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研究成果の概要（和文）：私たちはTEMにおける電子渦巻きビームの作成に関する理論理解を深めました。フォ
ーク型アパーチャーを使用して電子渦巻きを生成しました。TEMに位相アパーチャーを追加するには、電子光学
を修正する必要があり、大きな予算が必要です。しかし、このプロジェクトのサポートを受けて、ドーピング、
インターカレーション、相転移、超格子構造など、二次元材料の様々な側面を研究しました。過去5年間で、
Nature、Nature Materials、Advanced Materials、ACS Nano、Nano Lettersなどの高影響力のジャーナルに論文
34本を発表しました。これらの成果はこの資金援助のおかげです。

研究成果の概要（英文）：We have deepened our understanding of the theory behind creating an electron
 vortex beam in TEM. Fork-type apertures were fabricated to generate vortex electrons. Adding a 
phase aperture to TEM would require modifications to the electron optics and a larger budget to 
accomplish. Nevertheless, with the support of this project, we have studied various aspects of 
two-dimensional materials such as doping, intercalation, phase transformation, and superlattice 
structure. Over the past 5 years, we have published 34 papers, including articles in high-impact 
journals such as Nature, Nature Materials, Advanced Materials, ACS Nano, and Nano Letters, thanks to
 the support of this funding.

研究分野： 材料・化学領域

キーワード： 電子顕微鏡　EELS　2D materials

  ３版

令和

研究成果の学術的意義や社会的意義
The research on two-dimensional materials and electron vortex beams has potential social impacts in 
a variety of fields. The development of new materials with unique properties can lead to the 
creation of new technologies and products that improve the quality of life for people. 

※科研費による研究は、研究者の自覚と責任において実施するものです。そのため、研究の実施や研究成果の公表等に
ついては、国の要請等に基づくものではなく、その研究成果に関する見解や責任は、研究者個人に帰属します。
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１．研究開始当初の背景 
Information storage is of utmost importance in the current era of high-speed calculations and 
information explosion. Transition metals (TM) exhibiting ferromagnetism play a critical role 
in storing digital data by utilizing the orientation of their magnetic moments. However, the 
ongoing challenge in the manufacturing industry lies in the constant pursuit of shrinking the 
size of one-bit information storage to increase memory capacity. 
 
To address this challenge, a proposed method for maximizing storage device capacity involves 
harnessing the potential of single TM atoms as individual storage units. This approach 
necessitates a comprehensive understanding of the magnetic properties exhibited by single 
atoms and nanoclusters. These magnetic properties primarily originate from the d-orbital 
electrons and bonding configurations of TM atoms. 
 
To gain insights into the surface magnetic information of materials, techniques such as spin-
polarized scanning tunneling microscopy [Science 288, 1805, (2000)] or magnetic exchange 
force microscopy [Nature 446, 522 (2007)] can be employed [Figure 1]. Additionally, recent 
advancements have introduced valuable techniques such as x-ray magnetic circular 
dichroism (XMDC) [Coord. Chem. Rev. 277, 95 (2014)] and electron magnetic circular 
dichroism (EMCD) [Nature 441, 486 (2006)]. By exploiting the selection rule, where electrons 
excited by different angular momenta exhibit different intensities in the spin up and spin 
down electron transitions from the 2p orbital to the 3d orbital, these techniques provide 
detailed information about the electronic and magnetic structures of nanoparticles, 
molecular materials, and single-molecule magnets. 
 
Furthermore, the manipulation of electron beams through the electron holography technique 
[Nature Materials 8, 271 (2009), Nature, 464, 737 (2010), Nature 467, 301 (2010)] enables 
the generation of electrons carrying orbital angular momentum. This innovative approach 
finds broad applications in analyzing the local magnetic properties of nanomaterials. 
Leveraging the generation of electron vortex beams in scanning transmission electron 
microscopy (STEM) represents a powerful means to investigate the magnetic properties of 
single TM atoms and clusters. 
 
By expanding our knowledge in these areas and harnessing advanced characterization 
techniques, we can pave the way for groundbreaking advancements in information storage, 
magnetic physics, and material science. This research has the potential to attract significant 
attention from various fields and lay the foundation for next-generation quantum storage 
devices and high-speed calculation units. 

 

Figures 1. Methods to study the magnetic information of materials. 
 
２．研究の目的 
The primary objective of this project is to generate an electron vortex beam in a scanning 
transmission electron microscope (STEM) and utilize these vortex electrons to investigate 
the spin state of magnetic particles and single TM atoms through the electron energy loss 
spectroscopy (EELS) technique. By employing this advanced technology, we aim to develop a 
comprehensive understanding of the magnetic behavior exhibited by individual TM atoms. 



This study is expected to yield high-impact experimental findings that will serve as a crucial 
cornerstone in the fields of atomic physics, magnetic physics, spintronics, and material 
science. 
 
３．研究の方法 
To achieve the generation of vortex electrons, our project begins by designing fork-type 
holograms. These holograms possess distinct geometries that enable the generation of 
electron beams with varying levels of angular momentum (refer to Figure 2). Our research 
delves into the intricacies of holographic reconstruction theory, allowing us to design the most 
suitable patterns for creating a holographic aperture that seamlessly integrates with our 
microscope setup. 
By employing advanced computational techniques and simulation tools, we optimize the 
design of the holographic aperture to precisely control the phase and amplitude of the 
electron wavefront. This ensures the efficient conversion of a conventional electron beam into 
a vortex beam with well-defined orbital angular momentum. Through careful calibration and 
experimental refinement, we strive to achieve high-fidelity generation of vortex electrons, 
enabling us to explore their unique properties and application potentials. In addition to the 
holographic aperture design, we investigate the integration of the aperture within the 
scanning transmission electron microscope (STEM) system. This involves meticulous 
alignment and alignment adjustments to ensure optimal performance and reliable operation 
of the vortex electron generation. We also analyze the effects of aberrations and other imaging 
parameters to enhance the quality and stability of the generated vortex beams. The 
successful implementation of the designed holographic aperture in the STEM system opens 
up exciting possibilities for studying the spin state of magnetic particles and single TM atoms. 
By coupling the vortex electrons with electron energy loss spectroscopy (EELS), we can probe 
the magnetic properties and spin dynamics of these nanoscale systems with exceptional 
precision and sensitivity. 
 
In the sample preparation phase, our first step involves isolating transition metal (TM) atoms 
within graphene. Graphene serves as an excellent platform for housing TM atoms due to its 
lack of inherent magnetism while providing a highly anisotropic environment. By utilizing 
electron energy loss spectroscopy (EELS) without the implementation of vortex beams, we 
initially investigate the spin state of TM atoms in graphene. This enables us to gain insights 
into the spin characteristics of TM atoms within the graphene lattice and explore their 
relationships with neighboring atoms. Subsequently, we introduce the holographic aperture 
into the microscope setup. This aperture plays a crucial role in generating vortex electrons 
with controlled orbital angular momentum. Through careful analysis of the vortex electron 
pattern, we fine-tune the size and positioning of the selective aperture. This iterative process 
allows us to achieve atomic resolution imaging while simultaneously obtaining EELS signals. 
By precisely adjusting the holographic aperture, we optimize the conditions for both high-
resolution imaging and EELS analysis. This innovative approach enables us to obtain 
detailed structural information at the atomic scale while simultaneously probing the 
elemental composition and electronic states of the TM atoms within the graphene lattice. Our 
goal is to achieve atomic-level resolution imaging, which will provide crucial insights into the 
arrangement and interactions of TM atoms with their surrounding environment. 
Simultaneously, the complementary EELS signals obtained will contribute to our 
understanding of the electronic properties and chemical bonding involving the TM atoms in 
graphene. Through this comprehensive experimental strategy, we aim to unravel the 
intricate spin states, electronic properties, and local interactions of TM atoms within the 
graphene matrix. This research not only advances our knowledge of TM-graphene systems 
but also has broader implications for diverse fields such as material science, condensed 
matter physics, and nanotechnology. 
 



 
Figure 2. The relation of holograms and the generated pattern of the vortex electrons.  
 
 
４．研究成果 
We manufacture fork-type holographic apertures by 
depositing a 200 nm thick Pt thin film onto the surface of 
a single crystal NaCl substrate. The Pt film is carefully 
transferred to fully cover a 200 μm hole in a commercially 
available transmission electron microscopy (TEM) 
aperture. Subsequently, a holographic pattern is created 
on the Pt film using focused ion beam (FIB) etching 
techniques (see Figure 3). 
 
The placement of the holographic aperture within the 
electron path of the microscope necessitates careful 
consideration of electron optics. Essentially, there are 
three different design configurations (as depicted in 
Figure 4):  
 
(a) Parallel Beam Configuration: In this design, a 
parallel electron beam is used to irradiate the sample in 
the TEM mode. To generate the vortex beam, a holographic aperture is placed above the 
sample. The electron beam passes through the holographic aperture, acquiring orbital 
angular momentum and transforming into a vortex beam. Subsequently, a selective aperture 
is employed to filter and collect the desired electron signals for EMCD analysis. 
 

Figure 4. Three design configurations and modification methods for TEM electron optics that 
allow for the generation of electron vortex beams and the collection of EMCD signals. 
 
(b) Convergent Beam Configuration I: A holographic aperture is placed at the top of the 
microscope, generating a vortex beam that is directed onto the specimen. Additionally, a 
selective aperture is utilized in front of the spectrometer to further control and filter the 
electron signals based on their angular momentum. This combined approach provides 
flexibility in tailoring the electron beam characteristics and collecting EMCD signals with 
specific angular momenta for accurate characterization of the sample's magnetic and 

Figure 3. Design and fabrication 

of holographic aperture. 



electronic properties. 
 
(c) Convergent Beam Configuration II: This design involves modifying the convergence 
aperture system of the TEM. A holographic C2 aperture is introduced into the system, 
typically positioned after the condenser lens. This aperture is responsible for generating the 
vortex beam by imparting orbital angular momentum to the electrons. Below the C3 
condenser lens, a selective C3 aperture is added to filter the vortex electrons, allowing for the 
selection of specific angular momenta. The resulting vortex beam, with the desired angular 
momentum, is directed onto the sample for EMCD measurements. 
 
By employing these different design configurations, we can tailor the electron beam 
characteristics to suit the specific experimental requirements. Each configuration offers 
unique advantages for studying the magnetic properties and spin states of magnetic particles 
and single TM atoms. The precise control of the electron beam's angular momentum through 
holographic apertures allows for detailed investigations of the interaction between electron 
spins and the magnetic structures of the specimens. 
 
In this project, we have planned to implement design (c) in order to purify the irradiating 
electrons with specific angular momentum and apply them directly to single TM atoms. 
However, we recognize that modifying the aperture design poses significant challenges. It 
would involve altering the height of the microscope and potentially impacting the electron 
optics. This modification carries a high risk as it could degrade the current performance of 
single atom imaging and spectroscopy.  
 
Considering these factors, we have realized that such a modification would require a 
substantial budget and it would be more prudent to initially attempt it on a spare microscope. 
Despite these constraints, our understanding of the electron vortex beam and EMCD 
experiments has significantly deepened. This knowledge will be valuable for future 
endeavors and may eventually pave the way for successful implementation of the desired 
modifications. 
 
Throughout the course of this project, we have conducted extensive investigations into the 
spin states of individual Cr and Fe atoms in graphene. Our findings have revealed that when 
absorbed on graphene edges and divacancies (DV), Cr and Fe atoms exhibit a high-spin state. 
Additionally, we have observed that the spin state of the TM atom is influenced by its 
neighboring atoms. For instance, the spin state of a single Fe atom at a DV can transition 
from a high spin state to a low spin state if neighboring nitrogen atoms are present instead 
of carbon atoms (refer to Figure 5). These observations highlight the sensitivity of the TM 
atom's spin state to its local environment within the graphene lattice.  

Figure 5. Spin state variation of Fe in graphene divacancy and in nitrogen defect. 
 
 
During the duration of this project, additional experiments and research publications were 
carried out to investigate the properties of various other 2D materials. These investigations 
aimed to expand our understanding of the different 2D systems. As a result, the project has 
yielded a significant number of research outputs, with over 30 papers published on this topic. 
These publications have contributed valuable insights and findings to the field of atomic 
structures and physics, advancing our knowledge of nanoelectronic devices, material science, 
and the broader scientific community. The wide range of research conducted and the 
substantial number of publications demonstrate the comprehensive nature of the project and 
its impact on the scientific community. 
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