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The aim of this work is to present an experimental procedure to measure directional
Compton profiles by means of electron energy-loss spectroscopy in the transmission electron microscope. In order to obtain unique profiles with a well defined orientation in momentum space a symmetric two-beam scattering geometry taking advantage of crystal symmetry was developped. Measurements on single crystal silicon are discussed in comparison to results of other Compton scattering
techniques and theoretical calculations.
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2014

1. Introduction.

The momentum density distribution of charge carriers in solids can be probed in a transmission
electron microscope equipped with an electron energy-loss spectrometer by means of a technique
called electron Compton scattering from solids (ECOSS) [22, 23, 10].
The central quantity in Compton scattering, the Compton profile

is a projection of the 3-dimensional momentum density p(p) onto the direction of the scattering
vector q. For single scattering and under the validity of the impulse approximation (IA) [5], i.e
for large momentum transfer, the double differential scattering cross section for inelastic electron
scattering relates to the Compton profile as

where q is the modulus of the

(*) also at:

scattering vector.
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Recent work has shown the feasibilty of our combined Jeol 200CX-TEM, GATAN 666-PEELSsystem for experimental Compton work [16,8,17]. The effective momentum resolution, depedend
on the angle of convergence of the primary electron beam incident on the specimen, spherical and
chromatic aberration of the post specimen lenses, the diameter of the spectrometer and finally by
the energy resolution, which can be achieved at present with our system is 6p% = 0.135 atomic
units 1 [9]. By means of Fourier-techniques based simulations the impact of multiple scattering
upon the Compton profiles have been shown; deconvolution routines and an approach to the
elastic background problem were developped [21, 9, 10].
The scope of this work is to discuss on the example of single crystal silicon, (i) a special kind
of scattering geometry taking advantage of crystal symmetry which enables us to measure unique
profiles with a well defined direction in momentum space and (ii) some results of electron scattering in comparison with theoretical Compton profiles and the outcome of photon Compton
measurements.

2.

Specimens.

Silicon was chosen to serve as test material since it is well documented in literature, easy to prepare for the microscope and quite inert to oxidation. A number of experiments with aluminum
showed that materials which are easy contaminated by oxygen are not suited for electron Compton
measurements; results of aluminum will therefore not be presented since they bear no scientific
information except that oxidation is a huge problem related to this kind of transmission scattering
technique. The reason is that one ought to use specimens as thin as possible to reduce multiple
scattering and therefore an additional oxygen-layer strongly alters the outcome by covering the
real signal to be measured.
Single crystal samples have been available in three orientations [100], [110] and [111]. Disks
of 3 mm diameter have been cut out of the respective wafer by means of an ultrasonic drill and
were mechanical thinned on a fast rotating cast iron disk to obtain a flat parallel-sided sample of
thickness around 100 03BCm. A dimple grinder was used for grinding circular dimples on one side
down to a remaining thickness in the middle of the depression of 30 03BCm. Finally Ar+-ion milling
150nm
was used to get specimen areas of reasonable thickness for the purpose of EELS, i.e. d
on the edge of the narrow hole which occurs due to the ion bombardement.
The thinning process showed reasonable results although a compromise had to be made between the requirements conceming the thickness of the specimen which had to be as thin as possible and the fact that the crystal tended to bend the thinner it was. Due to the fact that the samples
available were bent it was necesarry to focus the electron beam on areas not larger than 3-4 03BCm in
diameter in order to assure that the part of the crystal illuminated had a well defined orientation.
3.

Symmetric two-beam case.

Using single crystal specimens to measure directional Compton profiles, care has to be taken
in choosing a proper scattering geometry. The reason is that strong contributions from BraggCompton channel coupling may overlap the directly scattered Compton intensity and alter the
result dramatically. Each Bragg beam, having been diffracted through a large angle relative to the
incident beam, may undergo Compton scattering into the direction of the spectrometer aperture.
A set of various Compton profiles with different maximum, width and direction in momentum
space is superimposed on the single scattering profile.
(1) The unit of momentum px will be given in ’atomic units’ as usual in Compton scattering literature,
~ 1.

1

a.u. =

ha 0
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Fig.l.

-

Symmetric 2 beam scattering geometry.

Coherent effects (superposition of amplitudes instead of intensities from different directions)
arising from the fact that the primary electron splits into a sum of Bloch waves within the crystal
have been shown to be neglicible [10].
Williams calculated the incohérent multiple scattering contributions due to Bragg scattering in
the high energy and high momentum transfer regime using a multi-slice approach that allows for
dynamical scattering and treating each Bragg beam as a source of Compton scattering [24], The
Bragg-Compton channel coupling contributions alter the shape of the single Compton profile on
the low energy-loss side as well as on the high energy-loss side thus it is impossible to get a useful
result for a single crystal in a zone axis orientation. So the goal is to reduce the amount of Braggdiffracted beams which may contribute to the measurement and find a scattering geometry where
Compton profiles of one scattering angle and equivalent directions in momentum space can be
measured.
The demand for a reduction of the number of Bragg-diffracted beams can be achieved by tilting
the specimen away from the zone-axis into a two-beam case. Placing the spectrometer aperture
exactly on the axis of symmetry we now measure two Compton profiles of the same scattering
angle 2 and if the crystal obeys certain symmetry relations it is possible that these two Compton
profiles are of equal direction in momentum space (see Fig. 1). We will discuss this point in the
following particullary for the case of silicon.
We use the fact that the momentum density distribution p(p) must be invariant to all operations
of the point group of the crystal lattice in addition to having inversion symmetry p(p)
p(-p)
[14]. Then the Compton profile as a projection of p(p) of course must follow the same symmetry.
Silicon is of diamond type structure (space group 227), i.e. we have a face centred cubic lattice
where the origin has been chosen
with a basis of two atoms located at
and
such that the crystal features an inversion centre. The point group of this structure is denoted
m3m in the international (Hermann-Maugin) notation [6]. The elements of this point group are
=

(1, 1, g)

with the
E

n+k
nk

(- 1) - 1, - 1)

following point operations

Identity operation
Rotation for an angle 21r ln counter-clockwise
Rotation for an angle 21r ln clockwise, around the axis ek

(2) We will therefore refer to this kind of geometry as the ’symmetric’ 2-beam case hereafter.
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l

nt
nk
The axis ek

Inversion
Rotation for an angle
Rotation for an angle
are

27r ln counter-clockwise, followed by inversion
27r ln clockwise, around the axis ek, followed by inversion.

given in a cartesian coordinate system

Requesting to obtain Compton profiles of equivalent directions in momentum space in the
symmetric two-beam case means that J(hkl) J(hkl) and equivalent relations for k and 1. This
demands the existence of a mirror plane parallel to the ei or, because a reflection is equal to a
rotation for 7rfollowed by an inversion, the existence of the symmetry operation 2i, which is an
element of the point group m3m. Since p(p) = p(-p) the condition that J(hkl) ~ J(hkl) is
fulfilled for every crystal system featuring a point group with the element 2i.
Using the two-beam technique has its consequences upon the directions p., availiable for the
measurement. We will explain that in more detail for a (400)-two beam case adjacent io the [001]zone axis. A tilt around an axis e
(ex, ey, ez) for an angle 0 transforming the vector r into r’ is
described by a matrix such
=

with

e

must be of unit

lenghtlei= exex

+ ey ey + e., e,,

=

1.

Placing the spectrometer aperture on the symmetry axis between the two Bragg reflections,
the direction of the momentum component, if the crystal is the pole-orientation, would be pz ~
~1,8,0~, 03B3 degrees away from thé direction of the symmetry axis. -y is given by sin -y kG/2q, for
15.2 X-1 and k4,0,0
4.6 X-1 we get,
8.7°. Tilting the crystal
a typical scattering angle q
direction
out
of
the
axis
diminishes
the
about the (1, 0, 0)
intensity of the Bragg spots
[0,0,1]-zone
row
to
zero.
The
rotation
almost
angle 0 necessary to achieve a
parallel to the (4, 0, 0)-systematic
the
of
condition
on
the
specific geometry
spot pattern and the selected
depends
proper two-beam
4°.
For
for
around
the
momentum component px
the
it
(4, 0, 0)-reflection ranges
Bragg reflection,
4°
into
with
é
a
we
obtain
value
measured
of ~
(0, 0, 1), pz ~ ~3,19,2~.
(3)
by inserting
actually
The scattering vector does not coincide with a high symmetry direction any more. The deviation
angle 03B1(hs|2b) from a high symmetry direction is given with 0 and 03B3
=

=

=

=

=

=

The experimentally observed tilt angles 4J to achieve more or less ideal 2-beam conditions are listed
in table I together with the resulting directions in momentum space which are accesible within the
respective symmetric two beam scattering geometry related to those values of momentum transfer
q used in the respective measurement as presented in section 7.
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Table I.

-

High symmetry and accesible directions for the several two beam cases.

Fig.2. - Traces of the crystal planes plotted as a stereographic projection around the spherical triangle
build up of the [001], [011] and [111] zone axis for a face-centred cubic structure. The arrows indicate the
tilt direction for the several 2-beam cases. Graphic from [7].

Another consequence of the fact that we are not totaly free in choosing the direction in momight loose information due to the high symmetry of the crystal; we will
discuss this point for the high indexed Bragg reflections in table I in the following. The geometrical conditions for a fcc structure are illustrated in figure 2. Due to the high symmetry of the
diamond structure all anisotropies in momentum density properties are confined within the triangle [001] - [011] - [111]. Tilting the crystal away from the high symmetry directions means that
the effective measured direction in momentum space moves along the boundaries of the triangle
or in general it moves into the triangle. Thus the angles between the several directions accesible
become smaller or to put it physical the anisotropies that we measure, diminish.
mentum space is that we
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Table II.

-Angles between the high symmetry directions, respective between the 2-beam directions.

Table III. - Relative intensities of the several Bragg beams within the sytematic row -g, 0, g, 2g with
g in the exact Bragg-condition (w = 0), averaged over specimen thickness d = 50nm, resp. d = 150
nm.

Additionally, the tilt angle 0 to achieve the (4, 2, 2)-case out of the [011]-zone axis is 2-fold
larger then the tilt angles in the vicinity of the other pole orientations, which may be explaind
by the higher density of Bragg reflections in the [011] orientation compared to [001] and [111],
thus one has to tilt more strongly out of the zone axis to achieve a proper 2-beam condition. The
effective angles between the three directions which can be measured with the three high indexed
2-beam cases from table I are listed in table II.
The question arises whether the side reflections of the two Bragg spots are weak enough to
be neglicible. For this purpose the three different systematic rows from table I consisting of the
reflections -g, 0, g, 2g, have been calculated by means of a Bloch wave algorithm without absorption [20]. The relative excitation of the systematic row averaged over specimen thickness
150 nm is given in table III. The results of table III clearly indicate that
d = 50nm, resp. d
the high order reflections of the systematic row do not influence the total signal from the reflections of the excited 2-beam case. The strongest contribution of a side reflection is obtained in the
(0, 2, 2)-case where it ranges around 1% of the total signal. If thé momentum transfer from the
2-beam reflections (0, g) is /o = 16 Å-1 the resulting momentum transfer to the second order
reflections -g (0, 2, 2) and 2g (0, 4, 4) would be q, 16.7 Â-1, which is too close to qo to
give an observable change in the shape of the Compton profile of momentum tranfer qo.
=

=

=

=

4. Raw data.

The experimental procedure to obtain directional Compton profiles by means of electron energyloss spectrometry in a transmission electron microscope, which can be compared to Compton
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profiles from calculations or other measurements is described in detail elsewhere [9, 10]. This
procedure includes removal of detector caused noise, ’elastic’-background subtraction, deconvolution with respect to plasmon-Compton channel coupling, deconvolution with respect to a finite
momentum resolution and normalization of the resulting profile.
5. Reconstruction of Compton

profiles in arbitrary directions.

Results of photon Compton experiments as well as results of theoretical calculations are usually
presented for a few high symmetry directions. To be able to compare such results with the outcome
of an electron Compton measurement 3 it is necesary to have a method to reconstruct Compton
profiles for an arbitrary direction from a set of given profiles. This can be achieved by inverting
an expansion of the Compton profile in a series of cubic harmonics [13, 14].
Using the fact that the momentum distribution p(p) must remain invariant under all operations of the point group of the crystal, p(p) may be expanded in lattice harmonics of the proper
symmetry; for a cubic crystal these functions are the cubic harmonics

The direction of p in the reciprocal lattice of the crystal is given by Op, d distinguishes the various irreducible representations for a specific value of 1. The cubic harmonic Kl,d(03A9p) form an
orthonormal set of linear combinations of spherical harmonics Ym of order 1 [12]

From (4) it is straight forward to show that the Compton profile can also be expanded in a series
of cubic harmonics [13, 2]

(hkl) denotes the direction Op in reciprocal space. Due to the cubic symmetry only harmonics
with 1 = 0, 4, 6, 8, 10,
are present, the others being zero.
In general we have only a limited number of Compton profiles available from other measurements or calculations. The expansion (5), however, is formally infinite and we have to truncate
after a number of terms m equal to the number of Compton profiles n available, if we aim to solve
(5) for the gl,d. This truncation will only be justified if the expansion converges rapidly enough.
Assuming this is the case, the set of equations (5) can be written in matrix notation as
...

(3 ) We have already seen that we have no access to the high symmetry directions.
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Table IV. 2013 HF1: Radial functions in the expansion of the momentum density of the valence electrons
of silicon in cubic harmonics, from [19].

where K is the matrix with elements Kl,d(hkl) and J and g are column vectors built up of profiles
Jhkland gl,d-functions respectively. Inversion yields

Having determined the radial expansion coefficients gl,d(pz) it is straightforward to reconstruct a
Compton profile Jhkl (pz) in any arbitrary direction (hkl) by means of the expansion (5).
The crucial point in this procedure, of course, is the convergence of the expansion (5). The l-th
order harmonic is built up from terms of the form sinz cosj ~, with i + j l; thus, if the expansion
is truncated at 1 == A it will never be able to reproduce angular variations in J(pz) on a scale 03C0/03BB.
Unless a very large number of Compton profiles is available, the reconstructed angular variation
of the profiles will therefore always contain a residual smearing.
=

6. Tables of calculated and measured

Compton profiles.

For a comprehensive discussion of the measured electron Compton profiles, some calculated and
experimental Compton profiles from other groups shall be given in the following.
A set of 3 different theoretical calculations have been available in a way so that they could be
compared to our measurement. Two of them are based on LCAO models using Hartree-Fock
wavefunctions, they are (i) by Seth et al. [19] hereafter denoted HF1 and (ii) by Angonoa et al.
[1] hereafter denoted HF2. The third approach is a full potential augmented plane wave FLAPW
calculation by Blaas [3].
The results of Seth [19] were given in form of the coefficients G"d in the expansion of the momentum density of the valence electrons, the first 4 cubic harmonics are listed in table IV The
HF1 Compton profiles have been calculated from the G,,, by means of equation (5).
Angonoa reported total Compton profiles in five directions; HF2 results in directions for the
electron Comtpon experiment are calculated following (7) from the values listed in table V
The FLAPW Compton profile for the valence electrons is given as an expansion in 15 cubic
harmonics, of which the first 7 expansion coefficients gl,d are given in table VI. It should be noted
that these profiles are not suited for direct comparison with directional CP because no correction
for electron correlation effects has been done. The so called Lam-Platzman correction leads to
an enhancement of states above the Fermi momentum [11]. Since it is supposed to be isotropic in
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Table V. - HF2: Calculated directional total Compton profiles for silicon and isotropic
bution (last column), from [1].

Table VI. 2013FLAPW: Expansion coefficients gl,d for the

Compton profile, from [3].

core

contri-
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Table VII. -Directional X-ray

Compton profiles by [18].

momentum space, the FLAPW calculation yields correct results when calculating the differences
in the profiles in the various directions.
Directional CPs in the (100), ~110~ and (111) direction have been measured by Schülke using
MoKa radiation [18]. Separation of the core and the valence electron part of the CP has been
done by subtracting a calculated 2s22p6 core profile which has been fitted to the experimental
profile between 1.8 pz ~ 3.0a.u.; the resulting valence CPs are listed in table VII. Hereafter
we will refer to this results as ’SX’.
A 160 keV 03B3-ray study of the Compton profiles of the isostructural elements diamond, silicon
and germanium done by Reed et al. provides us with valence electron profiles in the directions
(100), (110), (111), (112) and (221) [15]. Hereafter we will refer to this results as ’R03B3.

7. Electron

Compton Profiles.

The simulated results conceming the systematic row as well as calculations concerning coherent
scattering [10] would indicate that the choice of the particular 2-beam case doesn’t influence the
outcome of a measurement. But we have observed a yet unexplained but reproducible effect which
causes the Compton profiles to broaden on their high energy-loss side in the vicinity of the transition between the valence and the core Compton profile. This effect is most pronounced when a
low-indexed Bragg reflection ~1,1,1~ or (2, 2, 0) is used for the symmetric two-beam case scattering geometry; for the higher indexed reflections (4, 0, 0) or (4, 2, 2) we obtained a broadening of
the same kind but quantitatively smaller.
Figure 3a,b show two spectra with different g-vector of the Bragg-excited beam, obtained from
the same area of a specimen with foil normal [111] and thickness Dp = 0.80 compared to the
respective simulated one; the momentum transfer q = 15.6 Å-1 is equal in both measurents; figure
3c,d show two spectra from the same area of another [111] specimen with specimen thickness
Dp = 0.90, the momentum transfer is q = 15.7 Â-1 (2, 2, 0) and q = 16.9 Â-1 (4, 2, 2) respective.
A distinct deviation from the simulation is observed for the scattering profils from the (2, 2, 0)case, although the conditions of the measurement are the same as for the (4, 2, 2)-case, except
that the crystal is orientated in a different direction.
There could be various reasons for such a broadening:
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Fig.3.

- Total scattering profiles obtained for a (2, 2, 0) (a), (4, 2, 2) (b) 2-beam case from a specimen with
Dp 0.80; total scattering profiles obtained for a (2, 2, 0) (c), (4, 2, 2) (d) 2-beam case from a specimen with
Dp = 0.90.
=

a) Bragg-Compton channel coupling: although the crystal is tilt into a ’two-beam’ case indicating that the residual Bragg-reflections are negligible, the sum of the contribution of all
Bragg-diffracted beams could give a non negligible contribution to the total spectrum. It
has been shown by Williams, for a crystal in a zone-axis orientation, that the contribution
of Bragg-Compton channel coupling contributes mainly on the low energy-loss side of the
spectrum [24]. This argument holds, qualitatively, also for the case of a tilted crystal, therefore we may expect the major deviation from the simulation in the pre-Compton energy-loss
region. Nevertheless we observe from figure 3 that the spectra seem to be not broadénd at
all on their low energy-loss side.
By tilting the crystal away from the two-beam case into the systematic row, the residual influence of Bragg-Compton channel coupling may be demonstrated experimentally. Figure 4
gives two spectra measured under equal conditions except that the orientation of the crystal
has slightly been changed from the two-beam condition (a), to the respective systematic row
(b). The intensity of the high energy-loss side remains almost unchanged, indicating that any
side reflection does not significantly influence this feature. The low energy-loss side changes
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Total spectra obtained in thé (4,2,2) two-beam case (a) and in thé (4,2,2)
Difference of the spectra on their high energy-loss side converted to a momentum scale

Fig.4.

-

systematic row (b).
(c).

according probably to the changing excitations strength of the Bragg-reflections in the very
vicinity of the spectrometer aperture. Figure 4c proves that the two profiles, after beeing
converted to

a

momentum scale and

normalized, are identical within the statistical limits4.

b)

The spectra could have been broadend by an additional layer of oxygen on the specimen
surface, if the Compton profile of such a contamination is distinctly broader than that of
the specimen. But the Compton profiles are supposed to be symmetric with respect to the
maximum, thus such a broadening must also be symmetric which is in contradiction to the
experimental observations. Below we will give an estimation, proving, by means of microanalytical arguments, that the broadening can not be caused by an oxygen layer upon the
crystals surface.

c)

If the effective momentum resolution of the measurement is worse than the assumed resolution in the simulation we may also expect a deviation of the experimental profile from
the simulated. Nevertheless such a deviation has got to be symmetric with respect to the

(4) The noise in the profiles due to counting statistics is indicated by the error bar; it was determined from the raw data
ta be ::i:l % at Pz

=0.
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Compton profile peak and it can be shown by means of the multiple scattering simulation
that thé quantity of the deviation can not be explained by a limited momentum resolution.

d)

As shown by Su et al. [21] plasmon-Compton channel coupling alters the spectra mainly
on their high energy-loss side which would qualitatively confirm the experimental observations. Since the simulated spectra do account for the plasmon-Compton channel coupling
it follows that the effects of plasmon-channel coupling upon the profile are far below the
observed broadening effect. Such a strong deviation from simulated profiles could only be
explained by a grossly wrong assumption of the cross section for plasmon excitation in the
simulation; this is very unlikely.

In the following we will discuss some measured electron Compton profiles obtained in a highindexed two-beam scattering geometry (~4, 0, 0~, ~4, 2, 2~). First we will compare the measured

direct

profiles Jexp(pz) to theoretical HF2-profiles Jth(pz) on a momentum scale which refers to
Jth 2013 Jexp between the measured electron
p... Figure 5 shows several difference profiles AJ
in
the
and
(9, 5, 4) -direction in momentum space and the
(19,3,2), (22,19, 4)
Compton profiles
theoretical
HF2-profiles.
respective
Some direction dependent deviations from the theoretical profile indicate a disagreement of
the measurement with the calculation due to possible insufficiencies of the theoretical model in
use. But as already discussed we observe a second kind of deviation for all profiles at momen1 a.u. that kind that the experimental profile is too broad in the transfer
tum values around px
electron profile and the core electron profile. This deviation is not
between
the
valence
region
in
its
and
it seems not to be dependend on the crystal orientation in a sysreproducible
quantity
tematic manner; therefore we cannot ascribe this effect any relevance concerning the physical
properties of the sample to be measured.
The same picture but even worse arises when we compare the measured profiles Jexp(pz) with
those obtained by the 03B3-ray measurements JR03B3 (Pz) which have been reconstructed from table VIII.
Figure 6 displays the differences 0394J = JR03B3 - Jel for two different directions. A deviation of equivalent kind as discussed above located at the same momentum value but even more pronounced
and sharper can be observed.
This broadening of the measured valence electron profile can not be explaind by means of the
multiple scattering calculations nor by any resolution effects 5. The possibility remains that they
are caused by thin layers of oxide on the sample surface. A short simulation discusses this question.
For this purpose we construct an artificial Si02 profile by taking an oxygen 1s22s2-core plus a
silicon 1s22s22p6-core and a GauBian shaped valence profile of 1.8 a.u half-width; the profile is
normalized to have an area of 30 the number of electrons in the Si02-particle. This Si02 profile
is added to a silicon HF2-profile in varying relations Si:Si02 and the resulting ’contaminated’ Si
profile is then normalized to 14 the number of electrons in the pure Si. Figure 7b shows the
deviation of the ’contaminated’ profile from the pure profil for relations Si :Si02 == 10 : 1, 20:1,
50:1, compared to the deviation of a measured profile in the ( 19,3,2) direction from the respective
HF2 profile. Following figure 7 the amount of the deviation could be explained with the presence
=

=

of Si02 in relation to pure Si of Si:Si02 = 10 :1.
Such an enormous amount of oxygen on the Si is detectable with EELS microanalysis. Figure 8 compares calculated bright-field high energy-loss spectra in the region of the 02 K-edge
with the respective measured spectrum; the theoretical spectra have been calculated following
the hydrogenic approach by Egerton [4]. The measurement yields no detectable amount of oxygen within the Si background in the limits of the counting statistics which are below the level of the
Si:Si02 50 : 1 signal. This means that the variances of the measured electron Compton profiles
=

(5) Which we claim to remove by a deconvolution procedure [21, 10].
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Différence profile AJ= JHF2 - Jexp between thé profiles of thé theory HF2 and experimental proseveral
files from
independent measurements. (a)...~19, 3, 2) -direction; (b)... ~22, 19, 4) -direction, (9, 5, 4) direction.

Fig.5.

-
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Fig.6. - (a) Direct comparsion of the Compton profile in (19,3,2) direction measured by means of elecscattering and ’)’-ray scattering. (b)...Difference profile AJ =
and the electron scattering profile Jexp for(19,3,2) and (22,19,4).
tron

JR03B3 2013 Jexp

between the ’)’-ray profile

JR,
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Fig.7. - (a) Si and artificial Si02 Compton profile; the Si02 profile has been normalized to have the same
area as the Si profile. (b)...Deviations of the’contaminated’ profile from the pure Compton profile for various
relations of Si:Si02, compared to a measured variance AJ = JHF - Jexp in (19,3,2) direction.
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Table VIII. - R-y: 03B3-ray directional Compton profiles and

lsz2s22p6 core, from [15].

theory and the results of the photon experiments can not be explained with the presence of
an oxygen layer. So we have to conclude that there is no answer to the question of the varying
quality of the measured Compton profiles at this time, it was not possible to observe any kind of
reproducability concerning the broadening of the profiles.
Since systematic errors are supposed to vanish when calculating differential profiles, we may
deviations
expect to observe differential profiles which are closer to the theory, provided that the
described above are of the same quantity in both profiles which are to be subtracted. Figure 9
shows differential profiles between the directions ~19, 3, 2~ and ~22, 19, 4~ obtained in two indeto the HF1pendent measurements compared to those of the HF2-theory (Fig. 9a), respective
main
the
features,
and FLAPW-theory (Fig. 9b). The measurements are reproducible concerning
but show slight quantitative variations due to the varying influence of the broadening as described

from

above.
Nevertheless we are able to state that the measurements support the predictions of the HF2
calculations rather than HF1 and FLAPW, which predict a zero crossing of the differential profile
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Fig.8.

- Measured (1) and calculated
= 50 : 1
(4).

bright-field high-loss spectra; Si:Si02

=

10 : 1

(2), Si:Si02

=

20 : 1

(3), Si:Si02

around pz - 0.15 a.u.. The electron Compton measurements yield no evidence for such a zero
crossing. Figure 10 compares the electron scattering results with those of the reconstructed 03B3-ray
and X-ray values; we observe that the photon measurements are more likely the HF1 and FLAPW
0.4 a.u..
calculations since they exhibit a zero crossing in the region p,,
in
The direction momentum space which has been achieved with the measurement in the (4,2,2)case near the [011] zone axis, tilting the specimen for an angle of 4J = 11° and selecting a scattering angle of q 15.2 is (9,5,4). The angle (3 to the direction (22,19,4) measured near
17.6°. The calculations yield an interesting picture since they all predict
the [1,1,1] pole is /?
same
the
qualitatively
shape for the difference profile AJ J9,5,4 - J22,19,4, but quantitatively that
an
of magnitude smaller than those by the HF1 and the FLAPW calculaHF2
is
almost
order
by
tion. The results of the electron measurements indicate no anisotropy at all within the statistical
limits, see figure lla. Figure llb shpws that the photon experiments, particulary that by Reed
[15], have been able to measure an anisotropy qualitatively equal to the theoretical predictions.
Therefore we may conclude that it seems that the electron experiments are less sensitiv than the
=

=

=

photon experiments.
8. Conclusions.
A transmission electron microscope equipped with a parallel electron energy-loss spectrometer
is under particular conditions suited for the measurement of momentum density distributions
of charge carriers in a solid on a scale of 03BCm. At present the momentum resolution which can
be achieved in the TEM is comparable to modern synchrotron experiments using bent crystal
spectrometers. This resolution could be enhanced at the expense of the count rate, demanding
either an electron source of higher effectivity (field emission gun) or a detection system which is
capable of single electron detection.
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Fig.9. - (a) Measured anisotropy in the Compton profile AJ = J19,3,2 - J22,19,4 compared to the respective
HF2 result.

(b)...Dito compared to the FLAPW, resp.

HF1

theory.
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(a)...Comparison of measured anisotropies in the Compton profile AJ J19,3,2 J22,19,4 obtained by means of electron scattering and 03B3-ray (Reed), respectively X-ray (Schülke) scattering. (b)...Photon
results compared to the HF1 and FLAPW theory.

Fig.10.

-

=

-
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Fig.ll.

-

calculations.

(a)...Anisotropy AJ= J9,5,4 J22,19,4 obtained by électron scattering compared to thé several
(b) Dito for the photon scattering experiments.
-
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Specimen support and preparation is one of the crucial points for ECOSS in order to be useful.
Attempts to measure the Compton profile of aluminum which easily oxidizes, showed that the
Compton spectrum is most sensitive to the presence of an additional oxygen layer on the sample
surface.
With a set of single crystal silicon spamples the ability of ECOSS to measure directional anisotropies in the Compton profile was tested. The introduction of a scattering geometry taking advantage of crystal symmetry enabled us to avoid Bragg-Compton channel coupling and to measure
Compton profiles of well defined orientation in momentum space. A disadvantage of the symmetric two-beam case setup is that the accesible directions do not coincide with the high symmetry
directions usually documented in Compton literature and are not that seperated as the respective
high symmetry directions.
With the help of recently developped procedures concerning background subtraction and deconvolution it was possible to measure directional Compton profiles in three different directions
from single crystal specimens of three different orientations. Measured anisotropies were in overall qualitative agreement with the theory and previous photon scattering results, but showed differences in some details compared to the photon experiments. The analysis of direct profiles
as compared to the respective theoretical and photon experiments showed a strong deviation in
the vicinity of t4e Fermi momentum qF which could not been explained by means of the multiple
scattering calculations or by any specimen contamination.
This broadening effect occurs strongest when using a low-indexed Bragg-reflection like (1,1,1)
or (2,2,0) for the symmetric two-beam case scattering geometry, for a higher indexed Braggreflection (~4,0,0~ or higher) the profiles are less altered, though the deviation from theoretical
and photon results are still obvious. The broadening effect is not reproducible in its quantity and
no systematic dependence on any specimen parameter like thickness or orientation was observable. We have no explanation of this effect.
Further experiments with homogeneous, polycrystalline thin films may help answering the question whether there is an intrinsic difference in the results of a Compton measurement when using
electrons as probing particles instead of photons.
9.
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