular distribution snapshot of a specific kinetic

energy electron could be measured [10, 13, 14, 21–23]. The acceptance angle of the analyzer

was ±60◦. Light was incident from the direction of 45◦ inclined from the analyzer center.

The emission angle θ dependence from 0 to 90◦ relative to the surface normal was measured

simultaneously. A 2π steradian AIAD was obtained by scanning the sample azimuth for 360◦
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every 20◦ [24, 25]. The total acquisition time for 2π-steradian AIAD was 2 min. The photon

energy resolution was better than 100 meV. All data was measured at room temperature.

The energy window width of DIANA was set to 30 eV. All data was obtained with the most

intense signal of Ni-LMM Auger electron kinetic energy at 840 eV, and displayed in azimuth

equidistant projection.
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3.3 Results and discussion

Figure 3.1(a) shows the crystalline structure of Ni2P. The red and yellow spheres indicate

Ni and P atoms, respectively. Ni2P belongs to the space group P62m of hexagonal symmetry

with lattice parameters of a = b = 0.586 nm and c = 0.338 nm. [26] In the bulk, two

kinds of stoichiometric layers, namely Ni3P and Ni3P2 layers, stack alternatively along the

[0001] direction. Ni has two kinds of atomic sites which surrounded by a tetrahedral (T)

coordinated P atoms in the Ni3P2 layer and that of pyramidal (Py) coordination in the Ni3P

layer. Since both T- and Py-Ni sites rotate every 120◦ in each layer, 6 kinds of Auger electron

emitter sites are expected. The blue colored square in Fig. 3.1(a) indicates the (1010) plane

which was used in this study. The (1010) surface shows a mirror symmetric structure with a

boundary of (0001) plane.

Figure 3.1(b) shows 2π-steradian Ni-LMM AIAD which was measured at the photon

and kinetic energies of 854.3 eV and 840 eV, respectively. Each energy was set to obtain

the most intense signal of Auger electron. The center of AIAD corresponds to the sample

normal of the [1010] direction. The AIAD showed mirror-symmetry with a boundary of the

center vertical direction, indicating the (0001) plane. The AIAD was qualitatively similar

to the characteristics of a Ni2P bulk but the contribution from each Ni site was difficult to

understand because the six AIADs from each emitter sites, were superimposed.
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Fig. 3.1. (a) The crystalline structure of Ni2P. Red and yellow spheres indicate Ni and
P atoms, respectively. Green, orange and blue colored arrows indicate [0001], [2110], [1210]
directions. Ni3P2 and Ni3P layers stack alternatively along [0001] direction. The blue colored
square indicates the {1010} plane which was used in this study. (b) 2π-steradian Ni-LMM
auger electron intensity angular distribution (AIAD) from a Ni2P(1010) surface.
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Figure 3.2(a) is Ni L-edge XAS spectrum from the single crystalline Ni2P(1010) surface

while integrating all hemisphere angles of Ni-LMM Auger electron intensity. Two kinds of

L3 and L2 peaks were seen due to the spin orbit interaction of 2p3/2 and 2p1/2. The inset

indicates Ni2p XPS spectrum whose the energy resolution was better than that of XAS.

Each peak has perfect Gaussian dispersion, indicating that the electronic potential difference

between T and Py-Ni sites were not observed.

The spectra at the bottom of Fig. 3.2(b) is XAS spectrum expanding the Ni L3 area. Only

a single peak was observed within the photon energy resolution of 0.1 eV. At the same time,

the photon energy dependence of 2π-steradian Ni-LMM AIADs were measured. The spatial

distribution in the conduction band corresponded to the local atomic structures is preserved in

every AIAD. However, the series of AIAD structures were not apparently changed, indicating

that the superposition from all emitter sites were dominant in AIADs. The pattern contrast

became obvious when the XAS intensity increased. In order to discuss the contributions from

each Ni site, the superimposed components from the bulk was removed by dividing with L3

edge jump AIAD at the photon energy of 865 eV, since it includes both Ni site information

equivalently (the top fogire of Fig. 3.2(b)). The difference AIAD at the photon energy of

852 eV, which is the base line region of the XAS spectrum, showed a slight contrast-reversed

presentation of Fig. 3.1(b) because raw AIAD did not show the pattern contrast. In the

difference AIADs of 853.5 and 855.5 eV, different structures were clearly appeared. If the

XAS spectrum was composed of only one site information, the pattern contrast would not

appear. Each pattern had almost a negative relation, which is not due to excess division.

The pattern contrast at the L3 peak of 854.3 eV disappeared, implying the isosbestic point

from two major Ni sites. Also, the XAS hemline region at 857 eV did not show the pattern
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contrast, indicating that there is no energetic spatial distribution from either Ni sites.
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Fig. 3.2. (a) Ni L3 edge X-ray absorption spectrum from Ni2P(1010) surface by integrating
Ni-LMM Auger electron signal intensity. (b) (the bottom) Ni L3 edge XAS spectra. (the
top) The series of difference AIADs from a Ni2P(1010) surface while the photon energy was
scanned from 852 to 857 eV with the kinetic energy of 840 eV. Note that the difference
AIADs were obtained by dividing with that of a L3 edge jump at the photon energy of 858
eV to emphasize the fine residual.
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To identify these AIADs around 853.5 and 855.5 eV, the AIADs from Py- and T-Ni sites

were simulated by the multiple scattering pattern code, TMSP, which was developed by

T.Matsushita [27]. A sphere cluster with a radius of 7Å was used in the simulation because

the best agreement was obtained in the bulk reconstruction. Figures 3.3(a) and 3.3(b) show

measured AIADs at the photon energies of 853.5 and 855.5 eV after removing the pattern

noise. Figures 2.3(c) and 2.3(d) show simulated AIAD after the following patter processing.

The contributions of Py- and T-Ni sites for Fig. 3.3(a) and 3.3(b) were considered. The

set of residual component by dividing with the L3 edge jump is explained by the following

equation:

P =
(1 + α)Py + (1 − α)T

Py + T
(6)

where α is the factor of composition ratio from each Ni site at each AIAD, Py and T are

the contributions from Py- and T-Ni sites. Here, the L3 edge jump AIAD was assumed as

(Py + T ) because it includes both site AIADs equivalently. This equation can be simplified

as the following,

P = 1 + α
Py − T

Py + T
(7)

Therefore, the data processing of the simulated (Py − T )/(Py + T ) and (T − Py)/(Py +

T ) will correspond to the measured AIADs which are dominating from the Py- and T-Ni

sites, respectively. The pattern relation between Fig. 3.3(c) and 3.3(d) show the negative

presentation which was seen in the measured result, indicating that the data processing was
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actually correct. Total structures were also similar between Fig. 3.3(a) and 3.3(c) and between

Fig. 3.3(b) and 3.3(d) but the most intense FFP positions, coming from the first-neighboring

Ni-P bonding, that most resemble each other are shown with black and red dotted circles in

Fig. 3.3. As mentioned above, the electronic distribution near the Fermi-level was found to

be dominant for the local Py-Ni site.
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Fig. 3.3. (a), (b) The set of measured 2π-siteraidan Ni-LMM AIAD at the photon energy of
853.5 and 855.5 eV after removing pattern noise. (c)(d) The set of simulated AIADs for (Py-
T)/(Py+T) and (T-Py)/(Py+T) pattern processes similar to Fig. 3.3(a) and 3.3(b). Black
and red dotted circles indicate the FFP from the first-neighboring Ni-P bonding for each Ni
site.
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Taking advantage of FFP in AIAD as an excellent site-specific probe, the disentanglement

of XAS into site-selective spectra was performed by means of photoelectron diffraction spec-

troscopy [14]. In Fig. 3.4, site selective XAS was separated by collecting the signal intensity

from the FFP as mentioned above. The black and red solid lines show Py- and T-Ni site

specific XAS spectra, respectively. Each peak width was similar but a slight difference less

than 0.1 eV was observed, although core-level shifts of Ni 2p coming from the local structure

were not observed in XPS. The depth-resolved XAS was also analyzed by integrating the

polar angle intenisty every 10 degrees but the differences were not observed since the contri-

bution from the surface structure is minor (not shown). Therefore, the difference in density

of state (DOS) dispersion is thought to affect the XAS spectra. Note that the summation

of both site XAS (blue solid line) was consistent with the raw spectrum (green circle plots),

indicating that the disentanglement of XAS was successfully achieved.
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Fig. 3.4. Disentanglement of site selective Ni L3 edge XAS spectra by integrating the FFP
signal marked with black and red dotted circles in Fig. 3.3(a) and 3.3(b) for the series of
Ni-LMM AIADs at each photon energy. Black and red solid lines indicate the XAS spectra
for pyramidal (Py)- and quasi tetrahedral (T)-Ni site spectra. The spectra width was the
same but the peak position of the Py-Ni site was slightly shifted to a lower photon energy
than that of T-Ni. The blue solid line is the summation of the black and red lines. The green
circle plots indicate the raw Ni L3 edge XAS spectrum by integrating all hemisphere angles.
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To clarify the differences in site selective XAS spectra, DOS calculations were performed

using WIEN2k. Wave function, Argumented Plane Wave (APW) + local orbitals (lo)

method, was adapted for all orbitals, 4s and 3d. 5000 kpoints was considered but the core

hole was not counted because the core level shift of Ni 2p was not observed within the energy

resolution of several dozen meV. Figure. 3.5(a) shows the site selective DOS for 3d, 4s and

the summed orbitals. The intensity of 3d was about a dozen times as large than that of

4s near the Fermi level, indicating that the transition process from 2p to 3d is dominant in

the measured XAS. The most obvious difference in 3d is that the DOS of Py-Ni site is more

intense than that of T-Ni site near the Fermi-level. Figure 3.5(b) is each site specific XAS

spectra by reflecting the DOS dispersion in Fig. 3.5(a). The calculated XAS showed similar

dispersion with the experimentally separated XAS. Thus the disentanglement of site selective

XAS was reasonable. We succeeded in detecting a site specific electronic structure which is

important for distinguishing the catalytic properties at an atomic level.
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Fig. 3.5. (a) The calculated density of state for all orbitals by WIEN2k. Wave function was
used for Argumented Plane Wave (APW)+local orbitals (lo) method to consider the local .
5000 kpoints was considered. The core hole was not considered because the shift in Ni 2p was
observed in the fine XPS measurement. (b) The calculated XAS spectra for both pyramidal-
and tetrahedral-Ni sites.
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3.4 Conclusion

In conclusion, we have measured the Ni L3 (2p2/3) edge XAS spectrum of a Ni2P(1010)

catalytic surface by collecting a series of Ni-LMM AIADs. The series of AIADs showed the

unvaried structures for all the photon energies but the fine structure differences were observed

by normalizing with that of the L3 edge jump. On the lower and higher energies in XAS, a set

of negative behavior of AIADs newly appeared. Also, the AIAD disappeared at the L3 peak

top. These facts strongly suggest that the local site contribution for the entire XAS, which

corresponded to the relation between the atomic and electronic structures was successfully

observed. Site selective XAS, which was collected from each Ni site characteristic FFP by

means of photoelectron diffraction spectroscopy, showed that the Py-Ni site is more dominant

near the Fermi-level than the T-Ni site. This analysis method has a possibility to clarify an

active site at an atomic level by observing the differences before and after catalytic reactions.
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Chapter 4. Surface atomic structure and catalytic prop-

erty of Fe modified Ni2P surface by photo-

electron diffraction

A bimetallic FeNi phosphide catalyst, which has higher catalytic activity for a direct

desulfurization reaction, was duplicated by modifying Fe on a single-crystalline Ni2P surface.

The surface and catalytic properties by installing Fe were characterized by photoelectron

diffraction and spectroscopy. Element specific photoelectron intensity angular distributions

(PIADs) clarified the selective displacement of Fe into the Ni site while maintaining the

Ni2P crystalline structure. The surface termination structure was reconstructed through

simulation, and the result attributed the surface termination structure as a hubbly B’ registry.

This Fe modified Ni2P surface showed the activity for adsorbing nitrogen mono-oxide which

was not observed on the clean Ni2P surface.
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4.1 Introduction

Surface properties of transitional metal phosphides (TMPs) have been attracting much

attention as a new catalyst group for hydrodesulfurization (HDS) and hydrodenitrogenation

(HDN) reactions. Among the TMPs studied so far, Ni2P is known to have the highest

activity. Recent activity in the Ni2P study is revealing the catalytic behavior of a bimetallic

Ni2P modified with several kinds of metals by the ligand and ensemble effects. Oyama et

al. reported that a bimetallic NiFe phosphide catalyst, with a Ni/Fe ratio of 1:1, shows

an unprecedented selectivity of 85% for direct desulfurization whereas the Ni2P has a less

selectivity of only 12%. Their x-ray absorption fine structure (XAFS) analysis has revealed

the site occupancy of Fe in the NiFe phosphide nano particle supported on SiO2. However,

the Ni2P has a complex structure with more than two Ni-P distances with two independent

Ni sites and it is difficult to obtain the precise relation between the structure and catalytic

activities only by XAFS.

Surface science studies using a single crystalline surface as a model catalyst have been

revealing the relation between the surface structure and catalytic properties. Previous scan-

ning tunneling microscope (STM) [1–4] and low energy electron diffraction (LEED) [1, 2, 4–6]

found the long range periodicity of inactive P atom terminations on a single-crystalline Ni2P

surface. However, the former analyses do not give element and site specific information which

is important for clarifying the catalytic mechanism.

A photoelectron from a localized core level is an excellent element selective probe for

surface structure analysis [7]. Forward focusing peaks (FFPs) appearing in the photoelectron

intensity angular distribution (PIAD) indicate the directions of surrounding atoms seen from
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the photoelectron emitter atom [8]. The atomic distance between the emitter and scatterer

atoms can be deduced from the circular-dichroism shift of FFP positions [8–10] as well as

from the opening angles of diffraction rings (DRs) appearing around the FFP [10, 11]. Kato

et al. succeeded in determining the B dopant site on a diamond crystal for superconductivity,

implying the application for the diluted material less than several percentages [12]. We have

also achieved the disentanglement into the layer-resolved C 1s PIADs from the formation

stages of graphene on 4H-SiC(0001) in chapter 1. As mentioned above, it is possible for

photoelectron diffraction (PED) to clarify the site and element selective surface structure.

In this study, we have duplicated the NiFe phosphide by modifying Fe on a single crys-

talline Ni2P surface. The installation site of Fe onto the Ni2P surface was characterized by a

similar approach. The use of NO chemisorption indicated the surface reactivity between the

Fe-modified and clean Ni2P surfaces.
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4.2 Experimental details

A single crystalline Ni2P(1010) surface was used as a sample [13]. A (1010) surface ter-

minates with the Ni/P stoichiometric composition of bulky 2:1, is suitable for studying the

bulky chemical feature. The sample was cut with a size of 0.8×4×1 mm and mechanically

polished to a mirror finishing. The sample surface was cleaned by Ar+ sputtering at 2.5 keV

(current: 1 µA, time: 30 min, Ar pressure: 1×10−3 Pa) and annealing at 350◦C by direct cur-

rent injection repeatedly after transferring into an ultra-high vacuum chamber with a base

pressure of less than 3×10−8 Pa. The annealing temperature was monitored by a K-type

thermo-coupling directly attached to the sample back. The surface structure was character-

ized by reflection high-energy electron diffraction (RHEED). A sharp (1×1) structure coming

from the clean bulk lattice was confirmed. The chemical composition was observed by XPS.

A small amount impurities come from the C and O remaining on the surface after the cleaning

process, but it will not greatly affect the chemical feature.

The Fe modified Ni2P surface was made by depositing Fe (purity: 99.9%) at room tem-

perature onto the clean Ni2P surface using a fixed rate evaporator. Half of the sample surface

was covered with the shutter, indicating both Fe-deposited and clean Ni2P surface areas on

the same sample. Therefore, the Fe modification effect can be discussed in the same reaction

condition and in a short experiment time. The chemisorption of NO dosed at 1000 Langmuir

(1×10−3 Pa, 100 sec) on the sample surface at room temperature was used. NO is frequently

used to count the surface metal sites in TM phosphide which is active during HDS reactions.

Surface adsorbates coming from NO were detected by XPS.

All experiments were performed at the circularly-polarized soft x-ray beamline BL25SU
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at SPring-8 in Japan. PIAD from the sample at a specific kinetic energy is most efficiently

measured using a two-dimensional display-type spherical mirror analyzer (DIANA) [14–16].

The acceptance angle of the analyzer was ±60◦. Light was incident from the direction

45◦ inclined from the analyzer center. The emission angle θ dependence from 0 to 90◦

relative to the surface normal is measured simultaneously. A 2π steradian PIAD was obtained

by scanning the sample azimuth for 360◦ [17, 18]. The helicity (σ±) of monochromatized

circularly-polarized soft X-ray was reversed by switching the path of storage ring electrons

in twin helical undulators at 0.1 Hz [19]. The photon energy resolution was better than

100 meV. The total acquisition time for a pair of 2π-steradian PIADs excited by σ+ and σ−

helicity lights was 2.5 hr. All data was measured at room temperature. The energy window

width of DIANA was set to 2 eV for spectroscopy measurements, while it was set to 15

eV for PIAD measurements. This was done to avoid the signal lapping from Fe 3p and Ni

3p core-level. All PIADs were obtained with a photoelectron kinetic energy of 550 eV, and

displayed in azimuth equidistant projection.
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4.3 Results and discussion

Figure 4.1(a) shows the bulk Ni2P atomic arrangement along the [0001] direction [20].

Ni2P belongs to space group P62m of hexagonal symmetry with a=b=5.859 Å and c=3.382

Å. In the bulk Ni2P crystal, two kinds of stoichiometric layers, namely Ni3P and Ni3P2 layers

stacked alternatively along the [0001] direction, covalently bonded to each other. Ni has two

kinds of atomic sites which are surrounded by the tetrahedral and pyramidal structure of P

atoms in Ni3P2 and Ni3P layers, respectively. As shown in Fig. 4.1(b), there are two possible

terminations for a (1010) surface denoted as A and B planes. Surface A is flat while surface

B has a small periodic ripple, originating from the arrangement of the Ni atoms. Surface B

gives two equivalent B and B’ planes which are a mirror symmetry of each other. A, B and

B’ planes are stacked in the sequence of ABB’ABB’.
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Fig. 4.1. (a) The crystalline structure of Ni2P(0001). Red and yellow spheres indicate Ni and
P atoms, respectively. Green, red and blue arrows indicate [0001], [1010], [1210] directions.
Ni3P2 and Ni3P terminations stack alternatively along the [0001] direction. (b) Same with
(a) but for the (1010) surface which used in this study. Flat A plane, hubbly B and B’ planes
stack alternatively along the [1010] direction. The surface terminated plane is unknown.
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Figures 4.2(a), 4.2(b) and 4.2(c) show the set of P 2p, Ni 3p and Fe 3p 2π-steradian

PIADs from the Fe-modified Ni2P (1010) surface, respectively. Two PIADs using σ+ and σ−

helicity light were superimposed to eliminate the circular dichroism of the FFP rotation in

order to identify the exact orientation. The target grids of azimuth and polar angle every

30◦ were shown in each PIAD. Note that the FFP positions, diffraction patterns and their

circular dichroism from Ni 3p and P 2p PIADs were basically similar before and after Fe

modification. Therefore, Fe modification did not make the crystalline structure change. In

both Fig. 4.2(a) and 4.2(b), a Kikuchi-band like structure, which enhanced the bulky atomic

configuration, was seen along the (0001) plane. The mirror symmetric structure was seen

with the boundary of a (0001) plane. In Fig. 4.2(c), the obvious contrast, which strongly

suggests the epitaxial growth of a Fe structure on a Ni2P surface, was seen. The pattern

symmetry was basically similar to that of Ni 3p and P 2p, indicating that the Fe structure

followed the Ni2P as a template. To evaluate the detail similarities for each element specific

PIAD, a　 signal intensity profile along the (0001) plane was shown in Fig. 4.2(d). Fe and

Ni profiles showed similar features at each direction, while that of P did not have intensity

around the [1100] and [0110] directions. Therefore, the selective displacement of Fe onto a

Ni site, that is, the growth of a Fe2P thin film, was confirmed on the Ni2P surface.
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Fig. 4.2. (a), (b) and (c) The set of measured P 2p, Ni 3p and Fe 3p 2π-steradian pho-
toelectron intensity angular distributions (PIADs) from a Fe-modified Ni2P (1010) surface,
respectively. The vertical dotted line indicates the (0001) plane. (d) Signal intensity profile
along the (0001) plane in Fig. 4.1(a), 4.1(b) and 4.1(c).
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The film thickness of Fe2P was estimated from the intensity ratio of Fe 3p versus Ni 3p

in the XPS spectrum (as shown in Fig. 4.4(a)). Here, the simple structure model, a Fe2P

thin film covers all the Ni2P surface, was assumed because the epitaxial growth of Fe2P was

confirmed by PIAD analysis. The Fe 3p/Ni 3p value of 0.24 gave a film thickness of 0.33

nm which corresponds to about 3ML of Ni2P(1010) surface structure. In this case, three

kinds of stacking registry, ABB’, B’AB and BB’A, were proposed in 3ML of the surface

termination structure. As shown in Fig. 4.3(a), 4.3(b) and 4.3(c), the measured Fe 3p PIAD

in Fig. 4.2(c) was compared with the simulated PIADs for 3 ML of each stacking registry.

Every PIAD showed a similar structure to that of the bulky Ni 3p PIAD in Fig. 4.2(b) but

the detail distributions were characterized by the signal intensity profile in Fig. 4.3(d). ABB’

and B’AB registries had a similar distribution to that of the measured Fe 3p PIAD while

BB’A had a completely different shape distribution. The inset in Fig. 4.3(d) indicates the

R-factor value for each stacking registry by two-dimensional pattern of root mean square

error calculations. B’AB showed the best value at 0.46 while ABB’ and BB’A were 0.97 and

0.73, respectively. Therefore, the surface termination was determined as a B’AB registry.
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Fig. 4.3. (a), (b) and (c) The set of simulated Fe 3p 2π-steradian PIADs from the expected
termination model of ABB’, B’AB and BB’A registries. (d) The signal intensity profile along
the (0001) plane in Fig. 4.2(d), Fig. 4.3(a), 4.3(b) and 4.3(c). The inset indicate the R-factor
value for each simulated ABB’, B’AB and BB’A registry. (e) The expected termination
structure model of Fe2P on the Ni2P (1010) surface.
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To evaluate the surface reactivity between the Fe-deposited and clean Ni2P surfaces, the

chemisorption of NO, which was selectively bound to the surface metal, was used. Topsøe

et al. reported that NO adsorption is responsible for the promotion of the HDS activity

[21]. Figure 4.4(a) and 4.4(b) show the wide area XPS spectra taken before and after dosing

with NO on the Fe-deposited and clean Ni2P surfaces. The obvious increasing of N 1s

and O 1s intensities coming from NO molecules were confirmed on the Fe-deposited surface

whereas it was not seen on the clean surface. However, the intensity of O 1s was twice as

large than that of N 1s, implying that dosed NO was dissociated on the surface and the

part of N was desorbed. This result insists that the Fe modification relates with the high

reactivity. In Fig. 4.4(b), the detailed XPS spectra for P 2p, Ni 3p and Fe 3p are shown.

In the P 2p spectrum, a slight shoulder structure assigned to the P-O bonding between the

surface remained O and the terminated P was seen before dosing with NO. This shoulder

structure increased after NO dosing. Thus the surface reactant with P atom is considered

as O dissociated from NO molecules. On the other hand, the core-level shift and the peak

shape differences were not observed in the Ni 3p spectra, implying that Ni was not reacted

with NO due to the covering of Fe2P thin film on the Ni2P surface. Fe 3p was shifted to a

higher binding energy of 0.6 eV due to the oxidation by dissociated O from NO. Because the

surface component is majority in the whole amount of Fe, most of Fe was reacted with NO.

As mentioned above, the active structure was determined as the epitaxial grown Fe2P.
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Fig. 4.4. (a) and (b) X-ray photoelecteron spectroscopy (XPS) spectra before and after
dosing with NO on the Fe-modified and clean Ni2P surfaces. (c) The fine P 2p, Ni 3p and
Fe 3p XPS spectra before and after dosing with NO on the Fe-modified Ni2P surface. Black
and red opened marks are the measured data points before and after dosing with NO. Solid
lines are the Gauss-fitting results.
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4.4 Conclusion

In conclusion, we have duplicated the higher catalytic FeNi phosphide by modifying Fe

on a single-crystalline Ni2P surface and characterized the Fe installation site onto a Ni2P

surface. Element specific PIAD clarified that Fe was selectively displaced onto the Ni site

while maintaining the Ni2P crystalline structure. The film thickness of the Fe structure was

determined as 3.3Å. This corresponded to roughly 3ML by an angle-resolved XPS analysis.

Among the three kinds of surface termination combinations, the simulated PIAD revealed

that the (0001) plane signal intensity profile from the B’AB registry showed good agreement

with the experimental distribution. The Fe-modified surface reacted with NO whereas the

clear Ni2P surface did not. The deposition of different kinds of metal made the active metal

termination and was the key to improving the catalytic properties.
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Chapter 5. Atomic structure and catalytic activity of

W-Ni2P surface alloy by photoelectron diffrac-

tion and spectroscopy

The surface alloying is the important topics in Ni2P study which is expected fro next

generation hydrodesulfurization and hydrodenitrogenation catalyst. The atomic structure

and catalytic properties of a single crystalline Ni2P surface modified with W (W-Ni2P) was

investigated by photoelectron diffraction (PED) and spectroscopy. PED is an element and

site selective surface structure analysis method, and enables observation of three-dimensional

atomic configurations of the surface local structure. The selective replacement of W to the

Ni site in a Ni2P crystal was clarified by PED. Chemical reactivity for NO molecules of

the W-Ni2P and the clean Ni2P surfaces were compared. On the clean Ni2P surface, the

NO adsorption did not occur, whereas W-Ni2P surface showed remarkable activity for NO

adsorption.
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5.1 Introduction

Development of new series of catalytic materials is important for the improvement of

processes for the conversion of energy, the production of chemicals, and the elimination of

pollutants. Removal of the sulfide and nitride content in natural petroleum feedstock is urgent

issue in the refining industry [1]. The surface properties of transitional metal phosphides

(TMPs) have attracted much attention as a new catalyst group for hydrodenitrogenation

(HDS) and hydrodenitrogenation (HDN) reactions [2]. Among the TMPs studied so far,

Ni2P has been found to have the highest activity for HDS and HDN reactions [2]. Current

studies in Ni2P have been revealing the catalytic behavior of bimetallic Ni2P modified with

Mo [3, 4], Co [5, 6] and Fe [7–9] to explore other phosphide catalysts that can be controlled by

alloying. However, these bimetallic phosphides have not shown enhanced activity until now.

Here, we focused on a W modification effect, since early work showed that Ni2P and WP have

the first and the second highest HDS and HDN activities in TMPs [2]. Also, Kopyscinski

et al. suggested that the molar ratio of Ni:W:P=1:1:2 is important for showing the high

performance in HDN reaction because Ni and W compete for P and inactive W structures

are formed [10]. Therefore, local atomic structure and composition analyses are necessary

for clarifying the active phase of a Ni2P surface alloy at an atomic level.

Surface science studies using a single crystalline sample have been conducted to eluci-

date the relation between the surface atomic structure and catalytic properties. Previous

scanning tunneling microscope (STM) [11–14] and low energy electron diffraction (LEED)

[11, 12, 14–16] studies observed a long range periodicity of terminated P atoms on a sin-

gle crystalline Ni2P surface. However, the former analyses do not give a three-dimensional
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atomic configuration with element and site selectivity.

A photoelectron from a localized core-level is an excellent element selective probe for

surface structure analysis [17]. Forward focusing peaks (FFPs) appearing in the photoelectron

intensity angular distribution (PIAD) indicate the directions of surrounding atoms seen from

the photoelectron emitter atom [18]. The atomic distance between the emitter and scatterer

atoms can be deduced from the circular-dichroism shift of FFP position [18–20] as well as

from the opening angles of diffraction rings (DRs) appearing around the FFP [20, 21]. Kato

et al. succeeded in determining the B dopant site in a superconductive diamond crystal, and

showed an ability to analyze dilute species less than two percent [22].

In this study, we have characterized a W-modified Ni2P surface (W-Ni2P) by PED and x-

ray photoelectron spectroscopy (XPS). Element specific PIADs clarified the atomic site of W

in the Ni2P crystal. Angle-resolved XPS estimated the thickness of the W related structure

and the substituted ratio of W onto the Ni site. Furthermore, the surface reactivity of both

the W-modified and clean Ni2P surfaces were evaluated by NO adsorption.
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5.2 Experimental details

A single crystalline Ni2P(1010) surface was used as the substrate [23]. This surface has

a stoichiometric composition of Ni/P=2 which is same as that of bulk, and was suitable for

studying the bulky chemical property [14]. The sample size was 5×10×1 mm3. The surface

was mechanically polished to a mirror finishing and was cleaned by Ar+ sputtering at 2.5 keV

(current: 1 µA, time: 30 min, Ar pressure: 1×10−3 Pa) and annealing at 350◦C by direct

current injection repeatedly after transferring into an ultra-high vacuum below 3×10−8 Pa

[14]. The annealing temperature was monitored by a K-type thermo-couple. The surface

structure was determined by reflection high-energy electron diffraction (RHEED). A sharp

(1×1) structure coming from the clean surface was confirmed. The chemical composition of

the sample surface was observed by XPS.

The W-Ni2P surface was prepared by depositing W on a clean Ni2P surface under H2

atmosphere with a pressure of 3×10−3 Pa. W filament with ϕ=0.2 mm and length of 200

mm was heated around 2000◦C by direct current injection and set less than 10 mm over

the sample for 10 min. This preparation was originally intended to reduce the Ni2P surface

by dissociated atomic hydrogen. However, the unexpected W deposition was confirmed by

XPS measurement (see in Fig. 4.3(a)). The W-Ni2P surface kept the sharp (1×1) RHEED

pattern, indicating that W-modified layers were epitaxially formed on the Ni2P surface. 1000

Langmuir (3×10−3 Pa, 100 sec) NO molecules were dosed at room temperature to compare

the chemical reactivity between the W-Ni2P and the clean Ni2P surfaces. The NO adsorbate

coverage on the surface was evaluated by XPS.

PIAD from the sample at a specific kinetic energy was most efficiently measured using
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a two-dimensional display-type spherical mirror analyzer (DIANA) which was installed at

the circularly-polarized soft x-ray beamline BL25SU at SPring-8 in Japan. [24–26] A two-

dimensional angular distribution snapshot of a specific kinetic energy electron can be mea-

sured. [18, 22, 27–30] The acceptance angle of the analyzer was ±60◦. Light was incident

from the direction 45◦ inclined from the analyzer center. The emission angle θ dependence

from 0 to 90◦ relative to the surface normal is measured simultaneously. A 2π steradian

PIAD was obtained by scanning of the sample azimuth for 360◦. [31, 32] The helicity (σ±) of

monochromatized circularly-polarized soft X-ray was altered by switching the path of storage

ring electrons in twin helical undulators at 0.1 Hz. [33] The total acquisition time for the pair

of 2π-steradian PIADs excited by σ+ and σ− helicity lights was 2.5 hr. All data was measured

at room temperature. The energy window width of DIANA was set to 1 eV for spectroscopy

measurements, while it was set to 30 eV for PIAD measurements, to achieve the best energy

and angular resolution, respectively. All PIADs were obtained with a photoelectron kinetic

energy of 600 eV, and displayed in azimuth equidistant projection.
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5.3 Results and discussion

Figure 5.1(a) shows the crystalline structure of Ni2P. Ni2P belongs to the space group

P62m of hexagonal symmetry with a=b=0.586 nm and c=0.338 nm [34]. In the bulk, two

kinds of stoichiometric layers, namely Ni3P and Ni3P2 layers, stack alternatively along the

[0001] direction. The blue colored rectangle in Fig. 5.1(a) indicates the {1010} plane which

was used in this study. The (1010) surface has a mirror symmetric structure with respect to

the {0001} plane. Ni has two kinds of atomic sites which are surrounded by tetrahedral and

pyramidal P structures in the Ni3P2 and Ni3P layers, respectively. Since these tetrahedral

and pyramidal Ni sites rotate by 120◦ in each other, six kinds of photoelectron emitter sites

(Ni1-6) are expected as shown in Fig. 5.1(b). P has three kinds of photoelectron emitter

sites: P1 and P2 sites in Ni3P2 layer and P3 site in Ni3P layer, respectively.

Figures 5.1(c) and 5.1(d) show the set of 2π-steradian Ni 3p and P 2p PIADs from the

clean Ni2P(1010) surface. Two PIADs using σ+ and σ− helicity light were averaged to

eliminated the circular dichroism of FFP rotation in order to identify the exact orientation

of FFP. The different structures appeared in each PIAD owing to the different surrounding

atomic configurtion for each atomic site. The left and right horizontal directions correspond

to the [0001] and [0001], respectively. Mirror symmetric structure with respect to the {0001}

plane was observed. A Kikuchi-band-like feature, which originated from the bulk atomic

arrangement, was observed along the projection of {0001} plane. Each colored dots along

the {0001} plane corresponds to the direction shown in Fig. 5.1(b). In the P 2p PIAD

shown in Fig. 5.1(d), the additional Kikuchi-band-like features present were not observed in

Fig. 5.1(c). DR, which corresponds to the bond between the P3 atom and the first neighboring
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Ni5 atom in Ni3P layer, was observed along the [1120] direction shown with dotted line. The

opening angle of DR was distributed of 44±2.2◦. The interatomic distance was estimated as

0.24±0.03 nm which is within error range of the ideal 0.24 nm.
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Fig. 5.1. (a) Crystalline structure of Ni2P. Red and yellow spheres indicate Ni and P atoms,
respectively. The blue colored rectangle indicates the {1010} plane which was used in this
study. (b) The set of atomic arrangement in Ni3P2 and Ni3P layers. Yellow dotted circles
indicate the out plane position of P atoms. (b) and (c) The set of 2π-steradian Ni 3p and P
2p photoelectron intensity angular distributions (PIADs) from the clean Ni2P(1010) surface,
respectively. All PIADs were obtained with the kinetic energy of 600 eV and displayed in
azimuth equidistant projection.
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Then, each core-level specific PIADs from the W-Ni2P surface was obtained. The FFP

positions, diffraction patterns and their circular dichroism from Ni 3p and P 2p PIADs were

basically similar before and after the W deposition (not shown). This indicates that the

Ni2P structure was not changed by the W deposition. In Fig. 5.2(a), 2π-steradian W 4f

PIAD from the W-Ni2P surface is shown. The W 4f PIAD was similar to that of Ni 3p.

The signal intensity profiles along the {0001} plane for Fig. 5.1(c), 5.1(d) and Fig. 5.2(a) are

displayed in Fig. 5.2(b). The W and Ni profiles showed similar features, while that of P did

not have the intensity around the [0110] and [1100] directions. Thus the selective substitution

of W to the Ni site in the Ni2P crystal was clarified. The destination of the substituted Ni

atom is still an open question.

The chemical composition and the film thickness of W-Ni2P were analyzed by constant-

final-state-mode of a two-dimensional photoelectron spectroscopy. Photoelectron kinetic en-

ergy was fixed at 600 eV, while photon energy was scanned from 600 eV to 840 eV, so that we

could detect W 4f, Ni 3p and P 2p core levels at the same kinetic energy. Thus the probing

depth for each emission angle was kept constant for different binding energies. Figure 5.2(c)

shows the signal intensity ratio of W 4f over Ni 3p for each emission angle from the polar

angle of 2.5◦ to 77.5◦ every 5±2.5◦ considering the photoionization cross sections and the ma-

trix element for f- and p-orbits [35]. The composition of W 4f versus Ni 3p in the measured

XPS was shown with black colored plots. The value became higher with the emission polar

angle increased. This indicates that the W structure is dominant near the surface. Here, W

and Ni intensities were determined by the following equations by considering photoelectron
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mean free path length λ,

IW = x

∫ d

0

e−
z

λ�cosθ dz (8)

INi = (1 − x)

∫ d

0

e−
z

λ�cosθ dz +

∫ ∞

d

e−
z

λ�cosθ dz (9)

where x and d indicate the substitution ratio of W to the Ni site and the thickness of W-Ni2P,

respectively. λ was estimated to be 1.53 nm by Tanuma et al.’s equation [36]. The intensity

ratio of W versus Ni was expressed by the following equation,

IW/Ni =
x(e−

d
λ�cosθ − 1)

(1 − x)(e−
d

λ�cosθ − 1) − e−
d

λ�cosθ
(10)

The expected model with a parameter of x = 0.22 and d=1.4 nm was shown with red colored

plots in Fig. 5.2(c) About one fifth of Ni atom were replaced by W atoms at the surface layer

and some diffused into subsurface region.
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Fig. 5.2. (a) 2π-steradian W 4f PIAD from the W-modified Ni2P (1010) surface (W-Ni2P).
(b) Signal intensity profiles along the {0001} Kikuchi-band for the element specific PIADs in
Fig. 5.1(c), 5.1(d) and 5.2(a). (c) The comparison of the signal intensity ratio of W versus Ni
between the experimental and the calculation value for each emission angle. Black and red
colored plots indicate the experimental and calculated values, respectively. (d) The expected
model of W-Ni2P on the Ni2P substrate. Vertical and horizontal directions indicate the depth
direction and the substituted ratio of W to the Ni site, respectively.
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The chemical reactivity difference between W-Ni2P and clean Ni2P surfaces was studied by

NO adsorption. This NO adsorption method is widely used for the study of active surface site

for HDS catalyst [37]. Figure 5.3(a) shows the wide area XPS spectra taken before and after

NO dosing for both surfaces. NO did not adsorb on the clean surface, while the significant

increase of N 1s and O 1s core-level peaks intensities were confirmed on the W-Ni2P surface.

The signal intensity of O 1s was twice as laege than that of N 1s, implying that NO gas was

dissociated on the surface and a part of N was desorbed. Figure 5.3(b) shows the detail XPS

spectra for W 4f, Ni 3p and P 2p core-level peaks were simple Gaussian dispersion, while

W 4f had a shoulder structure shifted by 2 eV to higher binding energy due to spin orbit

interaction of 4f7/2 and 5/2. After NO dosing, new shoulder structures appeared in the W

4f and P 2p spectra shifted by 2 and 3.5 eV to higher binding energy, respectively. This

indicates that the dissociated O oxidized W and P. W-Ni2P surface showed a possibility of

high catalytic properties which was not observed on the Ni2P surface.
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Fig. 5.3. (a) Wide are XPS spectra taken before ad after 1000 Langmuir NO dosing at room
temperature for the clean Ni2P and the W-Ni2P surfaces. (b) Detail XPS spectra for W 4f,
Ni 3p and P 2p taken before and after NO dosing. The blue plots indicate the difference
spectra for before and after NO dosing.
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5.4 Conclusion

In conclusion, we have characterized the clean and W-modified Ni2P(1010) surfaces by

PED. Element specific PIADs clarified the replacement of W onto the Ni site, while main-

taining the Ni2P structure. Newly observed W-Ni2P (W/Ni=0.2) on the Ni2P substrate

showed a remarkable activity for NO adsorption which was not observed on the clean Ni2P

surface. Therefore, this surface is expected to have a new catalytic properties. PED com-

bined with XPS was an useful analysis tool for clarifying the complex alloyed structure and

the catalytic properties.
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Chapter 6. Atomic structure analysis of catalytic poly-

crystalline Ni2P surface by microscopic pho-

toelectron diffraction

The poly-crystalline Ni2P surface made by heat decomposition was characterized by mi-

croscopic photoelectron diffraction. The orientation and structure at each crystal grain was

analyzed by scanning along the sample vertical and horizontal directions. 2π-steradian Ni

3p and P 2p PIADs showed three- and four-fold symmetric structures which was not seen on

the hexagonal Ni2P structure. The photoelectron intensity ratio of Ni 3p versus P 2p showed

a similar surface composition less than 5% for both single and poly crystalline Ni2P surfaces.

These knowledge strongly suggest the phase transition to unknown CaF2-type structure.

Dimethyldisulfide, (CH3)2S2, was dosed on the surface to evaluate the chemical reactivity at

each crystal grain. The signal intensity of S tended to higher at Ni-rich surface position.
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6.1 Introduction

Ni2P, a transition metal phosphide, is expected to be a next generation catalyst for hy-

drodesulfurization (HDS) reactions [1]. Ni2P belongs to the space group P6̄2m of hexagonal

symmetry with a=b=0.586 nm and c=0.338 nm, in which the Ni atoms form two types of

atomic sites, tetrahedral (T) and pyramidal (Py) [2]. Because the local structure at each Ni

site differs, especial catalytic properties are expected.

Oyama et al. characterized several size of Ni2P nano particles supported on different

substrates by x-ray absorption fine structure (XAFS), which enables an in situ observation [3].

Their XAFS analysis observed the increasing of coordination numbers while the crystallite

size goes down, suggesting that the surface is terminated with a Py site. The smaller particle

size, which has a higher surface area, tended to show higher HDS activity. They found the

relation between the surface termination with Py site and the high activity, indicating that

the breaking of the bulk arrangement ,ay be related with the catalytic properties. Although

XAFS is a powerful characterization for studying the local atomic structure, the Ni2P obtains

a complex structure with more than two Ni-P distances due to the number of Ni sites. Their

recent study immediately faced on the difficulty in distinguishing the local Ni site for the

alloyed FeNi bimetallic phosphide, which achieved the unprecedented selectivity to the direct

desulfurization pathway [4]. The precise relation between the surface structure and catalytic

activities is difficult to understand only by XAFS.

Surface science studies using a single-crystalline sample as a model catalyst have been

elucidating the surface structure and shedding light on the properties. Previous scanning

tunneling microscope (STM) [5–8] and low energy electron diffraction (LEED) [5, 6, 8–10]
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analyses observed the long range periodicity of the surface terminated atom. The Ni2P(0001)

surface had several reconstructed structures such as (
√

3×
√

3)-R30◦, (2/3×2/3) and (2×2) in

addition to the primitive (1×1) structure [5, 6]. Another (101̄0) surface, which has a stoichio-

metric composition of a bulky Ni/P=2 ratio, was found to terminate with c(2×4) and (1×1)

structures [8]. They concluded that all periodicity comes from the super structure of inactive

P atoms. However, not only two-dimensional atomic arrangements but also three-dimensional

atomic configurations have not yet been observed. Furthermore, the catalytic behavior for

the adsorption of sulfide such as thiophene, (CH3)-Ph, is different between the real catalyst

and the single-crystalline surface. Therefore, the study using a more approximated surface,

i. e., poly-crystalline surface must be studied.

A photoelectron from a localized core level is an excellent site and element selective probe

for surface structure analysis [11]. Forward focusing peaks (FFPs) appearing in the photo-

electron intensity angular distribution (PIAD) indicate the directions of surrounding atoms

seen from the photoelectron emitter atom [12]. The atomic distance between the emitter and

scatterer atoms can be deduced from the circular-dichroism shift of FFP position [12–14] as

well as from the opening angles of diffraction rings (DRs) appearing around the FFP [14, 15].

We have observed Ni 3p and P 2p PIADs from a single-crystalline Ni2P (101̄0) surface in

Chapter 2-4. The PIADs reflected well the Ni2P structure, implying that photoelectron

diffraction (PED) is an useful analysis tool for studying the surface structure and orienta-

tions with element selectivity. Here, the comparison of analytical characters, advantages and

disadvantages for the number of poly crystalline characterization is shown in Fig 6.1. Ev-

ery technique reported by now is complementary each other. In contrast, PED is an ideal

and unique technique for studying the relation between crystalline orientation, structure and
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chemical reactivity. The spatial distribution is depended on the size of soft x-ray (the radii

of soft x-ray at BL25SU in SPring-8 is ϕ=20 µm.).

In this study, we have characterized a poly-crystallized Ni2P surface by a similar approach.

The series of PIADs scanned along the sample in-plane observed the orientation distribution

at each crystal grain. X-ray photoelectron spectroscopy (XPS) and the simulated PIADs clar-

ified the unknown Ni2P structure in a poly-crystalline phase. Furthermore, dimethyldisulfide,

(CH3)2S2, was dosed on the surface and the activity at each crystal grain was compared. The

adsorption of S was confirmed which had not been observed on the single-crystalline surface.
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Fig. 6.1. The comparison of character, advantage/disadvantage for each poly crystalline
characterization.
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6.2 Experimental details

A single-crystalline Ni2P(1010) surface with a size of 5×10×1 mm was used as the sub-

strate [16]. The sample surface was heated by closing the W filament at 2000◦C for 10

min and was decomposed onto poly-crystalline surface after transferring into an ultra-high

vacuum (UHV) chamber with a base pressure of less than 3×10−8 Pa. A poly-crystallized

procedure was taken to the air once and mechanically polished to a mirror finishing to elim-

inate any impurities and make the sample surface flat. The sample surface was cleaned by

Ar+ sputtering at 2.5 keV (sample current: 1 µA, time: 30 min, Ar pressure: 1×10−3 Pa) and

annealed at 350◦C by direct current injection repeatedly [8]. The annealing temperature was

monitored by a K-type thermo-coupling. The surface structure was determined by reflection

high-energy electron diffraction (RHEED). The superimposed patterns from different orien-

tations were obtained and the pattern changed by scanning the sample surface, indicating

that a number of orientations were realized on the surface. The chemical composition on the

surface was observed by XPS. Carbon and oxygen impurity peaks were completely eliminated

from the surface. Note that the intensity ratio of Ni 3p versus P 2p was not changed before

or after poly-crystallization (not shown), indicating that the composition of poly-crystallized

Ni2P kept constant on the single-crystalline surface.

Dimethyldisulfide, (CH3)2S2, was dosed 1000 Langmuir (3×10−3 Pa, 100 sec) at 350◦C to

observe the catalytic reactivity at each crystal grain. (CH3)2S2 will be dissociated onto the

substrate surface and adsorbed as methylsulfide, CH3-S. The amount of surface adsorbate

was determined by XPS.

PIAD from the sample at a specific kinetic energy was most efficiently measured using a
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two-dimensional display-type spherical mirror analyzer (DIANA)[17–19], which is installed

at circularly-polarized soft x-ray beamline BL25SU at SPring-8, in Japan. A two-dimensional

angular distribution snapshot of a specific kinetic energy electron could be measured [12, 20–

23]. The acceptance angle of the analyzer was ±60◦. Light was incident from the direction of

45◦ inclined from the analyzer center. Two-dimensional scanning of PIAD along the sample

in-plane was measured by a 45◦ inclined light from the sample surface. The detecting range

of PIAD was a polar angle of less than 60◦ A 2π steradian PIAD was obtained by scanning

the sample azimuth for 360◦ [24, 25]. The emission angle θ dependence from 0 to 90◦ relative

to the surface normal was measured simultaneously. The helicity (σ±) of monochromatized

circularly-polarized soft X-ray was altered by switching the path of storage ring electrons in

twin helical undulators at 0.1 Hz [26]. The photon energy resolution was better than 100

meV. The total acquisition time for a pair of 2π-steradian PIADs excited by σ+ and σ−

helicity lights was 2.5 hr. All data was measured at room temperature. The energy window

width of DIANA was set to 30 eV for PIAD measurements, to achieve the best angular

resolution. All PIADs were obtained with a photoelectron kinetic energy of 600 eV, and

displayed in azimuth equidistant projection.
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6.3 Results and discussion

Figure 6.2 shows the series of Ni 3p PIADs by scanning the sample in-plane. The sam-

ple surface along the vertical ±1.0 mm and horizontal ±1.5 mm region every 200 µm step

was measured. The clear pattern contrasts were seen for all PIADs, suggesting the poly-

crystallized procedure kept the crystalline quality. Four-, three-fold symmetric and the in-

termediate orientations were found at each crystal grain. The orientation degree was shown

with color scale from blue to red. The black color indicates unexplained areas due to the

complex pattern coming from the grain boundary and the weak contrast relating with the

crystalline quality. The orientation was completely random but the grain size was above

hundreds µm. This indicates that the grain size was larger than the soft x-ray diameter ϕ300

µm at BL25SU in SPring-8 and made possible the analysis of the poly-crystalline sample by

photoelectron diffraction.
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Fig. 6.2. The series of Ni 3p photoelectron intensity angular distributions (PIADs) by scan-
ning the sample surface in-plane. The sample surface along the vertical ±1.0 mm and hori-
zontal ±1.5 mm region every 200 µm step was measured. The orientation degree was shown
with a color scale from blue to red corresponding to 4- and 3-fold symmetry, respectively.
The black color denotes the unexplained areas due to the grain boundary and crystalline
quality.
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The PIAD helped to determine the crystalline structure and orientation. Surprisingly, the

initial Ni2P(1010) surface, which only has a mirror symmetry, was found to disappear from all

the sample surfaces. A three-fold symmetric structure was expected on the hexagonal (0001)

surface but 4-fold symmetry was not allowed on Ni2P crystal. To satisfy both four- and

three-fold symmetric PIADs, a cubic lattice was reasonable. Also, XPS analysis suggested

that the bulky composition of Ni/P=2 was kept constant within 5% error before and after

poly-crystallization, indicating that AB2-type structure was expected. To satisfy both XPS

and PIAD results, a CaF2 structure, Ni and P atoms coordinated in F and Ca sites, was

favorable. In a CaF2 structure, the Ni atom is surrounded only by tetrahedral P atom

structure.

In Fig. 6.3, measured 2π-steradian Ni 3p and P 2p PIADs at a typical four- and three-fold

symmetric position, the simulated Ni 3p and P 2p PIADs and the corresponding structure

models for the expected CaF2 structure (111) and (001) surface, were shown. Two PIAD

images using σ+ and σ− helicity lights were superimposed. When excited with σ+ helicity

light, diffraction patterns rotated clockwise (red), while they rotated counterclockwise (blue)

when excited with σ− helicity light. For the simulation, the multiple scattering pattern

code, TMSP , which was developed by one of the authors (T. Matsushita) was used [27].

The radius 8Å cluster model consisting of 84 Ni atoms and 55 P atoms was used in the

simulation to imitate the experimental data. Angular resolution was determined as 4◦ in this

measurement. The FFP positions and diffraction patterns were basically similar, indicating

a the formation of a CaF2-type structure.

To analyze the detail structure, the circular dichroism of the photoelectron was analyzed.

Daimon found the relation between the inter atomic distance from the emitter to the scatterer
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atoms: R and the rotational shift of FFP: ∆ϕ as the following formula:

∆ϕ =
m∗

kRsin2θ
(11)

where m∗, k and θ are the effective magnetic quantum number, the wave number of pho-

toelectron and the angle between the incident photon direction and the outgoing direction

of the emitted photoelectrons, respectively. In general, m∗ considers the contribution to the

transition from different initial states weighted by the transition probability at a particular

angle. In Fig. 6.3(a), the intense peak at ⟨011⟩ at the polar angle of 54.7◦ was seen and

showed the circular dichroism. This signal originated from the FFP created by the second

nearest Ni atom. ∆ϕ of 2.41± 0.05◦ corresponding to the diagonal distance in a half unit

length of 0.42±0.01 nm was obtained. Therefore, the measured unitcell length was 0.59±0.01

nm. In Fig. 6.3(d), the ⟨001⟩ FFP at the polar angle of 35.3◦ showed ∆ϕ of 2.14± 0.05◦ cor-

responding to the unit length of 0.62±0.01 nm. Each value was similar to the Ni2P(0001)

unit length of 0.586 nm [2].
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Fig. 6.3. (a), (b) and (c) Measured 2π-steradian Ni 3p PIAD at 3-fold symmetric grain,
the simulated Ni 3p PIAD and the corresponding structure model for the expected CaF2

structure (111) surface. (d), (e) and (f) Same with (a), (b) and (c) but for P 2p. (g), (h)
and (i) Measured 2π-steradian Ni 3p PIAD at 4-fold symmetric grain, the simulated Ni 3p
PIAD and the corresponding structure model for the expected CaF2 structure (001) surface.
(j), (k) and (l) Same with (g), (h) and (i) but for P 2p. All PIADs were obtained with a
photoelectron kinetic energy of 600 eV and displayed in azimuth equidistant projection. Red
and blue colors indicate the circular-dichroism shift of forward focusing peaks at each helicity
light excitation. 132



The surface reactivity to the adsorption of sulfur at each crystal grain was studied. Fig-

ure 6.4(a) shows the comparison of XPS spectra before and after dosing with (CH3)2S2. The

increasing of S 2p peak was confirmed. The peak shifts at each core-level were not observed

due to the limitation of the energy resolution: 1 eV and the active element was not deter-

mined. As shown in Fig. 6.4(b) and 6.4(c), the signal intensities integrating all emission

angles from the Ni 3p and P 2p core-level at each grain are shown as a color scale. The blue

and red colors indicate the weaker and stronger intensities in the sample surface in-plane.

The signal intensity distribution ±5% was seen and did not relate with the random orien-

tation of the sample surface as shown in Fig. 6.2. Note that the specific reactivity at grain

boundary was not observed. At the sample upper side, the signal intensity of Ni 3p tended

to be stronger, while that of P 2p was weaker. This result indicating the slight breaking of

the surface composition. The tendency from S 2p shown in Fig. 6.4(d) was similar to that

of Ni 3p. Thus S reacted at the Ni-rich surface and made the Ni-S bond. Sulfide, such as

thiophene, S-Ph, have been hard to adsorb on the single-crystalline Ni2P surface because of

inactive P atoms covering the surface. However, the poly-crystallized surface achieved the

lower coordination of P atoms and avoided the steric hindrance. Therefore, the difference

of surface terminated atoms and the composition between the single-crystalline and poly-

crystalline surface was supposed. We clarified the removal of P atoms from the surface as

the key for realizing a high performance catalysis.
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Fig. 6.4. (a) The comparison of x-ray photoelectron spectra before and after dosing with
dimethyldisulfide, (CH3)2S2. (b), (c) and (d) The color scale of ±5% signal intensity distri-
bution from Ni 3p, P 2p and S 2p at each crystal grain, respectively.
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6.4 Conclusion

In conclusion, the poly-crystallized Ni2P surface made by heat decomposition was charac-

terized by photoelectron diffraction. The microscopic analysis scanning the sample in-plane

every 200 µm obtained the orientation distribution and grain size. The single-crystalline Ni2P

structure completely disappeared after poly-crystallization and the cubic CaF2 structure was

formed on the sample surface. Furthermore, the surface reactivity with (CH3)2S2 at each

grain was measured. The amount of S adsorbate was strongly related to the surface Ni/P

composition and the Ni-rich grain was active. Studies using a poly-crystalline Ni2P surface

have a possibility to clarify the difference of surface properties between the single-crystalline

and the real catalyst surfaces.
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Chapter 7. Summary

In this dissertation, I have developed the applied usage of photoelectron diffraction (PED)

for catalyst characterization, holography and diffraction spectroscopy. A number of catalyst

surface structure analyses depending on PED have been reported all over the world (1300

hits by searching the words, “catalyst” and “photoelectron diffraction” in Google Scholar)

but its usage has been employed alone many other times. I believe that this dissertation

contributed to two aspects of novelties in both PED and catalyst studies.

One aspect is that I contributed to develop the experimental and analytical routines for

site selective atomic and electronic structure observations. In chapter 2, I succeeded in

observing the atomic layer-resolved photoelectron intensity angular distributions (PIADs)

and XPS spectra for graphene grown on the SiC substrate. Newly constructed site selective

observation considering the photoelectron mean free path length was pithy idea for observing

the local interface atomic structures. The reconstruction of holography clarified the primary

stacking of graphene on the buffer layer to be a AB registry, which has been controversially

discussed in graphene study. Through the experience in chapter 2, I hit on the idea for

the application of PED to catalyst characterization. In chapter 3, I achieved in separating

Ni L-edge X-ray absorption Spectroscopy (XAS) into the local Ni site specific information,

while directly corresponds with the relation between the atomic and electronic structures.

The separated XAS observed the differences of density of the state dispersion near the Fermi

level. The analytical results were reasonable because the site selective XAS calculated by

the first principle calculations showed the similar tendencies. This achievement is helpful for

determining the local active structure on a catalyst surface. This also contributes for revealing
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the catalytic mechanism at an atomic level as well as for improving the development strategy

of new catalyst. Thus the advantages using PED in this dissertation were strongly appealed.

The second aspect is that I revealed the surface alloyed structure and its catalytic prop-

erties which are crucial issues in Ni2P study. I demonstrated the replacement of substituted

atom with Ni atom in the Ni2P crystal. Thanks to my experiences and interests, the appli-

cation of PED for the complex alloyed surface analysis was strongly suggested. In chapter 4,

I duplicated the highly active FeNiP bimetallic catalyst by modifying Fe on the single crys-

talline Ni2P. The element selective PIAD clarified the replacement of Fe with Ni site in the the

Ni2P crystal. This result has not been obtained by the other characterization methods. I also

found that this Fe2P thin film on the Ni2P showed a remarkable activity for NO adsorption,

while the clean Ni2P did not show. Through the knowledge in chapter 4, I constructed a new

W-modified Ni2P surface (W-Ni2P) in chapter 5. This W-Ni2P surface showed a remarkable

activity for NO adsorption, implying the discovery of an unprecedented highly active surface.

On both alloyed surfaces, the amount of NO adsorbate was similar although the surface Fe

was fifth times as superior than that of W. This indicates that the adsorption probability of

W is fifth times as large than that of Fe. Thus our developed W-Ni2P is expected to have

a high catalytic activity. However, one interest is occurred at the same time. In this thesis,

each alloying preparation methods and conditions are different, especially depositing temper-

ature. On the W-Ni2P surface, the deposition was done by approaching the high temperature

W filament above the Ni2P surface. The substitution may be led by high temperature due

to the irradiation from W filament nearby. In contrast, the replacement of Fe with Ni atom

at room temperature seems to be difficult because the energetic origin breaking the Ni-P

bonding is unknown. The epitaxial growth of Fe2P by supplying phosphorus atoms from the
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bulk is suggested. Each crystal growth is open question.

I got further into the future usage of microscopic PED using the polycrystalline Ni2P

surface because the model catalyst study is frequently faced with a dilemma for the difference

of the catalytic properties between the single crystalline and real catalyst surfaces. I found

a new structural phase of cubic CaF2-type structure in the polycrystalline Ni2P surface. I

also revealed the catalytic activity at each crystal grain. Because PED is an only analysis

method for revealing the relation between the crystal structure and orientation and the

catalytic activity with element selectivity, this analytical achievement is one of the legitimate

evolution in PED study. The selective adsorption of CH3-S was confirmed at Ni-rich position,

indicating that the exposure of Ni atom may be a key for appearing the high HDS activity.

The NO adsorption was not observed on single and polycrystalline surfaces in this study.

This implies that both surfaces have the similar chemical properties. This study is located

at between the real and model catalysts. The further discussion such as the detailed reaction

conditions and the surface phase difference must be necessary.

The finding the common point in the model and real catalysts will be my life work. The

analytical strategy focusing on the common point should be clarified using model catalyst at

an atomic level.
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H. Matsui, F. Matsui, N. Maejima, T. Matsushita, T. Okamoto, A. N. Hattori, Y. Sano,

K. Yamauchi, and H. Daimon

Submitted to Phys. Rev. B (November 2012)

2. “Disentanglement of site selective X-ray absorption spectra of catalytic Ni2P surface

by photoelectron diffraction spectroscopy”
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Daimon
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toelectron diffraction”
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mon
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4. “Atomic structure and catalytic properties of W-Ni2P surface alloy by photoelectron
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