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Direct observation of surface-trapped diffracted waves
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We have made the first direct observation of a diffracted x-ray beam that occurs only at an inter-
face in the grazing-angle diffraction geometry. The beam, which is unable to propagate into the
bulk of either component of the interface, was detected at the surface of a Ge crystal. A roughened
area etched into the surface permitted phase matching to a beam in the vacuum. The diffracted
beam that is observed to escape in this configuration shows a wave-vector dependence that cannot
be qualitatively explained by purely kinematic models of scattering from rough surfaces.

X-ray diffraction has become an important means to
study the structure of surfaces. The technique of deter-
mining physical roughening by examining the truncation
rods has been widely used.!? Diffraction at grazing an-
gles from two-dimensional overlayers has also been exten-
sively developed.>™® As currently used, these two tech-
niques are limited to regions of phase space where kine-
matic models of diffraction are valid. The extension of
these techniques to more complicated systems which in-
clude adsorbates with low scattering amplitudes or
diffraction at an interface will require a complete dynami-
cal treatment of the diffraction problem including the
substrate interaction with the overlayer. One way of
studying the problem is to investigate dynamical
diffraction in the grazing-angle geometry in the presence
of roughened surfaces. Alexandrov et al.® have dealt
with the problem for amorphous surfaces, and previous
experiments by Golovin and Imamov’ observed some
dynamical effects, but with limited angular resolution.

Previous experiments by Cowan et al.® and Durbin
and Gog® have observed all the diffracted beams in the
grazing-angle geometry which escape the crystal. The
dynamical theory of grazing-angle diffraction (GAD) for
x rays'®!! predicts the existence of a tantalizing condition
where the diffracted beam exists at the interface between
two media but has no propagating solution in either
medium. Such a condition has been labeled a superficial
wave after a somewhat analogous condition at optical
wavelengths described by Fano.!? The condition is not
merely a mathematical curiosity, because the theory pre-
dicts that it is possible to couple an incident wave to this
beam. It is not merely a physical curiosity either, be-
cause the x-ray field which is produced by this diffracted
wave should be an important component in grazing-angle
x-ray standing waves (GAXSW), which could be used to
determine registration of atomic overlayers on surfaces
with high accuracy.'*!* Fluorescence measurements
have indirectly confirmed its existence.!® The remaining
problem has been to observe this last beam directly. A
direct observation of the superficial beam is important be-
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cause real surfaces and interfaces are not perfectly
abrupt, and the highly localized beam samples the actual
interface down to nanometer-depth resolution.!% 13

We report an x-ray-diffraction experiment in the
grazing-angle geometry which observes the superficial
diffracted beam directly. The experiment used highly
collimated 8-keV radiation from a synchrotron light
source, and monitored the specularly reflected and
reflected-diffracted beams which escaped from a germani-
um crystal. The orientation of the crystal with respect to
the incident beam allowed the diffracted beam to have a
wave vector at the surface of the crystal of magnitude
greater than it would have externally, which prevented it
from escaping. The crystal was specially prepared with a
quadrant etched into part of its surface where the
superficial beam thereby produced was permitted to es-
cape.

The geometry of GAD is shown in Fig. 1 using a nota-
tion which has been described previously.!* Diffraction
occurs from crystal planes normal to the surface. For an
incident x-ray beam penetrating the crystal, only the
component of the wave vector parallel to the surface is
conserved.
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FIG. 1. Diagram showing the internally propagating and
externally reflected beams possible in the GAD geometry, and
their relationship.
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A dispersion surface!® which describes two-beam

diffraction of the parallel component of a grazing beam in
the limit =0 is shown in Fig. 2. The crystal surface is
parallel to the plane of the page. An internal solution to
diffraction due to a tie point 4 on the 8 branch is
represented (dashed lines). The arc segments labeled k
and K denote the magnitude of wave vectors external and
internal to the surface, respectively.

The vertically hatched region represents a portion of
the diffraction phase space where it is impossible to phase
match the incident beam to the internal propagating
beam, a region of total external reflection. The horizon-
tally hatched region represents a portion of the
diffraction phase space where it is impossible to phase
match a diffracted beam at the crystal surface to an es-
caping diffracted beam. The area of phase space where
these regions overlap corresponds to a superficial
diffracted beam which has a real wave vector parallel to
the crystal surface but an imaginary wave vector normal
to the surface in both directions.

Figure 2 shows how a point (B) associated with a
superficial beam can be connected to a real diffracted
beam which escapes the crystal surface. We shall refer to
these points as ‘“‘coupling points” rather than “tie
points,” because (a) these points do not lie on the disper-
sion surface, and (b) these points do relate the coupling of
the external beam (see dispersion surface, Ref. 3) to a
superficial diffracted beam. An additional source of
momentum q,;, is supplied to connect the coupling point
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FIG. 2. Dispersion surface limits for ¢=0 in the GAD
geometry. Tie point 4 and the dashed lines show a solution on
the p branch of the dispersion surface. Diffracted beam wave
vectors originating in the vertically hatched region are evanes-
cent into the bulk, and in the horizontally hatched region are
evanescent into the surface. A coupling point B is shown where
the incident wave couples to a specular reflected beam (evanes-
cent into the bulk) and a superficial diffracted beam. The addi-
tion of a surface-parallel wave vector |q|>|qu.| allows the
superficial diffracted wave to match to an escaping diffracted
wave vector. '
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B to a diffracted beam which can exist outside the crystal.
The wave vector q,,;,, parallel to the crystal surface, is
supplied by roughening or otherwise breaking the
translational symmetry of the crystal parallel to its sur-
face. The wave-vector magnitude is labeled g, because
it is the minimum wave vector necessary to couple to an
external beam with magnitude k parallel to the surface.
If the crystal surface takes up a momentum g >gq,;,,
diffracted beams are allowed to escape with k > K Hp 1€,
at a greater than zero takeoff angle.

We have chosen to provide the required momentum by
etching out a quadrant of a diffraction crystal, such that
the edge of the quadrant was normal to the diffracted
beam (see inset, Fig. 3). The etched surface provided a
spectrum of spatial roughness. The step itself contribut-
ed a spectrum of roughness which varies as ¢ 2. The
geometry of the etched portion allowed for diffraction
from smooth or etched portions of the same crystal.

The experiment was performed at the Cornell High-
Energy Synchrotron Source (CHESS). The experimental
setup used to observe diffraction effects with high angular
resolution at grazing incidence is described elsewhere.!*
A crystal of germanium with a highly polished (111) sur-
face was patterned lithographically with photoresist and
a 90° sector was etched away to a depth of 1.5 um. The
orientation of the sector was such that one side of the sec-
tor was normal to the x-ray beam diffracted from the
(220) Ge planes at 8 keV. The Bragg angle at this energy
was 6=22.9°, and the estimated divergence of the in-
cident beam was 250 urad in the incidence angle ¢ and
1.4 prad in the diffraction angle 8. The external beams in
both the specularly reflected and the reflected-diffracted
directions were monitored with argon-filled ion
chambers. The crystal was mounted on a vertically
translating stage so that the incident x-ray beam, whose
cross section was approximately 1 cm high and 50 um
wide, could be diffracted from the lower, smooth surface,
or the upper, etched surface.

Measurements were made at incidence angles just
below the critical angle of ¢, =5.4 mrad for Ge at 8 keV.
This assured that the wave-vector component K, going
into the surface was imaginary, as determined by a high
specular reflectivity. The diffraction angle, A6=60—0,,
was varied, where 65 =0,,, is the generalized Bragg an-
gle.

Figure 3 shows the escaping specular (upper plots) and
diffracted (lower plots) fluxes which were observed from
the smooth () and etched (+) surfaces at an angle of in-
cidence ¢ =4.0 mrad. The fluxes have both been normal-
ized so that the specular flux has the correct theoretical
value away from the diffraction peak, and a small con-
stant background due to scattered radiation has been sub-
tracted out. The fluxes calculated for the specular and
diffracted beams from a smooth surface at this angle of
incidence are shown as solid lines.

The diffracted flux from the smooth surface (0, lower)
shows the sharp cutoff expected where |Ky|> lkyl.
This condition occurs at a given incidence angle ¢ for
AB < A8, where

A6, =—¢*/(2sinfy)~—20 prad .
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FIG. 3. Normalized flux of the specular beams (upper) and
reflected-diffracted beams (lower) from the (111) surface of Ge
at 8 keV. Fluxes are shown for ¢=4.0 mrad from the smooth
surface (Q) and the etched surface (+) as a function of the devi-
ation AOG=6—0,,,. The solid lines are calculated fluxes for the
diffracted and specular beams from a smooth surface. The dia-
gram shows the orientation of the diffracting planes with
respect to the step and the portion of the crystal surface which
has been etched.

The specular flux from the smooth crystal surface (<,
upper) shows an appropriate dip at the diffraction condi-
tion because intensity from the specular beam is being
redirected into an escaping diffracted beam.

From the etched surface, the superficial beam is visible
as the diffracted beam (4, lower) which escapes for
AO<AB,. The angular dependence of the escaping
superficial wave is at first glance unusual, since it does
not just fill in asymmetry of the diffracted peak as ob-
served from the smooth surface. It is interesting to note
that added flux is also observed as a symmetrical shoul-
der on the diffracted beam in the region A8 >0 where it
was always permitted to escape. The Fourier com-
ponents of surface roughness which supply crystal
momentum q will also supply values —q which will move
allowed points on the grazing-angle dispersion surface!*
into conditions of more favorable emission.

The specular flux which is observed from the etched
surface (+, upper) shows an appropriate subtraction of
flux at those angles where the diffracted beam is aug-
mented. It might be argued that the specular beam flux
observed from the flat surface should show a similar di-
minution of flux due to scattering into the superficial
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diffracted beam, even if the superficial beam is only al-
lowed to propagate along the crystal interface. However,
the superficial beam has two channels of attenuation: ab-
sorption at the surface and rescattering into the specular
beam which does escape. The latter process is propor-
tional to the real part of susceptibility Y,,,, while the
former process is proportional to the much smaller imag-
inary part of X,,0. Thus the high reflectivity observed for
ABG< A6, from the smooth surface is not inconsistent
with a strong diffracted-wave field at the interface.

The magnitude of momentum g.;, which needs to be
taken up by the lattice in order to match the wave vector
of the superficial wave at the interface to the wave vector
in the vacuum is given by

9 min ___Q_z_ .
A ) +A0sin(20g) .

The lattice is free to take up any momentum greater
than q,;, that the roughness spectrum of the surface will
allow. Consequently the flux of diffracted radiation in
the region A < A6, is proportional not to the spectral in-
tensity of roughness but the integral of that spectral in-
tensity from the highest ¢ values down to g ;.

We take as representative the momentum spectrum
supplied by the crystal through an ideal step. The spec-
trum obtained by Fourier transforming the step is ¢ ~2.
We expect the roughness spectrum of the etched portion
of the crystal to follow a similar power law with a
different exponent. The scattering of the superficial wave
into an escaping diffracted beam is assumed to be propor-
tional to the spectral amplitude. The wave vectors and
fields inside the crystal were calculated using dynamical
diffraction theory. The wave vector due to each spectral
component of surface roughness was coupled kinemati-
cally to the internal dynamical solutions and the resultant
wave vector was used to match internal and external
fields at the boundary of the crystal. A cutoff has been
imposed on the maximum roughness wavelength to
which the diffraction process should be sensitive: the
coherence length of the x-ray beam. We estimate this
length to be 3 um. The overall flux of the diffracted beam
should be given by

—9q./9
F(0,p)= A4 qu_ dquf(q,GAP) ,

where g, =27 /L, is a low-frequency cutoff defined by
the coherence length L, of the radiation used to sample
the surface roughness, A4 is a constant, and f(q,0,¢) is
the flux due to each spectral component g for a given
diffraction angle 6 and angle of incidence ¢.

Figure 4 shows a comparison between the observed
flux diffracted from the etched surface or in the vicinity
of the step (+) and the calculated flux diffracted from a
surface with a g 2 spectrum of roughness (solid line).
The calculated flux also includes a central unscattered
component. The calculated flux has been normalized to
be comparable to the integrated observed flux. The hor-
izontal axis of Fig. 4 has also been calibrated in terms of

9 min-



5560
0.25
>
2
W
©
]
N
©
€
S
z TN
-
g
+orns
L i 1 L J
3 2. 0 dminx 0 *
1 k 1

-600 -400 -200 0] 200 400 600
AG (purad)

FIG. 4. A comparison of the diffracted flux observed (+)
with the flux calculated (solid line) from a surface with a ¢ 2
roughness spectrum (i.e., a step) with the cutoff described in the
text. Both fluxes are plotted vs the deviation from 6,,, de-
scribed in Fig. 3. The separate horizontal axis labeled by the
wave vector ¢, is the minimum tangential component which
the surface roughness must supply in order for the superficial
diffracted beam to escape.

The data show qualitative agreement with the calculat-
ed flux. The unexpected decrease of the superficial wave
flux as g, —0 is seen to be due to the limit of coherence
length of the x-ray beam, which cannot sample longer
Fourier components of surface roughness. The mixed
dynamic-kinematic model incorporated scattering from
components of g only along the directions K and Ky,.
Including components along other directions would
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broaden the angular distribution of the scattered
superficial beam.

While the mixed dynamic-kinematic model shows a
qualitative agreement with the observed diffracted flux
from the superficial wave, normalization of the calculated
diffracted flux to the calculated specular flux gives a value
for the diffracted beam which is an order of magnitude
too small. Purely kinematic theories commonly applied
to diffraction problems away from the diffraction peak':?
are inadequate to explain this type of geometry since the
amplitude of the enhancement is of the same order as the
allowed diffraction peak itself. That and the proximity of
the enhancement to the main peak will require a theory
of roughness which takes multipie scattering into account
(i.e., a dynamical theory).

In summary, we have observed directly a superficial
diffracted x-ray beam, analogous to a surface plasmon,
which exists only at the interface of a periodic medium.
The wave is observed by mearis of a roughening of the
surface, which supplies the additional missing momen-
tum needed to match the wave vector of the diffracted
beam trapped along the surface to one which can propa-
gate in vacuum. The observation of an escaping
superficial beam is in fact a highly sensitive measure of
surface roughness on an atomic scale, whose wavelength
is sampled to down to the coherence length of the radia-
tion.
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