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X-ray excited optical luminescence �XEOL� was applied to the x-ray standing wave �XSW� method and
atom-resolved x-ray holography �XH�. We measured the incident beam angular dependence of the lumines-
cence intensity from a ZnO-coated Al2O3, and found that it corresponded to the XSW/XH pattern of Al2O3.
The present result demonstrates that hard x-ray XSW/XH studies for light elements, which have been difficult
by fluorescence detection, can easily be carried out by XEOL detection.
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I. INTRODUCTION

When x rays are irradiated on solids, scattering x rays,
fluorescent x rays, photoelectrons, and Auger electrons are
typically emitted. In addition, some materials emit visible
infrared or ultraviolet rays; this phenomenon is called x-ray
excited optical luminescence �XEOL�. In the 1960s, XEOL
was observed in alkali halides and oxides including dilute
rare earths.1–3 XEOL has been applied to x-ray absorption
fine structure �XAFS� studies. In 1978, Bianconi et al. re-
ported that the XAFS spectrum around the CaK absorption
edge of CaF2 was measured by detecting its XEOL.4 In
1993, Sham et al. conducted XEOL XAFS studies on porous
Si and made it possible to understand the mechanism of lu-
minescence emission.5 In 2001, Ishii et al. measured the
XAFS spectra of optically active Er in a Si wafer separately
from those of nonactive Er.6

As described above, XEOL has been applied to site-
selective XAFS measurements, whereas XAFS techniques
using x-ray fluorescence and transmittance cannot be used
for such measurements. On the other hand, the x-ray stand-
ing wave �XSW� method7,8 and atomic-resolution x-ray ho-
lography �XH�,9 which together enable us to determine the
local structure around a specified atom, normally use x-ray
fluorescence from the specified atom, but there has been no
report on the use of XEOL to date. By detecting x-ray fluo-
rescence, the XSW method and internal detector XH10 are
used to measure the intensities of the electromagnetic fields
of x rays at fluorescing atoms; these intensities are modu-
lated by the interference between direct and scattered x rays.
The XSW/XH pattern can be regarded as an angular aniso-
tropy of absorption of the specific element in the sample,
since the absorption is proportional to the intensity of the
electromagnetic field at the atom locations. Taking this idea
into account, it follows that the intensity of XEOL depends
on the x-ray absorption of the sample in principle, and its
angular dependence provides the XSW/XH pattern. To verify
this assumption, we measured the XEOL intensity variation
of a ZnO-coated sapphire single crystal with a change in the

incident beam direction, and we discuss the possibility of
XSW/XH measurements.

II. CONCEPT

Let us consider the principles of the XSW method and
internal detector XH, using Fig. 1�a�. An x ray directly hit-
ting a target atom interferes with an x ray scattered by neigh-
boring and/or distant atoms, and the target atom senses the
electromagnetic field at its location. If the x-ray energy is
higher than the x-ray absorption edge, the target atom emits
x-ray fluorescence commensurate with the intensity of the
electromagnetic field. XEOL experiments also involve the
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FIG. 1. �a� Principles of XSW method and XH by detection of
XEOL and �b� experimental setup for XSW/XH measurement.
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excitation of a core electron. The core hole then relaxes
through a complex series of radiative or nonradiative pro-
cesses. Luminescence may occur from higher excited states
by secondary photoemission, inelastic scattering from Auger
electrons or photoelectrons, and other secondary processes
occurring during the relaxation of a core hole. All of these
processes may contribute to the observed signal, and this is a
significant difference between XEOL and x-ray fluorescence.
Thus, the emission center involves an atom different from
that of the x-ray absorber, in which case there is an interionic
energy transfer. In the XSW/XH measurement by XEOL, all
absorber atoms become targets, as shown in Fig. 1�a�. How-
ever, if the sample is composed of multiple elements, the
contribution of the luminescence intensity to each element
depends on its content and absorption coefficient. In the case
of Al2O3 used in the present work, the contribution of Al is
30 times larger than that of O, because the O atom has a
much smaller absorption cross section. Thus, XSW/XH mea-
surements for these samples provide the locations in the unit
cells and local structures around Al atoms.

III. EXPERIMENTAL

Here, we adopted an Al2O3 �sapphire� single crystal
coated by a ZnO epitaxial film11 as a sample, because XEOL
is known to occur for sapphire.12 The sample size was 4
�4�0.5 mm3. The XSW/XH experiment was conducted at
undulator beamline BL37XU in the SPring-8 synchrotron ra-
diation facility. Incident x rays were monochromatized using
a Si 111 monochromator. Figure 1�b� shows the experimental
setup used in this study. Since the intensity of luminescence
selected by a grating monochromator was too weak for an
XSW/XH pattern to be observed, the luminescence was de-
tected directly using a photon counter �Hamamatsu Photon-
ics H8259�, which was set on the 2� arm of a goniometer.13

This counter was sensitive to photons with a wavelength of
185–680 nm. To avoid the detection of the fluorescent and
scattered x rays from the sample, a 2-mm-thick quartz glass
was set in front of the detector. Moreover, the photon counter
was covered by a black box to avoid the detection of stray
light. To monitor the incident beam intensity, scattered x rays
from the polyimide film were detected using a Si PIN diode
in current mode. The sample was mounted on a two-axis
rotatable stage. The equipment was enclosed by a dark cloth
to suppress the noise of the detector; the cloth substantially
suppressed the background intensity �1000 photons/s�. The
incident x-ray energy was 15.0 keV. The luminescence in-
tensities were obtained as a function of azimuthal angle �
and polar angle �1 within the ranges of 0° ���360° and
0° ��1�48°. The � rotation speed was 0.3° /s, and lumi-
nescence intensity was integrated over data for a 0.1 s sam-
pling time. �1 was rotated discretely in step of 1.0°. The
luminescence exit angle of �2 was fixed at 45°. The total
number of pixels was 57 600. The measurement time was
about 2 h. The luminescence intensity obtained by subtract-
ing the background from the measured intensity was about
600 000 photons at each pixel.

IV. RESULTS AND DISCUSSION

Before the XSW/XH experiment, we measured the XEOL
spectra of the ZnO/Al2O3 sample using a grating spectrom-

eter �JASCO CT-10S� to check the effects of the ZnO over-
layer, as shown in Fig. 2. The overall shape of the XEOL
spectrum is quite different from that of the photolumines-
cence spectrum emitted from the ZnO layer.14 Kristianpoller
et al. observed a broad peak at 400 nm in the photolumines-
cence spectra of a sapphire,12 which is also seen in the
XEOL spectrum in Fig. 2. This reveals that most of the
XEOL observed here originated from the sapphire substrate.
We also checked the XEOL spectrum from a pure sapphire
and confirmed that it was almost the same as that from the
ZnO/Al2O3 sample. 97% of incident x rays were calculated
to pass through the ZnO layer.

Figure 3�a� shows angular anisotropies of the XEOL in-
tensity. The pattern in Fig. 3�a� exhibits clear XSW lines,
implying that XSW/XH data were recorded by the XEOL
detection. The XSW lines in Fig. 3�a� can be assigned in
accordance with our knowledge of the crystal structures of
bulk Al2O3. We also measured a simple single crystal sap-
phire �Al2O3�, which was of the same size as the ZnO/Al2O3

sample, by XEOL in order to examine the effect of the ZnO
overlayer. Very weak XSW lines similar to those in Fig. 3�a�
were observed; however, their amplitudes were more than
ten times smaller than those obtained from the ZnO-coated
Al2O3. This is attributed to the following reason. The emis-
sion band at 400 nm from the sapphire was due to the F
center, which is an oxygen-ion vacancy occupied by two
electrons. Thus, the intensity of this band increases with the
concentration of oxygen vacancies.12,15 Assuming that the
oxygen vacancies were distributed uniformly in the sapphire,
we calculated the hologram while taking into account the
extinction effect.16 In the calculated hologram, the intensities
of the XSW lines were as weak as those observed from the
simple single-crystal sapphire. In this case, all the x rays are
absorbed by the sapphire and converted into luminescence,
regardless of the incident-beam direction because of its large
thickness. The only effect appears to be the angular depen-
dence of extinction due to scattering, because some scattered
x rays go outside the sample region. Since the kind of prob-
lem with sample thickness has also been seen in XEOL
XAFS studies using thick samples, thin samples were pre-
pared in those studies.17 The appearance of the strong XSW
lines in Fig. 3�a� can be understood on the basis of the as-
sumption that the luminescence was emitted intensively from
a thin region of Al2O3 close to the ZnO/Al2O3 interface,
where a large number of oxygen vacancies might have
formed on the sapphire surface during MBE.
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FIG. 2. XEOL spectra from ZnO/Al2O3.
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To confirm this assumption, we measured the incident
beam angle dependence of the XEOL intensity for both
ZnO/Al2O3 and pure Al2O3. Figure 4�a� shows the angular
dependence of the XEOL intensity. The upper and lower

solid lines indicate XEOL intensities from ZnO/Al2O3 and
pure Al2O3, respectively. The XEOL intensity from the
ZnO/Al2O3 is about twice that from the pure Al2O3. More-
over, its increment in the lower glancing angle region was
higher than that of the pure Al2O3, implying that the lumi-
nescence was emitted from the upper region of the Al2O3
substrate. Dotted lines indicate the calculated XEOL intensi-
ties. In the calculation for the pure Al2O3, we adopted a
sample model in which the oxygen vacancies were distrib-
uted uniformly. The calculation results obtained using this
model fitted the measured data well. In the calculation for the
ZnO/Al2O3, we assumed the existence of a shallow Al2O3
region, in which the oxygen vacancies were intensively
formed, in addition to the uniform oxygen vacancy distribu-
tion of the pure Al2O3 model. In the calculations, the thick-
ness and the concentration of the oxygen vacancies relative
to those of the pure Al2O3 model were varied for the upper
layer in order to fit the calculated curve to the experimental
one. The best fit depicted in Fig. 4�a� was obtained when the
thickness and the concentration relative to that of the pure
Al2O3 model were 65 �m and 6.4, respectively. The oxygen
vacancy distribution model is shown in Fig. 4�b�. Although
this is a very simple model, it can sufficiently explain the
observed XSW/XH pattern.
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FIG. 3. �a� Experimental and �b� calculated XSW/XH patterns
produced by luminescence from ZnO/Al2O3. The patterns are dis-
played in the kx-ky plane using the relations kx= �k�cos � cos � and
ky= �k�sin � sin �, where k is the wave number of the incident x
rays. The luminescence intensity was normalized with respect to the
incident x-ray intensity. The normalized luminescence intensity
I��1 ,�� was transformed into ���1 ,�� using the equation ���1 ,��
= �I��1 ,��− I0� / I0, where I0 is the average intensity over the whole
� scan range.
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FIG. 4. �a� Incident x-ray beam angle dependence of lumines-
cence intensities for ZnO/Al2O3 �upper curve� and pure Al2O3

�lower curve�, and �b� their derived structure models. The back-
ground intensities were measured and subtracted from the measured
XEOL intensities. The abscissa in �a� indicates angles between the
incident x-ray beam and the sample surface. Broken lines in �a�
indicate the intensity variations calculated using the model in �b�.
The calculations include the effects of beam size and sample sur-
face area. The figures of 1 and 6.4 in the structure models indicate
the relative concentrations of the oxygen vacancies. A rotating an-
ode tube with a Mo target was used for the x-ray source. The MoK�
line was monochromatized and focused on the samples by curved
graphite.18 The sample was mounted on a rotation stage. The focal
spot was 2.0 mm in diameter. The XEOL was measured by the
photon counter used for the XSW/XH experiment in SPring-8.
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Using this oxygen vacancy distribution model of
ZnO/Al2O3, the calculation of the XSW/XH pattern was car-
ried out as shown in Fig. 3�b�. Here, we adopted a calcula-
tion technique based on diffraction structure factors instead
of the real space summation of point scatters, which is lim-
ited to a small cluster �−10 nm�. Moreover, the calculation
took into account the extinction effect based on the power
transfer equation. Details of these calculation methods are
described in Ref. 16. X rays absorbed by Al and O atoms
were assumed to cause the luminescence emissions. How-
ever, since the absorption cross section f� of the Al atom is
about 30 times larger than that of the O atom at this x-ray
energy, the contribution of Al atoms is considered to be
dominant. Since the luminescence light was optically trans-
parent to the 0.5-mm-thick sapphire, the escape depth of the
luminescence was assumed to be infinite. The calculated pat-
tern well reproduces the experimental one. From the pattern
in Fig. 3�b�, it is known that the strongest XSW lines were
the �3030� line or equivalent lines, and they are markedly
observed in Fig. 3�a�. To estimate the validity of this calcu-
lation more exactly, the �3030� lines in Figs. 3�a� and 3�b�
were averaged over the ky direction,19 as shown in Fig. 5�a�.
Both of the obtained XSW line profiles show sinusoidal sig-
nals at specific kx=2.3 Å−1, which are typically seen in XSW
studies. The position and amplitude of the experimental pat-
tern well agree with those of the calculated pattern. Since the
effect of the Bragg reflections other than the �3030� reflec-
tion still remains slightly, the theoretical XSW profile is still
noisy as in the case of the experimental one. As mentioned
above, the contribution of the Al atoms is dominant in the
formation of the XSW profiles. Thus, the phase is interpreted
as the term of the positions of Al atoms. Strictly speaking,
the shape of the luminescence yield curve during the Bragg
reflection should be estimated by the established XSW
theory using the dynamical diffraction approximation.7,8

However, since the present measurement was not conducted
with a fine angular step ��10−3° �, unlike the case with the
conventional XSW measurement, this method was hardly ap-
plicable. To circumvent this problem, we adopted the kine-
matical XSW approximation here. Tolkiehns et al. reported
that the XSW profile shapes of both sides of a Bragg reflec-
tion can be explained by the kinematical XSW approxima-
tion and that they are affected by the emitting atom position
in the unit cell.20 On the basis of their result, we found that
the measured XSW profile surely reflected the Al position.
Figure 5�b� shows a sketch of the atomic arrangement of Al
on the �0001� plane. The wave field due to the XSW forms
the planar interference along the direction of the reciprocal
lattice space vector of H3030. Its period coincides with half of
the Al-Al distance. From the relationship between the atomic
arrangement and the wave field pattern drawn in Fig. 5�b�,
we can see that all Al atoms lie on the interference planes.
Therefore, the phases of the wave field at all Al atom loca-
tions are equal. This provides the maximal yield variation.
The present result proved that XSW measurement using the
luminescence yield, as well as using fluorescence or Auger
electrons, is possible.

Next, we applied the Barton algorithm21 to the pattern in
Fig. 3�a� to reconstruct the atomic images. However, this was
not successful because of the single-energy hologram and

limited scan range ���48° � during hologram measurement.
Therefore, we used a scattering pattern extraction algorithm
�SPEA� using the maximum-entropy method �MEM�.22 This
technique is very powerful for real-space reconstruction from
a single energy photoelectron hologram. The algorithm can
be extended to x-ray holography by replacing the scattering
pattern matrix for the electron holography with that for the
x-ray holography. The hologram amplitude at the incident
beam of ki can be approximated as

��ki� = �
h

��	ah
�ki��2 + 
0

*�ki�	ah
�ki� + 
0�ki�	ah

* �ki�� ,

�1�

where 
0�ki� and 	ah
�ki� are the reference wave function

and the object wave function scattered by the atom located at
ah, respectively, and h is the integer index for an atom. Then
the equation is extended as

��ki� = �
j

taj
�ki� · Gj , �2�
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FIG. 5. �a� XSW line profile averaged over the ky direction and
�b� sketch for explaining relation ship between atomic arrangement
and interference x-ray field. Solid and dotted lines in �a� indicate the
profiles obtained from Figs. 3�a� and 3�b�, respectively. The broken
line in �a� is the XSW curve calculated including only the �3030�
reflection effect; and it serves as visual line. Circles in �b� indicate
Al atoms on the �0001� plane in Al2O3. Dotted lines in �b� show the
antinode of the XSW.
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taj
�ki� = �a j���	aj

�ki��2 + 
0
*�ki�	aj

�ki� + 
0�ki�	aj

* �ki�� ,

�3�

where taj
�ki� is defined as the scattering pattern function,

representing the holographic pattern caused by an atom lo-
cated at a j. Here, M�200�200�200� mesh voxels are de-
fined to represent a real space in the range of 20�20
�20 Å3. The value for the voxel at a j is expressed by Gj
�with j as an integer index�, and it represents the occupation
of scatterer atoms. The number of ki parameters N corre-
sponds to the amount of the measured hologram pixels
�57 600�. Thus, the term taj

�ki� forms the scattering pattern
matrix T, and Eq. �2� can be regarded as a simple linear
relation given by

� = T · G , �4�

where � and G are arrays composed of ��ki� and Gj, respec-
tively. Since the number of known data N is much smaller
than that of unknown data M, the equation is difficult to
solve using conventional gradient methods. We adopt an
iterative-scaling maximum-entropy method for the inverse
calculation of the linear equation. The entropy utilized here
is defined as

S = − �
j

Gj
�n� ln

Gj
�n�

Gj
�n−1� − �C , �5�

C =
1

N
�

i

��i − �
j

taj
�ki�Gj�2

�i
2 − 1, �6�

where n is an index for iteration and �i is the standard de-
viation of the noise. The entropy S is maximized to obtain
the real-space voxel, i.e., the three-dimensional real-space
image. Before applying the SPEA-MEM to the present data,
we estimated its performance using theoretical and experi-
mental Au holograms, and confirmed that the real-space im-
ages were markedly improved in comparison with those ob-
tained using the Barton algorithm.23 Marchesini and Fadley
also imaged the atoms from theoretical two-energy x-ray ho-
lograms by such a fitting-based reconstruction technique.24

Figures 6�a� and 6�b� show the obtained real space images
for the �0001� plane at z=0.0 and 1.1 Å, in which Al and O
atoms exist, respectively. Analogous to the XSW analysis
described above, the central atom in Fig. 6�a� can be re-
garded as Al, since the contribution of the Al atoms to the
XEOL intensity was much larger than that of O atoms.
Circles in Figs. 6�a� and 6�b� indicate theoretical positions of
Al and O atoms, respectively. Al occupies two distinct sites
in the �0001� plane, and therefore, two types of environments
are overlapped in Fig. 6. From the resulting atomic images,
neighbor Al atoms indicated by A, B, and C are successfully
reconstructed, although the image of atom B shifts toward
the origin. In addition, oxygen atoms seem to be recon-
structed despite the smallness of their scattering cross sec-
tions. The rings formed by the connections among the neigh-
bor atoms indicated by D, E, F and their equivalents are
certainly observed in Fig. 6�b�. However, the real-space im-
age on the O plane is generally blurrier than that on the Al
plane, because of the complex atomic arrangement and small
x-ray scattering cross section of the Al atom. Atomic images
of regions further than 7 Å from the origin are not clearly
reconstructed from the present hologram data. This will be
resolved by the multiple energy holography method and a
wide scan range.

V. CONCLUSION

We measured the incident beam angular anisotropy of
the luminescence intensity from a ZnO-coated sapphire, and
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FIG. 6. �Color� Real-space images reconstructed from hologram
in Fig. 3�a� by SPEA-MEM. The planes parallel to the 	001
 lattice
plane cutting through the emitter atom, 1.1 Å above the Al atom,
are displayed in �a� and �b�, respectively. Circles in �a� and �b�
indicate theoretical Al and O positions, respectively.
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successfully obtained the XSW/XH data. The calculated pat-
tern of Al2O3, which included the intensively formed oxygen
vacancy layer, obtained using the extinction effect repro-
duced a XSW profile whose amplitude and phase fit the ex-
perimental ones well. Moreover, the Al and O atoms were
reconstructed using SPEA-MEM. The XSW/XH measure-
ment using x-ray fluorescence is generally difficult for light
elements, such as Al or Si, because of their small cross sec-
tions for inner-shell ionization and the absorption of their
fluorescence by air. Our results demonstrate that hard x-ray
XSW/XH measurement is possible for light elements using
XEOL.
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