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Kossel diffraction in perfect crystals: X-ray standing waves in reverse
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By virtue of the optical reciprocity theorem, Kossel diffraction in perfect crystals can be viewed as the

reverse process of x-ray standing waves. An experimental method can then be devised to determine atomic
positions in the bulk or at a surface of a crystal by analyzing the profile of angularly resolved Kossel lines. It
is demonstrated that such a technique is sensitive enough to be applied to very dilute atomic concentrations of
monolayer equivalency. Experimental results and a quantitative analysis for a buried, 7 4 thick layer of
CoSi2 on a Si(111) substrate reveal the lattice position of Co atoms and confirm that Co-Si bonds form the

interface between the CoSi2 layer and its Si substrate.

Kossel diffraction arises when atoms inside a crystal are
excited by incident photons, electrons, protons or ions and

subsequently deexcite by emitting fluorescence, thus serving
as internal sources of radiation. Most of the isotropically
distributed fluorescence will be reabsorbed or leave the crys-
tal without further interaction. Some will leave the crystal
after undergoing single-scattering processes, thereby provid-

ing a source for fluorescence holography. ' Some other frac-
tion of it, however, will be propagating in directions where
Bragg's law is satisfied for a set of diffraction planes of the
surrounding lattice and for the given fluorescence energy.
This fraction will then be subject to single-scattering, kine-
matical diffraction or to multiple-scattering, dynamical dif-
fraction. Directions satisfying Bragg s law lie on so-called
Kossel cones with opening half-angles of (90' —O~), O~
being the Bragg angle, and central axes perpendicular to the
diffraction planes (Fig. 1). In the case of a dynamically dif-
fracting crystal Kossel cones will feature a radial fine struc-
ture of intensity, reminiscent of the depth of the internal
source and its position within the unit cell.

Kossel diffraction was discovered experimentally in

1934 and subsequently explained theoretically by von Laue,
later also by others ' within the framework of the dynamical
theory of x-ray diffraction. The possibility of obtaining struc-
tural information from dynamical Kossel lines was pointed
out and an experiment has been proposed ' to determine the
phase of structure factors in noncentrosymmetric crystals.
Most recently, Kossel experiments with the aim of studying
bulk structures' and impurities in nearly perfect crystals'
have been conducted.

The focus of this article is the inherent interrelation be-
tween Kossel diffraction and x-ray standing waves (XSW),
which suggests an experimental technique to determine lat-
tice locations of impurity or overlayer atoms in perfect or
nearly perfect crystals by means of angularly resolved Kossel
lines. It is demonstrated that such a technique is indeed sen-
sitive enough to handle very dilute atomic concentrations of
monolayer equivalence and yields results fully equivalent to
outcomes of analogously prepared XSW measurements. For
a system of two atomic bilayers of CoSi2 sandwiched be-
tween a nearly perfect Si(111) substrate and a thin, incoher-
ent, protective Si layer Kossel measurements together with a

quantitative analysis yielding the position of Co atoms nor-
mal to the surface were performed.

Metallic CoSi2 layers buried in Si are of both fundamental
and technical interest. Structurally, the lattice parameter of
the diamond lattice of Si differs from the CaF2 type lattice of
CoSi2 by only 1.2%, providing favorable conditions for epi-
taxial growth. Fundamentally, a CoSi2.Si heterostructure can
serve as a Schottky contact, where the height of the Schottky
barrier can be explained theoretically, given a thorough
knowledge of the geometrical structure of the interface. ' '"

In a typical XSW experiment a plane wave, which can be
considered as coming from a point source at infinite distance,
is impinging on a dynamically diffracting crystal. The angle
of incidence is in the vicinity of a Bragg reflection. Incident
and diffracted beam interfere with each other to form a
standing wave field in the region where they overlap, which
extends both into the interior of the crystal and the space
above the crystal. The period of the standing wave field is
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FIG. 1. Excitation of Kossel lines. Internal atoms are excited by
incident radiation and subsequently deexcite emitting Auorescence.
In directions k consistent with Bragg s law this Auorescence is dif-
fracted by the surrounding lattice producing Kossel cones centered
on reciprocal lattice vectors H and opening half-angle (90 —Oz)
(Ott, Bragg angle).
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equal to the lattice plane spacing and planes of constant in-
tensity are parallel to the diffraction planes. The actual posi-
tions of the nodes and antinodes depend on the phase shift
between incident and diffracted wave, which in turn depends
on the angle of incidence in such a way that nodes lie on the
diffraction planes for the smaller-angle side of the reflection
while lying in between for the larger-angle side. Quantita-
tively, the relative electric field intensity of the standing
wave field at a point b, d/d within a diffraction plane spacing
and at a depth z below the surface can be described as a
function of the angle b, O'= (0" —Ott) by' b) Kossel diffraction
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where the coherent fraction f, and the coherent position
4, are the amplitude and phase of one Fourier component of
the impurity distribution function. In cases where all impu-
rity atoms lie on or near one crystallographic equivalent site,
4, marks the position of this site within the diffraction plane
spacing and f, is the percentage of atoms occupying it. The
effective thickness contributing to the yield is unity for an
atomically thin surface or interface layer, and for a bulk dis-
tribution it is given by an integration of the exponential in (1)
over the contributing depth.

By virtue of the optical reciprocity theorem, dynamical
Kossel diffraction can be viewed as the reverse process of
the standing wave mechanism described above. Applied in
this context, the optical reciprocity theorem stipulates ' that
when a monochromatic plane wave from a point source at
position 8 far away from the sample generates an electric
field intensity I at a point A inside the sample, the same
intensity will be encountered at 8 when the source is moved
to A (Fig. 2).

In a standing wave experiment an incident plane wave
considered to come from a point source at infinity generates
an electric field intensity inside the sample which is "de-
tected" by fluorescing impurity atoms. Moving the source to
vary the incident angle Oz+ AO results in a secondary yield
as described by (2). In a Kossel diffraction experiment the
impurity atoms inside or at the surface of the sample now
become the point sources of radiation, excited by some ex-

Here R stands for the reflectivity, Io is the intensity of the
incident beam and I' is a polarization constant. According to
the dynamical diffraction theory the phase shift v varies
smoothly by ~ rad as the Bragg reflection is traversed. The
effective attenuation coefficient p, (60) includes contribu-
tions from linear absorption, primary extinction and anoma-
lous absorption. In an actual XSW experiment the intensity
I(58)/Io is detected by measuring the fluorescence from
impurity atoms at the surface or in the bulk, which in the
dipole approximation is proportional to the electric field at
the center of these atoms. Given an extended distribution of
impurities the fluorescence yield derived from (1) becomes
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FIG. 2. (a) XSW: A source of radiation at a distant point B
generates a plane wave incident on the sample under an angle
Oz+AO. The resultant electric field intensity is "detected" by Auo-

rescing atoms at A. Moving the source to vary 6 produces a
fluorescence yield revealing the lattice location of fluorescing at-

oms. (b) Kossel diffraction: Externally excited atoms at A inside the

sample serve as a source of radiation which is diffracted by the

surrounding lattice. The electric Beld intensity is measured at B
under an observation angle Oz+AO'. Moving the detector to vary
AO results in a fluorescence yield which by virtue of the optical
reciprocity theorem is equivalent to the XSW signal.

ternal beam which plays no role in further diffraction pro-
cesses since it differs in energy from the fluorescence energy.
The electric field intensity produced in all of space by the
internal source is then measured at infinity, which for prac-
tical purposes is achieved by using a highly collimating ana-
lyzer crystal combined with a fluorescence detector. Moving
this kind of angularly resolving detector to vary the angle of
observation Oz+ AO' completes the reversal of the standing
wave scheme and must then, by application of the optical
reciprocity theorem, result in the very same secondary yield
as encountered before with standing waves. It should be
mentioned, however, that regular XSW measurements are
performed with a o.-polarized incident beam, whereas Kossel
diffracted fluorescence is unpolarized. Therefore, the single-
polarization yield given in (2) has to be summed over o. and
m polarizations in the Kossel case.

The argumentation given above for the equivalence of
x-ray standing waves and Kossel diffraction is strikingly
simple and intuitive, if one accepts the applicability of the
reciprocity theorem in this case. However, the fluorescence
yield as given in (2) can also be obtained "directly" for the
case of Kossel diffraction, as was shown by Hutton, Tram-
mell, and Hannon.

A practical experimental configuration for recording an-

gularly resolved Kossel lines with the aim to determine lat-
tice locations of highly diluted bulk impurities or atomically
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FIG. 3. Normalized fluorescence data and theoretical fits from a
Kossel diffraction (main graph) and corresponding XSW measure-
ment (inset). The sample consists of an atomically thin, buried
CoSi2 layer on a Si(111)substrate. Extracted coherent positions for
Co atoms are 4,=0.903~0.01 and 4,=0.896~0.01, respectively,
with coherent fractions of f,=0 47~0.02 a.nd f,= 0483 ~0. 01.

thin surface layers in nearly perfect crystals was imple-
mented at the undulator beamline BW1 (Ref. 17) of
HASYLAB and is described elsewhere. "

A "pink" undulator x-ray beam impinges on the sample
exciting fluorescence which is diffracted within the sample
and recorded by a combination of analyzer crystal and Si(Li)
detector. By virtue of its narrow angular acceptance the ana-
lyzer can be thought of as being located very far from the
sample.

A special concern in working with low concentrations of
fluorescing atoms is the stability of the relative orientation
between sample and analyzer crystals over long periods of
data accumulation time. To circumvent any problem of un-
controlled drifts a scheme of dynamical stabilization was
adopted. The sample is set at such an angle with the incident
synchrotron radiation beam that a Bragg-diffracted reference
beam at an energy slightly different from the Kossel fluores-
cence line is generated and detected in an ion chamber after
passing the analyzer. The analyzer is then repeatedly rocked
back and forth through the reflectivity curve, which is evalu-
ated in terms of angular position so that slow drifts in rela-
tive orientation can be offset by the controlling computer
from scan to scan.

A 7 A thick, buried layer of CoSi2 on a Si(111) substrate,
capped with a thin, protective, incoherent layer of Si served
as a sample in this current study accompanied by a matching
Si(111)analyzer. Co Kn. fluorescence from atoms of the bur-
ied CoSi2 layer is radiated both into the space above the
sample, creating a constant fluorescence background, and
also into the nearly perfect substrate, where the Kossel lines
are formed. One half of the (111) Kossel cone is directed
back into the space above the sample and can be recorded
there as a function of relative sample-to-analyzer orientation.
Results from such a measurement together with a theoretical
least-squares fit are shown in the main graph of Fig. 3. For
comparison the inset shows a regular XSW measurement of
the same sample. Both measurements are fully consistent
with each other in yielding independently coherent positions
for Co atoms relative to the Si substrate along the (111)

direction of 4,=0.903~0.01 and 4,=0.896~0.01, respec-
tively, together with coherent fractions of f,= 0.47~0. 02
and f,=0.483 0.01. The Kossel signal is slightly noisier
than the XSW signal owing to the incident "pink" beam with
its associated background problems, which could be reduced
by using a broad band pass monochromator. The differing
widths of Kossel and XSW fluorescence yields are due to the
difference in energy between Kossel fluorescence at 6.9 keV
and the XSW energy tuned to 8.9 keV and from a difference
in asymmetry of Kossel analyzer and XSW monochromator.
The influence of the Kossel analyzer on the instrumental
resolution is taken into account by modeling the reflectivity
of the Bragg-diffracted reference beam in much the same
way as XSW rocking curves are used to characterize the
monochromator transfer function in XSW measurement. Ad-
verse effects from probing a conical Kossel wave field with a
planar analyzer crystal are rninirnized in the experimental
set-up by placing a narrow slit behind the analyzer that re-
stricts the beam perpendicular to the diffraction plane of the
analyzer. Thereby only a thin slice of the Kossel cone is
permitted to enter the detector. An additional broadening of
Kossel lines stems from the inherent mixing of o. and ~
polarizations, which usually is suppressed in XSW when us-
ing mostly o.-polarized synchrotron radiation in the plane of
the source's orbit. After including this polarization mixing
explicitly in the model function underlying the least-squares
fits, the shape of the yields and the consistency of coherent
positions and coherent fractions extracted clearly demon-
strate the equivalence of Kossel diffraction and XSW and
proves the practicability of the Kossel approach ir' terms of a
structure analysis analogous to what is achieved by regular
XSW.

Concerning the geometrical structure of the CoSi2.Si in-
terface two major models have been discussed in earlier
investigations. ' The first one assumes bonding between
Co and Si atoms across the interface, whereas the alternative
model is based on Si-Si bonds. Discounting any relaxation,
the first model would imply a coherent Co position of 2.734
A while the second would place these atoms at 3.514 A with
respect to Si(111) diffraction planes. Comparing these theo-
retical values with the coherent position obtained in the
current Kossel measurements of (0.90~ 0.01)d s;(»»
=(2.82~0.03) A one is led to conclude that for a buried
CoSi2 layer with a thickness of 7 A the model with the Co-Si
bond is realized together with a relaxation of interface bonds
by (0.09~ 0.03) A. This result is consistent with outcomes of
previous studies.

In conclusion, it was demonstrated that angularly resolved
Kossel lines inherently contain the same information about
the position and the order of the fluorescing sources as yields
from regular XSW measurements do and that Kossel diffrac-
tion studies are practical even for samples with very low
concentration of impurities or overlayer atoms. For an atomi-
cal thin, buried layer of CoSiz on a Si(111) substrate Kossel
measurements could be analyzed quantitatively to identify
the model with Co-Si bonds forming the CoSi2..Si interface
and to determine their bond relaxation.

However, some principal differences between Kossel dif-
fraction and regular XSW have to be mentioned. While the
use of synchrotron radiation permits to select just one polar-
ization component (o.) in regular XSW experiments, fluores-
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cence from internal sources is always unpolarized and leads
to an angular broadening of the fluorescence yield.

In addition, for dispersive set-ups, the amount of signal
distortion can be reduced by decreasing the divergence of the
incident x-ray beam in XSW measurements. Especially at
synchrotron radiation sources of the third generation, the
high brilliance is expected to greatly reduce adverse effects
of dispersiveness. For Kossel diffraction the source diver-
gence is determined by the natural linewidth of the Auores-
cence, thus the resolution can only be improved with a more
complicated analyzer system. Nevertheless, the Kossel

scheme appears to be particularly attractive for the fact that
several Kossel lines are generated and can be recorded si-
multaneously, each carrying a positional information along
the direction of its associated H vector. Consequently full
three-dimensional information about lattice locations is ac-
cessible in a single experiment. Also, since Kossel lines
can be excited with other sources (electrons, protons,
ions, . . . ), the Kossel diffraction method described above
might be well suited for laboratory-based measurements.

We would like to thank C. Schwarz and H. von Kanel for
preparing the CoSi2.Si samples.
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