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A novel experimental technique for atomic X-ray holography
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A new experimental technique for reciprocal X-ray holography has been developed. The
experimental set-up makes it possible to measure a reciprocal hologram without unwanted mixture
of the X-ray ¯uorescence holography signal. The data are recorded during continuous rotation of the
sample, and are accumulated over many revolutions. Thus the sensitivity to ¯uctuations of the source
characteristics is reduced. A very high resolution over a large angular range is also achieved, which
allows recording of X-ray standing-wave shapes near Bragg angles. The reconstruction of the
measured hologram of a Cu3 Au crystal gives positions of the nearest and next-nearest neighbours of
a ¯uorescing Cu atom.
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1. Introduction
Holography with atomic resolution was ®rst proposed by
SzoÈke (1986) for both electrons and X-rays. This suggestion
was realized for X-rays by Tegze & Faigel (1996), and called
the direct method of X-ray ¯uorescence holography
(XFH). In parallel, Gog, Len et al. (1996) developed and
proved experimentally reciprocal X-ray holography, which
was named multiple-energy X-ray holography (MEXH),
since its energy range is not limited by the availability of
characteristic ¯uorescence lines.
Both methods make use of the interference of unscattered and scattered waves, being the reference and object
waves in the sense of holography. In XFH, X-ray ¯uorescence atoms in a stationary sample are excited by X-rays
from an external source. Fluorescence photons are
recorded by a detector in the far ®eld. The ¯uorescence
intensity is spatially modulated, because the outgoing
¯uorescence waves are scattered from neighbouring atoms
and interfere with unscattered reference waves. In reciprocal holography, interference inside a sample is formed
by the unscattered incident waves from an external X-ray
source and waves scattered from neighbouring atoms. The
wave ®eld intensity at the site of a ¯uorescing atom is
modulated when the sample is rotated with respect to the
incident X-rays. This modulation is detected, for example,
by recording the ¯uorescence intensity from this atom.
In both XFH and MEXH, X-rays are incident on a
sample and ¯uorescence photons are measured. Interference of the incoming X-rays results in MEXH, and XFH
is caused by interference of the outgoing ¯uorescence
X-rays. The experimental set-up should ensure that the
detected signal modulation comes from only the incoming
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side for MEXH and from only the outgoing side for XFH,
as was pointed out by Novikov et al. (1998). A pure XFH
measurement is carried out by ®xing the sample orientation
with respect to the incoming X-ray beam to keep all
contributions from the incoming side static (Hiort et al.,
2000). In pure reciprocal holography the ¯uorescence
detectors should move together with the sample so that no
signal modulation comes from the outgoing side. Although
pure holography is desirable, all reciprocal X-ray holography experiments reported so far (Gog, Len et al., 1996;
Gog, Menk et al., 1996; Adams, Novikov et al., 1998; Gog et
al., 1998; Hayashi et al., 1998; Novikov et al., 1998; Tegze et
al., 1999) have been carried out in the so-called mixed setup, because it is much easier to realize. In the mixed set-up
the detectors move together with the sample in only one of
two independent angular motions. In this case one
measures a ¯uorescence intensity modulation resulting
both from the reciprocal hologram by the incident X-rays

Figure 1

Experimental set-up.
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and from the direct hologram by the outgoing ¯uorescence
X-ray. In order to obtain a pure reciprocal hologram, one
has to subtract the direct hologram signal from the
measured mixed hologram (Novikov et al., 1998; Tegze et
al., 1999; Adams et al., 1999). This subtraction procedure
may disturb reconstructed atomic images.
In the set-up for pure reciprocal holography there has
been a dif®culty of limited angular range, because the
detectors must not cast a shadow on the sample. It is,
however, possible to keep a wide angular range in pure
reciprocal holography, e.g. by putting the sample inside a
proportional electron counter, such as when Korecki et al.
(1997, 1999) measured the conversion electron intensity
from pure reciprocal `MoÈssbauer' holography. In this paper
we report another reciprocal holography experiment
scheme.
For crystalline samples, features appearing in the XFH
and MEXH holograms are interpreted as Kossel lines and
X-ray standing waves (XSWs), respectively (Gog et al.,
1995; Adams, Novikov et al., 1998). Our experimental setup makes it possible, in addition, to measure XSW shapes
near Bragg angles, and thus opens the way to simultaneously collect information about long-range order in the
structure (Bedzyk & Materlik, 1985).
2. Experiment
The experiment was carried out at the bending-magnet
beamline CEMO of the Hamburg Synchrotron Radiation
Laboratory (HASYLAB) with a toroidally focusing mirror
and a Si(111) double-crystal monochromator set to
10.5 keV. We performed a reciprocal holography
measurement on a Cu3 Au single-crystal sample with a (001)
surface. It has a face-centred-cubic (f.c.c.)-based structure
Ê . The K (8.0 keV) and K
with a lattice constant of 3.75 A
(8.9 keV) ¯uorescence lines of Cu atoms were measured.
Fig. 1 shows the experimental set-up. A rotation stage
(' stage) and a Si drift detector are mounted on a
diffractometer circle with the horizontal rotation axis
perpendicular to the incident beam ( axis). The sample is
mounted on the ' stage with its surface normal parallel to
the ' axis.
Both the sample and the detector rotate in , but only the
sample rotates in '. The detector has its entrance window
on the ' axis. Assuming that the detector ef®ciency is
rotationally symmetric about the ' rotation axis, this set-up
is equivalent to the pure reciprocal holography set-up,
where the detector rotates together with the sample in both
 and '.
The sample rotates in ' at a constant speed of 0.05
revolutions per second. Fluorescence photons are counted
during the rotation. The counts are stored in angleproportional memory locations of a histogramming
memory at an angular resolution of 0.006 in '. For each
position of  the detector counts are added up over 180
revolutions in '. Thus the sensitivity to ¯uctuations of the
source characteristics is reduced. Holography measure-
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ment with continuous rotation of a sample is much more
ef®cient than the standard method of moving in small steps
and counting between the steps. This approach was ®rst
reported by Adams, Hiort et al. (1998), and the importance
was stressed in a review article by Faigel & Tegze (1999). A
®ne angular resolution makes it possible to measure XSW
shapes near Bragg angles.
The data acquisition is controlled by a custom-made
digital circuit implemented in a programmable logic array
and connected to a PC. It produces stepping-motor pulses
for the ' rotation and sorts the detector counts into
'-proportional channels of a 20 bit-wide 32 bit-deep
histogramming memory.
3. Analysis
The original data contain 60 000 ' points in 2, and  ranges
from 31 to 73 in 1 steps. Since such a high angular
resolution in ' is not necessary for the holographic
reconstruction, we ®rst add 150 adjacent ' data points.
After the compression of the data the Cu ¯uorescence
counts for each data point become 1  105. The resulting
atomic images with this compression rate are similar to
those with a lower data compression rate, e.g. of adding ten
adjacent ' data points (not shown).
The measured ¯uorescence intensity is composed of the
reference wave and the object wave,
I k  jR k  O kj2
 jR kj2  2ReR kO k  jO kj2 ;

1

where R k is the amplitude of the reference wave, O k is
the amplitude of the object waves and k is the incident Xray wavevector. The holographic information is contained
in the interference term 2ReR kO k, and the normalized hologram  k is obtained from
 k ' I k ÿ I0 k=I0 k;

2

where I0 k  jR kj2. Here we assume that the interference term is much smaller than the reference term
jR kj2 , and the square of the object waves jO kj2 is
negligible. This assumption is correct for k far from Bragg
angles. For k close to a Bragg angle, the waves scattered
from all crystal atoms contribute constructively and
produce a strong XSW ®eld inside the sample, and thus the
square of the object waves may become non-negligible.
This makes the extraction of the normalized hologram  k
from the measured ¯uorescence intensity I k rather dif®cult near Bragg angles. For this reason we later exclude the
data near Bragg angles from the holographic analysis.
I0 k has an angular dependence due to changing
absorption conditions of the incoming X-ray and outgoing
¯uorescence. In order to include the absorption effect in
the determination of I0 k, we ®tted the data with a function I0  a1  a2 sin '  a3 cos ' for each  (one-dimensional ®tting), where a1, a2 and a3 are ®t parameters. The
oscillation of I0 in ' is possibly caused by a misalignment of
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the sample and by a photoelectron interaction with
neighbour atoms (Nishino & Materlik, 1999).
The obtained  k contains peaks near Bragg angles. In
order to eliminate these peaks the data, which deviate from
I0 by more than 1%, are set to I0. The total number of
eliminated peaks is about 2:7% of the total data points.
Fig. 2 shows a hologram function  k after the peak
elimination. The reconstructed atomic images are similar to
those with a higher peak elimination threshold, e.g. of 5%
(not shown).
For the reconstruction of atomic images from the
obtained hologram we use Barton's reconstruction formula
(Barton, 1988),
r 

R

d

k

 k exp ÿi k  r:

3

Figure 2

Normalized hologram  k after peak elimination for a Cu3 Au
single crystal at an incident energy of 10.5 keV. The ®gure is
shown in a linear grey scale (darker for larger values).

In the actual data analysis the integral over the solid angle
k is replaced by the appropriate summation over
measured points. In the following ®gures we show j rj2 as
reconstructed atomic image intensity.
Fig. 3 shows the reconstructed image in the plane
perpendicular to the ' rotation axis ([001] direction) and
cutting through a ¯uorescing Cu atom. Since two Cu atom
positions with different atomic neighbourhoods are present
in the Cu3 Au crystal, one holographic reconstruction plane
corresponds to an incoherent superposition of two lattice
planes. This is because successive ¯uorescence events are
mutually incoherent. The reconstruction plane of Fig. 3
corresponds to a superposition of the (100) and (200)
lattice planes.
In Fig. 3 the coordinate origin is the position of a ¯uorescing Cu atom, which does not image itself. The square
with solid lines has a side length of the actual lattice
Ê . Note that the hologram was rotated in '
constant, 3.75 A
in order to obtain the [100] and [010] directions in the
reconstructed image parallel to the image axis. The
adjustment was performed by comparison of the measured
XSW peak pattern with the theoretically simulated XSW
peak pattern.
Since the Cu3 Au crystal has an f.c.c.-based structure,
Ê
atoms exist at all corners of the square of side-length 3.75 A
and at the cross point of the two dashed lines at the face
centre in Fig. 3. The nearest neighbours of a ¯uorescing Cu
atom at the face centres and the next-nearest neighbours at
the corners are clearly imaged. Four images corresponding
to the next-nearest neighbours appear at almost correct
Ê from the coordinate origin. The
positions, and peak at 3.6 A
peak positions of the nearest neighbours are shifted by
Ê closer towards the coordinate origin compared with
1 A
the actual positions of the atoms. The obtained atomic
image possesses a fourfold rotational symmetry to good
approximation without symmetrization of the data.
In order to estimate the spatial resolution of atomic
images, we show in Fig. 4 a one-dimensional section in the
[010] direction and through the coordinate origin of Fig. 3.

Figure 3

Holographic reconstruction of Cu3 Au in the plane perpendicular
to the ' rotation axis and cutting through a ¯uorescing Cu atom.
The reconstructed atomic intensity is shown in a linear grey scale
(darker for higher intensity) without background cut-off. The
coordinate origin is the position of a ¯uorescing Cu atom. The
square with solid lines has a side length of the actual lattice
Ê , and the dashed lines are crossed at the centre of
constant, 3.75 A
the square. They are drawn in order to indicate the actual
positions of atoms.

Figure 4

Section in the [010] direction and through the coordinate origin of
Fig. 3. A reconstructed atomic image intensity j rj2 normalized
the maximum intensity of the image Fig. 3 to unity is plotted.
Ê from
Dashed lines indicate the actual positions of atoms (3.75 A
the origin).
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The full width at half-maximum (FWHM) resolution of the
Ê.
next-nearest-neighbour images is 0.7 A
For simpli®ed cases the FWHM resolution of a reconstructed image can be calculated analytically (Tonner et al.,
1991; Saldin et al., 1991). Let us consider a ¯uorescing atom
at the coordinate origin and a neighbouring atom with
isotropic form factor fa at ra  xa ; 0; 0. Then the scalar
wave reciprocal hologram is given by

 k  ÿ 2re fa =xa  cos kxa  k  ra ;

4

where re is the classical electron radius, and k  kx ; ky ; kz 
is the wavevector with size k  jkj. If the hologram is
measured in the upper hemisphere (kz  0) the reconstructed atomic image intensity in the line connecting the
¯uorescence atom and the neighbouring atom is given by

Figure 5

Holographic reconstruction of Cu3 Au in the plane perpendicular
to the ' rotation axis and half a lattice constant above a
¯uorescing Cu atom. For comments on data presentation, see the
caption of Fig. 3.
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2


2
 j0 k x  xa 

 2 cos 2kxa  j0 k x ÿ xa  j0 k x  xa  ;
5

xj2  2re fa =xa 

j0 k x ÿ xa 

2

where j0 x  sin x=x is a spherical Bessel function. On the
right-hand side of (5) the ®rst term is an atomic image, the
second term is a twin image and the third term is a crossterm of the atomic image and the twin image. At an energy
of 10.5 keV the FWHM resolution of the atomic image
Ê . The value we obtained from
estimated from (5) is 0.5 A
the experimental analysis is within this theoretical limit.
Fig. 5 shows the reconstructed image in the plane which
is half a lattice constant above the reconstruction plane of
Fig. 3. Again the square with solid lines has a side length of
Ê . In this plane the actual
the actual lattice constant, 3.75 A
positions of atoms are at intersection points of the square
Ê with the dashed lines. Although the
of side-length 3.75 A
image contains more background than the image of Fig. 3,
the highest peaks appear at almost correct nearest-neighbour positions, and the shifts from the actual positions are
Ê (Fig. 6).
0.3 A
Fig. 7 shows the reconstructed image parallel to the '
rotation axis and cutting through a ¯uorescing Cu atom. By
comparing Figs. 3 and 7 it is apparent that the resolution of
reconstructed images is better for the plane perpendicular
to the ' rotation axis. The dependence of the resolution on
reconstruction planes simply stems from the data region of
the measurement (Tonner et al., 1991; Saldin et al., 1991). If
we look onto the Ewald sphere from the top (along the '
axis), the data region of the current experiment is rotationally symmetric and covers a wide area. On the other
hand, if we look onto the Ewald sphere from the side
(perpendicular to the ' axis), the data region is limited to a
small area.
In order to solve this problem we utilize the fourfold
rotational symmetry and the mirror symmetry of the
sample. In principle this symmetry information can be

Figure 6

Section in the [100] direction and through the coordinate origin of
Fig. 5. A reconstructed atomic image intensity j rj2 normalized
the maximum intensity of the image Fig. 5 to unity is plotted.
Ê from
Dashed lines indicate the actual positions of atoms (1.875 A
the origin).

Figure 7

Holographic reconstruction of Cu3 Au in the plane parallel to the
' rotation axis and cutting through a ¯uorescing Cu atom. For
comments on data presentation, see the caption of Fig. 3.
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obtained from the XSW peak pattern. After averaging of
r over symmetrically equivalent points in real space we
obtain the three-dimensional image shown in Fig. 8. For a
better visibility we omit background at a threshold of 50%
of the maximum intensity. Six objects corresponding to the
next-nearest neighbours of a ¯uorescing Cu atom are
Ê from the
clearly visible. Their peak positions are at 3.4 A
¯uorescing Cu atom. The nearest neighbours are weaker
and not visible, although they are imaged before symmetrization. The non-symmetrized r may have different
phases at symmetrically equivalent points, and the
symmetrization procedure may result in weaker intensities
at some reconstruction points.
Finally, we show an XSW shape near a Bragg angle. In
order to achieve a high count rate we installed an avalanche
photodiode (APD) at a grazing angle of 10 . The data

Figure 8

Three-dimensional holographic reconstruction of Cu3 Au obtained
after symmetrization (fourfold rotational symmetry and the
mirror symmetry). Black dots are plotted at the positions where
the reconstructed atomic image intensity j rj2 is larger than
50% of the maximum intensity. Cubes have a side length of the
Ê . They are drawn in order to
actual lattice constant a = 3.75 A
indicate the actual positions of atoms. The centre of the ®gure is
the position of a ¯uorescing Cu atom. The images of the nextÊ from
nearest neighbours of a ¯uorescing Cu atom peak at 3.4 A
the centre. The nearest neighbours are weaker in intensity and not
visible.

Figure 9

' scan at  = 53 with an XSW shape near a Bragg angle. The data
were obtained using an avalanche photodiode.

from the APD cannot be used for the holographic reconstruction, because it does not have an energy resolution to
select the Cu ¯uorescence lines. Fig. 9 shows an XSW shape
near a Bragg angle measured by an APD. The width is
mainly due to the divergence of the focused incident
beam.

4. Conclusion and outlook
A reciprocal holography experiment on a Cu3 Au single
crystal was carried out with a new experimental set-up,
which may be regarded as a pure reciprocal holography setup. A continuous rotation of the sample during the ¯uorescence detection reduces the sensitivity to the source
instability, and it also allows an ef®cient use of the available
beam time. Atomic images from the holographic reconstruction were consistent with the actual Cu3 Au structure
even without symmetrization. By symmetrizing a reconstructed image we obtained a three-dimensional image of
the Cu3 Au atomic structure.
A highly oriented pyrolytic graphite (HOPG) (Grigoryeva et al., 1990) has been used for the MEXH experiment
in order to gain a higher count rate (Gog, Len et al., 1996).
A similar idea for a pure reciprocal holography set-up is to
place a HOPG monochromator symmetrically about the '
rotation axis.
The experimental set-up has the additional feature of a
high angular resolution, which enables the measurement of
XSW shapes near Bragg angles. This will be interesting for
the study of defects. The immediate neighbourhood of the
defect and its position relative to the undisturbed lattice
farther away from it can be obtained from one data set. An
interesting application would also be the study of dopants
in semiconductor crystals (Hayashi et al., 1998).
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