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Surface high-energy electron diffraction
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High-energy (100-keV) grazing-incidence electron diffraction is proposed and analyzed

as a technique for determining quantitatively the structure of surfaces. It is shown that,
under suitable conditions, the Bragg scattering from the surface may be interpreted in

terms of weak-scattering theory and a known electrostatic potential for the interaction of
high-energy electrons vrith core electrons.

Electron diffraction from solid single-crystal
surfaces is one of the best ways of obtaining infor-
mation about the structure of such surfaces. Typ-
ically, low-energy electrons (E & 100 eV) are used
in such experiments. Quantitative interpretation of
the data, for example, an analysis of the relative
intensity in various Bragg spots or the energy
dependence of a single spot, are extraordinarily dif-
ficult. ' On the one hand, the electrons interact
strongly with the solid so that the reflection coeffi-
cient even within a one-body approximation is the
solution of a complicated multiple-scattering prob-
lem which for semiconductors is even more com-
phcated by surface reconstruction, i.e., the un-

known geometry of the surface. On the other
hand, if one knows the effective one-electron po-
tential, then one could, at least in principle, extract
the surface geometry.

Determining such a potential (if it exists) has its
own enormous problems since inherently the prob-
lem involves the interaction of 10 identical elec-

trons. The interaction between probe and system
arises from an electrostatic Hartree piece depen-

dent only on the ground-state charge distribution
and an exchange and correlation part determined

by some approximate techniqu. Typically, one

makes some type of local-density approximation
where the potential for electrons of energy E is

given by V,fr(r) =X(E,p(r)), where X is the self-

energy of an electron in a uniform electron gas
with density p(r) determined from a one-electron
self-consistent ground-state calculation. While

such approximations seem to be adequate for
describing many of the ground-state properties of
solids, it is not at all obvious that they are accu-
rate for electrons with tens of eV of kinetic energy.
Moreover, there is no a priori way of checking
such approximations.

In this paper, we will show that an electron

scattering experiment utilizing high-energy (100-
keV) electrons incident at small angles on a clean

single-crystal surface can be an almost ideal

(known potential) kinematic probe of surfaces.
We will be able to argue that, under conditions

easily attainable in a conventional electron micro-

scope, lt should bc poss1blc to perform thcsc mea-

surements. While such experiments [so-called re-

flection high-energy electron diffraction (RHEED)]
have been carried out with roughly this geometry,
we know of no experiments where conditions were

correctly optimized and analyzed to allow such a
simple interpretation. It is true, however, that in

Ref. 7 an empirical rule, relating the intensities of
the bulk peaks to the surface peaks formed by ad-

sorbing oxygen on tungsten, was used to define a
weak-scattering regime. A Jposterion it may be said
that this procedure worked, i.e., there was good
agreement between experimentally measured and

kinematically calculated intensities. This work in

fact tells us that there is indeed a regime where

such simple calculations may apply.
For the moment, let us assume that the solid is

made up of an array of atoms centered at R; each
with its own ground-state charge distribution
p(r' R;). This is an—excellent approximation for
the core electrons and we will see that, in these ex-

periments, it is the core electrons which are
relevant. The scattering of a 100-keV electron by
an atom is very accurately described by Born ap-
proximation from the ground-state charge distribu-

tion (no correlation, no exchange); i.e.,

with (A'=1)
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FIG. 1. (a) Schematic representation of the single
scattering of high-energy electrons from the surface of a
simple cubic lattice (8~-10 ' rad, 82-10 ' rad). (b) A
typical multiple-scattering event.
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and k is the momentum transferred in the scatter-
ing. To obtain the qualitative behavior of the cross
sections, me assume a hydrogenic charge distribu-

tion of the form p(r)-e ' in the Ith shell con-
taining n~ electrons. The integrals are easily done,
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At small momentum transfers, the k divergence
vanishes since g& ni Z At large k——, th.e scatter-

ing is dominated by the pointlike nucleus and those
shells with the smallest ai. Thus for k = 10 A
only those shells whose radii are, roughly speaking,
0.1 A, i.e., bound by several hundred volts, vrill

contribute. The typical size of the cross section at
a momentum transfer k =—10' cm-' is

in units of cm . The quantity Z' will depend on
the details of the core charge distribution, but for a
semiconductor like silicon, at these momentum
transfers, Z'=3 and (do/d Q)&=10 ' cm .

Now consider the scattering of a beam of 100-
keV electrons from the surface of a bulk single
crystal as shown in Fig. 1(a). If the angle 8i is
small enough, then the angle inside the crystal will

be determined by the normal kinetic energy gained
(b,E) by the ele:tron on entering the crystal. For
8&v'bE/E, 8;„,=v'bE/E -=2X10 for E=100
keV since b,E=10 eV. In this case the effective
distance between planes I i -—d/8;„,-=1.5)& 103 A.
The distance li will be comparable to the mean
free path (A,r) for inelastic scattering. For Si,
A,r -=800 A for 100-keV electrons. Thus the
straight-through beam v@11, vnth 70% certainty,
have suffered an inelastic scattering. This inelastic
event will be dominated by forward plasmon
scattering so that an energy analysis (with 10-eV
resolution) of the final beam will eliminate much
of the multiple scattering from the underlying bulk
atoms.

%hile energy analysis eliminates some multiple
scattering from the straight-through beam, there
can, of course, be events like those sketched in Fig.
1(b) where diffuse scattering deflects the beam
through some modest angle 8D gg 8;„,. That beam

may be diffusely scattered or diffracted into the
final'-beam direction. Each such scattering event
involves momentum transfers of several A ' and
the cross sections for these processes
(o =—10 ' —10 ' cm ) are such that a single plane
of atoms containing 10' atoms/cm is a weak
scatterer. Such events vali produce a background
comparable to the diffraction peak from a single
layer, but they are not localized in angle, i.e., they
should be easy to subtract out. This is very dif-
ferent from the situation which prevails in inelastic
scattering experiments, particularly as regards the
behavior of the plasmon at large momentum
transfers. In this case, the plasmon cross section
gets very large in the forward direction, i.e., for
small momentum transfers it diverges logarithmi-
cally, so that background events involving a diffuse
scattering followed by a forward inelastic scatter-
ing from the conduction electrons swamp the
single-scattering event. In addition, unlike the
elastic peak, the single-scattering event becomes
broad in energy space and is almost impossible to
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FIG. 2, The kinematics of the surface scattering.
The three-dimensional Bragg points have been spread
into the two-dimensional lattice rods.

distinguish from the multiple-scattering back-
ground.

The kinematics of the scattering process from
the first layer is sketched in Fig. 2. Since it is pos-
sible to pick up an arbitrary amount of momentum

in the z direction, the Bragg spots become Bragg
rods. For a fixed input angle, the diffracted beam
exits in a number of spots determined by that in-

put angle and the momentum transfer in the plane,
i.e., it is the place where the Bragg rods intersect
the Ewald sphere. For such small incident angles,
the diffracted beam makes an angle

82=+2K„/ki-=10

measured in radians. Here E„is some two-
dimensional reciprocal-lattice vector taken, for con-
venience, in the x direction and ki -—100 A for a
100-keV electron. This implies that the net
momentum transfer involved in thc clastic scatter-
ing is approximately 10 A and that the Born ap-
proximation for scattering from atoms in the first
plane is a very good approximation.

Duc to scattering from the first layer, the frac-
tional intensity in each singly diffracted beam is'

= 10 —10

Here, n is the number of scatterers per unit area
and (do/dQ)r is the typical cross section [Eq. (5)]
characteristic of momentum transfers k =—10
A '. Assuming the background is low enough,
these numbers are exceptionally favorable. The
background events will be dominated by inelastic
scattering from the outer electrons and from
quasielastic scattering, as discussed„ from phonons.
CoInpton-type events 1nvolvlng momentum
transfers k = 10 A ' involve energy losses of

several hundred electron volts (iri k2/2m =400 eV,
k =10 A ) and can be discrinunated against by
energy analyzing the scattered beam. As discussed,

the diffuse background is broad and weak.
There is another type of clastic mult1ple scatter-

ing which could confuse any simple interpretation
of the data T. hese are multiple-scattering events
from the first plane of atoms involving small

(several A ') momentum transfers (K„)perpendic-
ular to the scattering plane. However, since the
typical cross sections make a single plane of atoms
a weak scatterer (=10%),even for low momentum
transfers such events will only produce corrections
to the intensity of approximately 1%. Such com-
plications may be further suppressed by orienting
the two-dimensional surface relative to the scatter-

ing plane such that there are no lower-order

reciprocal-lattice vectors exactly perpendicular t.o
the scattering plane. In this case, because of
kineInatic restrictions, the total momentum
transfers [see Eq. (6)] are large and the cross sec-
t1on 18 cvcn smaBcr. This sltuat1on 18 to bc coIl-

trasted with the low-energy electron case where a
single plane of atoms is a strong scatterer.

We envisage first measuring the relative intensity
in 3N (N being the number of atoms in a unit cell)
spots for a very small 8,. These results can be
analyzed in terms of the known form factors E(k„)
(Born approximation, atomic charge distribution)
to obtain the positions of the atoms in the first

%c have

+(k. )= g. " "f,(k„) (&)

with (iil Haftrcc-Fock appioxiiilation)

f;(k)- g I e' "''P~;(r)d r .
I

Here, the sum on i is a sum over the unit cell for
the first layer of atoms and the sum on l is over
occupied orbitals for the ith atom.

One can now repeat the process for a bigger in-
c1dcnt angle and bcg1Q to observe thc modulation
in intensity of some particular Bragg spot (rod)
which comes about as the interference between the
first and second layers starts to become important.
This should enable one to get a great deal of addi-
tional information about the nature of reconstruc-
tion (if it exists) as a function of distance into the

sample.
There is another interesting related phenomenon

which comes into play here. It is the "analog" of
total external reflection in the x-ray case. The
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this case, the reflection coefficient goes to unity at
zero energy. For a square well, the exact way it
approaches one is given by

R =1 4+—El/VO+ (10)

FIG. 3. (a) The effective barrier (electrostatic) seen by
an incoming electron with high parallel energy and low

longitudinal energy. (b) The reAection coefficient for
the same electron.

where El is the perpendicular energy (Ei/E« &1). Thus a measurement of the inital devia-
tion of the reflection coefficient from one [Fig.
3(b)j will give the parameter Vo. Higher correc-
tions in E will tell us about the detailed shape of
the potential.

In summary, then, we have argued that for suff-
icientl small angles of incidence, high-energy el+-
tron diffraction can be made extremely sensitive to
flic fllrst laycl'. Ili addition, tlM potclitial bctwccll
probe and substrate is known, and for some spots
(rods) and for some geometric configurations, the
intensity can be interpreted simply within the Born
approximation. There will no doubt be real practi-
cal problems connected with flatness of the crystal,
the brightness of the source, etc. We have con-
sidered all of these questions in some detail and
find that they can all be solved in a conventional
electron microscope which has been adapted to
work at UHV.

normal energy of the electron is low and becomes
of order of 1 CV for 8;=—3X10 rad. The normal
potential energy experienced by such an electron is
very roughly sketched in Fig. 3. The height of this
potential step "to a very high degree of accuracy"
is given by the electrostatic potential difference Vo
(Vo = 10 CV). Correlation and exchange effects are
absent because of the very large parallel energy. In
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