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New experimental techniques, sensitive to crystal surface symmetry, for reflection high-
energy-electron diffraction have been developed and applied to the (001) surface of MgO.
The techniques map the variation of the intensity of one or more diffracted beams as a func-
tion of the incident-beam orientation. The symmetry of these surface zone-axis patterns has
been studied theoretically and confirmed experimentally. The techniques are expected to
provide a sensitive means of surface characterization.
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The full symmetry inherent in the reflection
high-energy-electron diffraction (RHEED) from a
crystal surface is more complex than the conven-
tional RHEED experiment can detect and than has
previously been realized. We have established
these full symmetries for all possible crystal sur-
faces and developed a set of techniques for display-
ing them. The patterns—zone-axis patterns—that
we obtain, not only display more complete informa-
tion on the surface symmetry but are expected to
have general application to surface identification
and structure determination. The experiments are
carried out in a transmission electron microscope
which means that electron-energy-loss analysis! and
high-resolution surface imaging? can be carried out
on the same regions of the sample to complete the
surface characterization.

When a parallel electron beam strikes a smooth
surface at near-grazing incidence, there is diffracted
intensity in the specular beam (related to the in-
cident beam by mirror reflection in the surface) and
other diffracted beams.? If the direction of the in-
cident beam with respect to the surface is changed,
the diffracted beams move and change in intensity.
To display the complete symmetry of the situation
it is necessary to map this variation of the intensity
of the diffracted beams as a function of the angle of
the incident beam, for a range of angles close to the
symmetry direction. We have developed tech-
niques for doing just this. The symmetry direction
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in the surface is a zone axis, a direction perpendicu-
lar to a row in the reciprocal mesh,* and the pat-
terns are called surface zone-axis patterns (ZAPs).

We describe here two methods for obtaining sur-
face ZAPs; a full account of the experimental de-
tails will be published separately. The experiments
were carried out in a transmission electron micro-
scope (Philips EM420) and, in both cases, it was
the flexibility of the instrumentation that made the
techniques possible.

In the first method, the pattern is built up
sequentially. The incident beam is parallel and is
rocked about a point on the surface of the specimen
so that the angle that the beam makes with the sam-
ple follows a two-dimensional raster; both the graz-
ing angle of incidence and the angle of azimuth are
varied. As the incident beam is rocked in this way,
coils after the sample are excited so that the specu-
lar or some other diffracted beam is made to remain
stationary on a detector. The signal from the detec-
tor is displayed on a cathode-ray tube that is syn-
chronous with the rocking of the incident beam.
Then the intensity of the diffracted beam is mapped
as a function of the angle of the incident beam, to
produce a surface ZAP. A schematic diagram of the
rocking scheme is shown in Fig. 1. This technique
has been reported previously® and is the analog of a
technique developed for diffraction in transmis-
sion.

Experiments have been performed with magnesi-
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FIG. 1. Schematic diagram of the beam-rocking sys-
tem used to obtain sequential, surface zone-axis patterns.

um oxide (MgO); this material can be made with
clean atomically smooth surfaces by burning mag-
nesium metal in dry air.” Specimens were single
crystals, cubic in form, about 1 uwm on edge; they
were supported on a thin carbon foil for mounting
in the microscope. The crystals were aligned so that
the undeflected beam was parallel to a [010] zone
axis of the three-dimensional crystal, parallel to
(0,k) of the reciprocal net of the diffracting face.
Figure 2 shows a surface zone-axis pattern from
MgO with the use of the specular (0,0) beam.

In the second method, the surface ZAP is formed
in parallel. A strong lens, very close to the speci-
men, is used to focus the illumination onto the
sample with an angle of convergence that is com-
parable to, although less than, the smallest operat-
ing Bragg angle. In the absence of a specimen this
would produce a disk in the diffraction plane. With
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FIG. 2. Surface zone-axis pattern in the specular beam
from MgO at 100 kV. (The circle marks the region cor-
responding to the field of view in the specular beam of
Fig. 4). The orientation marked x is parallel to the [010]
zone axis.
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the specimen in place and the focused beam in-
cident on the surface, an array of disks is produced:
One disk is associated with each diffracted beam.?
This is shown schematically in Fig. 3. Within each
disk the variation of intensity of the corresponding
diffracted beam as a function of the angle of the in-
cident beam is mapped; it is a surface zone-axis pat-
tern. An example of a surface ZAP from MgO, ob-
tained in this way, is shown in Fig. 4. This method
is the analog of convergent-beam diffraction (for a
review see Steeds’) in transmission electron mi-
Croscopy.

In the double-rocking method a wide angular
range can be displayed but only for one diffracted
beam at a time. In the convergent-beam method
the angular range is limited by the need to avoid
overlap of the disks, but all the operating diffracted
beams are mapped at the same time.

By two independent methods, a graphical con-
struction and group theory applied to a quantum
mechanical formulation of the problem, that are
analogous to those used in the transmission case,!”
we have shown that there are five possible sym-
metries that surface ZAPs can display and that these
are in a one-to-one correspondence with the five
possible symmetries of a RHEED diffraction exper-
iment. The symmetry of a RHEED experiment is
the symmetry of a semi-infinite crystal with a desig-
nated direction (corresponding to the chosen zone
axis) in its surface. The five point symmetries cor-
respond to no symmetry, a mirror perpendicular to
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FIG. 3. Schematic diagram to show the formation of a
surface convergent-beam pattern.

the surface (parallel or perpendicular to the zone
axis), a twofold axis perpendicular to the surface,
and a twofold axis combined with both mirrors. In
standard notation these are written 1, m, 1m, 12,
and mm?2.

Each of these produces a distinct symmetry in the
RHEED diffraction at the zone axis. By analogy
with the transmission case we call them ‘“‘RHEED
diffraction groups’ and designate them as 1, m,
mg, 2g, and 2p mmg. The interrelations of intensi-
ty that they represent are complex; the diffracted
intensity in one beam may be related to the intensi-
ty in a different beam for a different orientation of
the incident beam. The details of the derivation
and results will be published separately; a few
points should be noted, however.

The results obtained for the diffraction sym-
metries require the application of the principle of
reciprocity.!! In particular, the mirror in the (1,0)
reflection of Fig. 4 would not be present if reci-
procity were not applicable. This mirror is not,
perhaps, immediately apparent. The geometry of
RHEED diffraction is, with the exception of the
specular beam, rather complex. For example, the
symmetry-related points in (4,0) beams do not lie
on points that are mirror related with respect to the
line of symmetry of the pattern (the line at G/2).
The points lie at equal perpendicular distances from
the symmetry line but are displaced parallel to the
line so that the pattern is skewed, and what results
is not a ‘‘metric symmetry’’ but a ‘‘topological sym-
metry.”’12 Also, we should point out that not all the

FIG. 4. Surface convergent-beam zone-axis pattern
from MgO at 100 kV. The specular beam is to the right.
There is a ‘‘topological’’ mirror in the (1,0) reflection, to
the left.

symmetry relations mentioned above have yet been
observed by us, and, indeed, we anticipate that
some of them may be difficult to see. This is be-
cause the projection approximation is sometimes
valid in RHEED as it is in transmission. When the
projection approximation holds, instead of one of
five diffraction groups, only one of two projection
diffraction groups (mg, 2z mmg) can be observed.

In addition to the symmetries of the patterns, we
have proved that ‘‘forbidden reflections’’ due to
glide planes will contain dark lines analogous to
those found in transmission-electron-diffraction
patterns!® and predicted for low-energy-electron dif-
fraction.'* If the point group element m comes
from a glide plane rather than a mirror there can be
a dark line in (A4,0) while a glide in 1m can give a
dark line in the (0,k) reflection.

In principle, the observation of the dynamic ab-
sences as well as the detection of the centering of
the unit cell [by comparing the positions of (4,1)
reflections with those of (h,0) reflections] would
make it possible to distinguish each of the seven-
teen space groups of a surface structure. It remains
to be established how often this is possible in prac-
tice and how frequently the projection approxima-
tion restricts the information available.

The surface area sampled by the beam is elongat-
ed in the incident-beam direction (dependent on
the angle of incidence) to perhaps thirty times its
width. The width, in these experiments, was 40 nm
in the convergent-beam mode and 200 nm in the
rocking mode. The surface would have to be free
from twins and other defects over this area to give
accurate symmetry information. Surface imaging
should allow such areas to be selected. The depth
of the sample that contributes to the pattern is be-
lieved to be just a few atom layers; it is strongly
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dependent on incident angle, but only weakly
dependent on beam energy."?

The results obtained on MgO are compatible with
a surface symmetry that is unchanged from the ex-
posed bulk structure.

We have concentrated on the use of surface
ZAPs for improved symmetry determination. How-
ever, we anticipate that their usefulness will be wid-
er than this implies. As can be seen, these figures
are complex. Their richness suggests the possibility
of recognizing surfaces from their RHEED ZAPs
and, through comparison of the patterns with com-
puter simulation,!® of studying surface structure it-
self. Moreover, since the experiments are carried
out in an electron microscope, it will be practical to
combine this improved diffraction information with
the complementary information available in surface
imaging and electron-energy-loss analysis. We anti-
cipate that the new technique will provide a sensi-
tive means of characterizing surface structures. We
see potential applications for studies of surface re-
laxation, absorption, epitaxy, and diffusion.

This work was carried out in the Center for Mi-
croanalysis of Materials and supported by the
Department of Energy, Division of Materials Sci-
ence, under Contract No. DE-AC02-76ER01198.
Additional support from 1.C.I. (Imperial Chemical
Industries), Griffith University, General Electric
Company, and Bristol University is acknowledged.

(@Permanent address: I.C.I., P.O. Box 11, The Heath,
Runcorn, Cheshire WA74QE, England.

10. L. Krivanek, Y. Tanishiro, K. Takayanagi, and
K. Yagi, Ultramicroscopy 11, 215 (1983).

2For example, N. Osakabe, Y. Tanishiro, K. Yagi, and

2128

G. Honjo, Surf. Sci. 109, 353 (1981), and 102, 424
(1981).

3The otger beams are displaced from the specular
beam by G, a vector in the two-dimensional mesh re-
ciprocal to the surface net; the component of the wave
vector perpendicular to the surface is fixed by energy
conservation.

4This is by analogy with the zone axis of a three-
dimensional crystal, which is a direction perpendicular to
a plane in the reciprocal lattice.

SP. S. Turner and J. A. Eades, in Proceedings of the
Electron Microscopy Society of America, Phoenix, Arizona,
1983, edited by G. W. Bailey (San Francisco Press, San
Francisco, 1983), p. 320.

6]. A. Eades, Ultramicroscopy 5, 71 (1980).

TP. S. Turner and J. M. Cowley, Ultramicroscopy 6,
125 (1981).

8A. Ichimiya, K. Kambe, and G. Lehmpfuhl, J. Phys.
Soc. Jpn. 49, 684 (1980). Disk patterns of this kind are
also formed in scanning transmission electron micros-
copy and have been applied to surfaces, e.g., J. M. Cow-
ley, Ultramicroscopy 7, 181 (1981), but under conditions
where no detail is observed within the disks.

9). W. Steeds, in Introduction to Analytical Electron Mi-
croscopy, edited by J. J. Hren, J. I. Goldstein, and D. C.
Joy (Plenum, New York, 1979).

10B. F. Buxton, J. A. Eades, J. W. Steeds, and G. M.
Rackham, Philos. Trans. Roy. Soc. London, Ser. A 281,
171 (1976).

1A, P. Pogany and P. S. Turner, Acta Crystallogr. Sect.
A 24,103 (1968).

12These terms were coined by F. C. Frank with refer-
ence to bend-contour patterns in transmission electron
microscopy (unpublished).

13]. Gjonnes and A. F. Moodie, Acta Crystallogr. 19, 65
(1965); J. A. Eades, M. D. Shannon, and B. F. Buxton,
Scanning Electron Microscopy (Scanning Electron Micros-
copy, Inc., Chicago, 1983), p. 1051, and references
therein.

14B. W. Holland and D. P. Woodruff, Surf. Sci. 36, 488
(1973).

I15P. A. Maksym and J. L. Beeby, Appl. Surf. Sci. 11/12,
663 (1982).



et e - ¥ " ‘g WP e,

FIG. 2. Surface zone-axis pattern in the specular beam
from MgO at 100 kV. (The circle marks the region cor-
responding to the field of view in the specular beam of
Fig. 4). The orientation marked x is parallel to the [010]
zone axis.



FIG. 4. Surface convergent-beam zone-axis pattern
from MgO at 100 kV. The specular beam is to the right.
There is a ‘‘topological’” mirror in the (1,0) reflection, to
the left.



