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Unit 2b.2: Dynamical Diffraction

. INTRODUCTION

Diffraction related techniques using x-rays, electrons
or neutrons are widely used in materials science to
provide basic structural information on crystalline
matters. To describe a diffraction phenomenon, one has
the choice of two theories: kinematic theory or dynamical
theory.

Kinematic theory, described in the last Unit, assumes
that each x-ray photon, electron, or neutron scatters only
once before it is detected. This assumption is valid in
most cases for x-rays and neutrons since their interactions
with materials are relatively weak. The single scattering
mechanism is aso caled the first order Born
approximation or simply the Born approximation (Schiff,
1955; Jackson, 1975). Asamply demonstrated in the last
Unit, the kinematic diffraction theory can be applied to a
vast mgjority of materials studies and is the most
commonly used theory to describe x-ray or neutron
diffraction from crystalsthat areimperfect.

There are, however, practical situations where the
higher-order scattering or multiple scattering termsin the
Born series become important and cannot be neglected.
This, for example, is the case for electron diffraction
from crystals, where an electron beam interacts strongly
with electrons in a crystal. Multiple scattering can also
be important in certain application areas of x-ray and
neutron scattering, as described below. In al these cases
the simplified kinematic theory is not sufficient to
evaluate the diffraction processes and the more rigorous
dynamical theory is needed where multiple scattering is
taken into account.

Application Areas

Dynamical  diffraction is the predominant
phenomenon in amost al electron diffraction
applications, such as low energy eectron diffraction and
reflection high-energy eectron diffraction. For x-rays
and neutrons areas of materials research that involve
dynamical diffraction may include the following
Stuations:

(1) strong Bragg reflections: For Bragg reflections
with large structure factors, the kinematic theory often
overestimates the integrated intensities. This occurs for
many real crystals such as minerals and even biological
crystals such as proteins, since they are not idedly
imperfect. The effect is usualy called the extinction
(Warren, 1969), which refers to the extra attenuation of
the incident beam in the crystal due to the loss of
intensity to the diffracted beam. Its characteristic length
scale, extinction length, depends on the structure factor of
the Bragg reflection being measured. One can further
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categorize extinction effects into two types. primary
extinction, which occurs within individual mosaic blocks
in amosaic crystal, and secondary extinction, that occurs
for al mosaic blocks aong the incident beam path.
Primary extinction exists when the extinction length is
shorter than the average size of mosaic blocks and
secondary extinction occurs when the extinction length is
less than the absorption length in the crystal.

(2) Large nearly-perfect crystals and multilayers It
is not uncommon in today’'s materials preparation and
crystal growth laboratories that one has to deal with large
nearly-perfect crystals. Often centimeter-sized perfect
semiconductor crystals such as GaAsand S are used as
substrate materials and multilayers and superlattices are
deposited using molecular-beam or chemica vapor
epitaxy. Bulk crystal growers are aso producing larger
high quality crystals by advancing and perfecting various
growth techniques. Characterizations of these large
nearly-perfect crystals and multilayers by diffraction
techniques often involve the use of dynamical theory
simulations of the diffraction profiles and intensities.
Crystal shape and its geometry with respect to the
incident and the diffracted beams can also influence the
diffraction pattern which can only be accounted for by
dynamical diffraction.

(3) Topographic studies of defects: X-ray diffraction
topography is a useful technique to study crystalline
defects such as didocations in large-grain nearly perfect
crystals (Chikawa & Kuriyama, 1991; Klapper, 1996;
Tanner, 1996). With this technique an extended highly
collimated x-ray beam is incident on a specimen and an
image of one or severa strong Bragg reflected are
recorded with high-resolution photographic films.
Examination of the image can reveal pm sized crystal
defects such as dislocations, growth front, fault lines, etc..
Because the strain field induced by a defect can extend
far into the single crysta grain, the diffraction processis
rather complex and a quantitative interpretation of a
topographic image frequently requires the use of
dynamical theory and its variation on distorted crystals
developed by Takagi (1962, 1969) and Taupin (1964).

(4) Internal-field-dependent diffraction phenomena:
Severa diffraction techniques make use of the secondary
excitations induced by the wave field inside a crysta
under diffraction condition. These secondary signals may
be x-ray fluorescence or secondary electrons such as
Auger or photoelectrons. The intensities of these signals
are directly proportiona to the electric field strength at
the atom position where the secondary signal is
generated. The wave field strength inside the crystal isa
sensitive function of the crystal orientation near a
specular or aBragg reflection and the dynamical theory is
the only theory that provides the internal wave field
amplitudes including the interference between the
incident and the diffracted waves or the standing wave
effect (Batterman, 1964). As a variation of the standing
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wave effect, the secondary signals can be diffracted by
crysta lattice and form standing wave like diffraction
profiles.  These include Kossel lines for x-ray
fluorescence (Kossel, 1935) and Kikuchi lines for
secondary electrons (Kikuchi, 1928). These effects can
be interpreted as the optical reciprocity phenomena of the
standing wave effect.

(5) Multiple Bragg diffraction studies: If a single
crystal is oriented in such a way that more than one
reciprocal nodesfall onthe Ewald sphere of diffraction, a
simultaneous multiple-beam diffraction would occur.
These simultaneous reflections were first discovered by
Renninger (1937) and are often caled Renninger
reflections or detour reflections (umweganregung).
Although the angular positions of the simultaneous
reflections can be predicted by simple geometric
considerations in reciprocal space (Cole, Chambers &
Dunn, 1962), a theoretical formalism that goes beyond
the kinematic theory or the first order Born
approximation is needed to describe the intensities of a
multiple-beam diffraction (Colella, 1974). Because of
the interference among the simultaneously excited Bragg
beams, multiple-beam diffraction promises to be a
practical solution to the phase problem in diffraction-
based structural determination of crystalline materials,
and there has been a great renewed interest in this
research area (Shen, 1998; 1999a,b; Chang, et a. 1999).

(6) Grazing-incidence diffraction: In grazing
incidence diffraction geometry, either the incident beam
or the diffracted beam or both has an incident or exit
angle, with respect to awell-defined surface, close to the
critical angle of the diffracting crystal. Full treatment of
the diffraction effects in grazing angle geometry involves
Fresnel specular reflection and requires the concept of an
evanescent wave that travels pardlel to the surface and
decays exponentiadly as a function of depth into the
crystal. The dynamical theory is needed to describe the
specular reflectivity and the evanescent wave related
phenomena. Because of its surface sensitivity and
adjustable probing depth, grazing incidence diffraction of
x-rays and neutrons has evolved into an important
technique for materials research and characterization.

Brief Survey of Literature

Dynamical diffraction theory of a plane wave by a
perfect crystal was originated by Darwin (1914) and
Ewald (1916), using two very different approaches.
Since then the early devel opment of the dynamical theory
was primarily focused on the situations involving only an
incident beam and one Bragg diffracted beam, the so-
caled two-beam case. Prins (1930) extended the
Darwin’s theory to take into account of absorption, and
von Laue (1931) reformulated Ewald's approach and
formed the backbone of the modern-day dynamical
theory. Reviews and extensions of the theory have been
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given by Zachariasen (1945), James (1950), Kato (1952),
Warren (1969), and Authier (1970). A comprehensive
review of the Ewald-von Laue theory has been provided
by Batterman and Cole in their seminal article in Review
of Modern Physics (1964). More recent reviews can be
found in Kato (1974), Cowley (1975) and Pinsker (1978).
Updated and concise summaries of the two-beam
dynamical theory have been given recently by Authier
(1992, 1996). A historica survey of the early
development of the dynamical theory was given in
Pinsker (1978).

Contemporary topics in dynamical theory are mainly
focused in the following four areas. multiple-beam
diffraction, grazing incidence diffraction, internal fields
and standing waves, and special x-ray optics. These
modern developments are largely driven by recent
interests in rapidly emerging fields such as synchrotron
radiation, x-ray crystalography, surface science, and
semiconductor research.

Dynamical theory of x-rays for multiple-beam
diffraction, with two or more Bragg reflections excited
simultaneously, was considered by Penning (1967),
Ewald and Heno (1968). However, very little progress
was made until Colella (1974) developed a computational
algorithm that made multiple-beam x-ray diffraction
simulations more tractable. Recent interests in its
applications to measure the phases of structure factors
(Colella, 1974; Post, 1977; Chang, 1982; Chapman,
Yoder & Colella, 1981) have made multiple-beam
diffraction an active area of research in dynamical theory
and experiments. Approximate theories of multiple-beam
diffraction have been developed by Juretschke (1982,
1984, 1986), Hoier & Marthinsen (1983), Hummer &
Billy (1986), Shen (1986, 1999b, 2000), and Thorkildsen
(1987). Reviews on multiple-beam diffraction have been
given by Chang (1984, 1992, 1998), Coldla (1995), and
Weckert & Hummer (1997).

Since the pioneer experiment by Marra, Eisenberger,
and Cho (1979), there has been an enormous increase in
the development and the use of grazing incidence x-ray
diffraction to study surfaces and interfaces of solids.
Dynamical theory for the grazing angle geometry was
soon developed (Afanasev & Melkonyan, 1983;
Aleksandrov et a. 1984) and its experimental
verifications were given by Cowan et a. (1986), Durbin
and Gog (1989), and Jach et al. (1989). Meanwhile, a
semi-kinematic theory called Distorted Wave Born
Approximation was used by Vineyard (1982) and by
Dietrich and Wagner (1983, 1984). This theory was
further developed by Dosch et al. (1986) and Sinha et al.
(1988), and has become widely utilized in glancing-
incidence x-ray scattering studies of surface and near-
surface structures. The theory has aso been extended to
explain standing-wave enhanced and non-specular
scattering in multilayer structures (Kortright, 1987), and
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to include phase-sensitive scattering in diffraction from
bulk crystals (Shen, 1999b).

Direct experimental proof of the x-ray standing wave
effect was first achieved by Batterman (1964) by
observing x-ray fluorescence profiles while the
diffracting crystal is rotated through a Bragg reflection.
Earlier works were mainly on locating impurity atomsin
bulk semiconductor materials (Batterman, 1969;
Golovchenko et a. 1974; Anderson et a. 1976), but
more recent research activities have been on
determinations of atom locations and distributions in
overlayers above crystal surfaces (Golovchenko et al.
1982; Funke & Materlik, 1985; Durbin et al. 1986; Patel
et a. 1987; Bedzyk et a. 1989), in synthetic multilayers
(Barbee & Warburton, 1984; Kortright & Fischer-
Colbrie, 1987) , in long-period overlayers (Bedzyk et a.
1988; Wang et a. 1992), and in electrochemical solutions
(Bedzyk et a. 1986). Recent reviews on x-ray standing
waves have been given by Patel (1996) and Lagomarsino
(1996).

Rapid increase in  synchrotron-radiation-based
materials research in recent years has spurred new
developments in x-ray optics (Batterman & Bilderback,
1991; Hart, 1996). Thisis especidly true in the areas of
x-ray wave guides for producing sub-micron sized beams
(Bilderback, 1994; Feng et a. 1995; Golovchenko et al.
1997), and x-ray phase plates and polarization analyzers
used for studies on magnetic materials (Golovchenko et
al. 1986; Mills, 1988; Belyakov & Dmitrienko, 1989;
Hirano et al., 1991; Batterman, 1992; Shen & Finkelstein,
1992; Giles et a. 1994; Yahnke et a. 1994; Shastri et al.
1995). Recent reviews on polarization x-ray optics have
been given by Hirano, Ishikawa and Kikuta (1995), Shen
(1996), and Malgrange (1996).

An excellent collection of articles on these and other
current topicsin dynamical diffraction can be found in X-
ray and Neutron Dynamical Diffraction Theory and
Applications, edited by Authier, Lagomarsino and Tanner
(1996).

Scope of ThisUnit

Given the wide range of topics in dynamica
diffraction, the main purpose of this Unit is not to cover
every detail but to provide readers with an overview of
the basic concepts, formalisms, and applications in this
field. Special attention is paid to the difference between
the more familiar kinematic theory and the more complex
dynamical approach. Although the basic dynamical
theory is the same for x-rays, electrons, and neutrons, we
will focus mainly on x-rays since many of the origina
terminology was founded in x-ray dynamical diffraction.
The formalism for x-rays is aso more complex and thus
more complete because of the vector-field nature of an
electromagnetic wave.  For reviews on dynamical
diffraction of electrons and neutrons, we refer the readers
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to an excellent textbook by Cowley (1975), the 2™
edition of International Tables for Crystallography,
vol.B, and a recent article by Schlenker and Guigay
(1996).

We will start in Section Il with the fundamental
equations and concepts in dynamical diffraction theory,
derived from classical electrodynamics. Then in Section
I we move onto the widey-used two-beam
approximation essentially following the description of
Batterman and Cole (1964). The two-beam theory deds
with only the incident beam and one strongly diffracted
Bragg beam, and the multiple scattering between the two
beams. Multiple scattering due to other Bragg reflections
areignored. Thistheory provides many basic conceptsin
dynamical diffraction, and is very useful in visualizing
the unique physical phenomenain dynamical scattering.

A full multiple-beam dynamical theory, developed by
Colella (1974), takes into account all multiple scattering
effects and surface geometries and gives the most
complete description of the diffraction processes in a
perfect crystal by x-rays, electrons or neutrons. An
outline of this theory is summarized in Section IV. Also
included in this Section is an approximate formalism,
given by Shen (1986), based on second-order Born
approximations.  This theory takes into account only
double scattering in a multiple scattering regime yet
provides a useful picture on the physics of multiple-beam
interactions. Finally, an approximate yet more accurate
multiple-beam theory (Shen, 1999b) based on an
expanded distorted-wave approximation is presented,
which can provide accurate accounts of three-beam
interference profiles in the so-called reference-beam
diffraction geometry (Shen, 1998).

In Section V the main results for grazing-incidence
diffraction are described using the dynamical treatment.
Of particular importance is the concept of evanescent
waves and its applications. Also described in Section V
is a so-called Distorted-wave Born approximation, which
uses the dynamical theory to evaluate specular reflections
but treats the surface diffraction and scattering within the
kinematic regime. This approximate theory is useful in
structural  studies of thin films and multilayered
heterostructures.

Finally, because of its limited space, a few topics are
not covered in this article. One of these omitted topicsis
the theory by Takagi and Taupin for distorted perfect
crystals. We refer the readers to the original articles
(Takagi, 1962, 1969; Taupin, 1964) and recent
publications by Bartels, Hornstra and Lobeek (1986) and
by Authier (1996)

1. BASIC PRINCIPLES

There are two approaches to the dynamical theory.
Oneis based on the works by Darwin (1914) and by Prins
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(1930). This method first finds the Fresnel reflectance
and transmittance for a single layer of atomic plane and
then evauates the total wave fields for a set of parallel
atomic planes. The diffracted waves are obtained by
solving a set of difference equations similar to the ones
used in classical optics for a series of parallel dabs or
optical filters. Although it had not been widely used for
quite along time due to its computational complexity, the
Darwin's approach has gained more attention in recent
years to evauate reflectivity for multilayers and
superlattices (Durbin & Follis, 1995), for crystal
truncation effects (Catitcha, 1994), and for quasicrystals
(Chung & Durbin, 1995)

The other approach, developed by Ewald (1917) and
von Laue (1931), treats the wave propagation in a
periodic medium as an eigenvalue problem and use the
boundary conditionsto obtain Bragg reflected intensities.
We will follow the Ewald-von Laue approach since many
of the fundamental concepts in dynamical diffraction can
be visualized more naturally by this approach and it can
be easily extended to situations involving more than two
beams.

@

Ewald sphere

Figure 1: (a) Ewald sphere construction in kinematic
theory and polarization vectors of the incident and the
diffracted beams. (b) Dispersion surface in dynamical
theory for a one-beam case and boundary conditions
for tota external reflection.
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The mathematical forms for the diffracted intensities
from genera absorbing crystals appear to be rather
complicated in the early literature of dynamica theory
(for two-beams). The main reason for these complicated
forms is the necessity to separate out the rea and
imaginary partsin dealing with complex wavevectors and
wave field amplitudes before the times of computers and
powerful calculators. Intoday’s world these complicated
equations are not necessary and numerical calculations
with complex variables can be easily performed on a
modern computer. Therefore in this article al fina
intensity equations are given in such compact forms that
involve complex numbers and in author’s view are best
suited for today’s computer calculations. These simpler
forms also allow readers to gain physical insights rather
than be overwhelmed by tedious mathematical notations.

Fundamental Equations

The starting point in the Ewald-von Laue approach of
the dynamical theory isthat the dielectric function &r) in
a crystalline materid is a periodic function in space and
therefore can be expanded in a Fourier series:

e(r) =& +de(r), withde(r) =- Ga F,e ™M™, (1)
H

where G= rd %/(pV)), re= 2.818 10° A is the classica
radius of an electron, | the x-ray wavelength, V. the unit
cdl volume, and -G, is the coefficient of the H Fourier
component with Fy being the structure factor. All of the
Fourier coefficients are on the order 10 to 10° or
smaller at x-ray wavelengths, de(r) << g = 1, and the
dielectric functionisonly dightly lessthan unity.

We further assume that a monochromatic plane wave
isincident on a crystal, and the dielectric response is of
the same wave frequency (elastic response). From
Maxwell’s equations and neglecting the magnetic
interactions (u=1), we abtain the following equation for
the electric field E and the displacement vector D:

[2+k2p=-R" K" (D- ec€).

where K is the wavevector of the monochromatic wave
in vacuum, ko=| Ko|=2p/l . For treatment involving
magnetic interactions we refer to the publication by
Durbin (1987). Assuming an isotropic relation between
D(r) and E(r), D(r)=¢(r)E(r), and de(r )<<e,, we have

[ +Kk2)p=-R" R (deD). @

We now use the periodic condition Eq.(1) and
substitute the wave field D in EQ.(2) by a series of Bloch
waves with wavevectors K, =Ky+H,
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D(r)=&Dye "
H

where H is areciprocal space vector of the crystal. For
every Fourier component (Bloch wave) H we arrive at
the following equation:

|_(1' GRo)ks - KﬁJDH:' GG"?HFH-GKH ’ (KH ’ DG)v ©)

where the terms involving G have been neglected and
KyDy are set to zero because of the transverse wave
nature of the electromagnetic radiation.. Eq.(3) forms a
set of fundamental equations for the dynamical theory of
x-ray diffraction. Similar equations for electrons and
neutrons can be found in the literature (e.g. Cowley,
1975).

Dispersion Surface

A solution to theeigenval ue equation Eq.(3) givesrise
to al the possible wavevectors Ky and wave field
amplitude ratios inside a diffracting crystal. The loci of
the possible wavevectors form a multiple-sheets three-
dimensional surfacein reciprocal space and thissurfaceis
called the dispersion surface, as given by Ewald (1917).

The introduction of the dispersion surface is the most
significant difference between the kinematic theory and
the dynamical theory. Here instead of a single Ewald
sphere (Fig.1a), we have a continous distribution of
“Ewald spheres’ with their centers located on the
dispersion surface, giving rise to al possible traveling
wavevectorsinside the crystal.

As an example, we assume that the crystal orientation
is far from any Bragg reflections, and thus only one
beam, the incident beam K,, would exist in the crystal.
For this“one-beam” case, Eq.(3) becomes:

[(1- GFo)KG - Ké]Dozo.

Thus we have

Ko =Ko /(L+GFo)"2 = ko (1- GFo/2), (4)

which shows that the wavevector K, inside the crystal is
dightly shorter than that in vacuum as a result of the
average index of refraction, n =1-Gy' /2, where Fy’ isthe
real part of Fy and is related to the average density r o by

rozﬁﬂ:_ (5&)

rel 2

In the case of absorbing crystals, Kq and F, are complex
variables and the imaginary part Fy” of Fyisrelated to the
average linear absor ption coefficient |1, by
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My =koGFy = 20GF, /1 . (5b)

Eq.(4) shows that the dispersion surface in the one-
beam case is a refraction-corrected sphere centered
around the origin in reciprocal space, as shown in
Fig.1(b).

Boundary Conditions

Once EQ.(3) is solved and al possible waves inside
the crystal are obtained, the necessary connections
between the wave fields inside and outside the crystal is
made through the boundary conditions. There are two
types of boundary conditionsin classical electrodynamics
(Jackson, 1975). One dates that the tangentia
components of the wavevectors have to be equal on both
sides of an interface (Snell’ slaw):

ki =K. (6)

Throughout this article we use the convention that outside
vacuum wavevectors are denoted by k and internal
wavevectors are denoted by K, and the subscript t stands
for the tangential component of the vector.

To illustrate this point, we again consider the simple
one-beam case as shown in Fig.1(b). Suppose that an x-
ray beam ko with an angle g is incident on a surface with
n being its surface normal. To locate the proper interna
wavevector K, we follow dong n to find its intersection
with the dispersion surface, in this case the sphere with
its radius defined by Eq.(4). However, we see
immediately that thisispossible only if q is greater than a
certain incident angle g, which isthecritical angle of the
material. From Fig.1(b) we can easily obtain that cos,
=Ky/ko, or for small angles, q=(GFy)**>. Below g, no
traveling wave solutions are possible and thus total
external reflection occurs.

The second set of boundary conditions states that the
tangential components of the electric and magnetic field
vectors, E and H=k “ E, (k is a unit vector aong the
propagation direction), are continuous across the
boundary. In dynamical theory literature, the
eigenequations for dispersion surfaces are expressed in
terms of either electric field vector E or electric
displacement vector D. These two choices are equivalent
since in both cases asmall longitudinal component on the
order of G, in the E-field vector is ignored for its
inclusion only contributes aterm of G in the dispersion
equation. Thus E and D are interchangeable under this
assumption and the boundary conditions can be expressed
asthefollowing:

D" =D, (72)
(k- o™} =(k - p™). (7b)
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In dynamical diffraction, the boundary condition Eq.6
or the Snell’s law selects which points are excited on the
dispersion surface or which waves actualy exist inside
the crystal, for agiven incident condition. The conditions
Egs.7(a) & 7(b) on the field vectors are then used to
evaluate the actua internal field amplitudes and the
diffracted wave intensities outside the crystal.

Depending on number of beams included in the
dispersion equation (3) and the diffraction geometry of
the crystal, dynamical theory covers a wide-range of
specific topics. In certain cases, the existence of some
beams can be predetermined based on the physical law of
energy conservation. In these cases only Eq.(7a) is
needed for the field boundary condition. Suchisthe case
of conventional two-beam diffraction as discussed in the
next Section. However, both sets of conditionsin Eq.(7)
are needed for genera multiple-beam cases and for
grazing angle geometry.

Internal Fields

One of the important applications of the dynamical
theory is to evaluate the wavefields inside the diffracting
crystal, in addition to the external diffracted intensities.
Depending on the diffraction geometry, an interna field
can be a periodic standing wave as in the case of a Bragg
diffraction, or an exponentially decayed evanescent wave
asin the case of a specular reflection, or acombination of
thetwo. Although no detectorsper se can be put inside a
crystal, the internal field effects can be observed through
one of the following two ways.

Thefirst isto detect secondary signals produced by an
internal field, which include x-ray fluorescence, Auger
electrons, and photoelectrons. These inelastic secondary
signas are directly proportional to the interna field
intensity and are incoherent with respect to the internal
field. Examples of this effect include the standard x-ray
standing wave techniques, and depth-sensitive x-ray
fluorescence measurements under total external
reflection.

The other way is to measure the elastic scattering of
an interna field. In most cases, including the standing
wave case, an internal field is a traveling wave aong a
certain direction, and therefore can be scattered by atoms
inside the crystal. This is a coherent process and the
scattering contributions are added on the level of
amplitudes instead of intensities. An example of this
effect is the diffuse scattering of an evanescent wave, in
studies of surface or near-surface structures.

Il. TWO-BEAM DIFFRACTION

In the two-beam approximation, we assume only one
Bragg diffracted wave Ky is important in the crystal, in

Shen

addition to the incident wave K,. Then EQ.(3) reduces to
the following two coupled vector equations:

i
i . (8
) (1‘ G:o)kg‘ Kﬁ Dy =- GFyKy~ (KH, Do)

(1‘ GFo)kg‘ Kc?’Doz‘ G'__HKO, (Ko’ DH)

The wavevectors Ky and K, define a plane which is
usually called the scattering plane. Using a coordinate
system shown in Figure 1(a), we can decompose the
wavefield amplitudesintos and p polarization directions,
and the equations for the two polarization states decouple
and can be solved separately:

i'[(l‘ GFo)kg‘ Kg]DOs p- kgGF HPDhs p =0

(9
} k5GFH PDgs P +[(1' G:o)kg - K&l]DHs p=0

where P=s,s,=1 for s polarization and P=p,Pps~=
cos(2qs) for p polarization, with gg being the Bragg
angle. To seek nontrivia solutions, we set the
determinant of Eq.(9) to zero and solve for Ko

- kSGF. 4P

(- G- K3

‘(1- G:O)kg - KS (10)

- k2GR,P

where K,? isrelated to K, through the Bragg's law, K> =
[Ko+HF. Solution of Eq.(10) defines the possible
wavevectorsin the crystal and givesrise to the dispersion
surface in the two-beam case.

Properties of Dispersion Surface

To visuaize what the dispersion surface looks like in
the two-beam case, we define two parameters X and Xy,
as described in James (1950) and Batterman & Cole
(1964):

Xo ®[K& - (L- GRo)k)/2k0=Ky - ko (1- GFy/2) |
xp ©[K2 - (1 Gro)Ke]/2ko =Ky - ko (L GFo/2)

These parameters represent the deviations of the

wavevectors inside the crysta from the average

refraction-corrected values given by Eq.(4). It also shows

that in general the refraction corrections for the internal

incident and diffracted waves are different. Using these

deviation parameters, the dispersion equation EQq.(10)
becomes

XXy = +k§G*P?FgFy. (11)

(1) Hyperboloid sheets  Since the right-hand side is

a congtant for a given Bragg reflection, the dispersion
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surface given by EQ.(11) represents two sheets of
hyperboloids in reciprocal space, for each polarization
state P, as shown in Figure 2(a). The hyperboloids have
their diameter point, Q, located around what would be the
center of the Ewald sphere (determined by Bragg's law)
and approach asymptotically the two spheres centered at
the origin O and a the reciprocal node H, with a
refraction-corrected radius, ky(1-GFo/2).  The two
corresponding spheres in vacuum (outside crystal) are

Figure 2: Dispersion surface in the two-beam case.
(a) Overview. (b) Close-up view around the
intersection region.
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also shown and their intersection point is usually called
the Laue point, L. The dispersion surface branches closer
to the Laue point are called the a branches (as, ap), and
those further from the Laue point are called the b
branches (bs, bp). Since the square root value of the
right-hand side constant in Eq.(11) is much less than kg,
the gap at the diameter point is on the order of 10®
compared to the radius of the spheres. Therefore, the
spheres can be viewed essentially as planesin the vicinity
of the diameter point, asillustrated in Fig.2(b). However,
the curvatures have to be considered when the Bragg
reflection is in the glancing angle geometry (see Section
V).

(2) Wave fiddd amplitude ratios: In addition to the
wavevectors, the eigenvaue equation (9) also provides
the ratio of the wave field amplitudes inside the crystal
for each polarization. In terms of X, and Xy, the
amplituderatio is given by

DH/DO =- 2X0/k0GDFﬁ =- koGDFH/ZXH . (12)

Again the actual ratio in the crystal depends entirely on
the tie points selected by the boundary conditions.
Around the diameter point X, and x have similar lengths
and thus the field amplitudes Dy, and D, are comparable.
Away from the exact Bragg condition, only one of x, and
Xy has an appreciable size and thus either D, or Dy
dominates according to their asymtotic spheres.

(3) Boundary conditions and Snel's law. To
illustrate how tie points are selected by Snell’s law in the
two-beam case, we consider the situation in Fig.2(b)
where acrystal surface isindicated by a shaded line. We
start with an incident condition corresponding to an
incident vacuum wavevector k, at point P. We then
congtruct a surface norma passing through P and
intersecting four tie points on the dispersion surface.
Because of the Snell’s law, the wavefields associated
with these four points are the only permitted wavesinside
the crystal. There are four waves for each reciprocal
node, O or H, dtogether atotal of eight waves may exist
inside the crystal in the two-beam case. To find the
external diffracted beam, we follow the same surface
normal to the intersection point P, and the corresponding
wavevector connecting P’ to the reciprocal nodeH would
be the diffracted beam that we can measure with a
detector outside the crystal.

Depending on whether or not a surface normal
intercepts both a and b branches at the same incident
condition, a diffraction geometry is called either the Laue
transmission or the Bragg reflection case. 1nterms of the
direction cosines ¢, and g, of the external incident and
diffracted wavevectors, ko and ky, with respect to the
surface normal n, it isuseful to define a parameter b:

b 9o/gn °kon/Ky N,
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where b>0 corresponds to the Laue case and b<0 the
Bragg case. The cases with b=t1 are cdled the
symmetric Laue or Bragg cases, and for that reason b is
often called theasymmetry factor.

(4) Poynting's vector and energy flow: The question
about the energy flow directions in dynamical diffraction
is of fundamental interests to scientists who use x-ray
topography to study defects in perfect crystals. Energy
flow of an electromagnetic wave is determined by its
time-averaged Poynting vector, defined as

S=—(E" H*)=—|D|K,
8 8

where cisthe speed of light, k is a unit vector aong the
propagation direction, and terms on the order of Gor
higher are ignored. The total Poynting vector S; at each
tie point on each branch of the dispersion surfaces is the
vector sum of those for the O-beam and the H-beam:

_C

o D5Ra +DER ).

S,

To find the direction of S;, we consider the surface
normal v of the dispersion branch, which is aong the
direction of the gradient of dispersion equation Eq.(11):

Xo o XH o
OR, +2HR,

V = N(XeXp) =XNxpy +xyNxo = =2
Xp Xo

u DEK, +D2K 1 Sy,

where we have used EQ.(12) and assumed a negligible
absorption ([F_y|=[F4l). Thus we conclude that S; is
paralel to v, the normal to the dispersion surface. In
another word, the total energy flow at agiven tie point is
always norma to the loca dispersion surface. This
important theorem isvalid in general and was first proved
by Kato (1960). It followsthat the energy flow inside the
crystal is pardld to the atomic planes at the full
excitation condition, i.e. the diameter points of the
hyperboloids.

Special Dynamical Effects

There are dignificant differences in the physica
diffraction processes between the kinematic theory and
the dynamica theory. The most striking observable
results from the dynamical theory are Pendellésung
fringes, anomalous transmission, finite reflection width
for semi-infinite crystals, x-ray standing waves, and x-ray
birefringence. With the aid of dispersion surface shown
in Fig.2, these effects can be explained without formally
solving the mathematical equations.

Shen

(1) Penddlésung: Ina Laue case, the a and b tie
points across the diameter gap of the hyperbolic
dispersion surfaces are excited simultaneously at a given
incident condition. The two sets of travelling waves
associated with the two branches can interfere with each
other and cause oscillations in the diffracted intensity as
the thickness of the crystal changes on the order of
2p/ DK, where DK is simply the gap at the diameter point.
These intensity oscillations are termed Pendelldsung
fringes and the quantity 2p/DK is called the Pendell6sung
period. From the geometry shown in Fig.2(b), it is
straightforward to show that the diameter gap is given by

DK = k,GP|[F Fy /costg

where g isthe internal Bragg angle. As an example, at
10 keV, for Si (111) reflection, DK=2.67"10° A*, and
thus the Pendell6sung period is 2p/DK =23 um.

Pendellésung interference is a unique diffraction
phenomenon for the Laue geometry. Both the diffracted
wave (H-beam) and the forward-diffracted wave (O-
beam) are affected by this effect. The intensity
oscillations for these two beams are 180° out of phase to
each other, creating the effect of energy flow swapping
back and forth between the two directions as a function of
depth into the crysta surface. For more detailed
discussions of Pendellésung fringes we refer to a review
by Kato (1974).

We should point out that Pendellésung fringes are
entirely different in origin from interference fringes due
to crystal thickness. The thickness fringes are often
observed in reflectivity measurements on thin film
materials and can be mostly accounted for by finite size
effect in Fraunhofer diffraction. The period of thickness
fringes depends only on thickness, not on the strength of
the reflection, while the Pendellésung period depends
only on the reflection strength not on crystal thickness.

(2) Anomalous transmission: The four waves
selected by tie points in the Laue case have different
effective absorption coefficients. This can be understood
qualitatively from the locations of the four dispersion
surface branches relative to the vacuum Laue point L and
to the average refraction-corrected point Q. The b
branches are further from L and are on the more-
refractive side of Q. Therefore the waves associated with
the b branches have larger-than-average refraction and
absorption. The a branches, on the other hand, are
located closer to L and on the less-refractive side of Q,
and therefore the waves on thea branches have less-than-
average refraction and absorption. For ardatively thick
crystal in the Laue diffraction geometry, effectively the a
waves would be able to pass through the thickness of the
crystal “easier” than an average wave would. What this
implies is that if no intensity is observed in the
transmitted beam a off-Bragg conditions, an
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anomaously “transmitted” intense beam can actualy
appear when the crystal is set to a strong Bragg condition.
This phenomenon is called the anomaous transmission
and was first observed by Borrmann (1950) and often is
also called the Borrmann effect.

If the Laue crystal is sufficiently thick, then even the
ap wave may be absorbed and only the as wave would
remain. In this case the Laue diffracting crystal can be
used as linear polarizer since only the s-polarized x-rays
would be transmitted through the crystal.

(3) Darwin width: In a Bragg reflection geometry,
all the excited tie points lie on the same branch of the
dispersion surface a a given incident angle
Furthermore, no tie points can be excited at the center of
a Bragg reflection, where a gap exists at the diameter
point of the dispersion surfaces. The gap indicates that
no interna traveling waves exist at the exact Bragg
condition and total external reflection isthe only outlet of
the incident energy if absorption isignored. In fact, the
size of the gap determines the range of incident angles at
which the total reflection would occur and this angular
width is usualy called the Darwin width of a Bragg
reflection in perfect crystals. In the case of symmetric
Bragg geometry, it is easy to see from Fig.2 that the full
Darwin width is

Lok _2GAfRR

T kosingg SN2

(13)

Typica values for w are on the order of a few arc-
seconds.

The existence of afinite reflection width w even for a
semi-infinite crystl may seem to contradict the
mathematical theory of Fourier transforms which would
give rise to a zero reflection width if the crystal size is
infinite. In fact this is not the case. A more careful
examination of the situation shows that because of the
extinction the incident beam would never be able to see
thewhole “infinite” crystal. Thusthe finite Darwin width
is a direct result of the extinction effect in dynamical
theory and is needed to conserve the total energy in the
physica system.

(4) X-ray standing waves (XSW): Another important
effect in dynamical diffraction is the x-ray standing
waves (Batterman, 1964). Inside adiffracting crystal, the
total wave fidd intensity is the coherent sum of the O-
beam and the H-beam and is given by (s polarization):

2

D Hpge o™ +Dye | 4D

l+&e—iHX
DO

(14)

Eq.(14) represents a standing wave field with a spatia
period of 2p/[H| which is simply the d-spacing of the

Shen

Bragg reflection. The field amplitude ratio Dy/Dy has
well-defined phases at a and b branches of the dispersion
surface. According to Eq.(12) and Fig.2, we see that the
phase of Dy/D, is ptay a the a branch since xy is
positive and ay at the b branch since x4 is negative,
where ay is the phase of the structure factor Fy and can
be set to zero by a proper choice of rea space origin.
Thus the a mode standing wave has its nodes on the
aomic planes and the b mode standing wave has its
antinodes on the atomic planes.

In Laue transmission geometry, both the a and the b
modes are excited simultaneously in the crysta.
However, the b mode standing wave is attenuated more
strongly because its peak field coincide with the atomic
planes. This is the physica origin of the Borrmann
anomal ous absorption effect.

The standing waves aso exist in the Bragg geometry.
Because of its more recent applications in materias
studies, we will devote a later segment to discuss thisin
some more details.

(5) X-ray birefringence: Being able to produce and
to anayze a generdly polarized electromagnetic wave
has long benefited scientists and researchers in the field
of visible light optics and in studying optical properties of
materials. In the x-ray regime, however, such abilities
have been very limited because of the weak interaction of
x-rays with matter, especially for production and analysis
of circularly-polarized x-ray beams. The situation has
changed significantly in recent years. The growing
interests in studying magnetic and anisotropic electronic
materials by x-ray scattering and  spectroscopic
techniques have initiated many new developmentsin both
the production and the analyses of specialy polarized x-
rays. Theroutinely available high-brightness synchrotron
radiation sources can now provide naturally collimated x-
rays which can be easily manipulated by specia x-ray
optics to generate x-ray beams with its polarization
tunable from linear to circular. Such optics are usually
called x-ray phase plates or phase retarders.

The principles of most x-ray phase plates are based on
the linear birefringence effect near a Bragg reflection in
perfect or nearly perfect crystals due to dynamica
diffraction (Hart, 1978; Belyakov & Dmitrienko, 1989).
Asillustrated in Fig.2, close to a Bragg reflection H, the
lengths of the wavevectors for the s and the p
polarizations are dightly different. The difference can
cause a phase shift D between thes and thep wave fields
to accumulate through the crystal thickness t:
D=(Ks- Ky Jt . When the phase shift D reaches +90°,
circularly polarized radiation is generated, and such a
device is called a quarter-wave phase plate or retarder
(Mills, 1988; Hirano et al. 1991; Giles et al. 1994). In
addition to these transmission-type phase retarders, a
reflection-type phase plate has also been proposed and
studied (Brummer et al. 1984; Batterman, 1992; Shastri
et al. 1995), which has the advantage of being thickness-
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independent. However, it has been demonstrated that the
Bragg-transmission-type phase retarders are more robust
to incident beam divergences and thus are very practica
x-ray circular polarizers. They have been used for
measurements of magnetic dichroism in hard permanent
magnets and other magnetic materials (Giles et al. 1994;
Lang et al. 1995). Recent reviews on x-ray polarizers
and phase plates can be found in articles by Hart (1991),
Hirano, Ishikawa & Kikuta (1995), Shen (1996), and
Malgrange (1996).

Solution of Dispersion Equation

So far we have focused our discussions to the physical
effects that exist in dynamical diffraction from perfect
crystals and have tried to avoid the mathematical details
of the solutions to the dispersion equation, Eq.(7) or (8).
As we have shown, considerable physical insight to the
diffraction processes can be gained without going into
mathematical details. To obtain the diffracted intensities
in dynamical theory, however, the mathematical solutions
are unavoidable. In this segment we will summarize
these results. We will keep the formulae in a generd
complex form so that absorption effects are automatically
taken into account.

The key to solving the dispersion equations Eq.(10) or
(11) is to redize that the internal incident beam K, can
only defer from the vacuum incident beam k, by a small
component K, along the surface normal direction of the

\

D\

n.r=0

n.r=t

Do

Figure 3: Boundary conditions for the wave fields
outside the crystal in (a) Laue case and (b) Bragg case.
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incident surface, which in turnislinearly related to x, or
Xy. Thefina expression reduces to a quadratic equation
for X, or Xy, and solving for X, or x,; aone results in the
following (Batterman & Cole, 1964):

Xo =3k IPIGYIBIFu o 2 h 2 +b/ 1]} *Y, 15

where h is the reduced deviation parameter normalized
to the Darwin’ swidth:

WJ_m Dqo).

Dg =0-qg is the angular deviation from the vacuum
Bragg angle gg, and Dqy is the refraction correction:

G, (1- 1/b)

(o]
Yo" g 2
The dual signs in EQ.(15) correspond to the a and b
branches of the dispersion surface. In the Bragg case,
b<0 so the correction Dqq is always positive, i.e. the g
value at the center of areflection is aways dightly larger
than gg given by the kinematic theory. In the Laue case
the sign of Dgy depends on whether b>1 or b<1. In the
case of absorbing crystals, both h and Dg, can be
complex and the directional properties are represented by
the red parts of these complex variables while their
imaginary parts are related to the absorption given by F”
and w.

Substituting Eq.(15) into Eq.(12) yields the wave field
amplitude ratio inside the crystal asafunction of h:

P iR b eonol?]. o

Diffracted I ntensities

Du _
D

We now employ the boundary conditions to evaluate
the diffracted intensities.

(1) Boundary conditions: In the Laue transmission
case [Fig.3(8)], assuming a plane wave with an infinite
cross section, the field boundary conditions are given by
the following eguations:

{Dlo =Doa +Dop

Entrance surface: | , (17)
§0=Dpa *+ Dpp
. JlDo =Dg, & =" +D, eIKOt')r
Exit surface: | I (18)
fDf=Dyae ¥ +Dype
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In the Bragg reflection case [Fig.3(b)], the field
boundary condition is given by
}Dy =Dg +D
Entrance surface: J|[ 2 *® o , (19)
{ Dh=Dna + Dy
]_De =D e‘iKOa* +D e—iKObx
Back surface: % 0T o D (20)
. Hb

f0=Dy € =" +Dye

In either case, there are six unknowns, Dg,, Doy, Dya,
Duy, Do, Dy, and three pairs of equations, (16), (17),
(18), or (16), (19), (20), for each polarization state. Our
goal is to express the diffracted waves D,° outside the
crystal asafunction of the incident wave Dy,

(2) Intensities in the Laue case: In the Laue
transmission case, we obtain, apart from an insignificant
phase factor, that

mi@l 19 ' @n/h2+19
Dle_| :Dioe 4 gg—0+gHE |bFH Sin 4]
| Fr |

Jh2+1

where A is the effective thickness (complex) that relates
to real thicknesst by (Zachariasen, 1945)

10 1 1 1 1
08}

TN, ] T T T
----- A=0.5

mememm A=q2

P./P,

P./P,

Figure 4. Diffracted intensity P./P, in (a) non-
absorbing Laue case, and (b) absorbing Bragg case,
for several effective thicknesses. The Bragg
reflection in (b) isfor GaAs (220) at | =1.48 A.
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The real part of A is essentialy the ratio of the crystal
thickness to thePendellésung period.

A quantity often measured in experiments is the total
power Py in the diffracted beam, which equals to the
diffracted intensity multiplied by the cross-section area of
the beam. The power ratio P,/P, of the diffracted beam
to the incident beam is given by the intensity ratio,

ID,¢/Dyi P, multiplied by the arearatio, 1/[o|, of the beam

cross-sections:
12
Si ngéwh 2 +1%
2. (21)

2

e _Eml+io
i :i DH =e 2 8% O :_H
R, |bl|Dg Fr ‘h2+]~

A plot of Py/P, versus h is usually called the rocking
curve. Keeping in mind that h can be a complex variable
due essentially to Fy'’, Eqg.(21) is a genera expression
that is valid for both non-absorbing and absorbing
crystals. A few examples of the rocking curves in the
Laue case for non-absorbing crystals are shown in
Fig.4(a).

For thick non-absorbing crystals, A islarge (A>>1) so
the sirf oscillations tend to average to a value equal to
1/2. ThusEq.(21) reducesto asimpleLorentzian shape:

PR 1
P, 2h2+1)

For thin non-absorbing crystals, A<<1, we rewrite
Eq.(21) inthe following form:

. 2

SinfBn o0l
P, _gs'”?‘ﬂgu ésin(Ah )i
=g 0> e q-
R & 4h2«1 g & h @

e t

The above approximation can realized by expanding the
guantities in the square brackets on both sides to third
power and neglecting the A3 term since A<<1. We see
that in this thin crystal limit, the dynamical theory gives
the same result as the kinematic theory. The condition
A<<1 can be restated as the crystal thickness t is much
less than the Pendell6sung period.

(3) Intendties in the Bragg case: In the Bragg
reflection case, we obtain that the diffracted wave field is
given by:

bR | 1

| Bt [ +igh2- 1cot§An/h2 : 1%
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The power ratio P./P, of the diffracted beam to the
incident, often called the Bragg reflectivity, is

Py
PO

Ful 1
|Fal

427
h +i hz-lcot?\/hz-lg

In the case of thick crystals, A>>1, Eq.(19) reducesto

(22)

(23)

The choice of the signs is such that a smaller value of
P,/P, isretained.

On the other hand, for semi-infinite crystals (A>>1),
we can go back to the boundary conditions Egs.(19) and
(20) and ignore the back surface all together. If we then
apply the argument that only one of the two tie points on
each branch of the dispersion surface is physicaly
feasible in the Bragg case because of the energy flow
conservation, we arrive at the following simple boundary
condition:

Dy =D,, D&=Dy.

Using the above equation and Eq.(16), the diffracted
power can be expressed by

5 T T T T T L—

dynamical Laue case
———dynamical Bragg case |
kinematic theory

Ul

10

Figure 5. Comparison of integrated intensities in the
Laue case and the Bragg case with the kinematic
theory.
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PO%FH (24
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Again the signinfront of the square root is chosen so that
Pu/Py isless than unity. Theresult is obvioudly identical
to Eq.(23).

Far away from the Bragg condition, h>>1, Eq.(23)
shows that the reflected power decreases as 1/h®. This
asymptotic form represents the tails of a Bragg reflection
(Andrews & Cowley, 1985) which are aso called the
crystal truncation rod in the kinematic theory (Robinson,
1986). In reciproca space the direction of the tails is
aong the surface normal since the diffracted wavevector
can only defer from the Bragg condition by a component
normal to the surface or interface. More detailed
discussions of the crystal truncation rods in dynamical
theory can be found in Colella (1991), Caticha (1993,
1994) and Durbin (1995).

Examples of the reflectivity curves EQ.(22) for a
GaAs crystal with different thicknesses in the symmetric
Bragg case are shown in Fig.4(b). The oscillationsin the
tailsare entirely due to the thickness of the crystal. These
modulations are routinely observed in x-ray diffraction
profiles from semiconductor thin films on substrates and
can be used to determine the thin film thickness very
accurately (Fewster, 1996).

(4) Integrated intensities: The integrated intensity
R,"in the reduced h units is given by integrating the
diffracted power ratio P,/P, over the entireh range.

For non-absorbing crystals in the Laue case, in the
limiting cases of A<<1 and A>>1, RHh can be calculated
anaytically as (Zachariasen, 1945)

Fﬂ:t‘)a&%h:}'pp\’ A<<1
xR g ip/2. A>>1

For intermediate values of A or for absorbing crystals, the
integral can only be calculated numericaly. A generd
plot of Ry" versus A in the non-absorbing case is shown
in Fig.5 asthe dotted line.

For non-absorbing crystals in the Bragg case, Eq.(22)
can beintegrated analytically (Darwin, 1922) to yield

A<<1
A>>1

¥ . R
R, = ofi5n =p tan(y = [P
_¥ PO o 1P.
A plot of the integrated power in the symmetric Bragg
case is shown in Fig.5 as the solid curve. Both curvesin
Fig.5 show a linear behavior for small A, which is
consistent with thekinematic theory.
Using the definitions of h and A, we obtain that the
integrated power R, over the incident angle g in the
limit of A<<1isgiven by
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V. sin2gg
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which is identica to the integrated intensity in the
kinematic theory for a small crystal (Warren, 1969).
Thus in some sense the kinematic theory is a limiting
form of the dynamical theory, and the departures of the
integrated intensities at larger A values (Fig.5) is simply
the effect of primary extinction. Inthethick crystal limit
A>>1, the grintegrated intensity R.% in both Laue and
Bragg cases is linear in Fy|. This linear rather than
quadratic dependence on |Fy| is a distinct and
characterigtic result of dynamical diffraction.

Standing Waves

Aswe discussed earlier, near or at a Bragg reflection,
the wave field amplitudes, Eq.(14), represent sanding

XSW Intensity

Phase

Figure 6: XSW intensity and phase as a function of
reduced angular parameter h, along with reflectivity
curve, calculated for a semi-infinite GaAs (220)
reflection at 1.48 A.
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waves insgde the diffracting crystal. In the Bragg
reflection geometry, as the incident angle increases
through the full Bragg reflection, the selected tie points
shift from a branch to b branch. Therefore the nodes of
the standing wave shift from on the atomic planes (r=0)
to in-between the aomic planes (r=d/2) and the
corresponding antinodes shift from in-between to on the
atomic planes.

For a semi-infinite crystal in the symmetric Bragg
case and s -polarization, the standing wave intensity can
be written as, using Egs.(14), (16) and (24):

1+ iei(nhaH— Hx)
R

where n is the the phase of h +4h?-1 and ay is the

phase of the structure factor Fy, assuming absorption is
negligible. If we define the diffraction plane by choosing
an origin such that a,, is zero, then the standing wave
intensity as a function of h is determined by the phase
factor Hxr with respect to the origin chosen and the d-
spacing of the Bragg reflection (Bedzyk & Materlik,
1985). Typical standing wave intensity profiles given by
Eq.(25) are shown in Fig.6. Also shown in Fig.6 are the
phase variable n and the corresponding reflectivity curve.

A x-ray standing wave profile can be observed by
measuring the x-ray fluorescence from atoms embedded
in the crystal structure since the fluorescence signa is
directly proportiona to theinternal wave field intensity at
the atom position (Batterman, 1964). By andyzing the
shape of a fluorescence profile the position of the
fluorescing atom with respect to the diffraction plane can
be determined. A detailed discussion of noda plane
position shifts of the standing waves in general absorbing
crystas has been given by Authier (1986).

The standing wave technique has been used to
determine foreign atom positions in bulk materials
(Batterman, 1969; Golovchenko et al. 1974; Lagomarsino
et al.,, 1984; Kovalchuk & Kohn, 1986). Most recent
applications of the XSW technique have been the
determination of foreign atom positions, surface
relaxations and disorders a crysta surfaces and
interfaces (Durbin et al 1986; Zegenhagen et al 1988;
Bedzyk et al. 1989; Martines et al. 1992; Fontes et al.
1993; Franklin et a. 1995; Lyman & Bedzyk, 1997). By
measuring standing wave patterns for two or more
reflections (either separately or simultaneously) along
different crystallographic axes, atomic positions can be
triangulized in space (Berman et al. 1987; Greiser &
Materlik, 1986). More details of the XSW tehcnique can
be found in recent reviews given by Patel (1996) and
Lagomarsino (1996).

The formation of x-ray standing waves is hot
restricted to wide-angle Bragg reflections in perfect

2
: (25)
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crystals. Bedzyk et al. (1988) has extended the technique
to the regime of specular reflections from mirror surfaces,
in which case both the phase and the period of the
standing waves vary with the incident angle. Standing
waves have aso been used to study the spatia
distribution of atomic species in mosaic crystals (Durbin,
1988) and in quasicrystals (Chung & Durbin, 1995; Jack
et al, 1997). Due to a substantial (although imperfect)
standing wave formation, anomalous transmission has
been observed on the strongest diffraction peaksin nearly
perfect quasicrystals (Kyciaet al., 1993).

V. MULTIPLE-BEAM DIFFRACTION

So far we have restricted our discussion to diffraction
cases in which only the incident beam and one Bragg
diffracted beam are present. There are experimenta
situations, however, in which more than one diffracted
beams may be significant and therefore the two-beam
approximation is no longer valid. These situations
involve multiple-beam diffraction and are dealt with in
this Section.

Basic Concepts

Multiple-beam diffraction occurs when several sets of
atomic planes satisfy the Bragg' s laws simultaneously. A
convenient way to redlize this is to excite one Bragg
reflection H and then rotate the crystal around the

Figure 7: lllustration of a 3-beam diffraction case
involving O, H, and L, in rea space (upper) and
reciprocal space (lower).
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diffraction vector H. While the H reflection is dways
excited during such a rotation, it is possible to bring
another set of atomic planes, L, into its diffraction
condition and thus to have multiple-beam diffraction
process. The rotation around the scattering vector H is
defined by an azimutha angle, y. For x-rays, multiple-
beam diffraction peaks excited in this geometry was first
observed by Renninger (1937) and often these multiple
reflection peaks are also called the Renninger peaks. For
eectrons, multiple-beam diffraction situations exist in
amost al cases because of the much stronger interactions
between electrons and atoms.

Asshown in Fig.7, if atomic planesH and L are both
excited at the same time, then there is aways another set
of planes, H-L, adso in diffraction condition. The
diffracted beam k, by L reflection can be scattered again
by the H- L reflection and this doubly diffracted beam is
in the same direction as the H-reflected beam k. In this
sense, the photons (or particles) in the doubly diffracted
beam have been through a“ detour” route compared to the
singly diffracted photons (particles) by the H reflection.
We usually call H the main reflection, L the detour
reflection, and H- L the coupling reflection.

Depending on the strengths of the structure factors
involved, a multiple reflection can cause either an
intensity enhancement (peak) or reduction (dip) in the
two beam intensity of H. A multiple reflection peak is
commonly called the Umweganregung (‘detour’ in
German) and a dip is called the Aufhdlung. The former
occurs when H is relatively weak and both L and H- L
are strong, while the latter occurs when both H and L are
strong and H- L is weak. A semi-quantitative intensity
caculation can be obtained by total energy baancing
among the multiple beams, as worked out by Moon &
Shull (1964) and Zachariasen (1965).

In most experiments, multiple reflections are simply
the nuisance that one tries to avoid since they cause
inaccurate intensity measurements. In the last two
decades, however, there have been renewed and
increasing interests in multiple-beam diffraction because
of its promising potential as a physical solution to the
well-known phase problem in diffraction and
crystallography. The phase problem refers to the fact
that the data collected in a conventiona diffraction
experiment are the intensities of the Bragg reflections
from a crystal, which are related only to the magnitude of
the structure factors, and the phase information is lost.
This is a classic problem in diffraction physics and its
solution remains to be the most difficult part of a
structure determination of materias, especialy for
biological macromolecular crystals. Due to an
interference effect among the simultaneously excited
Bragg beams, multiple-beam diffraction contains the
direct phase information on the structure factors involved
and therefore can be used as a way to solve the phase
problem.

The basic idea of using multiple-beam diffraction to
solve the phase problem was first proposed by Lipcomb
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(1949), and was first demonstrated by Colella (1974) in
theory and by Post (1977) in an experiment on perfect
crystals. The method was then further developed by
several groups (Chapman, Yoder & Colella, 1981,
Chang, 1982; Schmidt & Colella, 1985; Shen & Colella,
1987; 1988; Hummer, Weckert & Bondza, 1990) to show
that the technique can be applied not only to perfect
crystals but also to real, mosaic crystals. Recently, there
have been considerable efforts to apply the multi-beam
diffraction to large unit-cdl inorganic and
macromolecular crystals (Lee & Colella, 1993; Chang et
al., 1991; Hummer, Schwegle & Wechert, 1991;
Wechert, Schwegle & Hummer, 1993). Progress in this
area has been amply reviewed by Chang (1984, 1992),
Coldla (1995, 1996), and Weckert & Hummer (1997). A
recent experimental innovation in reference-beam
diffraction (Shen, 1998) allows parallel data-collection of
three-beam interference profiles using an area detector in
a modified oscillation-camera setup, and makes it
possible to measure the phases of a large number of
Bragg reflectionsin arelatively short time period.

Theoretical treatment of multiple-beam diffraction is
considerably more complicated than the two-beam
theory, as evidenced by some of the early works (Ewad
& Heno, 1968). Thisis particularly so in the case of x-
rays because of mixing of s and p polarization statesin a
multiple-beam diffraction process. In 1974, based upon
his earlier work for electron diffraction (1972), Colella
developed a full dynamical theory procedure for
multiple-beam diffraction of x-rays (1974) and a
corresponding computer program called NBEAM. With
Coldla's theory, multiple-beam dynamica calculations
have become more practical and more easily performed.
On today’ s powerful computers and software and for not
too many beams, the NBEAM program can be run in an
amogt trivial fashion, even on personal computers. We
will outline the principles of the NBEAM procedure in
the next segment.

NBEAM Theory

The fundamental equations for multiple-beam x-ray
diffraction are the same as those in the two-beam theory,
before the two-beam approximation is made. We can go
back to Eq.(3), expand the double cross product, and
rewriteit in thefollowing form:
é2
&k _

% ol

(1+GFO)LD,+Ga Flus U 0,) (26)

(1) Eigenequation for D-field components In order
to properly express the components of al wavefield
amplitudes, we define a polarization unit-vector
coordinate system for each wavej:
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Ki/IK; |
sj=u;" n/lu;” n|,
P =U;’s;

where n isthe surface normal. Multiplying Eq.(26) by s;
and p; yields

2

;EO (1+G:o)uD|s_GaF|J[(S x5,)D;s + (P, *S,)Dyp
i

é 2

g_ (1+G:O)UD|p Ga F|J[(s >1)|)D]s (p m|)DJp]
I

(27)

(2) Matrix form of the eigenequation: For an N-
beam diffraction case, the above equation can be written
in a matrix form if we define a 2Nx1 vector D=(Ds, -,
Dns, Dip, **+, D), @ 2Nx2N diagonal matrix Tj; with
Ti=ko/K? (i=j) and T;=0 (i]), and a 2Nx2N generd
matrix A;; that takes all the other coefficients in front of
the wave field amplitudes. Matrix A is Hermitian if
absorption is ignored, or symmetric if the crysta is
centrosymmetric. EQ.(28) then becomes

(T+A)D=0.

Thiseguation isequivalent to

&_1+A_1)Q=0-

Strictly speaking the eigenvectorsin EQ.(29) are actualy
the E-fields: E=T°D. However D and E are exchangeable
asdiscussed in Section 1.

To find non-trivia solutions of EQ.(29), we need to
solve the secular eigenvalue equation

(29)

'1‘ =0, (30)

with Ty '=K/ky’ (i5j) and T *=0 (il ). We can write K;?

in the foom of its norma (n) and tangential (t)
componentsto the entrance surface:

+k2

2 —
Kj -(K0n+Hin it

which is essentially the Bragg's law together with the
boundary condition that Kj; = k;.
(3) Strategy for numerlcal solutions:  Treating

m° Ky/ko as the only unknown, Eq.(30) takes the
following matrix form:

(31)
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where Bj=- (2H;\/k))d; is a diagonal matrix and
Ci=(AY+di(Hi +k)k’.  Eq.31) is a quadratic
eigenequation to which no computer routines are readily
available for solving it. Colella in 1974 employed an
ingenious method to show that Eq.(29) is equivaent to
solving the following linear eigenva ue problem:

B -Coo_ o
& 0aDp  &Dg

(32)
where| isaunit matrix, and D’=nD which is a redundant
2N vector with no physical significance.

Eq.(32) can now be solved with standard software
routines that deal with linear eigenvalue equations. Itisa
AN" order equation for Ko, and thus has 4\ solutions,
denoted as KOH', I=1, ..., 4N. For each eigenvaue Kg,,
there is a corresponding 2N-eigenvector that is stored in
D, which now is a 2Nx4N matrix and its element labeled
D initstop Nrowsand D, in its bottom N rows.
These wave field amplitudes are evaluated at this point
only on arelative scale, similar to the amplitude ratio in
the two-beam case.  For convenience, each 2N-
eigenvector can be normalized to unity:

Nan |
6@%
]

In terms of the eigenvalues KOn' and the eigenvectors
D/=(D;s, D;,), a genera expression for the wave field
inside the crystal is given by

) .
+‘D'jp‘ 9=1.
2

v
Dr)=4qaDie"",
I

where K/=Ko+H, and g's (I=1, ..., 4N) are the
coefficients to be determined by the boundary conditions.

(4) Boundary conditions: In general, it isnot suitable
to distinguish the Bragg and the Laue geometries in
multiple-beam diffraction situations since it is possible to
have an internal wavevector paralel to the surface and
thus the distinction would be meaningless. The best way
to treat the situation, as pointed out by Colella (1974), is
to include both the back-diffracted and the forward-
diffracted beamsin vacuum, associated with each internal
beam j. Thus for each beam j, we have two vacuum
waves defined by ky= kjn(ks- ki’)*, where again the
subscript t stands for the tangentiad component.
Therefore for an N-beam diffraction from a parallel
crystal dab, we have atogether 8N unknowns: 4N ¢’ s for
the field inside the crystal, 2N wave field components of
D.;* above the entrance surface, and 2\ components of
the wave field D;° below the back surface.
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Figure 8: (@) Calculated reflectivity using NBEAM for
the three-beam case of GaAs (335)/(551), as a function
of Bragg angle g and azimuthal angley. (b)
Corresponding integrated intensities versus y (open
circles). The solid-line-only curve corresponds to the
profilewith an artificia phase of p added in the
calculation.
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The 8N equations needed to solve the above problem

are fully provided by the general boundary conditions

ol

Egs.(7). Insidethe crystal we have Ej= 4, g, D!, g ¥
andHj=u;” E;, where thesum is over all eigenvalues| for
each j-th beam. (We note that in Colella's origind
formalism converting D; to E; is not necessary since
Eq.(29) isalready for E;. Thisis aso consistent with the
omissions of all longitudina components of E-fields,
after eigenvalue equation is obtained, in dynamical
theory.) Outside the crystal, we have D;° at the back
surface and D_;° plus incident beam D,' at the entrance
surface.  These boundary conditions provide 8 scalar
equations for each beam j, and thus the 8N unknowns can
be solved for as afunction of Dy'.

(5) Intensity computations: Both the reflected and
the transmitted intensities, | and |;, for each beam j can
be calculated by taking 1,=[D;°f/|D, . We should note
that the whole computational procedure described above
only evauate the diffracted intensity at one crystal
orientation setting with respect to the incident beam. To
obtain meaningful information, the computation is
usualy repeated for a series of angular settings of the
incident angle q and the azimuthal angley . An example
of such two-dimensional calculations is shown in
Fig.8(a), which is for a 3-beam case, GaAs (335)/(551).
In many experimental situations, the intensities in the q
direction is usualy integrated either purposely or because
of the divergence in the incident beam. In that case the
integrated intensities versus the azimuthal angle y is
plotted, as shown in Fig.8(b).

Second-Order Born Approximation

From the last segment, we see that the integrated
intensity as a function of azimuthal angle usualy displays
an asymmetric intensity profile, due to the multiple-beam
interference. The asymmetry profile contains the phase
information about the structure factors involved.
Although the NBEAM program provides full account for
these multiple-beam interferences, it is rather difficult to
see the physical insight of the process and the structural
parametersit depends on.

In the past decade or so, there have been severd
approximate approaches for multiple-beam diffraction
intensity calculations, based on Bethe approximations
(Bethe, 1928; Juretschke, 1982; 1984; 1986; Hoier &
Marthinsen, 1983), second-order Born approximation
(Shen, 1986), Takagi-Taupin differentia equations
(Thorkildsen, 1987), and an expanded distorted-wave
approximation (Shen, 1999b, 2000). In most of these
approaches a modified two-beam structure factor can be
defined so that integrated intensities can be obtained
through the two-beam equations. In the following we
will discuss only the second-order Born approximation
(for x-rays) since it provides the most direct connection
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to the two-beam kinematical results. The expanded
distorted-wave theory is outlined at the end of this Unit
following the standard distorted-wave theory in surface
scattering.

To obtain the Born approximation series, we
transform the fundamental equation (2) into an integral
equation by using the Green's function and obtain the
following:

e ik0|r-r<{~ .
©—N¢ N [der9D(r)],

Ir-r¢

D(r) :D<°>(r)+$wr
(33)

where DO(r)=Dye™" is the incident beam. Since de is
small, we can calculate the scattered wave field D(r)
iteratively using the perturbation theory of scattering
(Jackson, 1975). For first-order approximation, we
substitute D(r’) in the integrand by the incident beam
D(r), and obtain a first-order solution DP(r). This
solution can then be substituted into the integrand again
to provide a second-order approximation, D(r), and so
on. The sum of all these approximate solutions givesrise
to the true solution of EQ.(33):
D(r):D(O)(r)+D(1)(r)+D(2)(r)+><><><. (39
Thisisessentially the Born seriesin quantum mechanics.
Assuming that the distance r from the observation
point to the crystal is large compared to the size of the
crystal (far field approximation), it can be shown (Shen,
1986) that the wave field of the first-order approximation
isgiven by
- ikor

D®(r) =Nr,Fyu” (u” DO)e

: (35)
r
where N is the number of unit cells in the crystal, and
only one set of atomic planes H satisfies the Bragg's
condition, kou =ky+H , with u being a unit vector.
Eq.(35) isidentical to the scattered wave field expression
in the kinematic theory, which is what we expect from
the first order Born approximation.

To evaluate the second-order expression, we cannot
use Eq.(35) as D™ since it is valid only in the far field.
The original form of D® with the Green's function has to
be used. For detailed derivations we refer to Shen’s
article (1986). The final second-order wave field D is
expressed by

.ikor é , - U
D(Z):-Nree u’@’GéFH_LFLw:_
e L ki-ki @

(36)
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It can be seen that D is the detoured wave field
involving L and H-L reflections, and the summation
over L represents a coherent superposition of al possible
3-beam interactions. The relative strength of a given
detoured wave is determined by its structure factors and
is inversely proportional to the distance k,>-k 2 of the
reciprocal lattice nodeL from the Ewald sphere.

The total diffracted intensity up to second order in G
is given by a coherent sum of D and D®:

| :‘D(l) +D®@ ‘2

=|Nre

L FH k(?- kE

(37)

Eq.(37) provides an approximate analytical expression
for multiple-beam diffracted intensities and represents a
modified two-beam intensity influenced by multiple-
beam interactions. The integrated intensity can be
computed by replacing Fy in the kinematic intensity
formula by a‘modified structure factor’ defined by

& FoooFL k" (k" Dy)
F.D-® F D_(;é H-L' L L L 0
H>~0 H§O . FH koz-kf

8
2

Often in practice, multiple-beam diffraction intensities
are normalized to the corresponding two-beam values. In
this case EQ.(37) can used directly since the prefactorsin
front of the square brackets will be canceled out. It can
be shown (Shen, 1986) that Eq.(37) gives essentially the
same result as the NBEAM, as long as the full 3-beam
excitation points are excluded, indicating that the second-
order Born approximation is indeed a valid approach to
multiple-beam diffraction simulations. Eq.(37) becomes
divergent at the exact three-beam excitation point ky=k, .
However, the singularity can be avoided numericaly if
we take into account absorption by introducing an
imaginary part in thewavevectors.

Special Multi-Beam Effects

The second-order Born approximation not only
provides an efficient computational technique, but also
allows one to gain substantial insight to the physics
involved in amultiple-beam diffraction process.

(1) 3-beam interactions as the leading dynamical
effect: The successive terms in the Born series Eq.(34)
represent different levels of multiple-beam interactions.
For example, D is simply the incident beam (©), D®
consists of two-beam (©, H) diffraction, D? involves
three-beam (O, H, L) interactions, and so on. EQ.(36)
shows that even when more than three beams are
involved, the individual three-beam interactions are the
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dominant effects than higher-order-beam interactions.
This conclusion is very important to computations of N
beam effects when N is large. It can greatly simplify
even the full dynamica calculations using NBEAM, as
shown by Tischler & Batterman (1986). The new
multiple-beam interpretation of the Born series adso
implies that the three-beam effect is the leading term
beyond the kinematic first-order Born approximation and
thus is the dominant dynamica effect in diffraction. Ina
sense, the three-beam interactions (O=>L=>H) are even
more important than the multiple scattering in the two-
beam case since it involves O=>H=>0=>H (or higher-
order) scattering which is equivalent to a four-beam
interaction.

(2) Phase information: EQ.(37) shows explicitly the
phase information involved in the multiple-beam
diffraction. The interference between the detoured wave
D® and the directly scattered wave D™ depends on the
relative phase difference between the two waves. This
phase difference is equal to phase n of the denominator,
plus the phase triplet d of the structure factor phasesa .,
a, anday:

d=a, +ta -ay.

It can be shown that although the individua phases a,.,,
a, and a,, depend on the choice of origin in the unit cell,
the phase triplet d does not and is therefore caled the
invariant phase triplet in crystallography. The resonant
phase n depends on whether the reciprocal node L is
outside (Ki<k,) or inside (k;>k,) the Ewad sphere. As
the diffracting crystal is rotated through a three-beam
excitation, n changes by p since L is swept through the
Ewald sphere. This phase change of p in addition to the
constant phase triplet d is the cause for the asymmetric 3-
beam diffraction profiles and allows one to measure the
structural phased in a diffraction experiment.

(3) Polarization mixing: For non-coplanar multiple-
beam diffraction cases, i.e. L not in the plane defined by
H and ko, there is in general a mixing of the s and p
polarization states in the detoured wave (Shen, 1991;
1993). This meansthat if the incident beam is purely s -
polarized, the diffracted beam may contain a p-polarized
component in the case of multiple-beam diffraction,
which does not happen in the case of two-beam
diffraction. It can be shown that the polarization
properties of the detour-diffracted beam in a 3-beam case
isgoverned by the following 2x2 matrix:

k- (Loso)’ - (Lso)Lopo) 9
kePL s ) K Py Po) - kP W(L Po)g

The off-diagonal elementsin A indicate the mixing of the
polarization states.
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The polarization mixing, together with the phase-
sensitive multiple-beam interference, provides an unusual
coupling to the incident beam polarization state,
especidly when the incident polarization contains a
circularly polarized component. The effect has been used
to extract acentric phase information and to determine
noncentrosymmetry in quasicrystals (Shen & Finkelstein,
1990; Zhang et d. 1997). Using a known noncentro-
symmetric crystal such as GaAs, the same effect provides
away to measure the degree of circular polarization and
can be used to determine al Stokes polarization
parameters for an x-ray beam (Shen & Finkelstein, 1992;
1993; Shen, Shastri & Finkelstein, 1995).

(4) Multiple-beam standing waves Theinterna field
in the case of multiple-beam diffraction is a three-
dimensiona standing wave. This 3-D standing wave can
be detected, just like in the two-beam case, by observing
x-ray fluorescence signals (Greiser & Matrlik, 1986), and
can be used to determine the 3-D location of the
fluorescing atom similar to the method of triangulation by
using multiple separate two-beam cases. Multiple-beam
standing waves are aso responsible for the so-called
super-Borrmann effect because of additional lowering of
the wave filed intensity around the aomic planes
(Borrmann & Hartwig, 1965).

Polarization Density Matrix

If the incident beam is partially polarized, i.e. it
includes an unpolarized component, calculations in the
case of multiple-beam diffraction can be rather
complicated. One can simplify the algorithm a great deal
by using a polarization density matrix as in the case of
magnetic x-ray scattering Blume & Gibbs, 1988). A
polarization matrix is defined by

_1zl+R  P- iR
"Taein 1R
where (P;, P,, P3) are the normalized Stokes-Poincare
polarization parameters (Born & Wolf, 1983) that
characterize the s and p linear polarization, +45° tilted
linear polarization, and left- and right-handed circular
polarization, respectively.

A polarization-dependent scattering process, where
the incident beam (Dqs, Dqp) is scattered into (Dys, Dyp),
can be described by a2x2 matrix M whose elements Mg,
Msp, Mps and M, represent the respective s=>s, s=>p,
p=>s, and p=>p scattering amplitudes:

aDHs;(.jzeé/lss Mps'g'*DOSQ
gDHpb Msp MppﬁDopb

It can be shown that with the density matrix r and
scattering matrix M, the scattered new density matrix r
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is given by . :M[MT, where MT is the Hermitian

conjugate of M. The scattered intensity 1 is obtained by
calculating the trace of the new density matrix:

Iy :Tr(r_H).

This equation is valid for any incident beam polarization,
including when the beam is partialy polarized. We
should note that the method is not restricted to dynamical
theory and is widely used other physics fields such as
guantum mechanics. In the case of multiple-beam
diffraction, matrix M can be evaluated using either the
NBEAM program or one of the perturbation approaches.

V. GRAZING-ANGLE DIFFRACTION

Grazing incidence diffraction (GID) of x-rays or
neutrons refers to situations where either the incident or
the diffracted beams form asmall angle less or around the
critical angle of a well-defined crystal surface. In these
cases both a Bragg diffracted beam and a specular
reflected beam can occur simultaneously. Although there
are only two beams, O and H, inside the crystal, the usual
two-beam dynamical diffraction theory can not be
applied to these situation without some maodifications
(Afanasev & Melkonyan, 1983; Cowan et a. 1986;
Hoche et a. 1986). These gspecia considerations,
however, can be automatically taken into account in the
NBEAM theory discussed in the last Section, as shown
by Durbin & Gog (1989).

A GID geometry may include the following
situations: () specular reflection, (ii) coplanar grazing
incident diffraction involving highly asymmetric Bragg
reflections, and (iii) grazing incident diffraction in an
inclined geometry. Because of the substantial decreasein
the penetration depths of the incident beam in these
geometries, there have been wide-spread applications of
GID using synchrotron radiation in recent years in
materials studies of surface structures (Marra,
Eisenberger & Cho, 1979), depth-sensitive disorders and
phasetransitions (Dosch, 1992; Rhan et al. 1993; Rose et
a., 1997; Krimme et al., 1997), and long-period
multilayers and superlattices (Barbee & Warberton, 1984;
Salditt et a. 1994). We devote this section first to
discuss the basic concepts in the GID geometries. A
recent review on these topics has been given by Holy
(1996). Inthelast segment of this section we present the
principle of a distorted wave Born approximation
(Vineyard, 1981; Dietrich & Wagner, 1983; 1984; Sinha
et al. 1988), which provides a bridge between the
dynamica Fresnel’s formula and the kinematic theory of
surface scattering of x-rays and neutrons.
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Specular Reflectivity

It is straightforward to show that the Fresnel’ s optical
reflectivity, which is widely used in studies of mirrors
(e.g. Bilderback, 1981), can be recovered in the
dynamical theory for x-ray diffraction. We recall that in
the case of one-beam, the solution to the dispersion
equation is given by Eq.(4). Assuming a semi-infinite
crystal and using the general boundary condition Eqs.(7),
we have the following equations across the interface:

Dj + DE =Dy
kosinq(D{)- Dg‘): Kosing®,

whereq and q’ are the incident angles of the external and
the internal incident beams (Fig.1b). Using Eq.(4) and
the fact that K, and k, can differ only by a component
norma to the surface, we arrive a the following wave
field ratios (for small angles):

DS qg-492-92
o —0=2_VI “dc (383)
Do q++492-q2
D
o 0 = al (38b)

tp° 2=
Do q+4g°-q¢

with the critical angle defined as q=(G,)">. For most
materials g, is on the orders of a few milliradians. In
general, g. can be complex in order to take into account
absorption. Obviously Egs.(38) gives the same reflection
and transmission coefficients as the Fresnel’'s theory in
visible optics (see, e.g. Jackson, 1975). The specular
reflectivity R is given by the square of the magnitude of
Eq.(383): R=]rof’, while fof of Eq.(38b) is the internal
wave field intensity at the surface. An example of |of
and [tof isshown in Fig.9(a,b) for a GaAs surface.

At g>>q., qin EQgs.(38) should be replaced by the
origina sing and the Fresnel reflectivity fof varies as
1/(2sinq)*, or as /g with g being the momentum transfer
normal to the surface. This inverse-fourth-power law is
the same as that derived in kinematic theory (Sinha et al.
1988) and in the theory of small-angle scattering (Porod,
1952; 1982). At first glance the 1/q* asymtotic law is
drastically different from the crystal truncation rod 1/cf
behavior for the Bragg reflection tails. A more careful
inspection shows that the difference is due to the integral
nature of the reflectivity over a more fundamental
physical quantity called differential cross-section, ds/dw,
which is defined as the incident flux scattered into a
detector area that forms a solid angle dw with respect to
the scattering source. In both Fresnel reflectivity and
Bragg reflection cases, ds/dW ~ 1/¢f* in reciprocal space
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units. Reflectivity calculations in both cases involve
integrating over the solid angle and converting the
incident flux into an incident intensity, each would give
rise to a factor of 1/sinq (Sinha et al. 1988). The only
difference now is that in the case of Bragg reflections,
this factor is simply 1/sinqg, which is a constant for a
given Bragg reflection, whereas for Fresnel reflectivity
cases sing~q resulting in an additional factor of 1/cf.

Evanescent Wave

When g<q,, the norma component K, of the interna
wavevector K, is imaginary so that the x-ray wavefield
inside the material diminishes exponentially as afunction
of depth, as given by

DO(I’) :toe—lm(KOH)rne—ika[ , (39)
where t; is given by EQq.(38b) and r, and r, are the
respective coordinates normal and parallel to the surface.

The characteristic penetration depth t (1/e vaue of the
intensity) is given by t=1/[2Im(Ky)]. A plot of t as
function of incident angle q is shown in Fig.9(c). In
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Figure 9: (a) Fresnel’s reflectivity curve for a GaAs
surface at 1.48 Angstroms. (b) Intensity of the
interna field at the surface. (c) Penetration depth in
Angstroms.
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genera, a penetration depth (known as skin depth) as
short as 10-30 A can be achieved with Fresnel’s specular
reflection when g<q.. The limit at g=0 is simply given
by t=I/(4pqy with | being the x-ray wavelength. This
makes the x-ray reflectivity-related measurement a very
useful tool for studying surfaces of various materials.

At g>q. t becomes quickly dominated by true
photoelectric absorption and the variation is simply
geometrical. The large variation of t around g~g. forms
the basis for such depth-controlled techniques as x-ray
fluorescence under total externa reflection (de Boer,
1991; Hoogenhof & de Boer, 1994), grazing-incidence
scattering and diffraction (Dosch, 1992; Lied et a. 1994,
Dietrich & Hasse, 1995; Gunther et al. 1997), and
grazing-incidence x-ray standing-waves (Jach et al. 1989;
Hashizume & Sakata, 1989; Jach & Bedzyk, 1993).

Multilayersand Superlattices

Synthetic multilayers and superlattices usualy have
long periods of 20-50 A. Since the Bragg angles
corresponding to these periods are necessarily small in an
ordinary x-ray diffraction experiment, the superlattice
diffraction peaks are usually observed in the vicinity of
specular reflections. Thus dynamical theory is often
needed to describe the diffraction patterns from
multilayers of amorphous materials and superlattices of
nearly perfect crystals.

A computational method to calculate the reflectivity
from a multilayer system was first developed by Parratt
(1954). In this method, a series of recursive equations on
the wave field amplitudes is set up, based on the
boundary conditions at each interface. Assuming that the
last layer is a substrate that is sufficiently thick, one can
find the solution of each layer backwards and finally
obtain the reflectivity from the top layer. For details of
this method we refer the readers to Parratt’s origina
paper (1954) and to a more recent matrix formalism
reviewed by Holy (1996).

It should be pointed out that near the specular region,
theinternal crystalline structures of the superlattice layers
can be neglected, and only the average density of each
layer would contribute. Thus the reflectivity calculations
for multilayers and for superlattices are identical near the
specular reflections.  The crystaline nature of a
superlattice needs to be taken into account near or at
Bragg reflections. With the help of Takagi-Taupin
equations, lattice mismatch and variations aong the
growth direction can also be taken into account, as shown
by Bartels, Hornstra, and Lobeek (1986). By treating a
semi-infinite single crystal as an extreme case of a
superlattice or multilayer, one can caculate the
reflectivity for the entire range from specular to al of the
Bragg reflections aong a given crystalographic axis
(Caticha, 1994).
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X-ray diffraction studies of lateraly structured
superlattices with periods of ~0.1-1 nm, such as surface
gratings and quantum wire and dot arrays, have been of
much interests in the materials society in recent years
(Bauer et al. 1996; Shen, 1996). Most of these studies
can be dedt with using kinematic diffraction theory
(Aristov et d., 1986), and a rich amount of information
can be obtained such as feature profiles (Shen et d.,
1993; Darhuber et al., 1994), roughness on side wall
surfaces (Darhuber et al., 1994), imperfections in grating
arrays (Shen et al., 1996), size-dependent strain fields
(Shen e d., 1996), and dtrain gradients near the
interfaces (Shen & Kycia, 1997). Only in the regimes of
total external reflection and grazing incidence diffraction,
dynamical treatments are necessary as demonstrated by
Tolan et d. (1992, 1995) and by Darowski et al. (1997).

Grazing Incidence Diffraction

Since most grazing incidence diffraction experiments
are performed in the inclined geometry, we will focus
only on this geometry and refer the highly asymmetric
cases to the literature (Hoche et d., 1988; Kimura &
Harada, 1994; Holy, 1996).

In an inclined grazing incidence diffraction
arrangement, both the incident beam and the diffracted
beam form a small angle with respect to the surface, as
shown in Fig.10(a), with the scattering vector parallel to
the surface. This geometry involves two internal waves
O and H, and three externa, incident O, specular
reflected O, and diffracted H, beams. With proper
boundary conditions, the diffraction problem can be
solved analyticaly as shown by several authors
(Afanasev & Melkonyan, 1983; Cowan et da., 1986;
Hoche et al. 1986; Hung & Chang, 1989; Jach et a.
1989). Durbin and Gog (1989) have applied the NBEAM
program to the GID geometry.

A characteristic dynamical effect inthe GID geometry
is a double-critical-angle phenomenon due to the
diameter gap of the dispersion surface for the H-
reflection.  This can be seen intuitively from simple
geometric considerations. Inside the crystal, only two
beams, O and H, are excited and thus the usual two-beam
theory described in Section 111 applies. The dispersion
surface inside the crystal is exactly the same as shown in
Fig.2(a). The only difference is the boundary condition.
In the GID case, the surface normal is perpendicular to
the page in Fig.2 and therefore the circular curvature out
of the page needs to be taken account. For simplicity we
consider only the diameter points on the dispersion
surface for one polarization state. A cut through the
diameter points L and Q in Fig.2 is schematically shown
in Fig.10(b), which consists of three concentric circles
representing the revolutionary hyperboloids, a and b
branches, and the vacuum sphere a point L. At very
small incident angles, we see that no tie points can be
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Figure 10: (a) Schematic of the grazing incidence
diffraction geometry. (b) A cut through the diameter
points of the dispersion surface.

excited and only total specular reflection can exist. As
theincident angleincreases so that f >f 2, a tie points are
excited but b-branch remains extinguished.  Thus
specular reflectivity would maintain alower plateau, until
f>f 2 when both a and b modes can exist inside the
crystal. Meanwhile the Bragg reflected beam should
have been fully excited when f 2<f <f 2. but because of
the partial specular reflection its diffracted intensity is
much reduced. These effects can be clearly seen in the
example shown in Fig.11l which is for a Geg(220)
reflection with a (1-11) surface orientation.

If the Bragg's condition is not satisfied exactly, then
the circle labeled L in Fig.10(b) would be split into two
concentrical ones representing the two spheres centered
a O and H respectively. We then see that the exit take-
off angles can be different for the reflected O beam and
the diffracted H beam. With a position-sensitive linear
detector and a range of incident angles, angular profiles
(or rod-profiles) of diffracted beams can be observed
directly, which can provide depth-sensitive structura

Shen

1.0 = T T T T
08k R Specular reflection | |
Bragg reflection
2
s 06f il
©
2
©
x 04f b
02 7
0.0 T S
0.0 0.1 0.2 0.3 0.4

Incident Angle o (deg)

Figure 11: Specular and Bragg reflectivity at the
center of the rocking curve for the Ge (220)
reflection with a (1-11) surface orientation.

information near a crystal surface Dosch et al. 1986,
Bernhard et al. 1987).

Distorted-wave Bor n approximation

Grazing incident diffraction discussed in the last
segment can be viewed as the dynamical diffraction of
the internal evanescent wave, EQ.(39), generated by
specular reflection under grazing angle conditions. If the
rescattering mechanism is relatively weak, as in the case
of a surface layer, then dynamical diffraction theory may
not be necessary and the Born approximation can be
substituted to evaluate the scattering of the evanescent
wave. This approach is caled the distorted-wave Born
approximation (DWBA) in quantum mechanics (see, e.g.
Schiff, 1968) and was first applied to x-ray scattering
from surfaces by Vineyard (1982) and by Dietrich and
Wagner (1983, 1984). It was noted by Dosch et al.
(1986) that Vineyard's origina treatment did not handle
the exit-angle dependence properly because of a missing
factor initsreciprocity arrangement.

The DWBA have been applied to severa different
scattering situations, including specular diffuse scattering
from a rough surface, crystal truncation rod scattering
near a surface, diffuse scattering in multilayers, and near-
surface diffuse scattering in binary aloys. The
underlying principle is the same for al these cases and
we will only use the specular diffuse scattering to
illustrate these principles.

From dynamical theory point of view, the DWBA is
schematically shown in Fig.12(a). An incident beam kg
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creates an internal incident beam K, and a specular
reflected beam kg. We then assume that the internal

beam K, is scattered by a weak “Bragg reflection” at a
lateral momentum transfer ¢,. Similar to the two-beam
case in dynamical theory, we draw two spheres centered
a g; shown as the dashed circles in Fig.12(a). However,
the internal diffracted wavevector is determined by
kinematic scattering as K 5 =Kq+0, where g includes both

the lateral component ¢; and a component g, normal to
the surface defined by the usual 2q angle. Therefore only
one of the tie points on the internal sphere is excited,
giving riseto K 5. Outside the surface, we have two tie

pointsthat yield k, and k 5 respectively, as defined in the
dynamical theory. Altogether we have six beams, three
associated with O and three associated with g. The
connection between the O-beams and the g-beams is
through the internal kinematic scattering:

Dq:S(qt)D01 (40)

where S(q) is the surface scattering form factor. As will
be seen later, |S(q)f represents the scattering cross-
section per unit surface area defined by Sinha et al.
(1988) and equals the Fourier transform of the height-
height correlation function C(r,) in the case of not-too-
rough surfaces.

To find the diffuse-scattered exit wavefield D%, we

use the optical reciprocity theorem of Helmhotz (Born &
Wolf, 1983) and reverse the directions of al three
wavevectors of the g-beams. We see immediately that
the situation isidentical to that discussed at the beginning
of this Section for Fresnedl reflections. Thus we should
have that

t o Mo
; .
dq +404 - 92

Using Eq.(38b) and Eq.(40), we obtain that

e —
D¢ =t,Dy,

§ =totqS(@:)Do
and the diffuse scattering intensity is simply given by

gt =|DS/Db| =lto2ta1S@I . (4D)
Apart from a proper normalization factor, Eq.(41) is the
same asthat given by Sinha et al. (1988). Of course here
the scattering strength |S(q,) |2 isonly a symbolic quantity.
For the physical meaning of various surface roughness
correlation functions and its scattering forms, we refer to
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the article by Sinha et al. (1988) for more a detailed
discussion.

In a specular reflectivity measurement, one usually
use the so-called rocking scans to record a diffuse
scattering profile. The amount of the diffuse scattering is
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Figure 12: (a) Dynamicd theory illustration of the
distorted-wave Born approximation. (b) Typical
diffuse scattering profile in specular reflectivity
with Y oneda wings.

03/20/02 12:35PM



determined by the overall surface roughness and the
shape of the profileis determined by the lateral roughness
correlations. An example of computer-simulated rocking
scan is shown in Fig.12(b) for a GaAs surface at 1.48 A
with the detector 20=3°. |Yq)f is assumed to be a
Lorentzian with a correlation length of 4000 A. The two
peaks at q~0.3° and 2.7° correspond to the incident or the
exit beam makes the critical angle with respect to the
surface.  These peaks are essentiadly due to the
enhancement of the evanescent wave (standing wave) at
the critical angle (Fig.9b) and are often called the Y oneda
wings as they were first observed by Y oneda (1963).

Diffuse scattering of x-rays, neutrons and electronsis
widely used in materials science to characterize surface
morphology and roughness. The measurements can be
performed not only near specular reflection but also
around non-specular crystal truncation rods in glancing
incidence inclined geometry (Shen et d., 1989; Stepanov,
et a. 1996). Spatialy correlated roughness and
morphologies in multilayer systems have aso been
studied using diffuse x-ray scattering (Headrick &
Baribeau, 1993; Baumbach et al. 1994; Paniago et d.,
1996; Kaganer et a. 1996; Darhuber et a., 1997). Some
of these topics are presented in detail in the previous Unit
and in the Unit on x-ray surface scattering.

Expanded Distorted-Wave Approximation

The scheme of distorted-wave approximation can be
extended to calculate nonspecular scattering that includes
multilayer diffraction peaks from a multilayer system
where a recursive Fresnel’s theory is usualy used to
evauate the distorted-wave (Kortright and Fischer-
Colbrie, 1987; Holy and Baumbach, 1994). Recently
Shen (1999b,c) has further developed an expanded
distorted-wave approximation (EDWA) to include
multiple-beam diffraction from bulk crystals where a
two-beam dynamica theory is applied to obtain the
distorted internal waves. In Shen's EDWA theory, a
sinusoidal Fourier componentG is added to the distorting
susceptibility component, which represents a charge-
density modulation of the G reflection. Instead of the
Fresnel theory, a two-beam dynamical theory is
employed to evauate the distorted-wave, while the
subsequent scattering of the distorted-wave is again
handled by the first-order Born approximation.  We now
briefly outline this EDWA approach.

Following the forma distorted-wave description
given in Vineyard (1982), de(r) in the fundamental
equation (3) is separated into a distorting component
dey(r) and the remaining part de,(r):
de(r) =de,(r) +de,(r), where de(r) contains the
homogeneous average susceptibility, plus a single
predominant Fourier component G:

de,(r) =- G(F, + Fe '®* + Fel®¥), (76)
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and the remaining dey(r) is

de,(r)=-G & Fe'*.
L1 0+G

(77)

Since Fg = |[Felexp(iag) and F =Fs = [Fdexp(-iag) if
absorption is negligible, it can be seen that the additional
component in Eq.(76) represents a sinusoidal distortion,
-24Fg cos(ag GT).

The distorted wave D4(r), due only to de(r), satisfies
the following equation:

(N2+k2)p, =-N" N’ (de,D,), (79)
which is a standard two-beam case since only O and G
Fourier components exist in de,(r), and can therefore be
solved by the two-beam dynamica theory (Batterman
and Cole, 1964; Pinsker, 1978). It can be shown that the
total distorted wave D,(r) can be expressed asfollows:

D,(r)=D, (roe' Ko¥ 4y efee Ko )
where in semi-infinite Bragg case

(79)

o =1

s :'mﬁ"ei’\/hé '1) |

and in thin transparent Laue case
Mo :cos(AhG)+i sin(AhG)
b|sin(Ah )

(80)

: (81)

g =i4/ G
Here standard notations in two-beam dynamica theory
(Pages 2b.2.6-12) are used. It should be noted that the
amplitudes of these distorted waves, given by EQgs.(80,
81), are dow varying functions of depth z through
parameter A, since A is much smaller than Kyr or Kgr
by a factor of ~G|F¢| which ranges from 10™>-10°° for
inorganic to 107102 for protein crystals.

We now consider the re-scattering of the distorted-
wave Dy(r), EQ.(79), by the remaining part of the
susceptibility dex(r) defined in Eq.(77). Using first-order
Born approximation, the scattered wave field D(r) is
given by

e ikyr

dpr

D(r) =—— odr'€***N" " [de, (r")D, (r")].

(82

where u is a unit vector and r is the distance from the
sample to the observation point, and the integral is
evaluated over the sample volume. The amplitudes r,
and r ; can be factored out of the integral because of their
much weaker spatial dependence than Kyr or Kgr as
mentioned above. The primary extinction effects in
Bragg cases and the Pendellosung effects in Laue cases
are taken into account by first evaluating intensity 14(2)
scattered by a volume element at certain depth z and then
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taking an average over z to obtain the final diffracted
intensity.

It is worth noting that the distorted wave, Eq.(79),
can be viewed as the new incident wave for the Born
approximation Eq.(59), and it consists of two beams, Kq
and K. Thesetwo ‘incident’ beams can each produce its
own diffraction pattern. If reflection H satisfies the
Bragg's law, kou = Kp+H © Ky, and is excited by Ko,
then there dways exists areflection H- G, excited by K,
such that the doubly-scattered wave travels along the
same direction as Ky since KgtH- G =K. With thisin
mind and using the algebra given on Page 2b.2.16, it is
easy to show that Eq.(82) gives rise to the following
scattered wave:

i i e—ikor ia

Dy, =Nru” (u DO)T(FHro*' Flfe€e).

(83)

Normalizing to the conventional first-order Born
wavefield D defined by Eq.(61), Eq.(83) can be
rewritten as

Dy =D (g [y / Fifree). (84)

where d=ay¢ + ag -ay is the invariant triplet phase
widely-used in crystalography. Findly, the scattered
intensity into the k,=Ky=kyu direction is given by

t
I, =(@/t) g;|DH|2dz, which is averaged over thicknesst

of the crysta as discussed in the last paragraph.
Numerical results show that the EDWA theory outlined
here provides excellent agreements with the full n-beam
dynamical calculations even at the center of a multiple
reflection peak. For further information, we refer to
Shen’s (1999b, 2000).

VI. SUMMARY

We have reviewed the basic elements of dynamical
diffraction theory for perfect or nearly-perfect crystals.
Although the eventual goa of obtaining structura
information is the same, the dynamica approach is
considerably different from that in kinematic theory. A
key digtinction is the inclusion of multiple scattering
processes in the dynamical theory whereas the kinematic
theory is based on a single scattering event.

We have mainly focused on the Ewald-von-Laue
approach of the dynamical theory. There are four
essential ingredients in this approach: (1) dispersion
surfaces that determine the possible wave fields inside the
material, (2) boundary conditions that relate the internal
fields to outside incident and diffracted beams, (3)
intensities of diffracted, reflected, and transmitted beams

Shen

that can be directly measured, and (4) internal wave field
intensities that can be measured indirectly from signal's of
secondary excitations.

Because of the inter-connections of different beams
due to multiple scattering, experimental techniques based
on dynamical diffraction can often offer unique structura
information. Such techniques include determination of
impurity locations with x-ray standing waves, depth-
profiling with glancing-incidence diffraction and
fluorescence, and direct measurements of phases of
structure factors with multiple-beam diffraction. These
new and developing techniques have benefited
substantially from the rapid growth of synchrotron
rediation facilities around the world. With more and
newer-generation facilities becoming available, we
believe that dynamical diffraction study of various
materials will continue to expand its territory and become
more common and routine to materials scientists and
engineers.
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