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The (442) and (622) reflections in both Si and Ge were measured using synchrotron radiation from the Wilson 12-
GeV Synchrotron. These reflections, which are basis forbidden in diamond-structure materials, arise from two
distinct effects: antisymmetric charge buildup due to covalent bonding of the valence electrons and anharmonic
thermal vibrations of the core electrons. Because these reflections are sensitive only to deviations from a
centrosymmetric charge density, their integrated intensities are extremely small. The measured structure factors for
these reflections at room temperature were F(442) = 0.042=+0.003, F(622) = 0.005+0.004, and
F(442) = 0.0630+0.0016, F(622)=0.0558+0.0023 in silicon and germanium, respectively. The anharmonic
contribution can be removed from these values leaving the scattering amplitude due solely to the bond change. We
compare these values to empirical and theoretical predictions. New techniques utilizing the inherent properties of

synchrotron radiation will also be discussed.

INTRODUCTION

Basis forbidden reflections in diamond-structure
materials, reflections whose Miller indices sum
to 4n +2 (n is an integer), were first observed
with x rays over 50 years ago by Bragg.! He de-
tected a weak scattered intensity in diamond from
the lowest-order forbidden reflection, the (222),
and postulated that the observed intensity was the
result of incomplete destructive interference of
the scattered x rays due to the nonsphericity of
the diamond’s covalent bonds. The origin of this
incomplete interference can easily be understood
from examination of the unit cell. The diamond
structure is an fcc Bravais lattice with a two-atom
basis. This can be viewed as two interpenetrating
fcc lattices displaced i the way along the body di-
agonal. (See Fig. 1). Let the two basis sites (or
the atoms of the two interpenetrating fcc lattices)
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FIG. 1. The unit cell of the diamond structure (a)
with eight atoms per unit cell. (b) The atoms at the B
sites are not identical to atoms on the A sites but are
related by inversion symmetry.

be denoted A and B. These sites, each of which
has tetrahedral symmetry, are not identical but
are related by an inversion operation, i.e., p,(¥)
=—py(-F) [where p,(F) is the electron density of
atom n]. Now consider the distortion due to co-
valent bonding of a spherically symmetric free
atom when placed at one of these sites. Since the
local site symmetry is tetrahedral, bonding effects
will produce an antisymmetric component in the
atomic charge density. :

For basis forbidden reflections (% +% +1 =4n +2),
the structure factor can be written in terms of
the atoms on sites A and B as

F(rkl) =4lf (&) -fy®)] (+k+l=4n+2), (1)

where f"(E) is the Fourier transform of the electron
charge density of the atom located on the xth site.
Equation (1) shows that if the charge density were
centrosymmetric, viz., p°(¥) =p°(~¥), the structure
factor F(hkl) would truly vanish. However, if there
exists an antisymmetric component to the charge
density, p%(¥) =-p?(<¥F), the structure factor will
be?

F(nkl)=8f*K) (h+k+1=4n<+2). 2)

We have defined f(k) as the Fourier transform of
the antisymmetric charge component and set

fo&) =74 (k) = -3 %) . (3)

As Bragg first implied, Eq. (2) indicates that the
(4n +2)-type reflections will have no contribution
from the centrosymmetric component of the atomic
charge density but only from antisymmetric de-
viations from sphericity. This conclusion has been
verified experimentally by detection of the (222)
forbidden reflections in diamond,® silicon,**? ger -
manium,> 314 grey tin,'® and the (442) reflection
in silicon.'®

The arguments used to determine the x-ray
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structure factor for the basis forbidden reflec-
tions can be extended to include neutron scattering
if the electronic charge density is replaced with
the appropriate distribution of nuclear scattering
matter. Dawson and Willis’” suggested that the
tetrahedral symmetry of the nuclear potential

well in the diamond structure should produce
anharmonic thermal vibrations of the nuclei, and
that this anharmonicity should give rise to a weak
neutron Bragg reflection at the normally basis-
forbidden reciprocal-lattice points. Subsequent
measurements have revealed weak reflections'®®
from the (222) in both Si and Ge. More recently,
the Si (442) and (622) neutron reflections have been
measured, but only at elevated temperatures where
the anharmonic vibrational amplitudes are larger.?°

Assuming that the core electrons follow the
nuclear excursions from equilibrium (rigid-ion
model), the resulting thermally smeared electronic
charge distribution will have a tetrahedral charac-
ter and hence both antisymmetric and centrosym-
metric components. Thus, the antisymmetric
scattering amplitude due to anharmonic thermal
vibrations of the core electrons will also con-
tribute to the x-ray intensity of the forbidden re-
flections and must be included in the structure
factor.

From the available free volume in the unit cell
(see Fig. 1) one would intuitively expect that the
nucleus preferentially vibrates away from its near-
est neighbors. This would cause a charge buildup
opposite to that from the bonding electrons. The
two effects thus work against one another and tend
to make total charge density more centrosymme-
tric. Consequently, we expect the two effects to
be the opposite sign, i.e.,

| F(kel) | =8f2ona() —f2n(®)| - : (4)

Trucano'® has verified this supposition by exper-
imentally measuring the temperature dependence
of the (442) x-ray reflection in silicon. As the
crystal was heated, the (442) integrated intensity
first decreased, went through zero, and then in-
creased, indicating that at low temperatures scat-
tering from the bond charge dominated the mea-
sured intensity. Asthetemperaturewas increased,
the anharmonic vibrations and hence anharmonic
scattering amplitude increased, eventually equal-
ing the valence scattering amplitude resulting in
a vanishing of the reflected intensity. Additional
heating further increased the magnitude of the
anharmonic term causing the Bragg intensity to
then increase with temperature, confirming the
choice of sign between the two terms.

Clearly, the measurement of these forbidden
reflections provides information on both valence

charge densities and anharmonic thermal vibra-
tions. Combining neutron and x-ray measurements
allows the anharmonic vibrational component of
the scattering amplitude to be removed from x-ray
measurements. This allows information on the
shape and magnitude of the bond charge distribution
to be extracted without interference from scatter -
ing from the spherical core which is automatically
canceled due to its centrosymmetric character.
The sensitivity of these reflections to the valence
bond charge provides an accurate experimental
check on valence-electron charge distributions
calculated from theoretical wave functions using
the various band-structure computational tech-
niques.

The integrated intensity of basis forbidden re-
flections is quite small. For the Si (442), the
integrated intensity is about 6 orders-of-magnitude
less than that of a low-order allowed reflection.
Consequently, the detection of such reflections
is extremely difficult even with high-flux x-ray
tubes and the most sophisticated detection sys-
tems.

In this paper we report the measurements of the
higher -order forbidden reflections (442) and (622)
in silicon and germanium using synchrotron ra-
diation from the Wilson 12-GeV Synchrotron. The
inherent properties of synchrotron radiation
sources, i.e., large source-sample distance,
degree of both horizontal and vertical collima-
tion attainable without excessive loss of flux, and
the continuous nature of the spectrum seemed par -
ticularly suited to measure these extremely weak
Bragg reflections.

The combination of these synchrotron radiation
experiments and previously measured neutron
scattering results have allowed us to compare the
measured bond charge scattering amplitudes with
various theoretical models. In the case of silicon
we found good agreement with the antisymmetric
scattering amplitude predicted by the deformation
density analysis of Price, Maslen, and Mair.2!
Our germanium results indicate that, even at room
temperature, the anharmonic term in the structure
factor dominates the bonding term in the higher-
order forbidden reflections. The valence-electron
contributions to the structure factor are therefore
more difficult to extract than in the silicon mea-
surements. The germanium results will be com-
pared with the deformation density analysis of
allowed reflections by Dawson.?*?

APPARATUS

The experiments described in this paper were
performed at the Wilson 12-GeV Synchrotron. A
150-MeV LINAC injects 10° to 10' electrons into
the synchrotron at 60 Hz where they are accel-



erated to a maximum energy of 12 GeV in 5 of

a second. With an average magnetic bend radius
of ~100 m, the critical energy of the synchrotron
radiation spectrum at the maximum electron en-
ergy of 12 GeV is 38 KeV. The origin of the emit-
ted synchrotron radiation was ~30 m from the
experimental area. A 10-mil Be window separated
the machine vacuum from the vacuum in the beam-
pipe which traversed the 23 m from the window to
the spectrometer. A set of vertical and horizontal
slits were located 13 m from the source. Ina
typical experiment about 3+ mrad of orbital radia-
tion was incident upon the specimen.

Integrated intensity measurements of the forbid-
den reflections were made on a two-crystal spec-
trometer (see Fig. 2). The first crystal is the
monochromator and the second is the sample. The
selection of a proper monochromating crystal was
extremely important. A perfect (620) Si crystal
was chosen, because its d spacing closely matched
those of the reflections we wished to study. The
second-order reflection, the (1240), is allowed
and, as we will show below, can be used to ad-
vantage. A good matching of d spacing between
the first and second crystals decreases the dis-
persion of the system, resulting in sharper re-
flection curves and hence a better overall signal-
to-noise ratio.

With the continuous spectrum source, a mono-
chromator whose second-order reflection is al-
lowed facilitates the initial location of the forbid-
den reflection by detecting its allowed first har-
monic. [The second-order reflection from a
(4n +2)-type reflection is always allowed, since
the Miller indices sum to 4m, m =2n+ 1.]
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To take advantage of the large component of
radiation polarized in the plane of the electron’s
orbit, the beam was reflected in the vertical plane.
A Siemens diffractometer mounted vertically pro-
vided a coarse 6 motion for the second crystal
plus a #-26 motion for wavelength determination.
A tangent arm spectrometer was mounted coaxial-
ly on the Siemens to provide a fine 6§ motion. Ini-
tially a step-motor was coupled through a reducer
to a micrometer to drive the tangent arm. The
large impulse imparted to the system with each
motor step caused the entire spectrometer to ring
and vibrate. Narrow rocking curves could not be
measured in a reproducible manner. We overcame
this difficulty by driving the tangent arm directly
with a piezoelectric crystal. Although the piezo-
crystal provided a limited angular range, it was
well suited for this work, because most of the
rocking curves were quite narrow—the order of
several seconds of arc obtainable with synchrotron
radiation.

Since access to the experimental area was for-
bidden with the beam on, all spectrometer motions
had to be remotely controllable. These include
both crystal angular drives as well as x-y trans-
lations of the second crystal. A DEC PDP 8/a
minicomputer controlled all motions through step-

" ping motor drives.

In general, all crystals of germanium and silicon
were prepared from reasonably perfect, low-dis-
location crystals. Crystal faces were cut parallel
to the diffracting planes and were mechanically
polished, etched with CP-4 and, finally, polished
with syton®® to a mirror-like finish. The crystals
were checked for perfection by measuring rocking
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FIG. 2. Schematic diagram of experimental setup used to measure the forbidden reflections.
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curves before and after syton polishing and were
compared to the perfect-crystal theory. Although
a mirror finish was not necessary for this work,
it conveniently allowed us to use a laser beam

to make preliminary alignment of the crystals
and detection systems. The synchrotron radia-
tion diffracted from the first crystal was monitored
by a transmission gas proportional counter shown
in Fig. 2. The synchrotron beam was very un-
stable and fluctuated quite strongly on a time
scale of seconds. The proportional counter con-
tained a gas fill which absorbed only a few percent
of the incident photons. This allowed the detector
to be used in a single photon-counting mode, and
most data were taken for a fixed number of these
monitor counts. Although a transmission ion
chamber would have been useful, the once-mono-
chromated beam in our setup would produce a
current of only a few tens of picoamps, which

we felt was too small to measure with reasonable
precision.

TECHNIQUE

One of the major difficulties in measuring weak
reflections of the type described above is the ap-
pearance of multiple reflections. Multiple re-
flections arise whenever the Ewald sphere is cut
by two or more reciprocal-lattice points simul-
taneously. This condition is displayed schemati-.
cally in Fig. 3, where the relation between the
reciprocal-lattice vectors is H =H’+H” #, #,
and H” are the reciprocal-lattice vectors of pri-
mary and two auxiliary reflections, respectively.)
The vector § in the figure is in the direction of
the diffracted beam from the rkl reflection.

: Azimuthal

Qr) Rotational Axis - &
(hkl)

Ty

FIG. 3. Geometrical condition for multiple diffrac-
tion. The diffracted beam from th_e: planes associated
with the reciprocal-lattice vector H’ can act as the in-
cident beam for another set of planes within the crystal
(H”). This causes a beam to be directed along S, which
is identical in direction to the diffracted beam from the
planes of interest (corresponding to the reciprocal-
lattice vector H). Rotation of the crystal azimuthally
can maintain the diffraction relationship for H, but eli-
minate the multiple reflection conditions by moving H’
off the sphere of reflection.

However, as can be seen from the figure, it is
possible for a second reflection 2kl ' to lie on

the Ewald sphere and cause an internal diffracted
beam labeled §’. This now acts as a new incident
beam and diffracts from the reciprocal-lattice
vector H” producing another beam in the original
direction of 8. In this way the multiple reflection
can cause spurious increases or decreases in the
intensity of the sought-after ikl reflection. Fig-
ure 4 shows a computer plot of the locus of all
possible multiple reflections as a function of wave-
length and azimuthal angle for the (442) reflection
in silicon and germanium. The possible multiple
reflections, as a function of azimuth, are de-
termined by the intersection of a horizontal line

in the figure (corresponding to a given wavelength)
with any of the plotted curves. The number of
multiple -reflection possibilities increases enor-
mously as the wavelength decreases. This is be-
cause the Ewald sphere becomes larger, and the
probability of it intersecting other reciprocal-
lattice points increases as the volume of the sphere
increases. Since the synchrotron radiation is tun-
able and narrowly collimated, one can pick a mul-
tiple reflection-free region quite accurately with-
in the complex pattern shown in Fig. 4. The
wavelengths used were picked to optimize several
competing parameters. Shorter wavelengths have
the disadvantage of increasing the number of mul-
tiple reflections, while longer wavelengths result
in strong absorption in the sample windows and

in the air paths. For silicon, we selected a wave -
length of 1.22 2&, allowing us to investigate the
reflection-free regions labeled A, B, and C along
the horizontal line corresponding to 1.22 A. For
germanium, we chose 1.46 2’&, since this was not
energetic enough to cause fluorescence of the

, germanium crystal, thereby helping to reduce

the general background while still allowing trans-
mittance in the windows and air paths.

To locate points on this multiple-reflection plot
we needed to know the ¢ position and wavelength
quite precisely. The wavelength determination
was made using a perfect silicon (333) crystal
as a second crystal in the setup. We used a scin-
tillation counter on the 26 arm of the Sieman spec-
trometer and scanned until we located the (333)
reflection. We then activated the 6-26 drives,
and the crystal was stepped until the (444) reflec-
tion was found. In this way we could accurately
measure the angle between these two reflections,
Af. From the known silicon lattice parameter,
the wavelength could be determined from the fol-
lowing equation:

A =2d,,, sin [tan*(%%icrgg—(%)ﬂ)] . (5)
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FIG. 4. Computer-generated multiple reflection plot for the (442) reflection in diamond-structure materials.
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An error in Af of 0.01 degrees caused less than
a £% change in the measured wavelength.

Since the forbidden reflections are extremely
weak, it was important to keep the ambient back-
ground level to a minimum. We discovered that
a substantial portion of the background radiation
was produced during the electron injection and
extraction periods of the synchrotron cycle. The
emitted synchrotron radiation flux is low at both
these points of the cycle. A significant improve-
ment in the signal-to-noise ratio was realized if
we gated our detectors off during these noisy
periods. A circuit capable of opening and closing
four switches was coupled to a gate generator with
sufficient delay to allow us to gate our entire de-
tection system at any chosen point in the syncro-
tron cycle.

Another important factor in the reduction of
background, and hence improvement of the signal-
to-noise ratio, takes advantage of the intrinsic
brightness of the synchrotron source. The back-
ground radiation observed at the detector from
the second crystal is composed of Compton, ther-
mal diffuse scattering, and fluorescence. The
origin point of this scattering is the second (spec-
imen) crystal, while the origin point for the Bragg
scattered x rays of the forbidden reflection is at
the synchrotron tangent point, some 30 m away.
Because both the background and Bragg reflected
photons have a 1/R? intensity dependence from
their respective origins, a substantial increase
in the signal-to-noise ratio can be obtained when
the sample-to-detector distance is increased. A
large relative change in the sample-to-detector
distance will drastically reduce the background
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at the detector while maintaining the intensity of
the Bragg reflection, since this change corresponds
to only a small increment in source-to-detector
distance. Our sample-to-detector distance of
~1.3 m was determined primarily by physical
limitations in the experimental area. A helium-
filled tube was placed between the sample and the
detector to minimize air-path absorption.

As mentioned previously, the first harmonic
from the monochromator crystal was extremely
useful in locating forbidden reflections. Recall
that the forbidden reflection itself is extremely
weak and only seconds of arc in width. However,
we could locate the strong ) reflection from the
second order of the forbidden reflection quite
easily. The harmonic was also valuable in re-
cording the multiple -reflection plots. Using this
harmonic, the Bragg condition could be precisely
maintained as the second crystal was rotated az-
imuthally. A multiple-reflection plot recorded
in this manner together with predicted positions
is shown in Fig. 5. We were able to find all the
multiple reflections predicted geometrically. The
sharpness of the multiple-reflections’ peaks is
due primarily to the small, horizontal divergence
used in the experiment, approximately 4+ mrad.
This allowed us to select regions normally un-
usable that were free of multiple reflections. The
3\ second-order reflection, although offering the
advantages cited above, produced difficulties when
we ultimately were to collect data on the weak
forbidden reflections. This difficulty arose be-
cause it diffracted simultaneously with the for -
bidden reflection. Although the solid state Si(Li)
detector could easily resolve the 3 pulses from

|
- X Wavelength
< 1.25 for Si
< l.22 Measurements
L7 2 " N
90 100 o 120 130 140 150 160 170 180
¢ (Degrees)
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FIG. 5. (a) Enlargement of a portion of Fig. 4 showing only multiple reflections where both spurious reflections are
allowed (Umweganregnungs). The line parallel to the ¢ axis marks the wavelength (1.22 X) used for the silicon measure-
ments. (b) Experimental Si (442) multiple-reflection plot taken with synchrotron radiation. Positions labeled A and B
are where the data were collected for the Si (442) integrated intensity mc surements.
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the X pulse, the long low-energy tail in the pulse
distribution, due to incomplete charge collection
in the detector, caused a general and varying back-
ground in the vicinity of the A pulses. To compen-
sate for the varying background due to the long-
wavelength tail of the A peak, we collected at
each step in the scan the entire spectrum from
the detector on a 1024 -channel multichannel an-
alyzer (MCA). For a given run through a forbid-
den-reflection rocking curve, the individual MCA
spectra acquired at each data position through
the step scan were summed to produce a single
spectrum with reasonable statistics. The counts
above background could then be readily obtained.
After correction for diffuse and Compton scatter-
ing, the resulting integrated intensity could be
extracted from the data. All integrated intensity
measurements were taken in a step scan mode,
each step advancing after preset number of mon-
itor counts had been collected.

It was necessary for the ultimate calculation
of the structure factors to have all the measure-
ments on an absolute scale. We achieve this by
periodically measuring the integrated intensity of
a (533) allowed silicon reflection. This reflection
was chosen because its d spacing is close to the
other forbidden reflections and that its second-
order reflection was not allowed so that harmonic
contamination was not a problem. By experimen-
tally measuring the integrated intensity of the
(533) and using the calculated integrated intensity
from dynamical theory, one in essence calculates
the primary-beam intensity. In fact, what we ob-
tain from this measurement is a direct correla-
tion between the number of monitor counts and
an absolute -intensity scale.

RESULTS

The measured value of the room-temperature
Si (442) integrated intensity was 6.8 +0.9x107 ",
corresponding to a structure factor of Fg,(442)
=0.042 +0.003. This value is in fair agreement
with Trucano’s value’® of 0.035 +0.002 obtained
with a standard x-ray tube. Our Fg,(442) is the
average of eight measurements taken at two dif-
ferent A¢ regions marked A and Bonthe multiple-
reflection plot (see Fig. 4). The values from the
two azimuthal regions were the same to within
experimental error, suggesting that multiple-dif-
fraction effects were not present. .

The integrated intensity of the Si (622) differed
from zero barely outside our experimental un-
certainty. The average of eight runs in three dis-
tinct A¢ regions yielded a structure factor of
F,,(622)=0.005 £0.004. The near-vanishing inten-
sity from the (622) implies that for this reflection

at room temperature the anharmonic scattering
and bond scattering amplitudes are nearly equal
in magnitude, resulting in almost total cancella-
tion in the structure factor. An obvious point of
query is: What assurance does one have that the
(622) was being measured? Comparison of the
experimentally recorded multiple-reflection plot
with the computer -generated graph, together with
the observation of the 3\ rocking curve, virtually
guarantees that the specimen was at the correct
Bragg angle and the detectors properly aligned,
and thus we were in fact measuring the (622).

Figure 6(a) shows the summed MCA spectrum
for one of the Si (622) runs. The Bragg scattered
photons from the (622) planes which have an ener-
gy that corresponds to MCA channel number 155,
can barely be observed above background. The
tail of the much larger 3 pulse distribution (cen-
tered near channel number 320) can be seen on the
far right. (The peak at channel number 75 is due
to electronic noise).

In contrast to this we show in Fig. 6(b) a typical
summed MCA spectrum from one of the more in-
tense forbidden reflections, the Ge (442). The
vertical scales are approximately equal in both
plots. The horizontal scales, however, are not
the same due to different amplifier gains used in
the two runs. In this plot the peak from the Bragg
reflected photons is centered in channel number
150. The large peak near 180 is the characteris-
tic Ka germanium lines from the sample which is
fluoresced by the first harmonic. Again, the in-
crease in background at higher channel number
is due to the tails of the 3 pulse distribution.

The measured Ge (442) structure factor averaged
over ten runs from two different azimuthal posi-
tions (labeled B and C in Fig. 4) was F(442)
=0.063 £0.002. The average integrated intensity
for the Ge (622) measured in five distinct A¢ re-
gions was 4.0+0.3 x10™, corresponding to a
structure factor F,(622)=0.056 +0.002.

Using independent neutron scattering data, the
component due to anharmonic thermal vibrations
of the core electrons, can be extracted leaving
the scattering amplitude due solely to the bonding
electrons. A more detailed calculation of the
structure factor®! reveals that Eq. (4) can be re-
written as

|FORD 1y =81 FionaR)e™ = e (k15T

(6)
where M, (M,) is the Debye-Waller factor for the
bonding (core) electrons, f2 (k) [feor (K)] is the
scattering amplitude of the bonding (core) elec-
trons, and A (kk?;T) is the anharmonic vibrational
factor. The neutron structure factor for these
reflections is given by



2894 D. MILLS AND B. W. BATTERMAN 22

(a) .
SUM SPECTRUM
Si (622) :
320+
280 .
240 :
L d
200
160 Tail :.
from)‘/z o
Peak —»*
120 - Diffracted -
° Peak A &
” .
- 80 — M . *
> 4 A e’ % .
Uy, 008, s Ve, ARate N
S 4o v YN AR
«
0 1 1 1 L 1 1
© 280
= (b)
240 SUM SPECTRUM
Ge (442) Ge Ka
200} M
160 y
Diffracted *
Peak A *
120 Voo
w
80 |- ] . .
. xS vooee ;:’:.‘.‘.'
| R RIS R 1%
40 SRR Y s
. NS W
0 L 1 1 1 1 ]
0 40 80 120 160 200 240

Channel Number

FIG. 6. Summed MCA spectrum from (a) one of the Si
(622) runs and (b) one from the more intense Ge (442)
runs. The diffracted photons from the (622) planes in
silicon have an energy corresponding to channel number
155 in the MCA and can barely be seen above the back-
ground, The tail from the much larger 3\ pulse distri-
bution (centered off-scale in this plot at channel 320) is
evident on the right-hand side of the plot. A peak due to
electronic noise can also be seen centered near channel
75. The Bragg scattered photons from the Ge (442) are
readily observable in the peak centered near channel
150 in (b). The larger peak at higher energy (channel
180) is due to the characteristic Ge Ka radiation that is
fluoresced by the first harmonic. Vertical scales have
been adjusted to be equivalent to show the relative sizes
of the two diffracted beam intensities. The horizontal
scales are not equivalent due to a change in the ampli-
fier gain made between the two runs.

| F(hkl)| =8be A (hkl; T), (1)

neutron

where b is the neutron scattering length. For tet-
rahedral site symmetry the lowest-order anhar-

monic factor in A (hkl;T) is proportional to the
product of the Miller indices k%kl. We can there-
fore scale the (222) neutron data to obtain the
relevant (442) and (622) x-ray anharmonic com-
ponents. In this fashion one gets

Ag,(442;296°) =(9.32£0.93) x 107,

Ag,(622;296°) =(6.99 £0.70) x 107,

A (422;296°) =(7.99+1.16) x 107,
and

A (622;296°) =(5.99 +0.87) x 10,

using the neutron data of Roberto et al.25 and neu-
tron scattering lengths of 0.415 X% 1072 ¢m and
0.819 x 10™*2 cm (Ref. 26) for Si and Ge, respec-
tively. (The Si neutron data were taken at 288 K.
When adjusted to 296 K for this experiment, a

6% correction was necessary.) Solving Eq. (6)
explicitly for the bond charge scattering ampli-
tude, we get

1 dB)e s =| £ 3| Fhkl)| +f, (K)e A (hkl;T)| .
(8)

The plus sign corresponds to the case where the
bond scattering amplitude is larger than the an-
harmonic term, the minus sign the reverse. Table
I summarizes the calculated values offbe'”b de-
rived from the F(kkl)’s measured in this work.

Predictions of the valence bond scattering am-
plitudes of semiconductors, particularly silicon
and germanium, have been made by many authors
using many different methods. The techniques
range from ab initio band-structure-type calcu-
lations to empirical predictions extracted from
precise measurements of allowed reflections (de-
formation density calculations). A detailed de-
scription of all the methods is too lengthy to in-
clude here. We summarize these results in an
attempt to clarify the ambiguity between the rel-
ative magnitude of the valence and anharmonic
terms. Most predictions do not include the tem-
perature dependence (e”*) in the reported values.
Consequently, we will scale our data by e", tak-
ing M, to be equal to the Debye-Waller factor for
the core, i.e., M,=M,. (The value of the Debye-
Waller factor for the bonding electrons is some-
what disputed but is generally agreed to lie within
the range 0.5M_,<M,<M_?** For the reflections
measured in this work the difference between
0.5M, and M, barely affects our calculations out-
side experimental error, and we therefore set
M,=M,.) Tables II and III summarize the results
for silicon and germanium. The (222) results, al-
though not measured in this study, are listed for
completeness.
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TABLE 1. Summary of the forbidden reflections measured in this work. Column 2 contains
the experimentally determined integrated intensities and column 3 the corresponding structure
factors for each of the measured reflections. In column 4 is the anharmonic component of
the x-ray structure factor calculated by scaling neutron forbidden reflection data. The last
columns contain the scattering amplitudes of antisymmetric component of the bond charge.

Integrated
(hrm)  intensity (<101 |FGE)|  8feeMAGKT)  flug(e) Fhonel®) ®
Si (442) 6.8 0.9 0.042 +0.003  0.039+0.004 0.0116%0.0007
Si (622) 0.10+0.16 0.005 +0.004 0.026+0.003 0.0047+0.0007 0.0031+0.0007
Ge (442) 4.6 £0.2 0.0630+0.0016 0.078+0.011 0.021 +0.001 0.002 +0.001
Ge (622) 4.0 £0.3 0.0558+0.0023 0.052+0.008 0.016 +0.001 0.000 +0.001

? Antisymmetric bond-charge term larger than anharmonic vibrational term.
" Anharmonic vibrational term larger than antisymmetric bond-charge term.

In general the best overall agreement in both

Si and Ge comes from the empirical deformation
- density calculations.?"2#27 The best match to

the silicon data is derived from the analysis by
Price, Maslen, and Mair? of the precise Pendel-
16sung measurements of Aldred and Hart.?® Al-
though the value predicted for the Si (622) from
these analyses matches more closely the exper-
imentally determined value when the anharmonic
term is taken to be larger than the valence term,
the ambiguity over the relative sizes cannot be
conclusively resolved.

Calculated values for germanium tend to agree

more closely with the experimental values obtained

assuming the anharmonic term is larger than the
valence term. This picture is certainly reconcil-

able on physical grounds, since germanium has
a greater number of core electrons and lower
Debye temperature than silicon (65, =296 K, 6y,
=540 K), making the effect of the anharmonically
vibrating core electrons more pronounced in
germanium than silicon. Furthermore, as one
proceeds down the fourth column of the Periodic
Table, the trend is for the bonds to be less di-
rected and more diffuse going from diamond, an
insulator, through the semiconducting materials,
silicon and germanium, into the metals (grey tin).

SUMMARY AND CONCLUSIONS

We have successfully found and measured the
extremely weak (442) and (622) forbidden reflec-

TABLE II. Comparison of measured antisymmetric bond-charge scattering amplitudes for
Si to those predicted empirically and theoretically. The second and third columns show the
values of the antisymmetric scattering amplitudes previously measured (column 2) and mea-
sured in this work (column 3). These are compared to values obtained using a deformation
density analysis of allowed reflections (labeled Dawson and Price et al.) and those from a
perturbative-pseudopotential calculation (labeled Bertoni et al.).

fgond( k) f g&)nd(k)
(rkl) Previously measured

This work

Dawson® Price etal.! Bertoni et al.’

0.190 *0.0052
222 0.197 +0.002°

0.189 0.185 0.188
0.193°¢
442 0.0109+0.0008¢ 0.0116+0.0007 0.0086 0.0099 0.0040
0.0047+0.0007 ¢
. .0027
622 0.00310.0007¢  ©0-0027 0.00
2 See Ref. 25.
b See Ref. 8.
¢ See Ref. 5.
d See Ref. 16.

¢ Assuming bond term is larger than anharmonic term.
f Assuming anharmonic term is larger than bond term.

& See Ref. 27.
" See Ref. 21.

To.oMm Bertoni, V. Bartolani, C. Calandra, and F. Nizzula, J. Phys. C 6, 3612 (1973).
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TABLE III. Comparison of measured antisymmetric bond-charge scattering for Ge to those
predicted empirically and theoretically. Included are the antisymmetric scattering amplitudes
previously measured (column 2) and those measured in this work (column 3). Also included
are the deformation density predictions of Dawson and pseudopotential calculations of Bertoni

et al. and Duggen et al.

fgond(k) fgond(k)
(hkl)  Previously measured This work Dawson® Bertoni et al.® Duggen et al.8
a
222 g.gg:o.ooe 0.142 0.215 0.096
+ c
442 82(2); tgggi d 0.0051 0.003 0.0065
0.016+0.001°¢
622 0.000+0.001¢ 00016
2 See Ref. 25.
b See Ref. 5.

¢ Assuming bond term is larger than anharmonic term.
d Assuming anharmonic term is larger than bond term.

¢ See Ref. 22.
f See Table II footnote i.

8 G. Duggen, G. J. Morgan, N. Shahtahmasebi, and A. Lettington, Phys. Status Solidi B 83,

543 (1977).

tions in silicon and germanium utilizing the ra-
diation emitted from the Wilson 12-GeV Synchro-
tron. The measured intensities include contribu-
tions from both anharmonic thermal vibrations

of the core electrons and the antisymmetric com-
ponents of the bond charge distribution. When the
effect of the anharmonic core motion has been
removed, the remaining portion of the scattering
amplitude due to the covalent bonds can be com-
pared with theoretical calculations based on both
empirical predictions and pseudopotential calcu-
lations. There is a better overall agreement be-
tween measured and calculated bond-charge scat-
tering amplitudes in silicon than germanium. This
is partly due to the relatively large correction for
the anharmonic core component in germanium and
the intrinsic fact that germanium with its many
more electrons is simply more complex compu-
tationally.

The experimentally measured structure factors
for silicon [including the (222)] are all slightly
larger than the calculated values. Roughly speak-
ing, this means that the bond charge in silicon
is more sharply peaked than would be inferred
from theory. Conversely, in germanium the mea-
sured values fall below the calculated scattering
amplitudes leading to a bond-charge density that
is more diffuse than what is calculated. This con-
clusion assumes that the anharmonic vibrational
component is the dominant term at room temper -
ature in the measured intensity of the germanium
forbidden reflections. Certainly the assumption
concerning the relative sizes of the two scattering
terms (bond versus anharmonic) should be exper -

imentally confirmed by measuring the temperature
dependence of these reflections.

Our choice of synchrotron radiation to measure
these reflections was based on several properties
inherent to the source. These included the high
degree of natural vertical collimation, which can
be used to increase the signal-to-noise ratio, and
the continuous nature of the spectrum which facil-
itated the location of the extremely weak, forbid-
den reflection. In addition to these lunique prop-
erties, we expected a substantial increase in flux
over that from a standard x-ray tube. In fact,
the net flux from the synchrotron was comparable
to the conventional source. However, the other
advantages (tunability and intrinsic brightness)
more than compensated for the lower -than-ex-
pected flux.

At present, the first three (4n +2)-type forbidden
reflections in silicon and germanium have been
measured, the two higher-order reflections in
both materials having been measured in this work
using synchrotron radiation. In the next few years
new synchrotron radiation sources will be coming
on line with calculated fluxes approximately 3 or-
ders-of-magnitude larger than that from the syn-
chrotron used in this work. Elimination of the
first harmonic (3}) through the use of a double
crystal monochromator?® should allow for a much
easier analysis and will permit even higher-order
forbidden reflections to be measured. One should,
however, first examine what can be gained from

" these studies.

In silicon at room temperature the anharmonic

term has already become comparable in size to
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the valence term at the (622) reflection and prob-
ably dominates all the germanium forbidden re-
flections above (222). If information about the
valence charge density is to be extracted from
these higher -order reflections, the anharmonic

contributions must be more accurately determined.

One should perhaps look at the situation in the
opposite sense. Using higher-order reflections,
it should be possible to study the anharmonic term
with only minor interference from the valence
term. For example, if we assume the valence
term for (666) decreases by a factor of 2 com-
pared to the (622) and the anharmonic term has
increased by a factor of 5 (at room temperature),
the ratio of anharmonic to valence components
would be almost 10:1, In germanium the effect
should be even more pronounced.

Studying the integrated intensity of higher-
order forbidden reflections versus temperature
would provide information on the temperature de-
pendence of the anharmonic term, since this will
grow and become dominant at elevated tempera-
tures. The study of a variety of these higher-
order reflections would allow one to check the
theoretically predicted dependence of the anhar-
monic term on the product of the Miller indices.
[A similar study has been made with neutrons.
However, due to the large experimental uncer -

tainties, the validity of the (kkl) scaling could not
be positively confirmed.] Going to high-order
reflections requires the use of shorter wave-
lengths, and the problem of multiple reflections
becomes more severe. The sharpening of the
peaks and wavelength selectability associated
with synchrotron radiation may be a way to cir-
cumvent this difficulty.

Nonetheless, still to be answered are two other
important questions concerning temperature effects
on the valence charge density: (1) Is the valence
charge distribution in the diamond structure tem-
perature dependent? (2) Is the vibrational ampli-
tude of the valence electrons different from that
of the core? An accurate determination of the
temperature dependence of the lower -order for-
bidden reflections using synchrotron radiation
should be able to answer these questions.
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FIG. 2. Schematic diagram of experimental setup used to measure the forbidden reflections,



