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Study of advanced x-ray fluorescence holography method 
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Department of Materials Science, Graduate School of Engineering, Tohoku University

X-ray fluorescence holography(XFH) is a promising tool to determine three-dimensional atomic 

arrangements around a specific element. Since Tegze et al. demonstrated XFH, various interesting studies 

have been reported, e.g., atomic imaging around dopants and a structural analysis of quasicrystal, and the 

experimental technique makes progress. x-ray holograms include the phase information of scattered x rays, 

which is not obtained by the standard x-ray diffraction technique. The atomic structure is directly 

determined by a modified Fourier transformation without assuming any structural model. This is a great 

advantage over the other methods to study local atomic structures, such as extended x-ray absorption fine 

structure. However, accuracy of atomic position determined from the reconstruction is about 0.05 nm in 

this time, and it is insufficient to quantitatively evaluate a local lattice distortion. Moreover, ordinary XFH 

method can not identify an element of atoms in the reconstruction. In this study, various studies for 

realizing quantitative evaluation of local atomic structures were carried out.  

1. Progress of measurement technique by both development of laboratory XFH apparatus and 

preliminary measurements 

In order to improve the resolution of atomic images, it is important to measure holographic signals with 

a better S/N ratio. Most of XFH experiments were performed at synchrotron radiation facilities. 

Experiments with synchrotrons, however, are still limited by their beam time for most users. Often, we 

have not been able to carry out basic research and preliminary measurements of holograms in various 

samples. Thus, the development of laboratory XFH apparatus with a conventional x-ray source was 

strongly desired. In this study, the laboratory XFH apparatus, employing both an effective x-ray converging 

device of bent graphite with a large curvature and an accurate x-ray counting system, was developed. As 

the result of hologram measurements of a gold single crystal, a clear holographic pattern almost equivalent 

to that with the third-generation synchrotron facility (SPring-8) was obtained, although the measurement 

times were about 2 days.  

As the technique to increase the spatial resolution of atomic images, multiple energy x-ray 

holography(MEXH) are well known, where atomic images are obtained as summation of reconstructions at 

various energies. In laboratory experiments using the internal detector holography method, incident x-ray 

energies are limited to the target materials of the x-ray source.  In this study, by combination of internal 

detector and internal source holography, holograms of Au at five energies were measured and refined 

atomic images were obtained in comparison with the single-energy reconstruction.  The availability of 

MEXH is also verified using the laboratory XFH. 

2. Structural analysis of epitaxial thin films by x-ray fluorescence holography 

In order to evaluate what extent the advanced measurement technique of XFH is applicable to structural 

analysis, XFH was applied to artificially grown thin films. By applying the XFH method to thin films, we 

can evaluate both atomic arrangements in a plane and normal to the film. As the sample, the 

Fe(1ML)/Pt(1ML) multilayer films were provided by Takanashi group, Institute for Materials Research, 

Tohoku university. The FePt films with large magnetic anisotropy have much attention as next-generation 

magnetic storage media. It has been reported that the long-rage order parameter determined by x-ray 
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diffraction decreases with decrease in the substrate temperature in fabrication. 

After the preliminary measurements at laboratory, the holograms of the FePt films were measured at 

SPring-8. 9 incident x-ray energies were selected from 9.50 to 11.50 keV with 0.25 keV step between Fe 

K(7.11 keV) and Pt L (11.56 keV) absorption edges to suppress the absorption to Pt atoms of incident x 

rays. The x-ray holograms of Fe K fluorescence emitted from FePt were measured. Slight fluorescent x rays 

were converged by the cylindrical graphite analyzer. As the result of the reconstruction of 9-energies 

holograms, atomic imaging of FePt films was observed, and atomic images of Pt layers in FePt were 

reconstructed with the accuracy of 0.01 nm till the second neighbor position. And also, combining the 

computer simulation, a local short-range order parameter of Pt atoms around Fe atoms was quantitatively 

evaluated.  

3. Optimum condition for x-ray fluorescent hologram measurements 

One question raised through the hologram measurements at both laboratory and synchrotron facilities. 

It is that holograms of metal crystals are measured more easily than that of semiconductor crystals. As the 

reason, it was expected that holograms can not be measured with sufficient angular resolution because 

holographic oscillation is finer with better crystallinity. To understand the question, holographic patterns of 

a large cluster must be calculated. Previous method using a single-scattering cluster model can not calculate 

the holograms of a large cluster due to restrain of the calculation time. In this study, the algorithm to 

calculate holograms using diffraction structure factors was derived. Using the algorithm, the cluster radius 

dependence of both the holographic patterns of a 001 gold single crystal at 17.444 keV and reconstructed 

atomic images was evaluated. The frequency of the holographic oscillations exponentially increases with a 

larger crystal. However, the measurement time is especially limited at synchrotron facilities, and it is 

unpractical to measure holograms below angular step of 0.1 . By integrating two dimensional hologram 

data with a certain angular range, atomic images similar to that reconstructed from holograms with finer 

angular steps were reconstructed within about 1 nm around an emitter atom. It was confirmed that the 

integration of hologram data in an angular range is an effective technique to obtain atomic images within a 

realistic measurement time. 

4. Proposal of element-identified x-ray fluorescence holography method and its realization  

In my study, accuracy of hologram measurements was improved and the measurement condition was 

optimized. However, XFH has still some problems, i.e., “MEXH can not eliminate completely conjugate 

images’’ and “an element of atomic images in the reconstruction can not be identified without a model 

calculation. In this study, in order to solve these problems, “complex x-ray holography(CXH)” using 

resonant x-ray scattering was proposed. The CXH method enables us to derive the complete phase 

information of a specific element, and twin-free and element-identified atomic images are reconstructed. As 

the result of the simulation of CXH, it is expected that the experiments is very difficult since the signal is of 

the 10
-4

 order of the background intensity. To overcome the difficulty, the sample cooling system was 

installed to the previous XFH measurement system, and the holographic signal increased 10-30% in 

comparison with that at room temperature.  Using the improved apparatus, the hologram measurements of 

a GaAs single crystal was carried out at the three energies around the As K absorption edge. As the result of 

the reconstruction of the derived complex hologram, the only As true images were reconstructed. The 

demonstration of CXH was firstly succeeded. Accurate evaluation of atomic occupancy in the 

reconstruction became possible. 
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Chapter 1 

Introduction

Holography, which was invented by Gabor [1] in 1948, is a model-free three-dimensional 

imaging technique.  Waves passing through objects (reference waves) interferes with waves 

scattered by objects (object waves).  This makes an interference pattern (holographic pattern) 

which records phase information about object positions.  By irradiating the reference wave 

to the holographic pattern or numerically analyzing the holographic pattern, the real object 

image is reconstructed.  At first, Gabor introduced to improve a spatial resolution of an 

electron microscope that was almost saturated at that time.  Gabor proposed a holographic 

microscope without electromagnetic lens which is seriously affected by these spherical 

aberrations.  The Gabor-type holography needs coherent waves (electron beams, 

electromagnetic wave).  Gabor experimentally tried a holography with electron beams.  

However, since electron beams with enough coherency could not be obtained in those days, 

he couldn’t succeed to observe an atomic resolution hologram.  After a discovery of an 

optical laser in 1960[2], the holography becomes very popular, such as holographic seals, 

virtual reality.  In the recent advanced electron microscopy, the coherent electron ray beams 

are made and the electron holography is applied to observe a magnetic-domain structure in 

various magnetic materials.[3, 4] 

In 1986, Szöke[5] proposed a concept of atomic resolution holography.  The principle of 

the atomic resolution holography is explained into detail in chapter 2.  The wave source is an 

atom of a specific element in solid, emitting photoelectrons, fluorescent x rays, and  rays.  A 

part of these radiations is scattered by neighbor atoms and interferes with radiations directly 
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traveling outside a sample.  This constructs a pattern containing both phase and amplitude of 

scattered waves and provides a real space image by a simple numerical algorithm.  The first 

implementation of the atomic resolution holography was reported as photoelectron diffraction 

by Harp et al.[6] in 1990.  In 1996, Tegze and Faigel[7] succeeded in observing the atomic 

resolution hologram of fluorescent x rays.  Figure 1.1 shows an x-ray hologram of SrTiO3

and its reconstruction.  The reason why the photoelectron holography first succeeded 

because of its large amplitude of holographic signal ( 5%).  Since photoelectron strongly 

interferes with atoms, and the holographic signals are relatively large.  On the other hand, 

because x ray weakly interferes with atoms, the signal is much smaller.  In Tegze et al.’s 

experiment, it took two months to measure a holographic pattern with a Mo x-ray tube.   

X-ray scattering process is much simpler than the photoelectron because multiple scattering is 

negligible.  Therefore, the data analysis of x-ray fluorescence holography is much simpler.  

With development of third-generation synchrotron radiation facilities, e.g., SPring-8, ESRF, 

the basic researches of the x-ray fluorescence holography (XFH) made great progress.  Now, 

x-ray hologram measurements are comparatively easy at synchrotron facilities.   

XFH is a promising tool to determine three-dimensional atomic arrangements around a 

specific element.  Since Tegze et al. demonstrated XFH, various interesting studies have 

been reported, e.g., atomic imaging around dopants[8], a structural analysis of quasicrystal[9], 

and atomic configuration of light elements[10], the experimental technique makes progress.  

X-ray holograms include phase information of scattering x rays, which is not obtained by the 

standard x-ray diffraction technique.  The atomic structure is directly determined by a 

modified Fourier transformation without assuming any structural model.  This is a great 

advantage over the other methods to study local atomic structures, such as extended x-ray 

absorption fine structure.  As the structure analysis techniques for directly visualizing atoms, 

high-resolution transmission electron microscopy (HRTEM) and scanning tunneling 
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Hologram

Reconstruction

Fig.1.1. First demonstration of x-ray fluorescence holography [7]. 
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microscopy (STM) are widely used.  In HRTEM, observed atomic images are a projection to 

a two-dimensional plane.  In STM, atomic structures in the vicinity of surface are visualized.  

XFH is a non-destructive analytical technique and its sample is a single crystal of a few mm.  

Judging from a penetration depth of a few m thickness, atomic images of XFH represent a 

bulk structure.  However, accuracy of atomic position determined from the reconstruction is 

about 0.05 nm in this time, and it is insufficient to quantitatively evaluate a local lattice 

distortion.  Moreover, ordinary XFH method can not identify an element of atoms in the 

reconstruction.  In this study, various studies for realizing quantitative evaluation of local 

atomic structures were carried out.   

In order to improve the resolution of atomic images, it is important to measure 

holographic signals with a better S/N ratio.  Most of XFH experiments were performed at 

synchrotron radiation facilities.  Experiments with synchrotrons, however, are still limited by 

their beam time for most users.  Often, we have not been able to carry out basic research and 

preliminary measurements of holograms in various samples.  In this study, I made a great 

effort to build a laboratory XFH equipment to obtain a holographic pattern within a 

reasonable measurement time.(Chapter 3)  Using this equipment, both basic studies to 

accurately measure holograms and preliminary hologram measurements of a gold single 

crystal were carried out.  And, a technique to obtain atomic images in laboratory was 

contrived.(Chapter 4)  In chapter 5, in order to evaluate what extent the advanced 

measurement technique of XFH was applicable to structural analysis, XFH was applied to 

artificially grown thin films.  One question raised through the hologram measurements at 

both laboratory and synchrotron facilities.  It is that holograms of metal crystals are 

measured more easily than that of semiconductor crystals.  To understand the question, 

holographic patterns of a large cluster must be calculated, and experimental conditions were 

optimized.(Chapter 6)   
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In my study, accuracy of hologram measurements was improved and the measurement 

condition was optimized.  However, XFH has still some problems, i.e., “MEXH (section 

2.3.3) can not eliminate completely conjugate images’’ and “an element of atomic images in 

the reconstruction can not be identified without a model calculation.  This makes difficulty 

to determine in detail the atomic occupancy in structure.  As element-identified atomic 

resolution holography, complex -ray holography[11] and resonant x-ray fluorescence 

holography[12] were proposed.  In my study, a new holographic method using a resonant 

x-ray scattering, i.e., complex x-ray holography (CXH) is proposed.  The feasibility of CXH 

is evaluated by a computer simulation.  Moreover, CXH of GaAs is firstly demonstrated 

using the improved holographic apparatus.(Chapter 7) 

Finally, conclusion and future perspectives are given in Chapter 8. 
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Chapter 2  

X-ray fluorescence holography 

Gabor-type holography was difficult to visualize atoms in principle.  This problem was 

solved by atomic resolution holography proposed by Szöke[5].  In the last decade, 

photoelectron[6], x-ray[7], -ray[13], and neutron[14] holography realized to visualize atoms.  

In this chapter, principles of optical holography and atomic resolution holography (x-ray 

fluorescence holography) are explained.  An algorithm for reconstructing atomic images is 

also explained.  Finally, some interesting applications are introduced. 

2.1  Optical holography[15]

Since Maiman[2] developed the optical laser, holography studies have been actively 

carried out.  Figures 2.1 (a) and 2.2(a) show two basic configurations to record holograms by 

the optical holography.  Figure 2.1(a) shows an in-line type holography proposed by 

Gabor[1].  Reference wave is a plane wave or spherical wave coming from a distance.  A 

part of the reference waves are scattered by objects, and object wave is produced.  The 

non-scattered reference wave interferes with the object wave, which makes a holographic 

pattern.  Intensities of holographic oscillations are given by  

2

0aaI r ,                                 (2.1)

where ar and a0 are complex amplitudes of reference and object waves, respectively.  For 

convenience of discussion, let me assume that the scattering object is a point object.  The 

holographic pattern is a concentric-circle contrast as shown in Fig. 2.1(b).  When the 

distance between the object and the picture plane is d, the nth radius from the center of the 
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Fig.2.1. Gabor-type holography. (a)Arrangement. (b)Hologram. (c)Image reconstruction.

(a) (b) 

(c)

7



Fig.2.2. Fourier-transformation holography. (a)Arrangement. (b)Hologram. (c)Image 

reconstruction.

(a) (b) 

(c)
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bright ring is that 

ndrn 2 .                                (2.2)

Next, the image is reconstructed from the holographic pattern.  Figure 2.1(c) shows the 

schematic drawing of the principle of the reconstruction.  The holographic pattern is 

illuminated by the same light to the reference.  The light is diffracted by a holographic 

pattern and focuses into an image.  In this case, two images are illuminated.  One is a real 

image emerged on the side of the object.  The other is a conjugate image emerged on the 

opposite side of the recorded holographic plane.  This conjugate image is called a twin 

image.  If the distance of two objects from each other is x in a direction perpendicular to the 

reference beam, the distance nr  between interference fringes becomes narrower than x.

This means that the resolution of holographic patterns recorded with a plane wave cannot be 

better than the resolution of the detecting medium.  Since the resolution of the best 

photoresists is of the order of a few hundred , we cannot expect to reach atomic resolution 

with this inline-type setup. 

Figure 2.2(a) shows Fourier-transformation holography known as an optical holography.  

In this method, a reference wave is a spherical wave emitted by a point source.  If the object 

and source are in a plane parallel to the photographic plate and the distance d between the 

source and the recording surface is much larger than the distance x between the source and 

object, the interference pattern consists of linear fringes with a uniform spacing of xd /  as 

shown in Fig. 2.2(b).  When the interference pattern is illuminated by the original spherical 

wave, it diffracts again the first order in both directions, two virtual images appear as shown 

in Fig. 2.2(c).  One is the real image at the object position.  The other is the twin image at 

the opposite side of the source.  In this method, the spacing of the interference fringes 

becomes the inverse of the distance between the source and object.  Therefore, the 

requirement on the spatial resolution of the detecting medium is not so strict differently from 

9



Fig.2.3. Illustration of atomic resolution holography. 
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Fig.2.4. Illustration of (a)internal source holography and (b)internal detector holography.

(a)

(b)
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the inline-type setup.  However, in order to realize a holographic pattern with atomic 

resolution, the size of source must be minimized. 

2.2  Principle of x-ray fluorescence holography 

Atomic resolution holography is a basic principle of x-ray fluorescence holography.  In 

this section, the configurations to measure x-ray holograms, the problem of the general 

configurations called as a mixed x-ray fluorescence holography, and its experimental solution 

are explained.  Kossel diffraction[16] and x-ray standing wave(XSW)[17], that is the related 

phenomena of x-ray fluorescence holography, are also explained.   

2.2.1  Atomic resolution holography 

In 1986, Szöke[5] proposed atomic resolution holography which is regarded as the origin 

of Fourier-transformation holography.  Figure 2.3 shows the schematic drawing of the 

principle.  In this method, reference waves are photoelectrons, x rays, and  rays emitted 

from atoms.  Object waves are for example photoelectrons, x rays, and  rays elastically 

scattered by nearby atoms, and interfere each other.  This makes an atomic resolution 

hologram.  By numerically analyzing the holographic pattern, three-dimensional atomic 

images are reconstructed. 

2.2.2  Internal source/detector holography 

X-ray fluorescent holograms are measured by two configurations.  They are called 

internal source holography(ISH) and internal detector holography(IDH), respectively.  

Figure 2.4 shows illustrations of the principles.  ISH in Fig. 2.4(a) is the method used by 

Tegze et al.[7] in the first x-ray fluorescence holography experiment.  Reference waves are 

fluorescent x rays traveling outside without being scattered in a solid.  Object waves are 
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fluorescent x rays scattered by nearby atoms.  They interfere, and fluorescent x-ray 

holograms recorded phase information of scattered x rays are constructed. 

IDH was proposed by Gog et al.[18] in 1996, which is based on the idea of the optical 

reciprocity of ISH.  Monochromatic x rays are radiated to a sample.  One part of the 

incident x rays directly approaches to fluorescent atoms.  The others are scattered by nearby 

atoms.  They interfere at the position of fluorescent atoms.  By changing the direction of 

the incident x rays, the interference at the position of the fluorescent atoms changes.  The 

intensities of fluorescent x rays are collected as a function of the direction of the incident x 

rays, and holographic patterns are constructed. 

The crucial difference between ISH and IDH is the energy recorded as holographic 

patterns.  In ISH, holographic patterns are limited to the energy of observable fluorescent x 

rays.  On the other hand, IDH enables us to measure holographic patterns at any energy 

above the x-ray absorption edge of a target element.  Although this is convenient for 

applying multiple energy x-ray holography, incident x rays must be monochromatized.  In 

ISH, incident x rays are used only to excite fluorescent x rays.  Therefore, incident x rays do 

not need to be monochromatized.  The experiment is easier in ISH than in IDH. 

Fluorescent x-ray intensities I and holographic function  are given by 

2

0 1)( kk AII

kk AAI Re21
2

0  ,                (2.3)

and

kk ARe2 ,                                 (2.4)

respectively, where k is the wave number vector of fluorescent x rays in ISH, or incident x 

rays in IDH, and I0 the back-ground intensity.  In parentheses of Eq. (2.3), the first term is a 

component of reference waves, the second term is an interference component of object waves, 

and the third term is an interference component of reference waves and object waves.  This 
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third term corresponds to the holographic oscillation: k .  If one fluorescent atom is in a 

solid, kA  is expressed as below; 

j

jj

j

kai
a

frp
A

j
akk

k

a
exp

e
,                      (2.5)

where p is the polarization factor, re the classical electron radius, k

a j
f  the atomic 

scattering factor, and aj the distance between a fluorescent atom and a jth neighbor atom.  

The magnitude of holographic oscillation constructed from one scattering atom is estimated,  

3
5

11

1

10
32

1001108.2
2)cos(2 1 ka

a

frP k

ae
akk .            (2.6)

We can understand that the signal of holographic oscillation is very low of the order of 10
-3

 of 

the background.  Therefore, in the hologram measurements, it is the most important to 

collect holographic data, and with good statistical accuracy over one million counts in a noise 

level as low as possible.  Actually, Tegze et al.[7] took two months to measure the x-ray 

hologram in SrTiO3 using a 3 kW x-ray tube.   

 Since the second term in Eq. (2.3) is much smaller than the third term, Eq. (2.3) is 

expressed such as 

1k 0II .                            (2.7) 

Since holographic oscillation  is a summation of holographic oscillations made by each 

scatterer in a solid,  is expressed that 

j j

k

ae

j

j ka
a

frP
)cos(2 11

1 ak          (2.8)

2.2.3  Experimental setup of internal source/detector holography 

The illustration of principle of the internal source/detector hologram is shown in Fig. 2.5.  

In ISH, fluorescent holograms are measured as a function of exit angle 2 and rotation angle .
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Incident angle 1 is fixed.  An x-ray detector for measuring fluorescent intensities is set on a 

2 arm.  A pinhole slit is set in front of the window of the x-ray detector, and it determines 

the angular resolution of holograms.  From a sample, fluorescent x rays and elastically 

scattering x rays are radiated.  In order to separate them, energy-dispersive x-ray detector 

with the energy resolution of 100-200eV is used.  Figure 2.5(b) shows the experimental 

set-up of IDH.  In IDH, fluorescent holograms are measured as a function of incident angle 

1 and rotation angle .  Exit angle 2 is fixed.  As a fluorescent x-ray detecting system, an 

energy-dispersive type or a wavelength-dispersive type is used.  When intensities of 

fluorescent x rays are weak, the energy-dispersive type is used.  In this method, an 

energy-dispersive x-ray detector is set near the sample.  Since the angular resolution of 

holograms is determined by the divergent angle of incident x rays, a pinhole slit is not set.  

When fluorescent x-rays are detected with a high-count rate, the counting loss of fluorescent x 

rays is a serious problem.   Therefore, when intensities of fluorescent x rays are strong, the 

wavelength-dispersive type is used.  As an analyzer, cylindrically or toroidally bent single 

crystal is used to collect large fluorescent x-ray intensity.  A high-speed x-ray detector, 

which can detect x rays with a count rate of 10
12

 cps, is used for measuring intensities of 

fluorescent x rays.  This method solves the problem of a counting loss of energy-dispersive 

type, and enables us to measure holographic patterns with high accuracy.   

2.2.4  Combination effect of internal source/detector holography 

ISH and IDH are simultaneously observed when x rays radiate a sample.  If holographic 

patterns are measured with the ordinary setup explained at section 2.2.3, both components 

form a background each other.  Therefore, in data analysis, unwanted components must be 

eliminated.  Or it is necessary to be measured only the wanted ones without contaminating 

the other.   
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Pure ISH 

In order to carry out the pure ISH measurements, fluorescent holograms must be measured 

by the experimental setup shown in Fig. 2.6(a).  A sample is fixed.  An x-ray detector is 

two-dimensionally scanned.[19]  Using this setup, the interference of incident x rays in a 

sample does not change, and the pure internal source holograms are observed.  Also, when 

the polarization of incident x rays is negligible and the direction of incident beams is parallel 

to the surface normal, the pure internal source holograms are measured as a function of 2 and 

 as shown in Fig. 2.6(b).[20] 

Pure IDH 

The experiment of the pure IDH was reported by Adams et al.[21].  Figure 2.6(c) shows 

the setup.  An x-ray detector is set in parallel to the sample surface normal.  Intensities of 

fluorescent x rays are measured by scanning the incident x rays angle to a sample.  Since the 

component of ISH comimg in the x-ray detector does not change in scanning angles, the pure

internal detector holograms are measured.  However, the area near the top of a holographic 

pattern in polar coordinates can not be measured, because the direction of incident x rays and 

the position of x-ray detector overlap.  Therefore, it is difficult to record holographic patterns 

with a large area by this method. 

2.2.4  Kossel diffraction and x-ray standing wave 

When a crystal is radiated by x rays and the condition of 

md Bsin2 (2.9)

is satisfied, sharp diffracted x rays are observed.  This is shown schematically in Fig. 2.7(a).  

Here, d is the lattice space,  the incident angle, and  the wavelenth of the x rays.  This is 

the Bragg condition. 

On the other hand, when the point source in a solid such as fluorescent x rays are used, 

17



Fig.2.6. Experimental setup of pure internal source holography((a), (b)) and pure internal 

detector holography(c). 

(a)

(b)

(c)
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phenomena of x-ray diffraction is observed.  This is called Kossel diffraction[16].  Kossel 

diffraction is used to analyze a surface or an interface and to accurately determine a direction 

of a single crystal.  Figure 2.7(b) shows the illustration of the principle.  High-energy x rays 

radiate a single crystal and fluorescent x rays are emitted.  When the fluorescent x rays 

satisfy the Bragg condition in the single crystal, diffracted x rays, whose intensities are a few 

hundred stronger than ones of non-scattered fluorescent x rays, are observed.  Both Kossel 

diffraction and holographic patterns are expressed by Eq. (2.8).  When a material has a 

periodic structure, Kossel diffraction emerges.  It is impossible to distinguish between 

Kossel diffraction and holographic patterns.    

When incident x rays satisfy the Bragg condition in the crystal, the similar pattern to a 

Kossel pattern is observed.  This has the optical-reciprocity relation of a Kossel pattern, and 

is called an x-ray standing wave(XSW) pattern[16].  Incident x rays interfere diffracted x 

rays, and make XSW as shown in Fig. 2.7(c).  The change of XSW is investigated from 

intensities of fluorescent x rays. 

2.3 Reconstruction of atomic images 

2.3.1 Barton’s algorithm 

Three-dimensional atomic images around a specific atom are reconstructed from internal 

source/detector holograms.  The algorithm[22] to reconstruct atomic images is based on a 

Helmholtz-Kirchhoff integral theorem proposed by Born and Wolf in 1959[23].  According 

to this theorem, when R is defined as a positional vector showing arbitrary points on a closed 

surface S and a wave function on S is U(R), the wave function U(r) at a positional vector r

Rr is explained as 

dS
n

U

ik

e

ik

e

n
UU

s

ikik

rRrR
r

rRrR

4

1
.                      (2.10)
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In XFH, S is a spherical surface of radius k.  Equation (2.9) is simplified as 

k

i deU rk
kr ,                       (2.11) 

where k  the dimensionless element.  When k is expressed by a polar coordinate,  

cos,sinsin,cossin
2

k

cos,sinsin,cossink .                     (2.12)

When r is expressed with the component such as zyx ,,r ,

ddeU zyxik sin,
2

0 0

cossinsincossinr ,                     (2.13)

where the U(r) is the reconstructed intensities of atomic images. 

2.3.2 Twin image 

Next, as the most simple case, a dimer model, where atoms locate at an origin and a, is 

assumed.  Reconstructed intensity at r is 

kexpexp)( diikafiikafU k

a

k

a rakrakr ,          (2.14)

where k

af  is the complex conjugate of k

af .  The first term of right hand of Eq. 

(2.14) is a real image, and the second term is a conjugate image (twin image).  Appearance 

of the twin image is a serious problem when XFH is used for a structural analysis.  In many 

crystals with centrosymmetry, the real atomic image overlaps with the twin image at the 

centrosymmetrical position.  This causes a shift and disappearance of the real image.  This 

phenomenon has been reported by Len et al.[24].  In the case of the trimer model where 

atoms locate at an origin and ar , the reconstructed intensity at ar  is 

k

k

ak

k

a dfikadfikaU expexp)( ar .       (2.15) 

Because of the relation of k

a

k

a ,

k

k

ak

k

a dfdf .                                     (2.16)
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Thus, the Eq. (2.15) is transformed as 

k

k

ak

k

a dfkadfkaU ImsinRecos)( ar .       (2.17)

The imaginary part of atomic scattering factor is much small, and in Eq. (2.17), it is assumed 

that 0Im k

af .  In the condition that the real image is completely cancelled by the 

conjugate image, that is, 0arU , and 0cos ka .  Namely, 

2

M
ka .                                 (2.18) 

When M is an even number, the real image disappears.  When M is the odd number, the real 

is enhanced. 

2.3.3 Multiple-energy method and two-energy method 

The twin image is the serious problem in XFH.  Two methods were proposed to solve the 

twin image problem. 

Multiple-energy method 

The most popular method to eliminate the twin image in the reconstruction is a 

multiple-energy method proposed by Barton[25].  The reconstruction obtained by the 

multiple-energy method is expressed as follow. 

k

ikr

k eUU )()( rr .                                       (2.19)

By multiplying the reconstructed images in Eq. (2.11) by e
-ikr

, the phase of the real images is 

rocked and the one of conjugate images shift randomly.  That is to say, holographic patterns 

with various energies are recorded, and adding together the various-energies reconstructions, 

the conjugate image is eliminated.  By summing 5-10 reconstructed images within about 4 

keV, the conjugate image is adequately eliminated. 
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Two-Energy method 

Another method to solve the twin-image problem is the two-energy method proposed by 

Nishino et al.[26].  The reconstructed image obtained by the two-energy method is expressed 

as follow: 

rik

k

rik

k eUeUU 2

2

1

1
)()()( rrr 15.010.012 kk .                  (2.20)

By multiplying the reconstructed images in Eq. (2.11) by e
ikr

, the phase of the real image shift 

and that of the conjugate images is rocked.  Two holographic patterns with energies about 

300 eV apart are recorded.  The conjugate image is eliminated by calculating a difference of 

two images.   

2.4  Interesting studies of XFH and other atomic resolution holography 

The feature of the structural analysis by the XFH method is that three-dimensional atomic 

images are directly reconstructed from the holographic pattern.  After Tegze et al.’s 

demonstration[7], the theory of XFH and the experimental technique has advanced.  

Recently, various applications of XFH were reported.  New holographic techniques, which 

are based on the principle of atomic resolution holography, have been also reported.  Some 

techniques are introduced. 

Quasicrystal

In 2000, Marchesini et al.[9] measured the holographic pattern of Al70.4Pd21Mn8.6

icosahedral quasicrystal which is grown by a Czochralski method.  X rays of 16keV were 

radiated to the sample, and by detecting Mn K  fluorescence, the holographic pattern with a 

five-fold symmetry was measured.  As the result of the reconstruction, atoms in the fifth 

coordination shell around Mn atoms were visualized.  This is the first report of application of 

XFH to solids with orientational order in the absence of periodicity. 
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Dopants in semiconductor 

In 2001, Hayashi et al.[8] applied the XFH method to analyze a local structure analysis 

around a dopant element.  As a sample, GaAs(001):Zn wafer was used.  0.02-wt% Zn was 

doped in GaAs.  The incident x-ray energies were 9.7 and 10.0 keV, which were between the 

Zn and Ga K absorption edges.  Zn K  fluorescences emitted from the sample were detected 

by a multielement semiconductor detector.  Atomic images around Zn atoms were 

reconstructed from two-energy holograms by using the multiple-energy method.  From the 

atomic images, it was understood that Zn atoms substitute for Ga or As atoms.   

Imaging of light element 

In 2000, Tegze et al.[10] succeeded to visualize oxygen atoms by the IDH method.  As 

the sample, a NiO single crystal was used.  Incident x rays of 8 energies from 16.4 keV to 

19.9 keV with 0.50 keV steps were used to record holographic patterns.  Atomic images 

were obtained by the multiple-energy method.  Ni atoms up to the 7th coordination shell and 

O atoms up to the second coordination shell were reconstructed. 

Resonant x-ray fluorescence holography 

In 2001, Omori et al.[12] proposed the resonant x-ray fluorescence holography(RXFH) 

using a resonant x-ray scattering, and carried out the simulation of RXFH.  In RXFH, by 

differentiating between holographic patterns at an x-ray absorption edge and ones around the 

x-ray absorption edge, holographic patterns of an element of a selected absorption edge are 

extracted.  Atomic images are reconstructed from differential holograms using the 

multiple-energy method.  Omori et al. calculated holographic patterns of FeNi alloys at 

energies around Ni K absorption edge and reconstructed only the images of Ni atoms.  

-ray holography 

In 2001, Korecki et al.[11] proposed and demonstrated complex -ray holography.  A 

thin film was used as the sample.  
57

Fe was epitaxially grown on MgO(001).  The  rays 
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were emitted from 
57

Co source, and the energy was symmetrically a little higher and lower 

than
57

Fe nuclear resonant energy by Mössbauer velocity transducer.  By observing the 

change of the absorption of the  rays, both real and imaginary parts of holographic patterns 

were measured, and a complex -ray hologram was constructed.  In the reconstruction from 

the complex -ray hologram, the conjugate images did not appear, and only the real images of 

Fe atoms were observed. 
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Chapter 3 

Instrumental development 

The signal of x-ray holograms is very small, which is about 0.1 % of isotropic fluorescent 

radiations.  Thus, in hologram measurements, x-ray photons must be collected with 

high-statistical accuracy to suppress a noise level as small as possible.  Also, high-intense 

x-ray beams are required for hologram measurements.  The hologram consists of 

two-dimensionally distributed data.  It takes a long time to measure a holographic pattern.  

We must devise a high speed data collection method within a limited measurement time.  

From view point of these experimental requirements, both the laboratory and synchrotron 

x-ray fluorescence holography (XFH) equipments were developed. 

3.1  Development of laboratory x-ray fluorescence holography apparatus 

The majority of XFH experiments were performed at synchrotron radiation facilities. 

Experiments with synchrotrons, however, are still limited by their beam time for most users. 

Often, we have not been able to carry out basic research and trial measurements of holograms 

in various samples.  Thus, the development of a laboratory XFH equipment with a 

conventional x-ray source is strongly desired. Tegze et al.[7] took 20 days for the 

measurement of full holographic data using a conventional x-ray source in the ISH method.  

In the present study, we made a great effort to build laboratory XFH equipment to obtain a 

hologram pattern within a sufficiently shorter time.  In this section, we introduce this 

equipment. 
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3.1.1  X-ray generator 

As an x-ray generator, a 21-kW rotating-anode x-ray generator with a molybdenum target 

was adopted.  A rotating-anode x-ray generator is designed to make high-intense x rays.  

The principle is shown in Fig. 3.1(a).  A drum-type target rotates at a high speed.  Electron 

beams, which are emitted from a filament, bumps against an always-cooled target face, and x 

rays are radiated by bremsstrahlung.   Two kinds of how to extract x rays are set up as 

shown in Fig. 3.1(b).  In the XFH experiment, since high-intense incident and small-size 

x-ray beams are used, a point focus is selected.   

3.1.2  Singly bent graphite monochromator 

A singly bent graphite monochromator (Matsushita Electric Co.) was used.  As a 

graphite crystal for x-ray optics, highly ordered pyrolytic graphite (HOPG) is well known.  

Although HOPG have the same property of a single-crystal graphite at several points, the 

production process is complicated, and the size and shape are limited.  On the other hand, 

the Matsushita Electric Co.-made graphite is produced by piling up a few hundred pieces of 

polymer films and sintering them under high pressure at about 3000 K.[27]  This method 

enables us to make a high-quality graphite which has a solid sate property equivalent to a 

single-crystal graphite and has a orientation property equivalent to HOPG.  Since this 

graphite is made of polymer films, a graphite plate with a relatively complicated surface shape 

can be formed.  Figure 3.2(a) shows a picture of the singly bent graphite monochromator 

installed in the laboratory XFH equipment.  X rays emitted from the Mo target are converged 

on the sample position as shown in Fig. 3.2(b).  Energies of monochromatized incident x 

rays are adjusted by changing the distance (L) between the target and the graphite.  When 

Mo K  and K  radiations are monochromatized, L is adjusted at 198 mm and 222 mm, 

respectively.  A five-axis adjustment mechanism is equipped under the monochromator, this 
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enables us to easily convert from Mo K  to Mo K .  A mosaic spread of the graphite is about 

5.0 , and x rays diffracted from the graphite are focused.  Figures 3.2 (c) and (d) show the 

focal spots of Mo K  and K  radiations, respectively.  Both vertical and horizontal width at 

half-maximum of the focal spot are about 2.0 mm.  This size nearly corresponds to those 

calculated from the shape and mosaic spread of about 5.0  for the graphite placed at the 

focal spot.  The photon intensities of the incident Mo K  and K  x rays at the sample position 

are of the order of 10
9
-10

10
 photons per seconds per mm

2
 when the power of the x-ray 

generator set at 60kV and 350mA.  This is more than 100 times as intense as non-focused 

monochromatic x rays and is equivalent to the second-generation synchrotron radiation.  The 

beam size at the sample position is limited by two pinholes at the entrance and exit of the 

monitor. 

3.1.3  Incident-beam flux monitor for laboratory XFH apparatus 

As incident x rays become high intense, high-speed photon counting at a high speed is 

necessary.  In the XFH apparatus, x-ray detectors are set up for monitoring an incident-beam 

flux (I0 monitor) and for detecting fluorescent x rays emitted from a sample.  At synchrotron 

radiation facilities in Japan, an ionization chamber is often used as an I0 monitor.  Since the 

x-ray flux of a laboratory source was not enough to monitor by an ionization chamber and a 

large-size ionization chamber was inadequate to set in the limited space in the laboratory XFH 

apparatus, an ionization chamber was not used as the I0 monitor at the laboratory XFH 

apparatus.  Intensities of incident beams were monitored by measuring fluorescent x rays 

and scattering x rays from a copper foil of 2 m thickness with an avalanche photodiode 

(APD)[28] as shown in Fig.3.3(a).    

APD is a photodiode with an internal amplifier.  A silicon APD is known as an elemental 

device to accept near-infrared rays with a good S/N ratio in the field of optical communication.  
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Fig.3.1. Schematic drawing of (a)rotating-anode x-ray generator and 

(b)point and line focuses. 

(a)

(b)
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Fig.3.2. (a)Picture of single-bent graphite monochromator.  (b)Schematic drawing of 

converging of incident x rays by the single-bent graphite monochromator.  Focal spots of 

(c)MoK  and (d)MoK .

(b)

(a)

(c) (d) 
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Fig.3.3. (a)Schematic drawing of incident-beam flux monitor for the laboratory XFH 

apparatus.  (b)Structure of Si-APD. 

(a)

(b)
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The feature of APD is the detector with a low noise that is from 10
-2

 to 10
-3

 counts per second.  

APD has a time resolution less than nano second, and can collect photons with high-count rate 

more than 10
8
 counts per second.  Taking advantage of this good time resolution, APD is 

also used to detect timing of  rays scattered resonantly from nucleus.   

The silicon APD used in the I0 monitor is a device of Hamamatsu S2384SPL.  Figure 

3.3(b) shows the structure of the Si-APD.  When x rays radiate the APD, electrons and holes 

are produced by a photo-electric effect in the depletion region.  The electric field, which is 

generated by a bias, moves the electrons and holes.  When the electrons reach at a junction, 

the electrons are accelerated by the potential gradient and are internally amplified by a 

collision electrolytic dissociation.  The degree of the internal amplifier is changed by the 

bias.  The APD is impressed –350 V by high-voltage module(ORTEC: Model 428).  A 

signal from the APD is amplified by a high-speed amplifier with gain 200(ORTEC: VT120).  

The noise is removed by discriminator(Phillips Scientific MODEL 710) and NIM output is 

counted by a scalar(ORTEC: Model 974).  In this equipment, the distance between the 

copper foil and the APD is adjusted, so as to suppress the total count rate at the APD to about 

10
6
 cps.  Below 10

6
 cps, the relation between intensities of incident x rays and counting by 

the APD is a good linearity, and a counting loss of the APD is negligible.   

3.1.4  Goniometer 

 As explained at section 2.2.2, XFH has the internal source and internal detector modes.  

In order to measure holograms by two modes, three rotational axes ( 1, 2, ) were equipped 

in the laboratory XFH apparatus.  These axes are automatically controlled by stepping 

motors.  Figures 3.4(a) and (b) show the picuture of the diffractmeter for XFH measurement 

and its schematic drawing, respectively.  This diffractometer equips manual stages for 

alignment in addition to the automatic stages.  In order to set the focal point of the incident 
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Fig.3.4. (a)Appearance and (b)schematic drawing of the diffractometer for XFH measurement.  

(a)

(b)
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x-ray beam on the 1 axis, (X, Y, Z) translation were equipped under the diffractometer.  In 

order to set the surface of the sample on the 1 axis, X  and Z  translations on the  axis were 

equipped.  An x-ray detector is set on the 2 arm.  X  and Z  translations to adjust the 

position of the x-ray detector were equipped. 

3.1.5  System for detecting fluorescent x rays 

Fast pure-Ge semiconductor detector 

In the apparatus, a pure-Ge semiconductor detector(CANBERRA: GL0110P), which has a 

good detecting efficiency for high energy x rays and installs a large elemental device(5 mm

5 mm), was adapted.  Figure 3.5(a) shows the structure of the semiconductor detector(SSD).  

When the depletion layer is radiated by x rays, both electrons and holes are produced.  By 

energizing the depletion layer, the electrons and holes are separated for cathode and anode, 

respectively, and pulses are outputted.  This SSD installs a reset-type preamplifier and can 

collect x-ray pulses faster than the ordinary resister-feedback-type preamplifier.  The energy 

resolution is 130-160 eV at the shaping time of 6 s.  If the shaping time is short, x-ray 

photons are collected at the count rate of a few million cps, below the energy resolution of 

300 eV.  The elemental device of SSD is cooled by a liquid nitrogen and applied to –1000 V 

by a high-voltage module.  Outputted pulses from the preamplifier are amplified and shaped 

by a main amplifier.  Analysis about each x-ray energies is carried out by a single channel 

analyzer, and the TTL output is counted by a scalar.  Figure 3.6(a) shows the relationship 

between I and I0 intensities.  I and I0, respectively, are intensities of Mo K  measured by the 

SSD and intensities measured by I0 monitor which was explained at section 3.1.3.  Spectrum 

of the x-ray energy are analyzed by a multi-channel analyzer(SEIKO EG&G: MCA7700) 

which equipped a Wilkinson-type analog-to-digital converter and collect the energy spectrum 

correspond to 1024 channel. 
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Fig.3.5. Structure of elemental device of (a) pure-Ge semiconductor detector and (b)silicon 

drift detector. 

(a)

(b)
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Fig.3.6. Relationship between I and I0 of (a)pure-Ge semiconductor detector and 

(b)silicon drift detector. 

(a)

(b)
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Silicon drift detector and digital signal processor 

The basic form of the Silicon drift detector (SDD) was proposed in 1983 by Gatti and 

Rehak [29].  It consists of a volume of fully depleted silicon in which an electric field with a 

strong component parallel to the surface drives signal electrons towards a small sized 

collecting anode.  In an advanced layout for spectroscopic applications the electric field is 

generated by a number of increasingly reverse biased field strips covering only one surface of 

the device as shown in Fig. 3.5(b)[30].  The radiation entrance side is the non-structured 

p+-junction on the back side, giving a homogeneous sensitivity over the whole detector area.  

The outstanding property of this type of detector is the extremely small value of the anode 

capacitance, which is practically independent of the active area.  This feature allows to gain 

higher energy resolution at shorter shaping times compared to conventional photodiodes and 

Si(Li) detectors, recommending the SDD for high count rate applications.  In this equipment, 

the SDD system which was installed a KETEC-made elemental device was adopted.  This 

system equips a digital signal processor(DSP) which enables us to collect energy spectrum at 

a count rate of 10
5
 cps by digitally analyzing.  Figures 3.6(b) shows the relationship between 

I and I0 intensities.  One clock of the unit of the shaping time corresponds to 10 MHz.   

3.1.6  Sample cooling system

As explained at section 2.2.2, the signal of the x-ray hologram is much small, which is of 

the 10
-3

 order of the isotropic fluorescent radiations.  Magnitudes of the signal increase in 

proportion to magnitudes of the atomic scattering factor.  The lighter the element becomes, 

the it is more difficult to measure a hologram.  The atomic scattering factor of x rays is 

shown as 

Mkk eff 0 ,                                                  (3.1)

where Me  the temperature factor, and M is shown as 
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k
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B

M .                              (3.2)

Here B is the inherent value of elements and decreases as temperature decreases.  Thus, by 

cooling the sample, damping of the atomic scattering factor at the high wave number is 

suppressed.

 Since holographic data are collected in two-dimensionally scanning with a high speed, 

setting a weighty cryostat on the goniometer is unrealistic.  In this apparatus, in order to be 

free a space around a sample, a N2 gas blowing-type cryostream(Oxford: cryostream 700 

series) was installed.  Figures 3.7(a) shows the picture of the XFH apparatus installed the 

sample cooling system.  The sample was mounted on the alumina ceramics rod in Fig. 3.7(b) 

to reduce heat conduction.  In addition, in order to prevent to frost, it is placed in the small 

chamber with an x-ray window of 7.5 m thick polyimide film.  By using this system, the 

sample is cooled at about 100 K.   

The cooling effect of a lead single crystal was evaluated.  The B values of Pb at 300 K 

and 100 K are 2.155 and 0.732, respectively.  Figures 3.8(a) and (b) show the atomic images 

reconstructed from the holographic pattern that was measured at room temperature.  Atomic 

images in both 001 and 002 plane can not be seen.  Figures 3.8(c) and (d) show that 

reconstructed from the holographic patterns that was measured at 100 K.  Reconstructed 

intensities at 110 and 
2
110  positions in Figs 3.8(c) and (d) increase in comparison with that 

of Figs. 3.8(a) and (b).  Bright images emerge at position labeled A.  These results are 

discussed using computer simulation.  Holographic patterns of dimer model(x = 0, 0.4 nm) 

at 100 K and 300 K were calculated.  Figure 3.8(e) shows the holographic oscillation along 

kx direction.  Damping of the holographic oscillation at 100 K is suppressed in comparison 

with that at 300 K.  The reconstructions are shown in Fig. 3(f).  The reconstructed intensity 

at 100 K is about 2 times larger than that at 300 K.  The same effect is obtained also in the 
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.

Fig.3.7. (a)Appearance of XFH apparatus installed sample cooling system. 

(b)Sample holder with a cooling system. 

(a)

(b)
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Fig. 3.8. (Left) 001 and (Right) 002 planes of reconstructed atomic images of a Pb single 

crystal.  (a) and (b) are atomic images reconstructed from the holographic pattern measured 

at room temperature.  (b) and (c) are atomic images reconstructed from the holographic 

pattern measured at 100 K.  (e) One dimensional holographic oscillation in dimer model. 

Gray area corresponds to the actual measurement region.  (f) Reconstruction from 

oscillation of (e). 

(a) (b) 

(c) (d)

(e) (f) 
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experiment.  And also, in this experiment, the holographic oscillation was measured within 

55.76)nm(55.76 1kx , which was shown gray area in Fig. 8.3(e), and it was a part of 

ideal area( 40.8840.88 kx ).  The bright images labeled A are artifacts due to the 

insufficiency of area of holographic oscillation.   

3.1.7  Instrumental control

A program for the instrumental control at the XFH measurement was created by 

LabVIEW 6.0(National Instruments Co.).  LabVIEW enables us to make visually a program, 

which is different from a text-base program such as FORTRAN and C.  In LabVIEW, many 

subroutines are provided, and beginners of programming can make the sophisticated program.  

In this equipment, subroutines to control a scaler(ORTEC: Model 974) and pulse motor 

controller(TSUJI ELECTRONICS: PM3C) using a GPIB board were made.  By combining 

those programs, the system program for measuring x-ray fluorescent holograms was 

developed.

3.2  Holography apparatus at synchrotron facility 

At synchrotron radiation(SR) facility, we can use high-flux incident x rays of 10
9
 –10

13

photons per second.  Therefore, SR is effective to measure holograms of dilute dopants 

materials and thin films which are difficult to measure using a laboratory x-ray source.  SR is 

an energy-tunable x-ray source.  It enables us to carry out the experiment of multiple-energy 

x-ray holography to high-accuracy atomic images.  In this section, synchrotron beam lines 

used for hologram measurements and measurement systems developed for synchrotron 

experiments are explained. 
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3.2.1  Beam line 

The XFH experiments using SR are carried out at two facilities.  The one is Photon 

Factory, Institute of Materials Structure Science (IMSS), High Energy Accelerator Research 

Organization (KEK), Tsukuba, Japan.  The other is Super Photon Ring-8 GeV (SPring-8), 

Harima, Japan.  The descriptions of the beam lines used for the XFH measurements at two 

facilities are explained below: 

BL3A at Photon Factory 

The PF storage ring usually stores 2.5-GeV electron beams under multi-bunch operation.  

At BL3A, we can use x rays radiated from bending magnets.  Figures 3.9(a) shows the 

schematic view of BL3A[31].  This station is mainly used for x-ray diffraction, scattering, 

and absorption experiments.  The beam line optics consists of a collimating 

pseudo-paraboloidal mirror (M1), a double-crystal monochromator with a sagittal focusing 

mechanism (Mo) which enables an energy range from 6 to 20 keV, and a focusing 

pseudo-paraboloidal mirror (M2). In the XFH experiment, incident x rays are horizontally 

focused monochromatic x rays using sagittal focusing monochromator.  At the sample 

position, incident beam flux is about 10
10

 photons per sec per mm
2
 when the ring current is 

200 mA.  In the experimental hutch of BL3A, a 3-axis/4-circle diffractometer is installed.  

Hologram measurements are performed using this diffractometer. 

BL37XU at SPring-8 

The SPring-8 storage ring stores 8.0-GeV electron beams.  In BL37XU, an in-vacuum 

type undulator as an insertion device, which has a period length of 32 mm, is installed.  

BL37XU is mainly used for studies of x-ray micro-spectrochemical analysis.  Figure 3.9(b) 

shows the schematic view of BL37XU[32].  This beamline has two branches of the standard 

undulator-beamline optics branch (A branch) and newly desingned high-energy branch (B 

branch).  For standard branch (A branch), both experimental hutches (EH) 1 and 2 can be 
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Fig.3.9. Schematic views of synchrotron beam lines used for hologram measurements. 

(a)BL3A in Photon Factory at Tsukuba, Japan.  (b)BL37XU in SPring-8 at Harima, 

Japan.

(a)

(b)
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used.  The A branch is equipped with a rotated-inclined double-crystal monochromator.  

The combination of fundamental/third harmonics of undulator radiation with the Si 111 

reflection of the monochromator enables an energy range from 5 to 37 keV.  The incoming 

photon flux is maximized at every x-ray energy by synchronous tuning between the undulator 

gap and the monochromator.  At the sample position, 10
12

-10
13

 photons per sec per mm
2
 are 

obtained when the ring current is 100 mA.  The mirrors have two rows of a rhodium coating 

and a platinum coating material.  The upper-stream mirrors are for rejecting harmonics of 

incident photons and the down-stream one is for focusing an x-ray beam.  A single-bounce 

monochromator with Si 111 reflection of Bragg angle of 1.5 degree will provide 75.5 keV 

photons at the B branch in the EH1. This branch will be used for the measurements of XRF 

from high Z elements.  The XFH experiments are performed using multi-purpose 

diffractometer which is installed in A branch.   

3.2.2  Incident-beam monitor  

Ionization chamber(I. C.)[33]

I. C. is one of the counter tube used the ionization of gases.  I. C. is operated in the 

ionization area as shown in Fig. 3.10(a).  When x rays pass through in I. C., ions are drawn 

to both the anode and cathode that are energized.  The amplified ionization current is 

measured.  The mobility of electrons is 10
3
 times larger than the one of ions.  It takes the 

order of 10
3
 seconds to collect all electric charges.  Air, Ar, N2, Ar N2, or Xe are flowed in 

I. C. under 1 atmospheric pressure.  Since the detection efficiency of I. C. is very low, it is 

used for measuring high-intense x rays. 

When n photons of E energy pass through I. C., measured currents are shown as 

te

i

Ee

W
n

1
,                                   (3.3)
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Fig.3.10. (a)Structure of an ion chamber.  (b)Variation of the I0 intensities with the 

ion chamber. 

(b)

(a)
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Fig.3.11. (a)Schematic drawing of I0 monitor using a polyimide film and Si-PIN diode. 

(b)Structure of an ion chamber.  (c)Variation of the I0 intensities with the Si-PIN diode. 

(c)

(a) (b)
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where W the energy value to produce an ion pair, e the electric charge of an electron,  the 

linear absorption coefficient, t the length of the electrode.  

Si-PIN-diode and polyimide film 

 The photon flux of an undulator beam at SPring-8 is over 10
12

 photons per second.  

When such high-intense x rays pass through I. C., the electric current is over 1 A and the 

relation of the proportionality between n and i in Eq. (3.3) is not held[34].  Figure 3.10(b) 

shows the profile of I vs. I0 when N2 gases are flowed in I. C..  The energy of I0 is 9.5 keV, I

is the intensity of Fe K  fluorescent x rays measured by APD.  When the current of I0 is over 

2.0 mA, the linearity of I vs. I0 becomes of bad. 

In order to monitor the I0 intensity with good linearity, I0 monitor shown as Fig. 3.11(a) 

was used.  In this system, I0 intensity was monitored by detecting x rays scattered from a 

polyimide film of 125 m thickness using a Si PIN photodiode.  Figure 3.11(b) shows the 

structure of the Si PIN photodiode.  When the photodiode is irradiated by x rays, electrons 

and holes are produced in depletion layer between P-N junction by photoexcitation, and the 

potential difference of the barrier separate the electrons and holes, and the current is measured.  

This I0 monitor adopted the Si PIN photodiode(OKEN: S-2500) built an elemental 

device(Hamamatsu Photonics: S3590-09).  The Si PIN photodiode has a wide dynamic 

range from sub-pA to mA.  Figure 3.11(c) shows the profile of I vs. I0 measured using this I0

monitor.  We can see that the very good linearity of I vs. I0 is held. 

3.2.3  Development of cylindrical graphite analyzer 

It is important to strongly monochromatize fluorescent x rays emitted from a sample for 

measuring holograms at a high speed.  Up to now, hologram measurements at SPring-8 have 

used a cylindrical bent LiF analyzer[35]. However, this analyzer could not strongly 

monochromatize fluorescent x rays emitted from dilute dopants in materials or thin films.  
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Fig.3.12. (a)Picture of the cylindrical graphite analyze.  (b)Shape of the singly bent 

graphite.  (c)Focal spot of an Fe K  fluorescence. 

(c)

(a) (b)
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Therefore, in this study, a cylindrical bent graphite analyzer was developed.  Figure 3.12(a) 

shows the picture of this analyzer.  The graphite crystal is made by the same process to the 

monochromator installed in the laboratory XFH apparatus[36].  This shape of the graphite is 

shown in Fig. 3.12(b).  The four graphite crystals were placed to form a cylindrical shape to 

focus fluorescent x rays on the detector.  In the center of this analyzer, a direct-beam stopper 

made of lead was set.  Figure 3.12(c) shows the focal spot when Fe K  fluorescent x rays are 

monochromatized.  The focal length is 83 mm.  Both vertical and horizontal full widths at 

half-maximum (FWHM) of the focal spot are about 1 mm.  This analyzer monochromatizes 

x rays 10 times stronger than the LiF analyzer and enables us to measure holograms of 

dopants or thin films at a high speed. 

3.2.4  High-speed measurement system 

Even if the high-performance analyzer and high-speed x-ray detector are installed, it takes 

a long time to transfer holographic data to a computer and scan angles of a goniometer.  This 

is waste of a precious machine time.  Therefore, a high-speed counting system was 

developed.  Figure 3.13 shows the schematic drawing of this system.  The pulse gone into 

360  roll of  at any 1 and  angles and the pulse taken a sample at any frequency are 

simultaneously generated by the stepping motor controller(TSUJI ELECTRONICS: PM16C)  

and the timing generator(KineticSystems: 3655) in a CAMMAC system, respectively.  In the 

CAMMAC system, a latching scaler(Technoland: C-TS 308) and a buffer 

memory(Technoland: C-TS 419) are installed.  The pulse to move the  axis is inputted to 

the channel 1 of the latching scaler, and the present angle of the  axis is monitored.  On the 

other hand, amplified pulses of x-ray photons about I and I0 are inputted to the channel 1 and 

2, respectively.   The pulse data are transferred from the latching scalar to the buffer 

memory in rotating the  axis.  When the  axis goes into 360  roll, data stored in the 
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buffer memory are transferred to a personal computer via a crate controller(JORWAY: model 

73A).  This system reduces largely the time required for transferring data and enables us to 

measure holograms at a high speed. 
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Fig.3.13. Illustration of high-speed data acquisition system. 
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3.3  Summary 

The signal of an x-ray fluorescent hologram is very small, which is of the 10
-3

 order of 

isotropic fluorescent radiations.  It is much important to collect holographic data with a good 

S/N ratio within a practical measurement time.  It is also important to measure the 

holographic patterns at the laboratory since the holograms are mainly measured at 

synchrotron facilities.  Considering of these points, the XFH measurement system are 

developed.  The results are summarized as bellow: 

1) High-intense incident x rays were obtained with the singly bent graphic monochromator.  

When the power of the x-ray generator is set at 60kV and 300mA, Mo K  radiation 

emitted from the target is monochromatized and converged at the sample position with 

10
9
-10

10
 photons per second that is equivalent to the intensity of incident x rays at the 

second-generation synchrotron facility, e.g., Photon Factory Tsukuba, Japan. 

2) In order to accurately detect weak signals, it is necessary to precisely monitor the 

fluctuation of the incident x-ray intensities.  For the laboratory XFH apparatus, the 

incident beam flux monitor with an avalanche photo diode and a Cu foil was used.  As I0

monitor of the high-flux undulator x-ray beams, the system with a Si PIN diode and a 

polyimide film was made. 

3) In order to measure a holographic pattern with a good S/N ratio, it is an efficient technique 

to reduce the loss of scattering power due to Debye-Waller factor by cooling a sample.  

This increases holographic signal about 10 30% of that at room temperature.  The 

holographic pattern of a Pb single crystal was measured at 100K and atomic images of Pb 

were reconstructed by cooling the sample. 

4) When the high-intense fluorescent x rays are emitted from the sample at synchrotron 

facilities, a cylindrical analyzer consisting of four singly bent graphites was used.  This 

enabled us to mochromatize and focus high-intense fluorescent x rays. 
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5) Since the beam time is limited in the measurements at synchrotron facilities, it is strongly 

desired to measure the holographic pattern with a high speed.  The high-speed counting 

system with both a latching scaler and a buffer memory was developed.  Using this 

system, the dead time of the measurement in transferring holographic data to the personal 

computer was largely reduced. 
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Chapter 4 

Hologram measurements  

by laboratory XFH apparatus

In this section, in order to evaluate the performance of this apparatus, the hologram 

measurements of a gold single crystal are explained.  The detail of holographic data analysis 

from the holographic pattern to the atomic images and multi-energy technique in laboratory 

combined ISH and IDH are also explained. 

4.1  Instrumental alignment 

It is explained how to align the XFH apparatus.  X rays monochromatized by a singly 

bent graphite must be focused at the center of rotational axes of the goniometer.  A needle is 

set on 1 axis of the goniometer, and incident x rays are radiated as shown in Fig. 4.1(a).  

The shadow of the needle is recorded by an imaging plate, and positional relationship 

between 1 axis and the focal point of incident x rays are evaluated.  X and Y axes are 

adjusted so as that the focal spot hold the central place of the 1 rotation axis.  Next, a needle 

set on  axis of the goniometer, and incident x rays are radiated as shown in Fig. 4.1(b).  The 

shadow of the needle is recorded by an imaging plate, and positional relationship between 

axis and the focal point of incident x rays are evaluated.  Z axis is adjusted so as that the 

focal spot hold the center of the  rotation axis.  

 A plate-shape sample is mounted on the goniometer head.  A He-Ne laser radiates the 

surface of the sample, and the reflection is marked.  When the  stage rotates, two swivel 

stages of the goniometer head are adjusted so as that reflection does not move.  Incident x 
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rays are directly detected by the Si-PIN-diode.  X  stage is adjusted so as to reduce 

intensities of incident x rays to half.  And by scanning 1 angle, a maximum point of the 

intensities is found out.  These two processes are repeated, and the final maximum point is 

defined that 901

4.2  Performance of laboratory XFH apparatus 

Next, in order to evaluate the performance of the laboratory XFH apparatus, hologram 

measurements of a gold single crystal were carried out.  

4.2.1  Internal detector holography by Mo K  radiation 

Using Mo K  radiation, a holographic pattern of a gold single crystal was measured by the 

IDH method.  Figure 4.2 shows the schematic drawing of the experimental setup.  An 

incident x-ray beam was passed through a pinhole with a 2-mm diameter.  Fluorescent 

x-rays emitted from a sample were detected by a pure Ge semiconductor detector (SSD).  1

and  were moved within the ranges of 700  with 1  steps and 3600  with 

1  steps.  The distance between the sample and the SSD set about 150 mm so as that strong 

diffracted x rays do not enter in the SSD.  Figure 4.3 shows the energy spectrum entering in 

the SSD, which is measured by a multi-channel analyzer.  Au L , L , and L  fluorescent 

x-rays and scattering x-rays of Mo K  were observed.  In the IDH method, it is no need that 

the Au L , L , and L  fluorescent x rays are separated.  The high-intense Au L  and L

fluorescences were measured for making a holographic pattern of the energy of Mo K

radiation.  The Au L , and L  fluorescences were selected using a single channel analyzer.  

2 was set to 53 .  This angular setup avoids entering strong diffractions of the single crystal 

into the detector.  The voltage and the current of the x-ray generator were set at 50 kV and 

50 mA, respectively, so as to limit the total count rate at the detector to about 10
5
 cps.  The 
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Fig.4.3. X-ray energy spectrum of Au. 
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total intensity of the Au L  and L  fluorescent x rays at each pixel was about 5 10
5
 counts 

with an integration time of 5s. 

4.2.2  Holographic pattern and atomic image

Figure 4.4(a) shows a holographic pattern of Au.  It took two days.  This was one-third 

the time of the IDH method with a conventional x-ray source [37] and several times of that 

with the synchrotron source.  Here, a holographic pattern measured as a function of  and 1

was converted to the polar coordinate using the relationship that 

1

1

1

cos

sinsin

cossin

iz

iy

ix

kk

kk

kk

,                             (4.1)

where ki the wave number of the incident x ray(Mo K : 8.8407
-1

).  In Fig. 4.4(a), a 

holographic pattern are seen from the kz direction. 

The sharp lines in this image are x-ray standing wave lines resulting from periodic 

structures.  Striped pattern from the center to the outside is the component of 

one-dimensional IDH.  This pattern is much broad, and is eliminated applying a 

low-frequency pass filter.  The holographic pattern of Fig. 4.4(a) was filtered and 

symmetrized using a fourfold rotation-inversion symmetry about the <100> axes and a mirror 

symmetry about the {100} planes.  Figure 4.4(b) shows the symmetrized holographic pattern.  

Figure 4.4(c) shows a holographic pattern measured at BL37XU in SPring-8.  This pattern 

was measured by the IDH method at the incident energy of 17.444 keV that was the same 

energy to Mo K  radiation.  It took 2.5 h to record.  It is supposed that these two patterns 

resemble each other. 

 Figure 4.5 shows atomic images of (001) and (002) planes of Au reconstructed from the 

hologram in Fig. 4.4(b).  Figure 4.4(c) shows the structure model of a face-centered-cubic 
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Fig.4.4. Holographic patterns of a gold single crystal.  (a)Raw data measured at 

laboratory.  (b)Filtered and symmetrized holographic pattern of (a).  (c)Holographic 

pattern measured at SPring8. 

(a)

(b)

(c)
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Fig.4.5.  Atomic images of (a) the (001) and (b) (002) plane reconstructed from the 

hologram of Fig.4.4(b).  (c)Structure model of Au. 

(a)

(b)

(c)
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Au.  The 110 atomic images on the (001) plane shift toward the center of the figure, and on 

the (002) plane the bright images emerge at positions labeled A as well as the 
2
101  atomic 

positions.  The distortion and ghost of the atomic image are due to the twin-image problem 

mentioned at section 2.3.2.   

4.3  Refinement of atomic image by combination of internal detector and 

internal source holography 

In order to solve the twin-image problem, the multiple energy x-ray holography (MEXH) 

[17] is often used.  In MEXH, image functions reconstructed at various energies are summed 

by Barton’s multiple-energy algorithm [22].  In order to eliminate the twin image, five to ten 

holographic patterns are recorded.  MEXH is carried out by the IDH method with an 

energy-tunable SR source.  With a conventional x-ray source in a laboratory, however, the 

MEXH method using the IDH method is hardly carried out since high-intense monochromatic 

x rays are limited to characteristic radiations emitted from target materials.  Tegze reported 

atomic images reconstructed from four holographic patterns, at two energies of SR in the IDH 

method, and in both ISH and IDH methods at the laboratory x-ray source.  In this study, we 

observed five holographic patterns for twelve days in total by ISH and IDH methods with 

only the laboratory XFH equipment and tried to improve a reconstructed atomic image.  We 

describe the details of hologram measurements with the both methods in this laboratory XFH 

equipment and evaluate its performance from a reconstructed 3D gold atomic image.  

4.3.1  Internal detector holography by Mo K  radiation and internal source 

holograph by Au L , L , and L  fluorescences 

Figure 4.6 shows the comparison of the experimental setup for the ISH and IDH methods 

in the present study, respectively.  Fluorescent x rays from a sample were detected by the 
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Fig.4.6.  Experimental setup of XFH measurements. (a) ISH. (b) IDH. 

(a)

(b)
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SSD.  In the ISH method, the 2  angle is a polar angle, and the 1  angle is kept constant.  

A pinhole silt is set in front of the SSD to determine the angular resolution of holograms.  In 

the IDH method, the convergent angle of incident x rays determines the angular resolution of 

holograms. 

Present experimental conditions for measuring holograms in a 001 gold single crystal are 

summarized in Table 4.1.  In the IDH measurement of Mo K  of incident x-ray energy, Au L

and L  fluorescent x rays were detected for recording a holographic pattern, as well as the 

IDH measurement of Mo K  of incident x-ray energy.  Incident x-ray beams were passed 

through two pinholes with a 2 mm diameter at the entrance and exit of the monitor.  The 

x-ray generator was set at 50 kV 200 mA so as to limit the total count rate at the detector to 

about 10
5
 cps.  The total intensities of the Au L  and L  fluorescent x rays at each pixel were 

Table. 4.1. Experimental condition of hologram measurements. 

 IDH method ISH method 

Scanning range 

step1700 1

532 (Mo K )

452 (Mo K )

step13600

251

step1700 2

step13600

Generating power of x-ray 

source

50 kV, 50 mA (Mo K )

50 kV, 200 mA (Mo K )
55 kV, 300 mA 

Energy of measured 

holograms 

Mo K  (17.4 keV) 

Mo K  (19.6 keV) 

Au L  (9.71 keV) 

Au L  (11.49 keV) 

Au L  (13.38 keV) 

Measuring time 4 days 8 days 
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5 10
5
 counts with an integration time of 5 s.  In the ISH measurement, the pinhole with a 3 

mm diameter was set in front of the SSD so as to detect fluorescent x rays with receiving 

angle of about 2 .  The x-ray generator was set at 55 kV and 300 mA.  Au L , L , and L

fluorescent x rays that form three different holographic patterns were simultaneously detected.  

The intensities of Au L , L , and L  fluorescences at each pixel were respectively, about 5

10
5
, 4 10

5
, and 5 10

4
 counts with an integration time of 20 s.   

4.3.2  Holographic patterns and atomic images

Figure 4.7(a) shows a holographic pattern of Au in the IDH method of Mo K   It took 2 

days to obtain.  Figures 4.7(b), (c), and (d) show holographic pattern in the ISH method.  It 

took eight days to record these patterns.  The patterns in Figs. 4.7(b), (c), and (d) correspond 

to the XFH profiles of Au L , L , and L , respectively.  The MEXH method was applied by 

combining five holograms in Fig. 4.4(b) and Fig. 4.7 measured in the present laboratory XFH 

equipment with the ISH and IDH methods.  Atomic images were reconstructed by 

combining five holographic patterns with Barton’s multiple-energy algorithm.  Figures 

4.8(a) and (b) show the summed-up images of (001) and (002) planes.  The 110 atomic 

images in the (001) plane are reconstructed near the true atomic positions with the accuracy of 

0.05 nm, although the new artifacts appear outside the atomic positions labeled B.  This is 

due to the strong image of 9.71 keV (Au L ) in the ISH method whose 110 atomic images 

shift outside.  This origin is not fully understood yet.  In the (002) plane, the 
2
101  atomic 

image appears at the true positions with the accuracy of 0.01 nm.  Furthermore, 

reconstructed intensities of the 
2
101  atomic positions are about two times higher than that of 

the single-energy reconstruction.  The artifacts labeled A in Fig. 4.8(a) reduced drastically.  

These results clearly demonstrate that this multiple-energy technique even in laboratory XFH 

equipment provides us quite accurate atomic images. 
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Fig.4.7. Holographic patterns of a gold single crystal measured by the IDH and ISH 

method.  (a) Mo K  (19.61 keV).  (b) Au L  (9.71 keV).  (c) Au L  (11.49 keV). 

(d) Au L  (13.38 keV). 

(a)

(b) (c) (d)
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Fig.4.8.  Summed-up images of (a) (001) and (b) (002) planes reconstructed from five 

holograms of Fig.4.4(b) and Fig.4.7. 

(a)

(b)
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4.4  Summary

Using the developed laboratory XFH apparatus, the hologram measurements of a gold 

single crystal were carried out.  The main results are summarized as bellow: 

1) Mo K  radiation was monochromatized and converged at the sample position using the 

singly bent graphite monochromator.  The holographic pattern of Au was measured by 

the IDH method.  The holographic pattern was equivalent to that measured at the third 

generation synchrotron facility SPring-8 and the measuring time is two days which is 

several times of SPring-8.  As the result of the reconstruction from the holographic 

pattern, the first neighbor’s atoms in the 002 plane were visualized with the accuracy of 

0.01nm. 

2) The MEXH method is the effective technique to eliminate the twin images in the 

reconstruction.  The MEXH must be measured the holographic patterns of 5-10 different 

energies, and therefore, the experiment is carried out using an energy-tunable synchrotron 

source.  Using the laboratory XFH apparatus, multiple-energy holographic patterns were 

measured by combining the ISH and IDH measurements.  In the ISH, the holographic 

pattern of the energy of Au L (9.71 keV), Au L (11.49 keV), and Au L (13.38 keV) were 

measured.  In the IDH, the ones of Mo K (17.44 keV) and Mo K (13.38 keV) were 

measured.  In the atomic images reconstructed from the five holographic patterns in the 

both modes, the artifacts were significantly suppressed and clearer atomic images were 

obtained.
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Chapter 5 

Structural analysis of epitaxial thin films by 

x-ray fluorescence holography 

In order to evaluate to what extent the advanced measurement technique of XFH is 

applicable to structural analysis, XFH was applied to artificially grown thin films.  The best 

character of XFH is to enable us to determine three dimensionally the structure of materials.  

By applying the XFH method to thin films, we can evaluate both atomic arrangements in a 

plane and normal to the film.  In this chapter, the XFH method is applied to epitaxially 

grown FePt magnetic films, and the structural analysis is tried.  As next-generation magnetic 

storage media, L10 ordered FePt alloy with large magnetic anisotropy has much attention.  

The structure of this artificial material is mainly evaluated from the lattice parameter and 

long-range chemical order parameter by x-ray diffraction.  Although local atomic 

arrangements around a specific atom and a short-range chemical order parameter strongly 

affect its magnetic property, their effects have been hardly discussed.  The XFH method also 

enables us to determine directly three-dimensional (3D) local short-range order around a 

specific atom.  Therefore, it may promise to offer useful information to solve the origin of 

the magnetic anisotropy. 

5.1  Preparation of FePt thin films 

The Fe(1 ML)/Pt(1 ML) multilayer films were provided by Takanashi group, Institute for 

Materials Research, Tohoku University.  The FePt films were prepared using a UHV 

deposition system with two independent e-guns.  A 1 nm thick Fe seed layer was deposited 
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on a MgO(001) substrate, and consecutively a 40 nm thick Pt buffer layer was epitaxially 

grown at 343 K.  The monoatomic layers of Fe and Pt were alternately deposited for 50 

times at (A) 503 K and (B) 393 K, respectively.[38]  Figure 5.1 shows the illustration of the 

FePt films. 

5.2  Structure evaluation of the FePt films by x-ray diffraction 

Both lattice parameter and long-range order(S) parameter of the FePt films were evaluated 

by x-ray diffraction.  Cu K  radiation was used as an incident x ray.  Using 3-axis/1-circle 

diffractometer, both peak intensity and position of (001), (002), and (220) diffraction spots 

were measured, and lattice parameter, c/a, and S parameter were determined.  Figure 5.2 

shows the (001) and (002) diffraction patterns.  Table 5.1 shows the determined structure  

Table 5.1. Structure parameter of the FePt films.

parameter.  It was reported that lattice parameter of bulk FePt L10 alloy was a = 0.3861 nm, 

c = 0.3788 nm ( c/a = 0.981 ).[39]  In the films, Pt buffer layer( a = 0.3924 nm) was 

deposited under the FePt layer.  c/a of the FePt layer is smaller than that of the bulk FePt due 

to a tensile strain between the FePt layer and the buffer layer.  And also, film (B) includes 

both ordered phase(phase 1) of S = 0.41 and disordered phase(phase 2), and those volume 

fractions are 0.83 and 0.17, respectively. 

Next, from the (001) and (002) diffraction peaks, both ordered and disordered single 

a(nm) c(nm) c/a S volume fraction 

(A) 503 K 0.3889 0.3688 0.948 0.82 1.00 

phase 1 
     (B) 393 K 

phase 2 

0.3958

0.3883

0.3666

0.3745

0.926

0.964

0.41

0.00

0.17

0.83
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Fig.5.1. Illustration of FePt films.
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Fig.5.3. Diffraction patterns of FePt films fabricated at (a) 503 K and (b) 393 K. 

(a)

(b)
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domain sizes were evaluated.  Single domain sizes t was estimated from the Scherrer 

equation[40]

BB
t

cos

94.0

where  the wave length of x rays, B the FWHM of the Bragg peak and the Bragg angle.  

Table 5.2 shows the each domain sizes.  Single and ordered domain sizes of film (A) were 

equivalent to the thickness of FePt layer.  While, single domain sizes of film (B) is smaller 

than that of film (A).  Ordered domain size in phase 1 is much small. 

Table 5.2. Single and ordered domain sizes of the FePt films. 

 single domain size(nm) L10 ordered domain size(nm)

(A) 503 K 14.5 12.9 

phase 1 9.3 3.4 
    (B) 393 K 

phase 2 8.6  

5.3  Hologram measurement of FePt by laboratory apparatus 

The hologram measurement of film (A) was carried out using the laboratory XFH 

apparatus.  Figure 5.3(a) shows the experimental setup.  The holographic pattern was 

measured by the IDH method using the strongest Mo K  radiation.  The power of x-ray 

generator was set 55 kV and 300 mA.  The monochromatized x rays were passed through the 

pinhole slit of 2 mm diameter.  When Fe K  fluorescence is detected with the pure-Ge 

simiconductor detector, escape peak of Mo K  and the peak of Fe K  fluorescence overlaps.  

Therefore, Fe K  fluorescent x rays were detected with a silicon drift detector(SDD).  

Intensities of fluorescent x rays emitted from the FePt films were much small because those 

thickness were only 20 nm.  The SDD was set in the neighborhood of the sample, and the 
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Fig.5.3. (a)Experimental setup for hologram measurements of the FePt film at laboratory. 

(b)Energy spectrum of x rays emitted from the FePt film. 

(a)

(b)
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distance between the detector and the sample was about 30 mm.  Figure 5.3(b) shows the 

energy spectrum of x rays coming into the SDD.  The intensities of Fe K , Pt L , and L

fluorescent x rays were 500, 7000, and 5800 cps.  2 was fixed at 45 .  1 and  were 

scanned within 700 1 ( step1 ), 3600 ( step1 ).  The intensities of 

fluorescent x rays were integrated for 30 s per a pixel.  Figures 5.4 (a) and (b) show the 

holographic pattern made of Fe K  fluorescence and Pt L fluorescence, respectively.  In the 

pattern of Fig. 5.4(b), the clear XSW patterns appear.  However, in the one of Fig. 5.4(a), the 

XSW patterns do not appear.  This is due to the low intensity of Fe fluorescent x rays.  This 

reason is explained below.  Pt fluorescent x rays are emitted from the Pt atoms in the both 

FePt layers and Pt buffer layers.  The thickness of total Pt layer is about 50 nm.  On the 

other hand, the thickness of Fe layer is only about 10 nm.  Moreover, at 17.774 keV, mass 

absorption coefficients of Fe and Pt about photoelectric absorption are 35.3 and 100, 

respectively, as shown in Fig. 5.5.[41]  Most of the incident x rays were absorbed by Pt 

atoms in the film.  Therefore, in order to measure the high accurate holographic pattern of Fe 

in FePt films, it is necessary to measure the Fe fluorescent x rays between Fe K (7.11 keV) 

and Pt L  (11.56 keV) absorption edges.  Figure 5.4(c) shows the atomic images of 001 

plane reconstructed from the holographic pattern of Fig. 5.4(b).  The first neighbor Pt atomic 

images around Pt atoms appear.  The atomic images are mixed images of both Pt buffer 

layers and Pt layers in FePt.  This result shows that atomic images of 50 nm thick thin films 

can be reconstructed using the laboratory XFH apparatus. 

5.4  Hologram measurements at synchrotron facility 

In order to measure the holographic patterns between Fe K (7.11 keV) and Pt L  (11.56 

keV) absorption edges, it is thought that Cu K  characteristic x rays in laboratory or energy 

tunable synchrotron radiation (SR) are used as the x-ray source.  SR is also convenient for 
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Fig.5.4. Holographic patterns of the FePt film measured by collecting (a)Fe K- and (b)Pt L-

fluorescent x rays.  (c)Atomic images of Pt of 001 plane reconstructed from the holographic 

pattern of (b).  Circles and doted circles show the position of Pt atoms in FePt film and Pt 

buffer layer, respectively. 

(a) (b) 

(c)
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Fig.5.5. Mass absorption coefficients about photoelectric absorption of Fe and Pt from 

5keV to 20keV.  Dotted line shows the x-ray energy of 17.444keV. 
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easily measuring multiple-energy holographic patterns to eliminate the twin images.  In this 

section, the hologram measurements of FePt films using SR and the reconstructions are 

explained.  And the local short-range order of FePt films grown epitaxially on the substrate 

at different temperature is discussed. 

5.4.1  Hologram measurements at BL3A in Photon Factory 

The MEXH measurement was performed at the bending magnet beam line BL3A in 

Photon Factory.  As the sample, the film (A) was used.  The incident beam was 

monochromatized and sagittally focused by a Si 111 double-crystal monochromator.  The 

four incident energies were selected from 9.0 to 11.25 keV with a 0.75 keV step.  Then the 

Fe K fluorescence from the film was carefully measured.  Figures 5.6(a) and (b) show the 

picture of the apparatus and a schematic illustration of the experimental setup.  An ionization 

chamber was used as an incident flux monitor.  The beam size at the sample was adjusted to 

1.0 1.0 mm
2
 by slits.  The Fe fluorescence and elastically scattered x rays from the sample 

were separately observed by the silicon drift detector with a digital signal processor.  The 

x-ray energy spectrum at each point was measured at a count rate of about 10
5
 cps with an 

energy resolution of about 200 eV.  As an example, Fig. 5.7 shows one of the energy spectra 

measured at 10.5 keV.  The intensity data of Fe fluorescence were accurately estimated by 

fitting with the Gaussian-Lorentzian functions. As shown in Fig. 5.6(b), the sample was set on 

two - and -axis rotation stages, where 1 is an angle between the incident beam and the 

surface normal, and  is an azimuthal angle around the surface normal. Intensities of Fe 

fluorescence were measured as a function of 3600  and 700 .  The exit 

angle 2 of the fluorescent x rays was fixed at 45 .  The dwelling time for each point was 

1 s and the increments of the angles were 0.1 .  The total intensity of Fe fluorescence at 

each point was about 20000 counts. It takes about one day to collect holographic data of 

78



(a)

(b)

Fig.5.6. (a)Picture of apparatus and (b)experimental setup of the hologram measurement 

of the FePt film at Photon Factory. 
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Fig.5.7. An example of an energy spectrum measured at 9.75 keV and its 

Gaussian-Lorentian fitting lines (Fe K  (dotted line), Fe K (dashed line), escape peak 

(thin solid line)) 
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single incident energy. 

5.4.2  Holographic patterns and atomic images 

Figure 5.8 shows the normalized hologram pattern.  Sharp lines indicating the fourfold 

and mirror symmetries are x-ray standing wave (XSW) lines reflecting the crystalline 

symmetries of the present film.  In order to improve the statistical accuracy, the 

symmetrically equivalent data were summed up, referring to these XSW lines. For a further 

analysis, two-dimensional Gaussian high and low frequency-pass filters with k20.0  and 

0.02k, respectively, were applied to the hologram in Fig. 5.8.[42]  The  is a variable 

parameter which smoothes the original data [43] and the k is the wave number of the incident 

x rays.  

The atomic environment around Fe was reconstructed using a numerical algorithm 

derived from the Helmholtz-Kirchhoff theorem[22, 23].  The atomic images at four different 

incident energies were summed by Barton’s multiple energy algorithm[25].  Figure 5.9(a) 

shows the model of the local environment around the Fe atoms in the FePt L10 ordered film.  

The crystal structure of this FePt film is known to be L10 ordered structure with a = b = 

0.3861 nm and c = 0.3788 nm.[39]  The atomic image at z = 0.1894 nm 2/c  above the 

Fe layer and the Fe layer is shown in Figs. 5.9(b) and (c).  The atomic images at 
2
110  and 

2
121  in Fig. 5.9(b) are the second and fourth neighbors of Fe atoms, respectively, and 

expected to be Pt atoms. The reconstructed intensity of the atomic image at 
2
110  is weaker 

than that at 
2
121 .  This is due to the consequence of the high frequency- pass filter and/or 

the effect of the real-twin interference[24].  The deviation of the intensity maxima from the 

Pt positions expected from the FePt bulk was the order of 0.01 nm in the FePt 002 plane of 

Fig. 5.9(a).  However, many artifacts in the reconstruction of the Fe layer appear and we can 

see the Fe atoms.  This may be explained by the fact that the atomic scattering factor of Fe is 
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Fig.5.8. Holographic patterns of Fe in Fe(1 ML)/Pt(1 ML) multilayer film at the incident 

x-ray energies of (a)9.00 keV, (b)9.75 keV, (c)10.5 keV, and (d)11.25 keV. 

(a) (b)

(c) (d)
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Fig.5.9. (a)Schematic drawing of atomic arrangements around Fe atoms in the L10 ordered 

FePt film.  Reconstructions of (b)Pt layer at z = 0 and (c)Fe layer at z = 0.1894.  Square 

shows the emitter position of Fe.  Circles show the Fe and Pt atomic positions. 

(a)

(b) (c)
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about one-third smaller than that of Pt. Thus, in order to image the Fe atoms, we must collect 

at least 10
6
 photons in each pixel.  In the present measurement, the statistical accuracy of the 

holographic signal may not be sufficient. 

5.4.3  Hologram measurements at BL37XU in SPring-8 

In order to measure the high-accuracy holographic patterns of FePt films, hologram 

measurements were carried out at BL37XU in SPring-8.  Figure 5.10 shows the 

experimental setup.  As the sample, the FePt film (A) and (B) were used.  The nine incident 

energies were selected from 9.50 to 11. 50 keV with a 0.25 keV step.  The incident beam 

was monochromatized using a Si(111) double-crystal monochromator, and a Rh coated mirror 

was used to suppress higher harmonic x rays.  The beam size at the sample was adjusted to 

be 0.3 mm along the horizontal direction and 0.5 mm along the vertical direction.  Intensities 

of the incident beam was monitored by detecting x rays scattered from a polyimide film of 

125 m thickness using a Si PIN photodiode.  Fe K  fluorescence emitted from FePt was 

monochromatized by the cylindrical bent graphite and focused on an avalanche photodiode.  

Intensities of Fe K  fluorescence were measured as a function of azimuthal angle 

)3600(  and polar angle )700( .  The  rotation speed was 0.3  per 

second, and the fluorescence intensity was integrated over 33.0  corresponding to a 0.1 sec 

sampling time.   was rotated discretely with 0.1  steps. 

5.4.4  Holographic patterns and atomic images 

Figure 5.11 shows the holographic patterns of two FePt films.  The XSW patterns are 

clearer than that of Fig. 5.8, and it is supposed that the holographic patterns are more 

accurately measured than that measured at Photon Factory.  We can clearly see the change of 

holographic patterns due to the difference of the substrate temperature.  Figures 5.12(a) and 
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(a)

(b)

Fig.5.10. (a)Picture of apparatus and (b)experimental setup of the hologram measurements 

of FePt films at SPring-8. 
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Fig.5.11. Holographic patterns of the FePt films fabricated at (a) 503 K and (b) 393 K. 

These holographic patterns were measured at BL37XU in SPring8. 

(a)

(b)
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(b) show the holographic pattern of two FePt films at 9.50 keV, and Fig. 5.12(c) shows the 

schematic drawing of XSW patterns formed by the diffraction of 220 and 110 planes which 

are, respectively, fundamental and super lattice reflections of a FePt L10 structure.  Figure 

5.12(d) shows the holographic oscillation of Figs. 5.12(a) and (b) averaged along k direction. 

The intensities of 110 reflections in Figs. 5.12(a) and (b) are nearly equal.  On the other hand, 

220 reflections in Fig. 5.12(b) are not seen.  Thus, about the surface plane, the degree of the 

long-range order decreases as the grown temperature of the FePt films decreases, as well as 

the direction of the surface normal. 

Figure 5.13 shows the atomic images of the 001 and 002 planes reconstructed from the 

holographic patterns of Fig. 5.11.  These atomic images are summated using atomic images 

of nine energies.  Figures 5.13(a) and (b) shows the atomic images of 001 and 002 planes of 

the film (A) and (B), respectively.  The atomic image of 002 plane in Fig 5.13 (a) is clearer 

than that of Fig. 5.9(b).  However, the image of 001 plane is unclear in spite of the 

reconstruction from the high-accuracy holographic data.  This reason is discussed at section 

5.3.5.

Figure 5.13(c) shows the one-dimensional cut parallel to the [100] direction as indicated 

in Figs 5.13(a) and (b).  The peaks at x = 0.0 and x = 0.4 correspond to the first and 

second neighbors atoms around emitter Fe atoms, respectively.  The intensity of the peak at 

x= 0.4 is smaller than the one of x = 0.0.  This is due to the damping of the amplitude of 

scattering x rays.  The reconstructed intensities of each peaks of the film (B) are smaller than 

that of the film (A).  This difference of the reconstructed intensities means the difference of 

occupancy of Pt atoms, namely, the local short-range order.  This result will be 

quantitatively discussed at section 5.3.6.   
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Fig.5.13. Reconstructions of the FePt films fabricated at (a) 503 K and (b) 393 K.  These 

holographic patterns measured at BL37XU in SPring-8. Square shows the emitter’s 

position of Fe.  Circles show the Fe and Pt atomic positions.  (c) Cross sections of the 

part shown by dotted line in the reconstructions of 002 plane.     

(a)

(b)

(c)
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Fig.5.14. Reconstructions of 001 plane and those one-dimensional cuts parallel to [110] 

direction about three-simple models.  (a)Fe atom (emitter) and the first neighbor Fe 

atoms.  (b)Fe atom (emitter) and the first neighbor Pt atoms.  (c) Fe atom (emitter) and 

the first neighbor Fe and Pt atoms. 

(a)

(b)

(c)

90



5.4.5  Computer simulation of FePt cluster 

In order to discuss the reconstruction of 001 plane of FePt films, a computer simulation 

was carried out using three simple models.  The models are shown at left hand in Fig. 5.14.  

The model in Fig. 5.14(a) consists of Fe atoms (emitter) in 001 plane and first neighbor Fe 

atoms in the plane.  That in Fig. 5.14(b) consists of an Fe atom (emitter) and first neighbor 

Pt atoms in (002) and 200  planes.  That in Fig. 5.14(c) consists of an emitter Fe atom and 

first neighbor Fe and Pt atoms.  Using these models, holographic patterns were calculated at 

10.5 keV and the atomic images of 001 plane were reconstructed.  The reconstructions were 

shown at the center in Fig. 5.14.   

In the reconstruction of Fig. 5.14(a), Fe atoms are visualized and those reconstructed 

intensities are about 30.  In the reconstruction of Fig. 5.14(b), in despite of no scattering 

atoms in 001 plane of this model, strong peaks emerge around the center and the intensity is 

about 100.  This is the oscillation of Pt atom images in (002) and 200  planes.  Thus, the 

phases of Fe atomic images in 001 plane of Fig. 5.14(c) shift largely by the oscillation.  This 

is the main reason that Fe atom images in the present FePt films are not clearly reconstructed.  

Especially, in the case of FePt films, this effect emerges strongly because the atomic number 

of Pt is about three times larger than that of Fe.  The large oscillation of Pt atom images 

appears due to the mathematical truncation error since the Barton’s algorithm for the 

reconstruction is likely to a two-dimensional Fourier transformation.  In order to solve this 

problem, it is needed that new reconstructed algorithms are developed.  Recently, Matsushita 

et al.[43] proposed a new reconstructed algorithm using the numerical fitting technique.  The 

algorithm like this may be an approach to solve the problem of Barton algorithm. 
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5.4.6  Quantitative evaluation of local short-range order of Pt atoms of 

FePt films 

In this section, it is discussed about the local short-range order of Pt atoms in the 002 

plane in FePt films.  In order to quantitatively discuss the reconstructed intensities, the 

comparison of reconstructed intensities between experiments and simulation was made.  

Holographic patterns of FePt with the cluster radius of 10 nm were calculated as changing 

occupancy of Pt atom.  The incident x-ray energies from 9.50 keV to 11.50 keV with 0.25 

keV step were supposed, which was the same condition as the experiment.  The atomic 

images were reconstructed by Barton’s algorithm.  Reconstructed intensities at Pt first( r = 

0.27 nm ) and second( r = 0.47 nm ) neighbor positions were compared with the 

experimentally reconstructed intensities in Fig. 5.13(c), and the short-range order parameters 

of Pt atoms were determined. 

Table 5.3. Local short range order of Pt at atomic positions in (002) plane. 

 (A) 503K (B) 393K 

First neighbor position 0.90 0.1 0.65 0.1

Second neighbor position 0.77 0.1 0.65 0.1

Table 5.3 shows the determined short-range order parameter of Pt atoms.  Figure 5.15 

shows the comparison between the short-range order parameter and the Pt occupancy 

estimated from the long-range order parameter.  Here, the Pt occupancies of Film A and B 

were estimated by volume fraction and S parameter in Table 5.1 such as  

Film A: (1.00+1.00 0.82)/2 = 0.91, 

and                     Film B: (1.00+0.41 0.17+0.00 0.83)/2 = 0.53, 

respectively.  Degree of local short-range order of Pt first and second neighbor positions is 
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roughly equal to Pt occupancy estimated by volume fraction and S parameter.  It is expected 

that local structure of film (A) is equal to the long range structure.  This is consistent to the 

discussion of single and ordered domain size in section 5.2.  While, degree of local 

short-range order of Pt first and second neighbor positions is about 0.2 larger than Pt 

occupancy estimated by both volume fraction and S parameter.  It is expected that film (B) 

includes L10 ordered cluster below the cluster radius of 1 nm.  It was reported that 

magnetocrystalline anisotropy of film (B) is larger than that estimated from the S parameter.  

It is suggested that this reason is due to both the local short-range order and tensile strain(c/a

= 0.92 0.96) between the FePt layer and the buffer layer. 
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5.5  Summary 

The XFH method was applied to epitaxially grown FePt magnetic films, and its structural 

analysis was carried out.  The main results are summarized as bellow: 

1) The holographic pattern of the FePt film fabricated at 503K was measured using the 

laboratory XFH apparatus.  The incident x-ray energy of the apparatus was 17.444 keV, and 

the Pt atoms, whose absorption coefficient is about three times larger than that of Fe atoms, in 

the FePt films and the Pt buffer layer absorb most of the incident x rays.  Therefore, the 

intensity of Fe K fluorescent x rays was very small.  The accurate Fe K fluorescent 

holographic pattern was not measured.  Although the Pt L fluorescent holographic pattern 

was made from Pt L fluorescent x rays emitted from Pt atoms in the both FePt film and Pt 

buffer layer, the accurate holographic pattern was measured.  Total thickness of Pt in this 

film was about 50 nm.  This result means that holographic patterns of thin films with few 

score nm thickness can be measured using the present apparatus.  

2) The holographic patterns of the FePt film fabricated at 503 K were measured at BL3A in 

Photon Factory, Tsukuba, Japan.  In order to suppress the absorption of incident x rays of Pt 

atoms, the incident x-ray energies were selected between Fe K (7.11 keV) and Pt L  (11.56 

keV) absorption edges, and four holographic patterns were measured at energies from 9.50 

keV to 11.50 keV with 0.75 keV step.  The intensity of the incident x rays is insufficiency.  

Holographic patterns were not measured with a good statistical accuracy.  Nevertheless, the 

first and second neighbor atomic images in Pt layer were visualized. 

3) The holographic patterns of the FePt films prepared at 393 K and 503 K were measured at 

BL37XU in SPring-8, Harima, Japan.  Using the cylindrically bent graphite analyzer, Fe K

fluorescent x rays emitted from the FePt films were monochromatized and converged on the 

detector with the intensity of about 500000 cps.  Very accurate nine holographic patterns of 

Fe fluorescent x rays were measured at the energies from 9.50 keV to 11.50 keV with 0.25 
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keV step.  As the reconstruction from the holographic patterns, it was observed that 

reconstructed intensities of Pt layer in the FePt films decreases with decreasing the fabricated 

temperature.  This means the decrease of the local short-range order around Fe atoms in the 

FePt films.  Quantitative analysis was carried out by comparing with the reconstructed 

intensities determined from the computer simulation. 
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Chapter 6 

Optimum condition for  

x-ray fluorescent hologram measurement 

One question raised through the hologram measurements at both laboratory and 

synchrotron facilities.  It is that holograms of metal crystals are measured more easily than 

that of semiconductor crystals.  As the reason, it was expected that holograms can not be 

measured with sufficient angular resolution because holographic oscillation is finer with 

better crystallinity.  To understand the question, holographic patterns of a large cluster must 

be calculated. 

While, experimental conditions in collecting holographic data have not been carefully 

discussed until now.  The feasibility of the XFH method has evaluated the atomic images 

reconstructed from the holograms that be calculated by the single-scattering small-cluster 

model.  In these simulation studies, the energy of the incident x rays, the scanning range of 

the goniometer and its angular step for the XFH experiment were estimated.[44, 45]  A small 

cluster was used due to the long calculation time.  It is proportional to the cluster radius and 

takes about one day when a full-sphere holographic pattern of 10 nm radius with angular step 

of 0.1  is calculated by a personal computer with CPU, Pentium  of 1 GHz.  However, 

taking into consideration that a single-domain size in a single crystal which is over 100 nm, 

the simulation of 10 nm radius may not reflect the actual experiment. 

If we do not consider the polarization of the incident x ray, holographic patterns are easily 

calculated using x-ray diffraction structure factors.[46, 47, 48, 50]  For example, 

Chukhovskii et al.[48] derived a linear regression algorithm for calculating the holographic 
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patterns and proposed a method to solve the crystal structure from the XFH data.  Korecki et 

al.[49] discussed extinction effects of incident x-ray beams in imperfect crystals.  In this 

chapter, we derive the algorithm from the description of Kossel line by Adams et al.[46],

where holographic patterns are calculated using diffraction structure factors.  Using the 

algorithm, holographic patterns of a gold single crystal with a realistic cluster size are 

calculated, and the best experimental condition is discussed. 

6.1  Hologram calculation in reciprocal lattice space

A holographic function k  in an internal detector scheme[18] is given by 

j

kri

j

j

e
jje

r

f
r

-rk
k Re2 ,                                 (6.1)

where k is the wave number vector of an incident x ray, re the classical electron radius, rj the 

distance between a fluorescent atom (emitter) and jth scattering atoms (scatterer), fj the atomic 

scattering factor of jth atom.  By the Eq. (6.1), intensities due to the interference between the 

incident x ray directly reaching an emitter and x-rays scattered by atoms at rj are calculated.  

Adams et al.[42] expressed Eq. (6.1) in terms of the electron density r  such as 

dV
r

e jj kri

V

-rk

rk Re2 ,                             (6.2)

where V is the volume of a single domain in a crystal.  r  is the result of a Fourier 

transformation of FH which is a structure factor at reflection index H .  It is explained as  

rH
r

i

H

H eF ,                                           (6.3)

where H is the reciprocal lattice vector.  When the Eq. (6.3) is substituted for r  in Eq. 

(6.2),
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Solving the volume integral, the holographic function k  is expressed as  

H

H A
k

F 2
-

4
22

Hk
k ,                           (6.5)

where

rk
k

rk
k

A Hk
H-k

H-k
Hk

H-k

H-k
coscos .           (6.6)

Here, r corresponds the cluster radius.  In this equation, the calculation time of the 

holographic pattern depends on the number of the observable diffaction planes, and does not 

depend on the cluster radius. Therefore, holographic patterns with a large cluster are 

calculated in a realistic calculation time.  Even if the cluster size is over 100 nm, the 

holographic pattern with the angular step of 0.1  is calculated in a few minutes using the PC. 

6.2  Cluster size dependence of holographic oscillation 

Cluster-radius dependence of x-ray holograms was evaluated using Eq. (6.5).  As the 

model, a gold single crystal was used.  Gold has a face-centered-cubic structure at room 

temperature, and the lattice constant is 0.408 nm.  The holographic patterns of the cluster 

radius of 1, 10 and 100 nm at the incident x-ray energy of 17.444 keV.  At this x-ray energy, 

there are 1806 diffractions.  k is expressed by the vector component as 

cos

sinsin

cossin

k

k

k

k

k

k

z

y

x

k .                      (6.7)

Figure 6.1 shows the relationship between (kx ky kz) and ( ).  The kx, ky and kz are parallel 

to the crystallographic [100], [010] and [001] axes of Au.  and  are the azimuthal and 
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Fig.6.1. Schematic illustration of the relationship between (kx ky kz) and ( ).
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polar angle relative to the 001 plane of the gold single crystal, respectively.  In experiments, 

an upper side of the spheric hologram can be measured because of the flat specimen geometry.  

Therefore, in the present simulation, the holographic patterns were calculated within 

700  and 3600  with the angular step of 0.1 .  Figures 6.2(a), (b) and (c) 

show the holographic patterns with the cluster radius of 1 nm, 10 nm and 100 nm, 

respectively.  We can see only broad patterns in Fig. 6.2(a).  In the holographic pattern of 

10 nm radius, x-ray standing wave (XSW) patterns are seen due to the long-range 

translational order in the crystal.  However, in the one of 100 nm radius, the XSW patterns 

cannot be seen.  This reason is discussed at last in this section. 

Atomic images were reconstructed from the holographic patterns of Figs. 6.2(a), (b) and 

(c).  The reconstruction was performed by Barton’s single-energy algorithm[22] shown as 

70

0

360

0

2 sin ddkedeU i

k

i

A
k

rkrk
kkr ,          (6.8)

where rkU  is the reconstructed intensities.  Figures 6.3(a), (b) and (c) show the atomic 

images reconstructed from the holographic patterns of Figs. 6.2(a), (b) and (c), respectively.  

The 0
2
1

2
1  atomic images appear at the true atomic positions in Figs. 6.3(a) and (b).  The 

background of the reconstruction of Fig. 6.3(b) is slightly higher than the one of Fig. 6.3(a).  

The 100 and 110 atomic images in Figs. 6.3(a) and (b) shift outwards and disappear, due to a 

real-twin image overlap[24], respectively.  This phenomenon is suppressed by a MEXH 

method[22] or a two-energy method[26].  On the other hand, in the reconstruction of Fig. 

6.3(c), atomic images cannot be seen and some artifacts emerge.  This reason is understood 

from the cosine term in Eq. (6.6).  With increasing a cluster radius, the oscillation period of 

the cosine term becomes short and the high-frequency component in the holographic pattern 

increases.  This is reason why the holographic pattern of 100 nm radius is not preciously 

recorded with the angular step of 0.1 .   
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(a) (b) 

(c) (d) 

Fig.6.2. Holographic patterns of a gold single crystal calculated in reciprocal lattice space. 

(a), (b) and (c) are the pattern of 1, 10 and 100 nm radius, respectively, and the angular 

step of 0.1  within 700  and 3600 .  (d) is the pattern of 100 nm

radius, and is the angular step of 04.0  within 700  and 3600 .

102



(a) (b) 

(c) (d)

Fig.6.3.  Images of 001 plane reconstructed from holographic patterns of Fig. 6.2. 

Circles show the positions of Au atoms.  Square shows the emitter position of Au. 
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In order to estimate the optimum angular step to record holograms, the minimum angular 

period of holographic oscillations is evaluated from the term dependent on the radius in Eq. 

(6.6), i.e., rkB Hkcos .  At 90 , this function is  

rkLKH
a

kB
1

)0sincos(cos ,          (6.9)

where a is the lattice constant and (H K L) the reflection index.  Under the condition that 

18407.8k ( 444.17E keV) and 08.4a , the radius dependence of the minimum 

angular period of the function B  within 3600  is evaluated about (H K L) = (10 4 

6), which is the highest-order diffracted plane at 17.444 keV, and makes the finest oscillation 

in B .  Figure 6.4 shows the logarithmic minimum angular period vs. the logarithmic 

radius.  The period varies in proportional to the radius.  When the radius is over 50 nm, the 

minimum angular period is below 0.1 , that is to say, this means that a hologram can record 

preciously with the angular step below 33.0  because at least three-data points are needed to 

observe one peak.  A holographic pattern of 100 nm radius was calculated with the angular 

step of 04.0 .  Figure 6.2 (d) shows the holographic pattern.  Very sharp XSW lines appear 

in the pattern.  Figure 6.3 (d) shows the reconstruction of Fig. 6.2(d).  The atomic images 

same as that of Fig. 6.3(a) can be seen.   

6.3  Angular integration effect of hologram  

6.3.1  Simulation 

It is difficult to measure a hologram with fine angular steps because vast amounts of data 

must be collected in a limited measurement time at synchrotron facilities.  Nowadays, ‘step 

scan’ is hardly used because of its experimental time.  In order to shorten the measurement 

time, hologram data are continuously collected along  axis, i.e., ‘continuous scan[9]’.  It 
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Fig.6.4.  Log-log plot of the minimum period vs. the radius of equation(6.9) within 

3600  at the condition that 18407.8k , 08.4a , and (H K L)=(10 4 6). 
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was reported that atomic images were clearly reconstructed from the continuously collected 

data by IDH[18].  While, even if hologram data were collected by the step scan, atomic 

images were reconstructed also from holograms measured using converged incident x rays[36, 

50].  On the other hand, in internal source holography[7] a pinhole slit was set in front of an 

x-ray detector for measuring intensities of fluorescent x rays, and atomic images were 

reconstructed from holograms measured under the condition that the receiving angle was 

about 0.2 [51].  They are the same method in terms that hologram data are integrated over a 

angular range in the data set.  Until now, the influence of the data integration has not been 

reported.  In the present study, the integration effect of the holographic data is discussed by 

the simulation. 

The reconstruction from an integrated holographic pattern with 0.1  angular range for 

both  and  axes is expressed as 

s

i

k keddU

s s

s

s

s

s

sin2
70

0

360

0

5.0

5.0

5.0

5.0

rk
kr      (6.10)

Here, in order to evaluate the difference between the reconstruction obtaind from Eq. (6.8) 

and that obtained from Eq. (6.10), holographic patterns of simple Au dimer models were 

calculated.  8 dimer models at x = 0 nm(emitter) and x = 0.2, 0.4, 0.6, 1, 1.5, 2, 3 and 5 

nm(scatterer) were used. The incident x-ray energy was 17.444 keV, and the region of 

and  was 700 and 3600 , respectively.  Holographic patterns were 

calculated with 1.0  step along both  and  axes.  Judging from Fig. 6.4, the 1.0  step 

is a sufficient angular resolution to measure the holographic oscillation of emitter-scatterer 

distance of 2 nm.  The reconstruction of the 1.0 -step hologram was obtained in Eq. (6.8), 

whose peak-top value of the atomic image was defined as stepU .  Next, the 1.0 -step 

hologram was integrated over 0.1  wide with the increment of 0.1 .  The reconstruction 

was obtained using Eq. (6.10), whose peak-top value of the atomic image was defined as 
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nintegratioU .  Figure 6.5 shows the emitter-scatterer-distance dependence of stepnintegratio /UU

values.  The stepnintegratio /UU  values decrease with increasing the emitter-scatter distance.  

It is understood that the accuracy of the reconstructed intensities by the integration procedure 

are above 80 % within the emitter-scatterer distance of 2 nm.  And also, the shift of peak-top 

position was within 0.001 nm independent of the emitter-scatterer distance.  The integration 

procedure has almost influence on the atomic position. 

Next, the integration effect of a holographic pattern with a large cluster was evaluated 

using the result of the simulation at section 6.2.  The pattern of Fig. 6.2(d) was summed up 

with 0.1  wide of both  and  such as 
5.0

5.0

5.0

5.0

,
s

s

s

s

ss .  Figures 6.6(a) and (b) show 

the summed-up holographic pattern and the reconstruction, respectively.  The width of XSW 

lines in the holographic pattern broadens in comparison with that of Fig. 6.2(d).  The atomic 

images are equal to that of Fig. 6.3(d).   

 In IDH measurements using highly parallel synchrotron beams, holographic data is 

one-dimensionally integrated, not two-dimensionally, because it is difficult to make 

two-dimensionally converged beams with a large divergent angle as a laboratory source[36, 

51].  In the actual experiment at synchrotrons, holographic patterns are summed up with 

0.1  wide along the  direction such as 
5.0

5.0

,
s

s

ss , where s is discrete with a increment 

of 0.1 .  Figures 6.6(c) and (d) show the one-dimensionally integrated holographic pattern 

and the reconstructed images, respectively.  The reconstruction has a high background 

compared with that of Fig. 6.6(b).  The 0
2
1

2
1  atomic images of Fig. 6.6(d) are equal to that 

of Fig. 6.6(b).  On the other hand, the 100 atomic images of Fig. 6.6(c) slightly shift 

outwards in comparison with that of Fig. 6.6(b).  Furthermore, some artifacts emerge at the 

position shown by an arrow.  This is due to the missing data between 5.0s  and 

107



Fig.6.5. Accuracy of reconstructed intensity of integrated hologram data vs. 

emitter-scatterer distance. 
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(a) (b)

(c)

Fig.6.6.  (a)Holographic pattern integrated over 0.1  width about  and  using the 

pattern of Fig. 6.2(d).  (c)Holographic pattern integrated over 0.1  width only about 

using that of Fig. 6.2(d) and  is discrete with 0.1 step.  (e)Holographic pattern 

symmetrized using a threefold rotation symmetry about the <111> direction.  Atomic 

images(b), (d) and (f) of 001 plane reconstructed from the pattern of (a), (c) and (e), 

respectively. 

(d)

(f)(e)
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5.0s  along the  direction.  This is recovered using the crystallographic symmetry.  In 

the present case, using a threefold rotation symmetry about the <111> direction of the gold 

crystal, the missing data between 5.0s  and 5.0s  are interpolated. 

 The interpolated data are averaged within 5.05.0 ss  and 

5.05.0 ss , and thus, holographic data approximately approach the 

two-dimensionally integrated data.  Figures 6.6(e) and (f) show the symmetrized holographic 

pattern and its reconstructed images, respectively.  In the reconstruction, appearance of the 

artifacts is quite suppressed and the only 0
2
1

2
1  atomic images are enhanced.  The 

reconstructed intensities at the 100 atomic positions become lower than that in Figs. 6.5(b).  

This is supposed due to the incomplete integration process by the symmetrization.  By the 

multiple-energy reconstruction, these images will be also visualized.  Thus, the combination 

of the converging of incident x rays or the data acquisition by the continuous scan and the 

symmetrization of holographic data enable us to experimentally obtain the theoretical atomic 

images. 

6.3.2  Experiment 

It is discussed about XFH of a gold single crystal measured by the continuous scan about 

the  direction.  Before the hologram measurement, the crystallinity of the gold single 

crystal was evaluated by x-ray diffraction at laboratory.  The x-ray diffraction measurement 

was performed using a two-axis diffractometer with Cu K  radiation monochromatized by a 

Ge 111 reflection.  Intensities of the (002) reflection of Au were measured by 

Bragg-Brentano geometry.  The Bragg angle and the full-width at half-maximum (FWHM) 

of the peak were 236.22  and 035.0 , respectively.  The particle size was estimated from 

Scherrer equation.[40]  The particle size of the gold single crystal determined by Scherrer 

equation was about 2400 .  Thus  jugging from Fig. 6.4, if ‘step scan’ is used in condition 
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that the energy of the incident x-ray is 17.444keV and E/E is 4100.1 , it is estimated that 

holograms must be measured by 01.0 step.  It is unrealistic to carry out within a limited 

machine time of a synchrotron radiation. 

Hologram measurements using a synchrotron radiation (SR) were carried out at BL37XU 

in SPring-8, Harima, Japan.  A schematic drawing of the experimental setup is shown in Fig. 

6.7.  A high-intensity and quasi-monochromatic SR beam was obtained by an in-vacume 

undulator.  The SR beam was monochromatized at 17.444keV by a Si (111) double crystal.  

The beam size at the sample was adjusted to be 0.5 mm by a slit along the both horizontal and 

vertical directions, and the divergent angle of the incident beam was about 0005.0 .  

Intensities of the incident beam were monitored by detecting x-rays scattered from a 

polyimide film of 125 m thickness using a Si PIN photodiode.  Au L  radiation emitted 

from the sample was monochromatized and converged on an APD.  The  and  were 

scanned within 700  and 3600 , respectively.  Holographic data were 

collected by “continuous scan” about the  direction.  Data were taken during a continuous 

rotation about the  direction   The rotation speed of the  was 3  per a second, and the 

fluorescent intensities were integrated over 3.0  corresponding to a 0.1-sec sampling time.  

The  was rotated discretely with 0.1  steps.

Figure 6.8(a) shows the holographic pattern.  It took 2.5 hours to record.  This pattern is 

integrated over 1  width about the  direction, and is symmetrized by the mirror and four 

fold symmetries about <001> axis.  Figure 6.8(b) shows the atomic image reconstructed 

from the holographic pattern of Fig. 6.8(a).  The atomic images at 100 positions appear due 

to the effect of the angular integration.  However, atomic images at 0
2
1

2
1  positions 

disappear.  This is mainly due to the lack of data between steps about the  direction since 

the angular step is rough.  The data between steps of the  direction can be interpolated by 

3-fold symmetrization about <111> axis.  Figure 6.8(c) shows the reconstruction from the 
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holographic pattern symmetrized about <111> axis.  In this reconstruction, atomic images at 

the 0
2
1

2
1  position are modified as compared with the ones of Fig. 6.8(b).  This means that 

hologram data between steps about the  direction are interpolated by the symmetrization 

about <111> direction.   
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6.4  Summary

Experimental condition for measuring x-ray holograms was studied by the computer 

simulation and experimentally evaluated.  The main results are summarized as bellow: 

1) In the calculation of holographic patterns using the model of the atomic arrangement in 

real space, holographic patterns with the large cluster size equivalent to the single crystal 

cannot be calculated due to the limitation of the calculation time.  The algorithm for 

calculating the holographic patterns in reciprocal lattice space was derived.  The 

holographic patterns even with the large cluster can be calculated. 

2) Using the algorithm, the holographic patterns of Au was calculated under the condition 

that the incident x-ray energy was 17.444 keV.  When the cluster radius is over 50 nm, 

the minimum cycle of the holographic oscillation is below 0.1 .

3)  It is difficult to measure the holographic pattern with the angular step below 0.1  by the 

present experimental technique due the limitation of measurement time.  As a solution, 

integration of data in a certain angular range is effective.  This was verified by the 

computer simulation. 

4) As a method to collect holographic data by the IDH method, using the “continuous scan” 

along every scanning axes will be practical.  However, this method is integrated only 

along one axis( ), and the accuracy of the holographic data about another axis( ) is 

insufficiently.  In the data analysis, the 4  full spherical extension of the one 

dimensionally integrated holographic pattern using the crystallographic symmetrization is 

a significant technique to interpolate the holographic data along  axis.  This was 

verified in the analysis of the holographic data of Au of 17.444 keV measured at SPring-8. 

5) As another method, converging the incident x rays is considered.  In the method, 

two-dimensionally integrated holographic patterns are collected by step scan.  Especially, 

this is effective for hologram measurements using the laboratory source since the 
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characteristic x rays radiated from the target has a large divergence. 
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Chapter 7 

Proposal of element-identified x-ray 

fluorescence holography method and its 

realization 

A serious problem of ISH and IDH is the twin image that results from the fact that 

observable fluorescent intensities include only a cosine term of complex interference in a 

holographic function.  The twin image distorts atomic images[24] and makes it difficult to 

accurately determine atomic positions.  In order to solve this problem, two ideas have been 

proposed, i.e., multiple energy x-ray holography[18] (MEXH) and the two energy method[26].  

In MEXH, image functions reconstructed at various energies are summed up by Barton’s 

multiple-energy algorithm[25].  In the final image, phases are constructively added at true 

atomic positions, while they are randomly added at twin image positions.  In order to 

eliminate the twin image, five to ten holographic patterns must be recorded in this method.  

This is quite time consuming.  Nishino et al.[26] proposed a new twin-image removal 

method.  This method requires only two holograms with energies about 300 eV apart.  In 

their reconstructive algorithm, the phase of the conjugate image is locked and is canceled by 

calculating a difference of two images.  In -ray holography, these methods cannot be 

applied because of limitation of incident energies available for recording holograms.  

Korecki et al.[11] proposed complex -ray holography.  This method leads to a complex 

hologram by combining two holograms measured at two symmetrical energies detuned at a 

Mössbauer resonance.  The complex hologram includes the complete phase information, and 

its reconstruction can provide a real space image free from the twin-image problem.  The 

117



idea of the complex -ray holography can be utilized in IDH by adopting resonant x-ray 

scattering.  Recently, Omori et al.[12] proposed resonant x-ray fluorescence holography 

(RXFH), which enables us to reconstruct an atomic image with element selectivity using 

differential holograms near an x-ray absorption edge.  RXFH uses the same algorithm as 

MEXH.  A large change of a scattering factor due to a resonant effect is, however, observed 

only within about 200 eV around the absorption edge.  Taking into account that the 

multiple-energy algorithm is effective for several holograms recorded in the energy range 

over 4 keV[52], RXFH still has the twin-image problem[53].  In this chapter, in order to 

solve the twin-image problem in RXFH, we propose complex x-ray holography (CXH) using 

the resonant x-ray scattering, and investigate its feasibility by a computer simulation of 

holograms around Ga recorded near the As K absorption edge in a GaAs cluster.  And also, 

A GaAs single crystal is used as a sample.  The change of the holographic oscillation due to 

the As anomalous scattering is evaluated at SPring-8.  Moreover, the experiment of the 

complex x-ray holography of GaAs is carried out, and atomic images are reconstructed from 

the complex x-ray hologram. 

7.1  Principle of complex x-ray holography 

In IDH, normalized holographic intensities are given by 

j

kai

j

j

e ..e
a

f
r jj cc

ak
k ,                             (7.1)

where re is the classical electron radius, k the wave number vector of incident x-rays, aj the 

distance between a fluorescent atom (emitter) and j-th scattering atoms (scatterer), and c.c. the 

complex conjugate of the first term.  The total scattering factor is jjjj iffff 210 , where 

f0j is the atomic form factor, and f1j and f2j are the real and imaginary parts of the anomalous 

dispersion term, respectively.  The holographic intensities of Eq. (7.1) can be rewritten in the 
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form of 

j j
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e
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jj ,2,10 sincos
2

kk
k ,                                  (7.2)

where
ja,k  is the phase difference between the incident and scattered x rays. 

Let us assume a binary compound crystal consisting of elements X and Y and the K

absorption edge of Y is the higher-energy side than that of X.  Holograms of X K

fluorescence using the resonant scattering of Y atoms are calculated.  Incident x-ray energies

E
A
, E

B
, and E

C
 close to the Y K absorption edge are selected, as are depicted in Fig. 7.1.  

X-ray scattering factors of the Y element at these three energies are 
A

Yf
A

Y

A

Y

A

Y ifff 210 ,
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B
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B

Y ifff 210 , and C
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C

Y

C

Y ifff 210  where C

Y

B

Y

A

Y fff 000 . E
A
 and E

B
 are 

selected just above and below the absorption edge so as to equalize A

Yf1  with B

Yf1 . E
A
 and 

E
C
 are about 100 eV apart, so that B

Yf2  is nearly equal to C

Yf2 , and the difference is below 

1 % of B

Y

C

Y ff 11  in any element from Al to Pb.  In addition, a change of the x-ray 

scattering factor of X is negligible near the absorption edge of Y.  Thus, differential 

holograms of AB  and BC  are expected as  
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Fig.7.1. An example of a selection of x-ray anomalous dispersion terms for XFH. 
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where
3

CBA kkk
k .

The differential holograms in Eqs. (7.4) and (7.6) in electron units are redefined as  

j j

a

eB

Y

A

Y

AB

a
r

ff

j,

22

AB
2

sin
2

kkk
k ,                                 (7.7)
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k1  and k2  correspond to real and imaginary holograms recorded at k .  A 

complex holographic function kcomplex is expressed by 

kkk 21complex i .                                       (7.9)

The real space function is obtained by Barton’s single-energy algorithm[22] 

A

i dieU kkr
k

k 21

r .                            (7.10)

r
k

U  is a complex value, and its absolute r
k

U  is used as the atomic image and exhibits 

only Y atoms without the twin image.  

When A

Yf1  does not equal to B

Yf1 , because A

Yf1  and A

Yf2  differ from theoretical values 

due to oscillations of x-ray absorption fine structure (XAFS) for example, Eq. (7.3) is 

rewritten as follows:   
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That is, the second term k11111 ffff A

Y

B

Y

B

Y

C

Y  in the left hand side of Eq. (7.11) 

becomes a correction term of A

A

B

B
kk .  It is easily calculated from the 

experimentally determined A

Yf1 .  Consequently, even if there are some experimental errors 

for the anomalous dispersion terms just above the absorption edge, we can accurately 

determine the complete hologram pattern by using Eq. (7.11). 
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7.2  Simulation of complex x-ray holography about GaAs 

In order to evaluate the feasibility of CXH, the simulation was carried out in a GaAs 

cluster with a radius of 0.6. nm containing 34 neighbor atoms around Ga at the center.  GaAs 

has the zinc-blende structure with a lattice parameter of 0.565 nm.[54]  Incident x-ray 

energies are E
A
 (11.870 keV), E

B
 (11.863 keV), and E

C
 (11.774 keV), which are around the As 

K absorption edge (11.867 keV).  Anomalous dispersion terms of As and Ga at these three 

energies are summarized in Table 7.1.  These values were quoted from the table[55] 

calculated by Cromer and Liberman’s method[56, 57].  The anomalous dispersion of As 

largely changes at the As K absorption edge, and BC ff 11  and BA ff 22  are 3.41, which  

Table 7.1.  Anomalous dispersion terms of Ga and As at 11.774, 11863, and 11.870 keV. 

Energy(keV) f1:As f1:Ga f2:As f2:Ga

11.774 -4.438 -1.133 0.503 3.110 

11.863 -7.846 -1.067 0.477 3.072 

11.870 -7.830 -1.061 3.886 3.069 

are about 10 % of the total scattering factor of As while a change of the scattering factor of Ga 

is negligible in the present energy region. 

Ga fluorescent x-ray holograms of GaAs were calculated by a singe-scattering cluster 

model[58] and the complex hologram was numerically derived by Eqs. (7.7) and (7.8).

Figures 7.2(a) and (b) show the real and imaginary parts of the complex hologram.  It 

appears that the two holograms show a striking contrast.  This feature is similar to the 

reports on the complex –ray holography[11].  Atomic images on (110) plane were 

reconstructed from the complex hologram using Eq. (7.10).  As atoms on (110) plane have 

noncentrosymmetry with respect to the central Ga atom at the emitter site.  We also 
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Fig.7.2. (a) Real and (b) imaginary parts of a complex x-ray hologram calculated in a 

GaAs cluster. 

(a)

(b)
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calculated a single energy hologram at 11.836 keV (
3

CBA EEE ) and reconstructed an atomic 

image in Fig. 7.3(a).  Arsenic atoms occupy 
4
1

4
1

4
1  and 

4
1

4
1

4
1  sites on the (110) plane and 

their twin images appear at 
4
1

4
1

4
1  and 

4
1

4
1

4
1 .  Moreover, many artifacts appear around the 

emitter site and the neighbor As atoms are hardly identified.  In addition, Ga atoms at both 

0
2
1

2
1  and 0

2
1

2
1  sites shift 0.03 nm outwards due to the real-twin image cancellation 

effect[24].  Figure 7.3(b) shows the (110) atomic image reconstructed from the complex 

hologram.  Since the anomalous dispersion term of Ga is almost constant at the selected 

energies, the holographic signal formed by Ga almost disappears.  This 

element-identification effect is similar to RXFH.  In Fig. 7.3(b), As atomic images are 

reconstructed at the theoretical atomic position with accuracy of 10
-3

 nm, and their twin 

images disappear.  These results suggest that CXH solves the twin-image problem of RXFH 

and enables us to reconstruct atoms of a specific element with much better accuracy.  

7.3  Complex x-ray hologram measurement at synchrotron facility

The signal of the complex hologram is of the 10
-4

-10
-5

 order of isotropic fluorescent 

radiation, whereas the ordinary fluorescent hologram is of 10
-3

 order.  In actual experiments, 

therefore, high-quality holograms must be measured.  The experiment of complex x-ray 

holography was carried out at BL37XU in SPring-8 that is a high-intense undulator beam line.  

In this section, the experimental detail and the result are explained.  

7.3.1  Hologram measurement of GaAs110 single crystal 

GaAs(110) single-crystal plate (5 5 0.35 mm
3
) was selected as the sample.  GaAs has 

the zinc-blende structure with a lattice parameter of 0.565 nm.[54]  The sample was cooled 

at about 100 K by N2 gas cryostream to reduce the loss of scattering power due to the 

Debye-Waller factor.  Temperature parameter B of GaAs at 100, 300 K are 0.2, 0.5, 
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Fig.7.3. (a) An atomic image of a GaAs(110) plane reconstructed from a single energy

(11.836-keV) hologram.  (b) (110) image reconstructed from a complex hologram.  Thin 

and bold circles show Ga and As atomic positions, respectively.  The dotted circle shows 

the twin-image positions of As atoms.  Square shows the emitter position of Ga. 

(a)

(b)
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respectively.[59]  The incident beam was monochromatized using a Si(111) double-crystal 

monochromator, and a Rh coated mirror was used to suppress higher harmonic x rays.  In 

this measurement, the pure IDH scheme[21] was adopted for collecting hologram patterns.  

In the scheme, the detector was set on the normal axis to the sample surface, as shown in Fig. 

7.4.  The beam size at the sample was adjusted to be 0.3 mm along the horizontal direction 

and 0.5 mm along the vertical direction.  The incident beam intensity was monitored by 

detecting x rays scattered from a polyimide film of 125 m thickness using a Si PIN 

photodiode.  As K edge was determined from the measured x-ray-absorption near-edge 

structure(XANES).  Figures 7.5(a) and (b) show the XANES spectrum at the As K edge and 

its differential spectrum, respectively.  This spectrum was measured by detecting the 

intensities of As K  fluorescent x rays emitted from GaAs by the silicon drift detector.  

Incident x-ray energies were scanned with 0.5-keV steps.  The energy of the As K absorption 

edge was defined as the inflection point of the spectrum in Fig. 7.5(a). 

Incident x-ray energies were selected to 11.767, 11.862, 11.865, and 11.872 keV, which 

were -100, -5, -2, and +5 eV around As K absorption edge (11.867 keV).  In these energies, 

atomic scattering factors of Ga are nearly equal.  Anomalous dispersion terms of As in GaAs  

Table 7.2. Anomalous dispersion terms of As in GaAs[60] 

at 11.767, 11862, 11.865, 11.872 keV. 

Energy(keV) f1:As f2:As 

11.767 -5.5 3.6 

11.862 -10.4 4.2 

11.865 -9.3 3.8 

11.872 -8.2 8.6 
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Fig.7.4. (a) Illustration and (b) picture of experimental setup for complex x-ray hologram 

measurements. 

(a)

(b)
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Fig.7.5. (a) XANES spectrum of GaAs at the As K absorption edge.  (b) Differential 

profile of (b). 

(a)

(b)
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were experimentally evaluated by Fontanie et al.[60].  Fontanie et al. determined the 

imaginary anomalous scattering factor f2 by application of the optical theorem to XAFS data.  

The real anomalous scattering factor f1 was determined by integration of the Kramers-Kronig 

integral relating[61] f1 and f2.  Ga K  fluorescence emitted from GaAs was analyzed and 

focused on another Si PIN photodiode.  The currents in the Si PIN photodiode were 

amplified by 10
7
 V/A, was converted from a voltage to a frequency, and collected by a scaler.  

Intensities of Ga K  fluorescence were measured as a function of azimuthal angle 

)3600(  and polar angle )7025( .  The  rotation speed was 0.1  per 

second, and the fluorescence intensity was integrated over 1.0  corresponding to a 0.1 sec 

sampling time.   was rotated discretely with 0.1  steps. 

7.3.2  Change of holographic oscillation due to As anomalous scattering 

Figure 7.6 shows the normalized holographic oscillation of 35  at 11.767 keV.  

Sharp peaks due to x-ray standing wave (XSW) reflect the mirror symmetry in GaAs(110).  

In order to improve the statistical accuracy, symmetrically equivalent data were averaged, 

referring to these XSW peaks.  For a further analysis, Gaussian high and low frequency-pass 

filters[39] with k0.3  and k05.0 , respectively, were applied.  The  is a variable 

parameter which smoothes the original data and the k is the wave number of incident x rays.  

Filtered oscillations include only environmental structural information around Ga.  It 

reproduced with 0.01% accuracy.  

Figures 7.7(a) and (b), respectively, show the experimental and numerically simulated 

holographic oscillations at two energies.  This simulation was carried out in a GaAs cluster 

with a radius of 5 nm containing 23157 neighboring atoms around Ga at the center.  These 

holographic oscillations were calculated by a single-scattering cluster model[58], and Cromer 

and Liberman’s method[56, 57].  In the present energy region, the difference of holographic 
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Fig.7.6. A normalized holographic oscillation at 35  in 11767 eV. 

130



Fig.7.7. One-dimensional holographic oscillations at 35 .  (a) Experimental data.  (b) 

Computer simulation.  At A and D positions, values of 11.862 keV are larger than ones of 

11.767 keV.  At B and E positions, the magnitude relation between two energies is reverse 

of A and D positions. At C position,  values of two energies are nearly equal. 

(a)

(b)
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oscillations is due to the difference of f1 of As, since f1 and f2 values of Ga and f2 of As are 

almost constant.  The fine shapes and absolute values of the experimental and calculated 

profiles are different.  This is mainly due to the size of cluster used in the computer 

simulation.  The maximum size of cluster we can calculate in reasonable time is a radius of 5 

nm which is too small to express the real crystal.  Therefore, this simulation does not 

completely reproduce the present experiment.  However, tendency of the experimental 

profile in 11.767 keV roughly agree with that of simulation and especially magnitude relation 

of two-energy profiles roughly equal at angles indicated by arrows. Thus, in the present 

measurement at the As K absorption edge, we may say that the difference between the two 

profiles due to the anomalous dispersion term of As is roughly recorded. 

7.3.3  Construction of element selective 3-D atomic image by complex 

x-ray holography 

Figures 7.8(a), (b), and (c) show the holographic patterns( A , B , C ) measured at 

11.872 keV(E
A
), 11.865 keV(E

B
), and 11.767 keV(E

C
), respectively.  These holographic data 

near the top in the polar coordinate are lacked because the holographic patterns were 

measured by the pure IDH method.  Moreover, since these holographic data were collected 

with 0.1  step along  direction, the data between steps are lacked.  In order to interpolate 

these lacks, using fourfold rotation-inversion symmetry about the <100> axes, threefold 

rotation symmetry about the <110> axes, and mirror symmetry about the {110} planes, 

normalized holograms were extended to 4 -steradian sphere and holographic data were 

interpolated along  direction.  Figures 7.8(d), (e), and (f) shows the holographic patterns of 

Figs. 7.8(a), (b), and (c) extended to 4 -steradian sphere.  The symmetry information was 

obtained from XSW patterns in the holograms.  Both the real and imaginary parts of phase 

information of As were derived from differential holograms of Fig. 7.8(d)-(e) and Fig.
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Fig.7.8. Normalized holographic patterns of As in GaAs at (a) 11.767, (b) 11.865, and (c) 

11.872 keV.  Holographic patterns of (d), (e), and (f) are extended to 4 -steradian sphere 

about patterns of (a), (b), and (c).  Holographic patterns of (g) and (h) are differential 

patterns of (d)-(e) and (e)-(f), respectively. 

(a) (b) (c)

(d) (e) (f)

(g) (h)
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7.8(e)-(f) using, 

j j

aCB

e

CB

a
ffr

j
cos

2 11 (7.12)

and

j j

aBA

e

AB

a
ffr

j
sin

2 22 ,                             (7.13)

respectively, where re is the classical electron radius, aj the distance between a Ga atom and 

jth As atoms, 
ja  the phase difference between the incident and scattered x-rays, and f1 and 

f2 the real and imaginary parts of anomalous dispersion term of As, respectively.  Using the 

experimental anomalous dispersion terms of that 5.53.911

CB ff  and 

8.36.822

BA ff [60], the differential holograms were converted to electron units by 

CBCB ff 11/  and BAAB ff 22/ , and the complex hologram was 

constructed.  Figures 7.8(g) and (h) show the derived real and imaginary parts of the 

complex hologram. 

Next, atomic images around Ga atoms were reconstructed.  Figures 7.9(a) and (b) show 

the atomic images of (110) plane and 3D atomic images reconstructed from the single-energy 

holographic pattern of Fig. 7.9(d).  Conjugate images of As atoms in the reconstruction of 

the 110 plane(z = 0) are seen.  The As atomic images shift outwards about 0.1 nm.  This is 

due to that oscillation of atomic images of Ga at z = 0.40 nm disturbs the phase of atomic 

images of As at z = 0 nm.  The overlap of real and conjugate images of Ga in (110) plane 

causes the slight shift of the Ga images to outward.  Figures 7.9(c) and (d) show the atomic 

images of 110 plane and 3D atomic images reconstructed from the complex hologram of Figs. 

7.8(g) and (h).  In this reconstruction, conjugate images of As atoms and atomic images of 

Ga disapper, the only real images of As element which is selected as the absorption edge 

appear.  The accuracy is 0.01 nm.  From the 3D atomic images, we can clearly the As 
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atoms placed in tetrahedral positions around the emitter Ga atoms. 
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7.4  Summary

When ordinary XFH method is applied to structural analyses of materials, appearance of 

conjugate images in real space is a serious problem.  This is called “ twin image problem”.  

When the materials were composed of some atoms of close atomic numbers, it is difficult to 

distinguish the element from the atomic images.  In order to solve these problems, complex 

x-ray holography(CXH) was proposed, and for the experimental success, fundamental 

researches of CXH were carried out.  The main results are summarized as bellow: 

1) CXH was theoretically studied.  Three holographic patterns( A , B , C ) are recorded at 

the energies around the x-ray absorption edges, so as that BA ff 11  and CB ff 22  about 

the anomalous dispersion term at the three energies.  In the differential holograms in 

combination with BA  and CB , the cosine and sine parts of holographic 

functions are derived, respectively.  By linear combination of these differential 

holograms, a complex hologram is constructed. 

2) The computer simulation of CXH was carried out using GaAs model.  Three Ga K

fluorescent holograms were calculated at the energies of 11.774 keV, 11.863 keV, and 

11.870 around the As K absorption edge(11.867 keV), and the complex hologram recorded 

the phase information of the only As atoms in GaAs was constructed.  As the result of 

the reconstruction from the complex hologram, the conjugate images of As and atomic 

images of Ga were eliminated, and the real images of As were visualized. 

3) Since the complex x-ray hologram is constructed from the differential of the x-ray 

holograms whose signals are of the 10
-3

 order of isotropic fluorescent radiations, the 

signal is 10
-4

-10
-5

 order.  Therefore, the hologram measurement system in combination 

with the cylindrical bent graphite analyzer and the sample cooling system was adopted.  

Using this system, the incident-angle dependence of the intensity of Ga K  fluorescent 

x-ray emitted from the GaAs single crystal was investigated at the two incident x-ray 
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energies under the As K absorption edge.  The change of the holographic oscillation due 

to the As anomalous x-ray scattering was firstly observed. 

4) The CXH measurement was carried out using the GaAs single crystal.  Incident x-ray 

energies were selected [A]11.767 keV, [B]11.865 keV, and [C]11.872 keV around the As 

K absorption edge.  The Ga K  fluorescent x-ray holograms were measured at the three 

energies using the pure IDH method.  The holographic patterns are expanded to 4

steradian using the crystallographic symmetrization in the data analysis.  The complex 

hologram was constructed from the two differential holograms of [A]-[B] and [B]-[C].  

As the result of the reconstruction from the complex hologram, the only real images of As 

in GaAs are visualized, and the As atoms placed in tetrahedral positions around the 

emitter Ga atom could be clearly seen. 
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Chapter 8 

Conclusion and perspectives 

Various fundamental studies about the advanced XFH were performed in this study.  In 

this chapter, conclusion and perspective obtained are summarized. 

8.1  Conclusion 

Instrumental development of XFH 

The signal of x-ray holograms is much small, which is of the 10
-3

 order of the isotropic 

fluorescent radiations.  Up to now, the fundamental research of XFH has mainly been carried 

out at synchrotron facilities.  From the view point of “progress of fundamental researches” 

and “industrial application”, the laboratory XFH apparatus was developed.  By combining 

with the 21-kW rotating-anode x-ray generator and the singly bent graphite monochromator, 

high-intense incident x rays equivalent to the second generation synchrotron facility were 

made.  Also, x-ray diffractmeter for hologram measurements, which can carry out the both 

ISH and IDH method, was build.   

About the XFH equipment at synchrotron facility, the instrumental refinements were 

performed.  The cylindrical graphite analyzer was developed and enabled us to strongly 

analyze fluorescent x rays emitted from thin films.  The sample cooling system with N2 gas 

flowing cryostream was developed and increases the holographic signal about 10-30 % of that 

at room temperature.   

Hologram measurements of a gold single crystal by laboratory XFH 

apparatus

Using the laboratory XFH apparatus, holographic patterns of a gold single crystal were 
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measured.  As the result of the measurement at the energy of Mo K  by the IDH method, a 

holographic pattern equivalent to that measured at synchrotron facility was obtained.  The 

measuring time was several times of that at SPring-8.  Atomic images of Au were 

reconstructed from the holographic pattern.  Au atoms at the first neighbor position in (002) 

plane were determined with accuracy of 0.01 nm.  In order to obtain more precise atomic 

images, it was necessary to measure holographic patterns at multiple energies.  

Multiple-energy holograms using laboratory XFH apparatus were measured by both ISH and 

IDH.  In the ISH method, the holographic patterns of the energies of Au L , L , and L  were 

measured.  In the IDH method, the holographic patterns of the energies of Mo K , and K

were measured.  As the result of the reconstruction of the five holographic patterns, twin 

images and artifacts were eliminated and the high accurate atomic images were obtained.  

This multiple-energy technique enabled us to analysis the structure of materials in the 

laboratory. 

Structural analysis of epitaxial thin films by x-ray fluorescence holography  

When the XFH method is applied to epitaxially grown thin films, we may evaluate 

separately plane and surface normal directions in the thin films.  As the sample, two FePt 

magnetic thin films fabricated at 393 K and 503 K ,which were provided by Takanashi group 

in Institute for Materials Research, Tohoku University, were used.  The thin films consist of 

20 nm thick FePt films and 40 nm thick Pt buffer.  Pt L fluorescent hologram is 

superposition of components of FePt films and Pt buffer.  Therefore, in order to analyze the 

structure of the FePt films, Fe K fluorescent hologram must be measured.  Moreover, when 

the energy of incident x rays is above the Pt L (11.56 keV) absorption edge, most of the 

incident x rays are absorbed by Pt atoms, and intensities of Fe K fluorescent x rays become 

weak.  Thus, in order to measure accurate holographic patterns of FePt layers, the energies 

of incident x rays must be selected within Fe K(7.11 keV) absorption edge and Pt L
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absorption edge.  The nine holographic patterns around Fe atoms in FePt films were 

measured at the energies from 9.50 keV to 11.50 keV with 0.25 keV step.  As the result of 

the reconstruction from the nine holographic patterns, atomic images of Pt layers in the FePt 

film were visualized.  Occupancy of Pt atoms in Pt layer was quantitatively evaluated from 

the reconstructed intensities using the computer simulation. 

In x-ray absorption fine structure(XAFS) method, averaged atomic positions and 

occupancy are investigated.  The accurate quantitative analysis is limited to the first 

neighbor positions around a specific atom.  In XFH, three-dimensionally atomic positions 

and occupancy are evaluated within 1 nm around a specific atom.  In this study, Pt atomic 

occupancies in the Pt layer of FePt films was quantitatively evaluated.  This is an important 

result to evaluate the local short-range order around a specific atom using the XFH method in 

future.  However, Fe atomic images in the FePt film were not visualized clearly by the large 

oscillation of Pt atomic images in the present study.  This is due to limitation of Barton’ 

algorithm for image reconstructions by Fourier transformation-like method.  In future, in 

order to improve the accuracy of atomic images, the development of a new reconstruction 

algorithm must be developed.  

Optimum condition for x-ray hologram measurement 

X-ray holograms have been calculated using a single scattering cluster model.  The 

maximum cluster radius is about 10 nm in the calculation.  This is much small as compared 

with the single-domain size(>100 nm) in a realistic single crystal.  In this study, the 

algorithm for calculating holographic patterns in reciprocal lattice space was derived.  The 

calculation time of holographic patterns using the algorithm depends on the number of the 

observable diffracted planes, and the algorithm enables us to calculate the holographic 

patterns of the large cluster.  Using the algorithm, cluster radius dependence of holographic 

patterns of Au at 17.444 keV was evaluated.  When the cluster size is over 50 nm, the 
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minimum angular period of the holographic oscillation is below 0.1 .  In the experiment, it 

is difficult to measure the holographic patterns at the angular step below 0.1  due to the 

limitation of the measuring time.  Here, the effect to collect the holographic data in scanning 

angle, which is called “continuous scan”, was evaluated by the simulation.  It was 

understood that the local atomic images around an emitter hardly make difference between the 

reconstruction from the holographic pattern measured by the fine step scan and the one from 

the holographic pattern measured by the continuous scan.  Holographic patterns consist of 

two-dimensional data set, and holographic data are collected by the one-dimensional 

continuous scan about one axis.  Therefore, the accuracy of the holographic data about 

another axis is inadequate.  It was theoretically and experimentally shown that this problem 

is solved by largely converging the incident x rays or summing up holographic patterns using 

the crystallographic symmetry.  This result will be an important guideline by researchers 

who carry out the XFH measurements. 

Proposal of element-identified x-ray fluorescence holography method and 

its realization

In ordinary XFH method, conjugate images in the reconstruction appear, and this is a 

serious problem(twin-image problem) when the structural analyses of materials are performed 

by the XFH method.  The multiple energy method is often used to eliminate the conjugate 

images.  However, when the atomic number of atoms included in the materials are nearly 

equal, it is difficult to identify elements from the atomic images.  In order to solve these 

problems, complex x-ray holography(XFH) using a resonant x-ray scattering around an x-ray 

absorption edge of a specific atom was proposed, and the simulation of CXH was carried out 

using a GaAs model.  As the results of the simulation, the As conjugate images and the Ga 

atomic images were eliminated, and the only As real images appear.  Thus, it was understood 

that CXH is the technique to solve the twin-image problem of XFH and can identify the 
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elements in the reconstruction.   

Since the complex x-ray hologram is constructed from the differential x-ray holograms, 

the signal is much small which is of the 10
-4

-10
-5

 order of the background.  Therefore, for the 

CXH measurements, instrumental improvement in combination with the cylindrical graphite 

analyzer and the sample cooling system was performed, and can measure the holographic 

patterns at a high speed and with a good S/N ratio.  Using this system, the CXH 

measurements of a GaAs single crystal were carried out.  The change of the holographic 

oscillation of Ga due to the resonant scattering of As was firstly observed.  And Ga 

fluorescent x-ray holograms were measured at the three energies around the As K absorption 

edge, and the complex x-ray hologram of GaAs was constructed from the two differential 

holograms.  As the reconstruction of the complex hologram, the only As real images were 

visualized.  CXH was firstly demonstrated.   

8.2  Perspectives 

Since Tegze et al. firstly succeeded in the experiment of XFH, accuracy of the atomic 

images was rapidly improved, and the measuring time of holographic patterns became short. 

In this study, various researches for realization of local structural analysis by the XFH method 

were carried out, accuracy of atomic positions determined by the XFH increased up to 0.01 

nm from 0.05 nm and elemental identification of atomic images with the accuracy over 80 % 

became possible. However, I cannot say that the XFH method arrives at the level to expand as 

an actual structural analysis technique because atomic positions must be determined with 

accuracy of 0.001 nm to evaluate local lattice distortion(LLD) in materials. Spatial resolution 

of atomic images mainly depends on the quality of holographic data. Although it was quite 

improved within the present experimental technique, it was insufficient to quantitatively 

evaluate LLD. In this study, in order to improve both statistical accuracy and angular 
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resolution, holographic data were symmetrized using crystallographic symmetrization. 

However, this procedure is actually inadequate because local structure around a specific atom 

is not necessarily same as the long periodic structure. Therefore, when holographic data of 

unknown samples are analyzed, we must carry out carefully data symmetrization. Also from 

this point of view, we must continue to make effort to collect high-quality data so as to 

reconstruct atomic images from holographic data without symmetrization. Another serious 

problem is appearance of artifacts in the reconstruction. This is mainly due to the Fourier 

transformation-like reconstruction algorithm. This problem was not solved in this study. It 

must be solved as soon as possible. A solution is the reconstruction by numerical fitting 

techniques. Using the numerical fitting, atomic images are reconstructed without the influence 

of the mathematical truncation error of Fourier transformation, and appearance of artifacts is 

quite suppressed. Recently, Matsushita et al.[43] reconstructed atomic images from 

photoelectron holograms by one-dimensional fitting algorithm. In order to improve further 

spatial resolution, holographic data must be three-dimensionally fitted. For further progress of 

XFH, a new fitting algorithm must be developed. 

Finally, the XFH method is a better analysis technique than the XAFS method at point that 

it can determine three dimensionally both the atomic position and occupancy within 1 nm 

around a specific atom.  In this study, it was an important result that Pt atomic occupancy of 

the Pt layer in FePt films was quantitatively evaluated about the first and second neighbor 

positions.  Now, in my research group, local structural analysis around dopants in materials 

is also progressing.  By the more refinement of the measurement technique and advancing of 

analytical technique, the evaluation of LLD around dopants will be realized.  Also, the CXH 

method can identify the elements in the reconstruction.  If the CXH method is applied to 

dopants materials, we can distinguish between the case that dopants form cluster and the case 

that dopants are in a specific interstitial or substitutional site.  CXH will give us a hint to 
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obtain 3D atomic images reconstructed from the holograms that can be used for quantitative 

discussion on the lattice distortion and determination of atomic species around a dopant.   
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