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Anomalous X-Ray Yields under Surface Wave Resonance during Reflection High Energy
Electron Diffraction and Adatom Site Determination
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In L x-ray emissions from a Si�111�-
p

3 3
p

3-In surface induced by electron beam irradiation were
measured as functions of the incident glancing angle. Under surface wave resonance conditions, anoma-
lous x-ray intensities were clearly observed. Using dynamical calculations, these intensities are well
explained as changes in density of the electron wave field at adatom positions. From these intensities,
the adatom site was analyzed, and it was found that the T4 model is better than the H3 model.

PACS numbers: 68.35.Bs, 61.14.Hg, 79.20.Kz
Reflection high energy electron diffraction (RHEED)
has been used extensively for surface structure analysis.
The patterns and their intensity are strongly affected by
dynamical scattering processes, resulting in complex fea-
tures of Kikuchi patterns and rocking curves. Therefore,
study of the fundamental mechanism of this diffraction
is important for good use. Remarkable effects of dy-
namical scattering are often observed when some of the
diffracted beams are excited parallel to the surface, a condi-
tion known as the surface wave resonance (SWR) condition
[1–5]. Under the SWR condition, the beams are temporar-
ily trapped in the ditch of Coulomb potential of the surface
atomic plane, and they propagate along the surface for a
short time before they convert to specular or other diffrac-
tion beams. The intensities of the specular and diffracted
beams are significantly enhanced, and this enhancement is
often used to obtain clear sharp RHEED patterns [6], clear
images of reflection electron microscopy, and reflection
electron holography [7].

Emission yields of Auger electrons [8], secondary elec-
trons [9], and characteristic x rays [10] from surfaces dur-
ing RHEED are also enhanced under the SWR condition,
since the wave field distribution is localized on the top-
most layer [11–13]. Because of interference between the
incident, specular, and resonant beams, the resultant wave
distribution is like numerous rods oriented in the inci-
dent azimuth, of which intervals are equal to or smaller
than the lattice constant. The emission yields of Auger
electrons and characteristic x rays are proportional to the
wave field density at the position of atoms. Therefore,
it should be possible to distinguish different adatom sites
from the emission yields from adatoms if the wave den-
sities on adatoms are different depending on their sites,
as pointed out by Spence and Kim [12]. Under one beam
Bragg conditions where only the specular beam is strongly
excited, the features of the electron wave field are very
simple, and adatom height has been quantitatively de-
termined from the anomalous intensities of characteristic
x-ray emission [electron standing wave (ESW) method]
[14]. However, under the SWR condition, the diffraction
mechanism becomes complex due to the dynamical effect,
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resulting in difficulty of explanation of experimental data,
and surface structure analysis has been attempted only in a
qualitative way [15].

This Letter describes anomalous characteristic x-ray
emissions from a Si�111�-

p
3 3

p
3-In surface under

SWR conditions during RHEED. The intensities were
analyzed by using dynamical calculation, and excellent
agreement between experimental and theoretical results
were obtained. The adatom site was analyzed from these
anomalous intensities, showing that the T4 model is better
than the H3 model.

We used the RHEED-TRAXS (total reflection angle
x-ray spectroscopy) technique for sensitive detection of
x rays emitted from surface atoms [16]. The x rays ex-
cited by the RHEED beam were detected at a fixed grazing-
takeoff angle ut , and the glancing angle ug of the RHEED
beam was continuously changed [14,17], as shown by the
inset in Fig. 1. In the x-ray spectrum, Si K (1.74 keV) and
In L (3.4 keV) were observed on bremsstrahlung ranging
from 0 to 10 keV, which is equal to the energy of incident
electrons. These x rays detected at a small ut correspond
to the evanescent waves inside the crystal in a reverse pro-
cess (grazing incidence of x rays). In the latter process,
the penetration depth of evanescent waves depends on the
x-ray incident angle and x-ray energy. Similarly, in the
present case of grazing detection, the range of detection
depth depends on ut and x-ray energy, and therefore ug de-
pendences of Si K and bremsstrahlung emitted from wide
depth regions change with changes in ut . However, the
shape of ug dependence of In L is not affected by ut , since
In atoms are confined in the uppermost layer. The In L in-
tensity becomes maximum when ut is set at the critical
angle uc for total reflection of In L ��0.6±�, but the In L
intensity relative to Si K and bremsstrahlung is enhanced
at lower ut due to cutoff of x rays from deeper regions.
Thus, in the present work, ut was set at 0.5±, which is
slightly smaller than uc. After ut was optimized, a small
electron gun was rotated around the sample in ultrahigh
vacuum to scan ug, during which time the sample and x-ray
detector were fixed [14,17], because x-ray spectra change
drastically with only a small change in ut [16].
© 2000 The American Physical Society 4389
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FIG. 1. ug dependences of In L and Si K emissions, and
bremsstrahlung from a Si�111�-

p
3 3

p
3-In surface. The

energy and incident azimuth of the primary electron beam are
10 keV and �112�, respectively. The solid line shows 1� sinug.

The sample was cut in a circular shape of 12 mm in di-
ameter from a mirror-polished Si(111) wafer. The Si(111)
surface was cleaned by heating up to 1200 ±C by elec-
tron bombardment for about 3 sec, and the RHEED pattern
showed a clear 7 3 7 structure. In was deposited from a
coiled tungsten filament during heating of the sample at
500 ±C, and a

p
3 3

p
3-In structure was formed.

Figure 1 shows the glancing angle �ug� dependence of
In L, Si K , and bremsstrahlung from the

p
3 3

p
3-In

surface. Since the sizes of the sample and beam were
12 mm and 0.12 mm, respectively, the entire beam fell on
the surface at a glancing angle of more than 0.7±. How-
ever, below 0.7±, only part of the beam fell on the surface,
resulting in decreased intensity. In general, In L intensi-
ties decreased almost in accordance with 1� sinug, which
means that In atoms exist at the top layer, and the num-
ber of In atoms irradiated by the beam was proportional
to 1� sinug [17]. The Si K and bremsstrahlung did not
show such a decrease, indicating that they were emitted
from deeper regions. The In L curve showed some oscil-
lations. The shapes of oscillations became clear when the
curve was normalized by multiplying by sinug, as shown
in Fig. 2(a). If the ug dependence were expressed exactly
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by 1� sinug, the value would be constant above 0.7±. How-
ever, the measured ug dependence showed some inclina-
tions, indicating that the penetration length of electrons
was not sufficient. After this treatment, it became clear
that the In L curve had peaks at 1.4±, 2.2±, and 2.7±–3.6±.
These angles correspond to the SWR of (1�3, 1�3 and
21�3, 21�3), (2�3, 2�3 and 22�3, 22�3), and (1, 1 and
21, 21), respectively. The dashed line shows ug de-
pendence of x-ray emission from 1

3 ML (monolayer) of
In on Si substrates calculated by Monte Carlo simulation
[17–19] assuming a finite sample size.

The above anomalous intensities are due to the local-
ization of electron current density at the top layer un-
der SWR conditions. The distribution of current density

FIG. 2. (a) Normalized ug dependence of x-ray emission taken
from Si�111�-

p
3 3

p
3-In, which was made from In L intensity

in Fig. 1 by multiplying by sinug. The dashed line shows ug

dependences of In L from 1
3 ML of In on an Si substrate cal-

culated by Monte Carlo simulation assuming a finite size of
sample. The solid line shows the theoretical curve with seven
beams shown in (e). The energy and azimuth of the incident
electron is 10 keV and �112�, respectively. (b)– (e) ug depen-
dences of x-ray emission from a Si�111�-

p
3 3

p
3-In calculated

by dynamical theory with one beam, three beams, five beams,
and seven beams, respectively.
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changes with changes in ug, resulting in the observed
shapes of anomalous intensities. By using a dynamical
theory [20,21], we calculated electron wave field densities
at the positions of In in the

p
3 3

p
3-In as functions of

ug, which correspond to the ug dependences of the x-ray
emissions. Details of the methods used were described in
a previous paper [14]. The T4 adatom site [see Fig. 3(a)]
was used assuming the optimum adatom height and relax-
ation of Si atoms determined by analysis of the RHEED
rocking curve and the ESW method described in previous
works [14,22]. Adsorption of In at the T4 site has already
been confirmed by several methods [22–27].

Figures 2(b)–2(e) show calculated ug dependences of
In L emission from the

p
3 3

p
3-In with �112� incidence

of a 10 keV electron. Seven beams in the first Laue
zone, (1, 1), �2�3, 2�3�, �1�3, 1�3�, (0, 0), �21�3, 21�3�,
�22�3, 22�3�, and �21, 21�, were taken into account in
the calculation [see Fig. 3(b)]. When only the (0, 0) beam
was used, the result showed anomalous intensities at Bragg
angles of 222, 333, and 444 as shown in Fig. 2(b), which
is similar to the result with �213� incidence reported previ-
ously [14]. After addition of �1�3, 1�3� and �21�3, 21�3�
beams, some structure appeared around the first SWR
angle (1±–1.5±), as shown in Fig. 2(c). A new peak ap-
peared at 2.2±, the angle of SWR of �22�3, 2�3� and

FIG. 3. (a) A schematic illustration of the T4 and H3 struc-
tures for Si�111�-

p
3 3

p
3-In, and wave field formation for the

�112� and �101� incidence. (b) Reciprocal lattice points of the
Si�111�-

p
3 3

p
3-In structure.
�2�3, 2�3� beams, when these two beams were added in
the calculation, as shown in Fig. 2(d). When the �1, 1� and
�21, 21� beams were added, the intensity at 2.7± to 3.6± in-
creased, as shown in Fig. 2(e). At this stage, the calculated
curve explained most of the features of the experimental
curve. The addition of �24�3, 4�3� and �4�3, 4�3� beams
resulted in only small changes in the shape of the calcu-
lated curve. The above results indicate that the observed
anomalous intensities are caused mainly by the SWR of
these six beams in the first Laue zone.

We analyzed the adatom site by comparing calculated
curves for the T4 and H3 models with the experimental
results. First, the optimum height of In assuming an H3
structure was determined by the ESW method, analyzing
the experimental result with �213� incidence [14]. The
details of this method were described in a previous pa-
per [14]. The calculated results assuming the H3 struc-
ture were very similar to those assuming the T4 structure.
The height of In from the ideal first Si atoms was con-
cluded to be 1.82 Å, which is very close to the height of
In determined for the T4 structure [14,22]. Then, calcu-
lated ug dependences for both structures were compared
with experimental results for �112� and �101� incidence.
Figures 4(a)–4(c) show the comparison for the �112� in-
cidence. In the calculation, seven beams were taken into
account. Both the calculated curves reproduce the fea-
tures of the experimental curve. However, the shapes at
angles from 0.7± to 1.5± and from 2.5± to 3.6± seem bet-
ter for the T4 structure. Figures 4(d)–4(f) show the com-
parison in the �101� direction. In the calculation, seven
beams, (0, 0), (0, 1), �0, 21�, (0, 2), �0, 22�, �1�3, 13�3�,
and �1�3, 214�3�, were taken into account. The calcu-
lated curves for both structures show anomalous intensi-
ties at 1.1± to 1.8± and 3.2± to 4.3±, which correspond to
the SWR conditions of (0, 1) and �0, 21�, and (0, 2) and
�0, 22� beams, respectively. The SWR of �1�3, 13�3� and
�1�3, 214�3� beams occurs also around 4±. For �101� in-
cidence, the difference between T4 and H3 structures can
be seen more clearly than for �112� incidence. In the ex-
perimental curve [Fig. 4(d)], the shape of the peak at 1.1±

to 1.8± is very simple, and the peak at 3.1± to 4.4± shows
some shoulders with small oscillation at the lower angle
side, while the slope at the higher angle side is steeper.
The calculated curve for the T4 structure in Fig. 4(e) agrees
with these features. In contrast, in the theoretical curve for
the H3 structure [Fig. 4(f)], the shape at 1.1± to 1.8± is
complex, and the peak at 3.1± to 4.4± shows a significant
splitting at around 3.7±, resulting in poor agreement with
the experimental curve. From the above comparisons, es-
pecially in �101� incidence, we can conclude that the T4
structure is better than the H3 structure.

The above results showed that the �101� incidence is
more suitable for adatom site determination than is the
�112� incidence. Under SWR conditions, the wave field
distribution is like numerous rods oriented in the incident
azimuth, since this wave field is formed by interference be-
tween the incident, specular, and two or four SWR beams
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FIG. 4. (a)– (c) and (d)– (f ) show comparison of experimental
and theoretical curves of In L emission as functions of ug with
�112� incidence and �101� incidence, respectively. (a) shows the
experimental curve normalized by multiplying by sinug. The
solid line in (a) shows a theoretical curve for the T4 structure
shown in (b). (b) and (c) show theoretical curves for the T4 and
H3 structures, respectively. (d)– (f ) show a normalized experi-
mental curve and theoretical curves for T4 and H3 structures,
respectively. The solid line in (d) shows a theoretical curve for
the T4 structure shown in (e).

parallel to the surface. With the �112� incidence, the T4
and H3 sites are on the same rows of the wave field, as
shown in Fig. 3(a), and it is difficult to distinguish these
two sites. On the contrary, with the �101� incidence, the
T4 and H3 sites are not on the same rows of wave field,
4392
and therefore x-ray emissions from adatoms on these two
sites behave differently, and adatom sites can be easily
analyzed.
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