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We present the results of a combined x-ray and neutron diffraction study of the temperature
dependence of the "forbidden" (222) reflection in germanium. Integrated intensities were measured from
room temperature to 850'C with x rays and to 904'C with neutrons. In addition, an earlier x-ray study
of the silicon (222) reflection has been improved and extended to 800'C and a correction has been
made in the corresponding neutron results. The germanium and silicon data are interpreted in terms of
anharmonic atomic vibrations and anticentrosymmetric valence-charge distributions. Contrary to our
previous reports, the temperature dependence of the scattering from the bonding electrons is found to
be similar to that from the core electrons.

I. INTRODUCTION

Silicon and germanium crystallize in the dia-
mond structure, which is characterized by two

interpenetrating fcc sublattices displaced by one

quarter of the distance along the cube diagonal.
Each unit cell contains two atomic positions which

can be denoted A and B. Each atom has tetra-
hedral site symmetry, but the atomic positions at
A and B are related by inversion symmetry. As
a result, the structure factor for the unit cell
F(222) can be written F(222}=4(f„fs), where-
f„and fs are the Fourier transforms of the dis-
tributions of scattering matter at A and B. It is
easily seen that identical centrosymmetric atoms
placed at A and B positions would yield a vanish-
ing structure factor at the (222) position in dia-
mond cubic crystals.

The distribution of scattering matter in diamond-
structured crystals, however, need not be centro-
symmetric. In fact, any perturbation of the atoms
reflecting their tetrahedral site symmetry will
add an anticentrosymmetric component to the dis-
tribution of scattering matter, yielding a nonzero
F(222). One such perturbation is due to the tetra-
hedral orientation of the covalent bonds in these
crystals, and has long been recognized as the
primary contribution to the weak intensity observed
with x-rays at the forbidden (222} position in dia-
mond. ' More recently, it has been suggested that
the mean atomic-site potentials also have tetra-
hedral symmetry, resulting in a weak (222) re-
flection due to anharmonic atomic motions. The
anharmonic effect has been recently detected with
neutrons in silicon and germanium.

Neutrons interact primarily with the point nu-
cleus, and hence neutron measurements at the
(222) are sensitive essentially to only the anhar-
monic nuclear vibrations. X -ray measurements,

on the other hand, interact with the electronic
charge distributions of the atoms, and are thus
sensitive to both the covalent bonds and to the an-
harmonic motions of the core electrons. The an-
harmonic behavior of the core electrons and the
nucleus should be the same, since the atom core
and nuclei are expected to vibrate as a whole. As
a result, anharmonic effects measured with neu-
trons can be used to determine the anharmonic
contribution in the x-ray data, yielding a deter-
mination of the scattering from the bonds them-
selves. Intuitive arguments suggest that the bond-
ing and anharmonic contributions to the x-ray(222)
intensity should be of opposite sign. " This has
been recently confirmed by experiment. 6

In this paper, we report the results of a com-
bined x-ray and neutron study of the temperature
dependence of the (222) reflection in germanium.
During the course of the study, several experi-
mental difficulties were encountered which also
had a bearing on our earlier silicon results. '
Accordingly, the updated silicon data is also pre-
sented here. When discussed along with the new
high-temperature silicon x -ray measurements,
these updated results lead to revised conclusions
concerning the anharmonic and bonding character-
istics of silicon. In particular, it is found that the
temperature dependence of the valence-charge
scattering in both germanium and silicon is similar
to that of the core electrons.

II. NEUTRON EXPERIMENT AND RESULTS

The forbidden (222) neutron reflection in ger-
manium was detected and its temperature depen-
dence measured from 23 to 904'C. The experi-
mental technique generally followed that of Keating
et al. in their measurement of the silicon (222)
and will be discussed in detail only in those areas
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FIG. 1. Characteristic 8 scans used to determine the
relative neutron Ge(222) integrated intensities from 23 to
904 'C. The increase of the background with absolute
temperature is linear, as would be expected from first-
order thermal diffuse scattering.

unique to the germanium measurement.
In both germanium and silicon the anharmonic

effects are extremely weak. The resulting inten-
sities are very small, and great care must be ex-
ercised to exclude contributions at the (222) from
multiple -diffraction effects and harmonic -wave-
length contaminants in the neutron beam. Extinc-
tion effects in the diffraction process are also
potentially significant.

The measurements were carried out on large-
volume single crystals of germanium at the Brook-
haven High Flux Beam Reactor. Relative intensi-
ties of the germanium (222) were measured at
each temperature using 8 scans with 20' horizontal
collimators at the counter to increase the signal-to-
noise ratio. These intensities were then normal-
ized to absolute-intensity measurements at the
two highest temperatures where increased thermal
motion greatly increased the anharmonic effects.
This dramatic rise in (222} intensity as tempera-
ture is increased is seen in Fig. 1. The primary-
beam intensity was directly measured by means
of known boron-glass absorbers. This was checked
by measuring the (111}integrated intensities of two
perfect silicon crystals of different thicknesses and
using dynamical theory to compute the incident
intensity. All three measurements agreed to 5%.

The possible excitation of multiple Bragg events
at the (222) position was carefully avoided by the
appropriate choice of wavelength and crystal azi-
muthal position. The positions of both "Umwegan-
regung" and "Aufhellung" conditionsv are readily
computed using the techniques of Cole et al.' In
our case, a combination of X=2. 366 A and /=23'
yielded a region free of simultaneous diffraction

effects. In Fig. 2 we plot the loci of possible
simultaneous reflections at the germanium (222}
along with the approximate extent of our resolution
function.

We used a graphite monochromator diffracting
from the (002) planes. This provided an intense
primary beam (approximately S. 0&&10' neutron/sec
cm ) but also included substantial contributions
from the short-wavelength harmonics &/2, &/3,
etc. The use of 15 cm of tuned pyrolytic graphite
filters placed after the monochromator and before
the sample was essential in eliminating the possible
harmonic contributions. At X = 2. 366 A, the filters
are extremely efficient in removing these short-
wavelength harmonics, particularly the dominant
X/2 component. With the filters in position, no
diffracted beam could be detected at the (111)posi-
tion for X/2, X/3, and X/4. In addition, the purity
of the beam was checked over four orders of magni-
tude with known boron-glass absorbers which have
wavelength-dependent attenuations.

The temperature dependence of the germanium
(222} reflection was first measured in symmetric
Bragg reflection with a low-dislocation-density
germanium crystal. At each temperature, the
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FIG. 2. Azimuthal position of simultaneous diffraction
events at the Ge(222) plotted as a function of neutronwave-
length. Both "Umweganregung" and "Aufhellung" condi-
tions (odd and even indices, respectively) are indicated.
The approximate extent of our resolution function is de-
picted by the rectangle at 4 = 23', X= 2.366 A..
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8 position of the (222) reflection was carefully de-
termined by removing the filters and locating the
X/2 peak from the (444) reflection, which occurs
at 8 (222). The filters were then replaced and the
(222) diffracted intensity measured. A 1.50-cm-
high-by-0. ?5-cm-wide slit was placed before the
sample in the relative 8-scan measurements. This
was the maximum slit size commensurate with the
size of the sample, the 20' in pile horizontal col-
limation, the observed vertical divergence (-1'),
and the counter area. A slightly smaller slit was
used in the absolute-intensity measurements to
help ensure that all the diffracted intensity was
collected in these 8-28 scans. The relative inten-
sities were then normalized to the absolute-inten-
sity measurements at the two highest temperatures.

It is important to note that in addition to the an-
harmonic contributions to the (222) reflection,
there are weak interactions between neutrons and
charged particles in the atom and between the neu-
tron magnetic moments and the electrostatic fields
of the atom which can also contribute intensity at
the (222). These Foldy'0 and Schwinger ' correc-
tions are small and have been described in Ref. 3.
The neutron data presented here have been cor-
rected for these interactions.

It mas expected that the effects of extinction
would be small at the (222) owing to the extremely
small integrated ref lectivities involved (10 ' to 10 '
rad). At sufficiently small integrated ref lectivities,
it is well known that the ideally mosaic and per-
fect-crystal formulations converge to the same
solution, resulting in negligible extinction. How-
ever, in neutron diffraction, factors of 10' in in-
tensity are common between mosaic and perfect
crystals. As a result, me decided to investigate
possible extinction effects at the weak (222).

We approached extinction in the following manner.
Our measurements gave us an experimental num-
ber for the integrated ref lectivity R(222) =E(u/Io,
where E is the number of neutrons in the peak, ~
the angular scan rate, and Io the number of neutrons
incident per second. We then assumed the crystal
was ideally mosaic or perfect and calculated E(222)
for each extreme.

The mosaic interpretation was straightforward
using the standard kinematic equation

R(222) =N X E (222)[1 —e "''" ]/2p, sin28, (1)

where X is the number of unit cells per cm', t the
crystal thickness, and p, the linear absorption co-
efficient. Our experimentally determined p, mas
0. 168 cm ' at room temperature and increased ap-
proximately 60% over the temperature range.

The perfect formulation mas interpreted by nu-
merically integrating the theoretical diffraction
curve for a perfect thin crystal with absorption.
This was accomplished using the formalism of
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FIG. 3. Theoretical structure factors for ideally per-
fect and mosaic crystals over our experimental range of
absolute integrated intensity. These curves correspond
to the germanium neutron case with X= 2.366 ~, t=1.144
cm, and Q(T') as determined experimentally.

R(222}= N e "' X E f/sin 28 cos8 . (2)

In Fig. 4, we plot the structure factors derived
from the reflection measurements of the low-dis-

James' with results similar to those reported by
Batterman and Hildebrandt. " A computer mas used
to integrate the equations as a function of E(222)
until the appropriate value of R(222) was attained.
The results of the calculations (Fig. 3) indicate a
substantial difference in I" depending on whether
the crystal is assumed to be ideally perfect or mo-
saic at all but the lowest integrated ref lectivities
observed in these neutron measurements. We pre-
sent these results to point out that even extremely
weak reflections can have important extinction cor-
rections in the neutron case. It should be noted
that these considerations mere not crucial in the
previous silicon (222) neutron measurement, ~ since
the precipitation of oxygen in the crystal above
500 'C 4 strained the lattice sufficiently so that the
(222} could be interpreted kinematically. However,
no such mechanism is characteristic of germanium,
and the low-dislocation-crystal results were there-
fore ambigious.

To check on the presence of extinction, me re-
peated the measurement of the (222} temperature
dependence with a deformed germanium crystal.
This sample was originally intended to be a neutron
monochromator and had been plastically deformed

1% at 800'C. This deformation resulted in a
300-fold increase in the (111)intensity with a mo-
saic spread of 20'. Accordingly, this crystal was
treated as extinction free at the (222). Measure-
ments in transmission with this sample were in-
terpreted using the kinematic Laue equation:
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FIG. 4. Germanium neutron structure factor&(222)/
e vs absolute temperature squared for both a deformed
sample (individual data points) and a low-dislocation-den-
sity sample (dashed curve). Both sets of structure fac-
tors are derived from kinematic diffraction theory and in-
dicate a small departure from a T dependence. The er-
ror bars indicate the relative statistical uncertainty in
the intensity measurements. Uncertainties in the abso-
lute intensity data are indicated in Table I.

location. sample as well as from the transmission
measurements from the deformed sample. In each
case, the appropriate kinematic equation, (I) or
(2) was used. It is apparent that even the low-dis-
location sample can be treated kinematically. This
is probably due to the fact that extremely high crys-
tal perfection is demanded for a very weak reflec-
tion to diffract dynamically. Thermal strains as
well as intrinsic defects in the low-dislocation
crystal were most likely too large to maintain dy-
namical conditions.

The higher value of the room-temperature F(222)
determined with the deformed sample (as indicated
in Fig. 4) may be due to small multiple-diffraction
effects resulting from the increased mosaic spread
of this crystal. Effects of this magnitude would not
contribute significantly at the higher temperatures.
However, at room temperature, the lower value of
E(222) derived from the low-dislocation sample is
probably more accurate. This is a consequence of
the negligible mosaic spread in the low-dislocation
sample and the insensitivity of the room-tempera-
ture structure factor to the perfection of the crys-
tal (see Table I and Fig. 2). At the higher temper-
atures, where small extinction effects could be pres-
ent, we take the results from the deformed crystal
as the more reliable.

In addition to extinction, another and ultimately
more serious experimental problem was discovered
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FIG. 5. Temperature-corrected silicon neutron struc-
ture factor vs absolute temperature squared. Estimated
errors in the relative intensities are shown. The dashed
curve represents the incorrect result reported in Ref. &.

while measuring the sample temperature. The
same vacuum furnace used in Ref. 3 was used in
these germanium measurements. In the course
of our investigations on the first germanium crys-
tal, it was noticed that the temperatures at the
sample were quite different from those indicated by
the controlling thermocouples. The problem was
traced to a large thermal drain to the base of the
furnace through the control thermocouples. This
resulted in indicated temperatures at the control
thermocouple being the order of 200'C too low at
a sample temperature of 500'C, and varying to
about 50 C too low at 1000'C. For the germanium
measurements reported here, the sample tempera-
ture was measured with two thermocouples actually
embedded in holes in the sample. In the earlier
reported silicon measurements, however, the sam-
ple was incorrectly assumed to be at the tempera-
ture of the control thermocouples. The reported
temperature results were therefore in error in the
low-temperature regions.

In Fig. 5, we plot the temperature-corrected"
silicon results together with the earlier results
reported in Ref. 3. The low-temperature hump in
the E(222) curve as previously reported appears
clearly to be an artifact introduced into the data by
the errors in temperature measurement. In addi-
tion, the over-all shape of the curve is changed and
is therefore subject to a slightly different interpre-
tation.
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TABLE I. Summary of the germanium and silicon neutron measurements. Values
marked with asterisks were determined absolutely and the quoted precision represents
absolute statistical errors of one standard deviation. The other values are from nor-
malized relative measurements with relative errors indicated. The germanium re-
sults are from the low-dislocation-density sample at room temperature and the de-
formed sample at higher temperature. All F~ are corrected for Schwinger and Foldy
interactions. The p's for silicon differ somewhat from those in Ref. 3 owing to the
corrected temperature scale.

296
728
916

1032
1119

1177

Ge(222)

Fash, neut

(10 4 cm)

0. 124 + 0. 018
0.585+0. 016
0. 966+0.014
1.23+0. 02
1.45+0. 02

*1.44+ 0. 06
1.63+0.02

*1.64+ 0. 07

P
(10-" erg/A')

2. 11+ 0.33
1.78+0. 05
1.92+0. 04
1.97+0.03
2. 00+0. 03

+1.99+0. 08
2. 05 + 0. 03

~2. 06+0. 09

288
688
898

1146
1330

1507
1649

Si (222)

Faah, aeut
(10-'4 cm)

0. 070+ 0. 007
0. 185+0. 006
0.316+ 0. 006

*0.311+ 0. 015
0.477+ 0. 007
0.657+ 0. 014

*0.657 + 0. 007
0.836 + 0, 010
1.02 + 0. 02

*1.12 +0.03

P
(10 erg/A )

5.42+0. 54
2. 67 + 0. 08
2. 76+0. 06

*2.71+0.13
2. 63+0. 04
2.76+0. 07

+2. 76+0. 04
2. 80+0. 04
2. 91 + 0. 07

*3.19+0. 07

The low-temperature anharmonic F(222} was
used to correct silicon x-ray (222) measurements
and deduce the temperature dependence of the scat-
tering from the covalent bonds. These results, as
reported in Ref. 3, were therefore also affected
by the error in temperature measurement. We

will postpone further discussion of this until after
the results of our current x-ray measurements on

germanium and silicon have been presented. The
germanium neutron results and the temperature-
corrected silicon neutron data are tabulated in
Table I.

III. X-RAY EXPERIMENT AND RESULTS

The temperature dependence of the forbidden
(222) x-ray reflection in germanium was determined
from 23 to 850'C. The experimental procedure
generally followed that of our earlier reported
silicon measurement. ' The measured intensities
were put on an absolute scale by measuring the
germanium (222) integrated intensity relative to
the known silicon (222) reflection. Our previously
published silicon measurements were also extended
to 800'C and carefully rechecked over the entire
temperature range.

The measurements were carried out on a double-
crystal spectrometer of Bond design' using Cu Kn
radiation. We used a germanium monochromating
crystal set to diffract from the (220} planes. The
diffracted beam from the (222) second crystal was
energy analyzed using a solid-state Ge(Li) detector
for both the germanium and silicon samples. Con-
tributions from harmonic-wavelength contaminants
were found to be small and could easily be excluded
by using a scintillation counter with a single chan-
nel analyzer set for the Ko peak.

Two different low-dislocation-density single
crystals of germanium and silicon were used in
each of the measurements. The crystals were pre-
pared by orienting and cutting a (111)slice, then

grinding the surface on glass to 600-grit SiC, and

finally etching the crystals in a solution of 5:3:3
HNO3, CH~COzH, HF (with a drop of bromine) for
several minutes to remove surface damage.

As in the neutron measurements, the crystals
were carefully oriented in azimuth to avoid exciting
multiple Bragg events. An experimental azimuthal
scan at the (222} position for germanium is shown

in Fig. 6. This Qmweganregung pattern was
obtained by positioning the crystal to diffract at the
(222) and then rotating the crystal about the normal
to the diffracting planes. The Umweganregung-
free regions at A and B were used in the germani-
um measurements. The silicon data were taken in
the regions denoted A and 9 in Ref. 5. The effects
of Aufhellung were not observed, although care was
taken to avoid Aufhellung positions within these
Umweganregung-free regions.

The absolute intensity of the germanium (222)
was measured at room temperature relative to the
silicon (222). We used our 1970 value of E(222)
for silicon (1.48+0. 04}' which is in excellent
agreement with the recent measurements of De-
Marco and Weiss (1.44 +0. 08)'7 and Jennings
(1.48+0. 03)." E(222} for germanium was then
calculated using dynamical theory and p.a, = 144
cm ' and p.G, =352 cm '. The dynamical theory
was employed since low-dislocation-density sam-
ples were used in the measurements. Neverthe-
less, similar calculations assuming mosaic be-
havior differ from the dynamic formulation by less
than 2%. The difference in sensitivity to perfec-
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tion between the x-ray and neutron cases is due
to the greatly increased absorption for the former.

The actual integrated intensities were measured
at A and 9 azimuths in 180' pairs. The incident
intensity was periodically monitored using a poly-
styrene standard. Approximately ten rocking
curves were taken at each azimuth (40 in all} for
both the silicon and germanium crystals. These
measurements resulted in a room-temperature
structure factor F(222) for germanium of 1.06 +0.05,
with the errors including both statistical deviations
and the uncertainty in the silicon E(222}. We find
that the silicon (222) reflection is a convenient

FIG. 6. Variation in x-ray intensity (X=1.54 A) at the
(222) position in germanium as the crystal is rotated in
azimuth about the normal to the diffracting planes. "Um-
weganregung" free regions at A and 8 were used in the
(222) integrated-intensity measurements.

method for determining primary-beam intensity
since the intense direct beam is difficult to mea-
sure. Furthermore, for our purposes here, the
silicon (222) reflection is measured in a geometry
closely resembling that used for the germanium
(222}.

The temperature measurements were carried
out in a helium-purged baffle furnace similar to
one described previously in the literature. '9 Tem-
peratures were measured with two chromel-alumel
thermocouples rigidly mounted to the back of the
samples. The intensities returned to their initial
room-temperature values after each high-tempera-
ture run, indicating negligible surface contamina-
tion. In all, approximately 200000 counts of (222)
peak intensity (more in the case of silicon) were
taken at each temperature in approximately 30
rocking curves. A typical room-temperature ger-
manium (222} rocking curve is shown in Fig. 7
along with a profile of a similar curve at 787'C.

The temperature dependence of the x-ray inten-
sities in germanium and silicon (as normalized to
the room-temperature intensities) is plotted in
Fig. 8. The error bars represent the root-mean-
square deviation in the data. It should be noted
that the high-temperature data for silicon differs
slightly from our 1970 results. The maximum
difference is 4% at 600 C, or a reduction in E
(222) of approximately 2%. We choose to present
this more recent data as the more reliable, owing
to improved techniques in temperature measure-
ment and an improved experimental configuration
which resulted in a greatly increased signal-to-
noise ratio and a noticeable improvement in the
reproducibility of the silicon (222) measurements.
Moreover, the new data cover a wider range in

200

VI
Vl

C
o IOO-
CJ

GK RMAN IUM

X-RAY (222)

I I

62 sec

FIG. 7. Typical germanium (222) rocking curves using
Cu Ee x-rays. The doublet in each peak corresponds to
diffraction at the &0, ~ and &+2 wavelengths. The solid
curve represents room temperature data while the dashed
curve is for 787 C.
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V = Vo+ 2 n (x + y + z~) + Pzyz, (3)

where o. is the harmonic force constant and is re-
lated to the Debye-Wailer factor and P is the an-
harmonic force constant. This effective Einstein
potential has the required tetrahedral symmetry
and represents to lowest order the best approxi-
mation to the mean anharmonic potential. A clas-
sical ensemble average over this effective poten-
tial leads to an expression for the anharmonic
structure factor,

F(222) = 8ib e "(2v/a)3(P/a )(hkf)(kT), (4)

where b is the nuclear scattering length, M the
Debye-Wailer factor, a the lattice parameter,
(hkf) the product of the Miller indices, and kT the
product of Boltzmann's constant with the absolute
temperature. Assuming that P is a constant, this
model predicts a T' temperature dependence for
F„„~(222)/e ".

We have plotted our experimentally determined
F~„~(222)/e" vs T for germanium and silicon in
Fig. 4 and 5. In the case of germanium, the ex-
perimental curve departs somewhat from this an-
ticipated T dependence —no straight line drawn
through the origin will encompass all the data
points. The agreement with the model is better
in silicon, although a smaller departure from the
T' line in the same direction as the germanium
departure is apparent.

An indication of the relative importance of an-
harmonic behavior in silicon and germanium can be
obtained by comparing the ratios of the anharmonic
to harmonic force constants, P/a, in the two ma-
terials. The experimentally determined P 's are
shown in Table I. These were derived from Eq.
(4) using for germanium and silicon, respectively,
the lattice parameters o a = 5. 658 and 5.431 A, the
nuclear scattering lengths ' b = 0. 819x 10 and
0. 415&10 ' cm, and the harmonic force constants
n = 5. 79&10 ~z and 7. 85X10 ~ erg/g. At thehigh-
est temperature, the ratios P/n are 0. 35 and 0.37
A, respectively, for germanium and silicon.
The relative magnitude of the anharmonic effects
is therefore quite comparable in these crystals.
Nevertheless, the results suggest a slight differ-
ence in the temperature dependence of anharmon-
icity in silicon and germanium.

temperature and thus reflects a greater percentage
change in measured intensity.

IV. DISCUSSION

Here, as in our earlier publications, 3' it is help-
ful to discuss the effects of anharmonic vibrations
in terms of the formalism developed by Dawson
and Willis. 2 They consider an Einstein solid in
which the individual atoms vibrate in a mean po-
tential of the form

The Einstein approach seems quite adequate to
descr1be the essential characteristics of the an-
harmonic structure factor in both silicon and ger-
manium. The model breaks down, however, when

one attempts to explain the anharmonic behavior
in detail. One shortcoming is the lack of a first
principles method of calculating P. Rough esti-
mates of the magnitude of P can be obtained from
thermal expansion, ' but these estimates predict
ratios of P/a closer to 0. 5 A and are not con-
sistent with the observed temperature dependence.
The usefulness of the Dawson and Willis formalism
seems to lie in its simplicity. The actual poten-
tial involves many-body interactions and is only
roughly approximated by EZ. (3).

The anharmonic contributions to the x-ray re-
sults are readily deduced by noting that

E ~„,~ (222) = F „~ (222)(f,/b), (5)

where f, is the x-ray form factor for the core elec-
trons, taken as 8. 32 for silicon and 20. 9 for ger-
manium. ' These are the usual free-atom form
factors and include dispersion corrections of + 0. 2
and -1.3, respectively. ~ Values of F „,were
interpolated at the x-ray temperature points, and
then the x-ray structure factors were corrected
for the effects of anharmonicity by noting that

F,~ (222) = F~„d —F

This resulted in a determination of the tempera-
ture dependence of F~,~, the structure factor of
the valence electrons in silicon and germanium.

In the light of Eqs. (5) and (8), we can now under-
stand the greatly different temperature dependences
of the (222) x-ray intensities as shown in Fig. 8.
The larger value of f, in germanium results in a
larger F~„, which subtracts an additional temper-
ature-dependent amplitude from the germanium
x-ray F(222). It should be pointed out that the
determination of F „„~(and thus F~,d) is ex-
tremely sensitive to the ratio f,/b We used fo. rm
factors based on free-atom calculations which we
expect are quite close to the form factors in the
crystal. Nevertheless, at high temperatures in
germanium (where F „is large), the error in
F~,~ due to uncertainties in f, or b could be signif-
icant.

The temperature behavior of F~,~ in silicon and
germanium is shown in Fig. 9 and summarized in
Table II. Plotted in the figure are the temperature
dependences of the bond structure factors in these
crystals as derived from the combined x-ray and
neutron measurements. The dashed curves rep-
resent the temperature dependence of the core
electrons, viz. , e~™,the Debye-Wailer factor.
The simplest conclusion to be drawn from this
figure is that for silicon the motions of the bond
charge and core electrons are the same up to
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FIG. 9. Observed temperature dependence of F~,
the structure factor for the scattering from the valence
electrons, for both Si and Ge.

800'C while these motions are slightly different
for germanium above 700'C. However, the tem-
perature dependence of the bond structure factor
can be influenced by not only bond motions, but also
by any changes with temperature in the scattering
factor for the bonds. We will discuss these two

mechanisms in turn.
The effect of atomic vibrations on the intensity

of Bragg reflections is well understood, and can
be described in terms of the Debye-Wailer factor.
We can apply the Debye-Wailer theory to bond

motions by assuming that the covalent bonds can
be represented by point charges placed at the mid-
point between nearest-neighbor atoms. In this
model, then, the motion of the bond can be calcu-
lated from the vibrational characteristics of the
solid.

If the motions of near neighbors are completely
in phase, as would be the case for long-wavelength
phonons (0 = 0), the vibrational amplitude of the
bond would be that of the atom. However, as the
motion of nearest neighbors becomes more out of
phase (as is characteristic of optic modes and
short-wavelength acoustic modes), the vibrational
amplitude of the bond becomes less than that of the
atoms.

An approximate calculation of the bond motion
has been carried out by Welch. ~s He considers a
Debye model for the separate phonon branches and

computes the relative time-dependent positions of
near-neighbor atoms. These positions are deter-
mined for each phonon and depend solely on the
phonon wavelength. The midpoint of these instan-
taneous positions is considered the vector position
of the bond charge. The mean-square amplitude
of the bond charge is then calculated by averaging
over the three acoustic branches. The optic modes
contribute little to the mean-square amplitudes

TABLE Il. Summary of the germanium and silicon x-
ray results. The indicated precision in F, ~ represents
the mean-square deviation of the individual relative mea-
surements at each temperature. The absolute errors in
the x-ray and neutron measurements were used in scal-
ing the neutron results to the x-ray F~.

r (c)
Ge (222) 23

208
401
600
693
787
850

1.060+0. 009
0.998 +0. 010
0. 888 +0. 013
0. 753+0. 015
0.680 + 0, 017
0. 582 +0.019
0. 525 + 0. 020

SLhe X tgf

0. 032+ 0. 004
0. 069 % 0, 005
0. 128 +0. 009
0. 221 + 0. 014
0.273 + 0. 017
0. 329 + 0. 021
0. 373*0.023

1.092+0.010
1.067 + 0. 011
1.016 + 0. 016
0. 974+ 0. 021
0, 953 + 0.024
0. 911+ 0. 028
0. 898 + 0. 030

Si(222) 23
211
402
598
793

1.460 + 0.007
1.414 + 0.008
1.355 + 0. 009
1.297+0.009
1.229+ 0. 010

0. 014 4 0. 002
0. 022 + 0. 002
0.036 +0. 002
0. 060+0. 002
0. 084 +0.003

1.474 + 0. 007
1.436 + 0.008
1.391 + 0. 009
1.357+ 0. 010
1.313+0. 011

when compared to the acoustic modes even at high
temperatures. The preliminary results of model
calculations indicate that taking account of the phase
difference between near neighbors results in a
vibrational amplitude for the bond which is some-
what less than that of the atom.

Although this model suggests a coupled but some-
what reduced vibrational amplitude of the bond with

respect to the core, at the present writing the model
is not sufficiently refined to draw any detailed con-
clusions. Therefore, as a basis for comparison
with experiment we use the model in which the same
Debye-Wailer factors are applied to both the bond

and core charges. These are based on experimen-
tal Debye temperatures of 543 and 290'K for sili-
con and germanium, respectively. 7 The tempera-
ture dependences predicted from these calculations
are indicated with dashed lines in Fig. 9.

Referring to Fig. 9, we see that the experimen-
tal silicon F~„d agrees very well with this refer-
ence e " dependence over the entire temperature
range. This result is in disagreement with the
earlier silicon results reported in Ref. 3, where
it is suggested that the mean-square amplitude of
the bonding electrons is less than that of the core
electrons. This suggestion, however, was based
in part on silicon x-ray measurements which have
since been modified and extended to higher tem-
peratures, as reported in Sec. III. When the pre-
sent x-ray results are considered in combination
with the temperature-corrected neutron measure-
ments (see Sec. Ii}we are led to a modification of
our previous suggestion. If we treat the bond-
charge distribution as temperature independent,
we conclude that the temperature behavior of the
bond in silicon is consistent with a model in which
the core and bonding electrons vibrate together
with virtually the same amplitude.

The germanium results (Fig. 9) are also in good
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agreement with this e "dependence up to ZOO'C.

However, above this temperature, the observed
F~„d decreases faster than would be expected in
the above model, although the difference is not

very large. It is important to note that this does
not necessarily imply a difference in the behavior
of F~„d in silicon and germanium. Silicon has a
much higher melting point than germanium (1410
vs 937 'C), and based on the ratio of the melting
points, such a departure from the e " reference
behavior might not be expected in silicon until well
above 800 'C, which is the limit of our experimen-
tal x-ray data. Efforts are underway at present
to extend the silicon measurements to these higher
temperatures.

It is difficult to explain the high-temperature
germanium results (Fig. 9) with our model of bond
motions. Based on these bond motions alone, the
observed high-temperature behavior of F~,~ in ger-
manium could only be explained if the vibrational
amplitude of the bond were greater than that of the
core electrons —a rather unphysical situation. This
suggests that, at least for germanium, there are
contributions to the temperature dependence of the
bond structure factor in addition to the effects of
bond motions. These additional contributions must
be related to changes with temperature in the dis-
tribution and/or amount of charge in the bond-i. e. ,
a temperature-dependent scattering factor for the
bond.

Ideas along these lines have been proposed by

Phillips, ' who concludes that significant changes
in the effective amount of bond charge in silicon
should take place in the temperature range investi-
gated. His prediction is that the amount of bond

charge will decrease with increasing temperature,
effectively reducing the scattering factor for the
bond. Such a mechanism could explain the high-
temperature germanium results (Fig. 9), and also
adds an interesting dimension to the interpretation
of the silicon and germanium results in general.
It is possible that temperature changes in the bond

scattering factors could make significant contri-
butions to the entire observed temperature depen-
dence of F~„d inboth germanium and silicon. Under
these circumstances, the vibrational amplitude of
the bond might be considerably less than that of
the core electrons, and this is in qualitative agree-
ment with Welch's preliminary calculations.

Without a better theoretical understanding of the
nature of the covalent bond in germanium and sili-
con, it is difficult to discuss the temperature be-
havior of Fb„d in more than these general terms.
It appears likely that the vibrational amplitude of
the bond is somewhat less than that of the core
electrons. The influence of temperature changes
in the amount or distribution of bond charge seems
to be apparent in the high-temperature germanium

results and could be present in all the data. As a
result, the interpretation of the observed tempera-
ture dependence is somewhat ambigious, and defi-
nite conclusions concerning the vibrational char-
acteristics of the bonds cannot be drawn at this
time.

V. CONCLUSIONS

We have presented the results of a rather ex-
tensive study of the temperature dependence of the
forbidden (222) reflection in germanium and sili-
con as measured using both x rays and neutrons.
These results have been interpreted in terms of
anharmonic atomic motions and the thermal be-
havior of the covalent bonds in these crystals.
Existing theories have accounted for the qualitative
aspects of much of the experimental data, but are
not adequate to describe our results in detail. We
are led to the following conclusions.

(i) The gross features of the observed anhar-
monic behavior in silicon and germanium are con-
sistent with the single-atom Einstein potential of
Dawson. This model, however, fails to account
for the detailed temperature dependence of the
anharmonic structure factors. The discrepancy
between the observed and model-predicted tem-
perature dependence of the anharmonic F(222) is
greater in germanium than in silicon, suggesting
a slight difference in the anharmonic behavior of
these crystals.

(ii) The observed temperature behavior of the

scattering from the valence-charge distribution in
silicon and germanium is similar to that from the
core electrons. This suggests that the vibrational
amplitude of the bonds may be comparable to that
of the atoms. However, several factors indicate
that this may not be the case. Departures from
this e " dependence are experimentally observed
in germanium at high temperatures. Furthermore,
if the amount of bond charge is decreasing with in-
creasing temperature, as proposed by Phillips,
then it follows that the vibrational amplitude of
the bond could be less than that of the core elec-
trons which is consistent with Welch's model cal-
culations. The changing of bond charge with tem-
perature could be significant in both the silicon
and germanium results, lending considerable range
to the interpretation of the temperature dependences
in terms of bond motions.

(iii) The over-all qualitative results suggest
similarities in silicon and germanium, both in
their anharmonic and bonding characteristics.
This is consistent with calculations which show
that the phonon spectra of these crystals differ
essentially by only a scale factor. '

Finally, while it is clear that we understand our
results in general terms, it is also clear that much

of the physics in this study lies in a better inter-
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pretation of the quantitative results. This includes
both a detailed explanation of the anharmonic be-
havior and a sorting out of the various contributions
to the scattering from the bonds. Ir particular,
the determination of whether the bond-charge mo-
tion is the same or different from that of the core
electrons will require a better understanding of the
temperature dependence of valence-electron wave
functions.
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