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The forbidden Si(442) reflection was detected and its temperature dependence measured be-
tween 20 and 500'C using CuKo x-ray radiation. The reflection is extremely weak at room
temperature with an integrated intensity of 4.6 && 10 and a structure factor F(442) =0.035
+ 0.002. E(442) decreases to zero at 250'C and then increases to almost twice its room-tem-
perature value at 500'C. This temperature dependence is consistent with contributions to the
structure factor from both the antisymmetric bond charge distribution Ei d, and anharmonic
thermal motion of tee atoms E~h. It was shown that E„& is of opposite sign and larger in
magnitude than E~h at room temperature. The anharmonic contribution increases with tem-
perature and cancels Eb„d at about 250'C producing zero intensity. The combination of these
measurements and a recent neutron determination of E~h yielded Eb~d=0. 076+ 0.006 at 25 C.
This structure factor is the Fourier transform of the valence-electron distribution and like
the (222) structure factor, provides a sensitive check on the accuracy of the wave functions
determined from band calculations. The values of Eb & show a tendency to be temperature in-
dependent. However, rather large experimental errors due to the very low intensities pre-
vented conclusions about the temperature dependence of Eb d.

I. INTRODUCTION

Silicon has the diamond lattice consisting of two
fcc lattices, denoted A and 8, and displaced&/Sa//4
along the unit cube diagonal where a is the unit-cell
dimension. All sites have tetrahedral point sym-
metry and A sites are related to B sites by the in-
version operation. The four nearest-neighbor
atoms of each A atom lie on 8 sites and vice versa.
Reflections with Miller indices such that 8+k+ l
=4n+ 2 (n an integer) are the so-called forbidden
reflections. When the origin is taken at an A lat-
tice site, the structure factor E of these reflec-
tions is

E(h, k, f ) =4f„(e'"'"")—4y (e'"' "s)

where f„and fs are the Fourier transforms of the
charge distributions of the A and B sites and u„
and u~ are the time-dependent displacements of the
charge distributions from equilibrium.

The assumptions of centrosymmetric charge
distributions for A and B sites and harmonic vibra-
tional motion implies f„=fe and (e'k ' "2) = (e(k' "s).
Conse(luently, E(I&,k, f ) =0 for the forbidden re-
flections, and the integrated intensity in these
reflections is zero. The nonzero intensity of the
forbidden ( 222 ) reflection in diamond was first
measured in 1921' and has been measured with in- .

creasing accuracy in recent years. The fact
that this intensity is nonzero is a result of the fail-
ure of both of the above assumptions. More exact
descriptions of the charge distribution and thermal
motion of the silicon atoms are necessary.

The tetrahedral coordination of each silicon atom
and the covalent nature of the bonding suggests the

f, (k) is written as the negative of the Fourier
transform of p, for the A atom and is expected to
be a positive quantity because of the tetrahedral
symmetry of the A atoms. Because f, is about 2%
of f, at the (222) and is estimated to be less than
0. 2% of f at the (442) reflection, Hartree-Fock
calculations of the atomic scattering factors for
free-silicon atoms may be used for f, with neg-
ligible error.

The effect of thermal motion is contained in the
term (e'" ' ") which may be written'

( (k'uy e-&(k'u& )/2 / (k'u+ & (k'u) &/2y (3)

where k = 27((I&b&+kb2 ——lb3) and u=u„a, +u~a3+((ka3
in terms of the r eciprocal-lattice vectors b, and the

following division of the charge distribution p(3')
for ea, ch atom~':

p(r) = p,(r)+p.(r ),
where

p, (r ) = p,(- r ) and p, (r ) = —p, (- r ) .

p, (r ) is antisymmetric and is the result of the
buildup of charge in the bonding directions ~ The sub-
scripts c and a refer to the centrosymmetric and
antisymmetric charge distributions. p, (r ) con-
sists of a large spherical distribution due to the core
electrons and eight small lobes toward and opposite
to the directions of the silicon bonds. p, (r ) con-
sists of four positive lobes in the directions of the
bonds and four negative lobes in the opposite direc-
tions. The atomic scattering factors then have real
and imaginary parts f, (k ) and f, (k ) such that
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unit-cell vectors a&. The first term in the right-
hand side (RHS) of Eq. (3) reduces toe™,where
M is the Debye-Wailer factor. e is used to ap-
proximate (8 " ") in the harmonic approximation
where the crystal potential is expanded in terms of the
displacements u neglecting terms higher than sec-
ond order. ' In this approximation, vibrations to
+u and —u are equally likely. However, in the
silicon lattice an atom sees a nearest neighbor in
one direction and a "hole" in the opposite direc-
tion. If silicon atoms vibrate more toward the "holes"
the motion is anharmonic, and the corrections for
this type of thermal behavior are contained in the
second term in the RHS of Eq. (3).

Expanding the second term in the RHS of Eq. (3)
to include terms to the third order in k ~ u,

( &k u+ ((k u» /k) 1 & i ((k )S)

= 1 —i 8» hkl (u~u, ), (4)

as a result of the tetrahedral symmetry of the sili-
con atom sites. If silicon atoms do vibrate prefer-
entially away from their nearest neighbors, then
—(u„u,u, ) „=(u~,u, ) s =

I (uJ/, u, ) I from the A and-
B-site symmetries and

(eik
' uA+ & (k u~& & /2 ) 1 &A(T)

( ek&'u&& ( (k'u&» &/2) 1 iA ( T)

(4a)

(4b)

where A(T)=8» hkll(u~, u, ) j. There are indica-
tions that the total charge distribution associated
with each atom does not vibrate with the same am-
plitude. '" This possibility can be partially ac-
counted for by allowing different amplitudes of vibra-
tion for the charge described by f, and f, . Equa-
tions (2)-(4) may then be used to derive E(h, k, l )
for the forbidden reflections,

F(h, k, l ) = —Eb„d+ F~„
=- 8if, e " + 8if, e "A(T)

where M'= —((k ~ u, )k)//2. The structure factor con-
sists of a bonding term E„,„d due to the antisym-
metric part of the atomic charge distribution and
a harmonic temperature factor e . The second
term of the structure factor I" „contains a con-
tribution from the more accurately known centro-
symmetric part of the atomic scattering factor
times the anharmonic temperature factor. The ef-
fect of the covalent charge distribution described
primarily by f, is separated from the effect of the
anharmonic motion described by A(T). A(T) has
been experimentally determined for the silicon
(222) reflection using neutron diffraction, " A(T)
is proportional to the product hkl in the approxi-
mation used here. Therefore the neutron mea-
surements can be used to estimate A(T) for other
forbidden reflections to the extent that the approxi-
mation l((k u )) I «1 is maintained. Temperature-

dependent measurements of the silicon (222) re-
flection using x rays have provided information con-
cerning f,(222) and e " . The measurement of the
(442) reflection was undertaken to determine f,(442)
which would further characterize the bonding-elec-
tron distribution, and to observe the effects of an-
harmonic vibrational behavior using x rays. F~„
is more important in temperature-dependent mea-
surements of the (442) than in measurements of the
(222) reflection because A(T) is proportional to the
product hkl and f, (442) is expected to be smaller
than f, (222).

The integrated intensity of the (442) reflection has
been estimated to be about three orders of magni-
tude less than the (222) reflection which is already
a relatively weak reflection. Success in measure-
ing these intensities depends, in a large part, on
the use of modern detection equipment and careful
use of several diffraction effects to maximize sig-
nal-to-noise ratios and aid in aligning crystals.

II. EXPERIMENTAL

A double crystal spectrometer in the (m, -n) mode

pr ovided maximum signal- to- background ratios.
A Si(440) reflection from the first crystal resulted
in a good match of d spacings and a strong incident
beam. This mismatch in planar spacings resulted
in a Curn, -En~ separation of 143" of arc in the

(442) reflection. Vertical divergence of 1.3' was
allowed. Both crystals were oriented and cut on a
diamond saw. Each was ground on succeedingly
finer grades of SiC powder in water to 800 grit
and etched for 4 min in CP-4' to remove strains
and damaged surface layers. To orient the (442)
planes parallel to the crystal's surface the (884)
reflection and Mo Ke radiation were used.

To obtain the minimum width in the (442) reflec-
tion, the diffraction vectors of the first and second
crystals must be in the same plane. This was ac-
complished by orienting a second low-dislocation
crystal cut with the (440) planes parallel to the sur-
face and placing it in the second crystal's position.
The diffraction vector of the second crystal was
perpendicular to the axis of rotation of the second
crystal. Then the (440) reflection was found and
the tilt of the first adjusted until the theoretical
width was obtained. To achieve minimum width in
the (442) reflection one needed only to ensure that
the (442) planes were oriented perpendicular to the
axis of its barrel holder before being placed in the
spectrometer.

The second crystal was mounted in the furnace
shown schematically in Fig. 1. The crystal was
held in a copper block with two chromel-alumel
thermocouples attached to the edges of the crystal
and insulated from the block. A Be heat shield
was positioned in front of the crystal and attached
to the copper block. The block was heated by
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nichrome wire and insulated from the base by a
length of stainless-steel tubing. The furnace was
water cooled and evacuated. A 0.002-in. Mylar

0
window with a 100-A-thick vapor-deposited Al film
to increase thermal reflectance allowed x rays into
and out of the furnace. Heater current was pro-
portionally controlled to within 1 'C and the two
thermocouples read within 5 'C of each other at all
temperatures.

The base of the furnace was adjustable via four
screws which tilted the furnace with respect to its
barrel mount. The crystal could be oriented via
the (884) reflection after it was placed in the furnace
and before the barrel mount was positioned in the
spectrometer. The whole furnace could be rotated
about the (442) diffraction vector (denoted a &f& rota-
tion) by the rotation of a shaft on preloaded bear-
ings in the barrel mount. The Q rotation could be
performed with the crystal's 8 position maintained
to within 150 of arc.

Noise levels and harmonic contaminants in the
diffracted beam were minimized by the use of a
lithium-drifted silicon solid-state detector. The
energy resolution of -300 eV allowed electronic
discrimination of the various energy components in
the diffracted beam and resulted in an electronic
noise level of 0. 004 counts/sec. A Coolidge cop-
per x-ray tube and generator with line stabilizer
was run at 45 kV and 15 mA for all measurements.

Because the (442) reflection is extremely weak,
its 8 position must be located precisely before at-
tempting to measure the intensity. The absence
of long-wavelength harmonics in the diffra, cted
beam complicated this proble. Short-wavelength
harmonics were present but were too weak to be
helpful in locating the reflection. The problem was
solved by locating a set of (440) planes in the sec-
ond crystal which made a relatively low angle with
the (442) planes. The asymmetric reflection from

these (440) planes was easily found at the appro-
priate Hand P angles. The angular 8 distance from
the (440) reflection to the (442) reflection was cal-
culated and the second crystal was rotated using
a micrometer drive. This technique located 8443

to within 150" of arc.
This 8 position was not accurate enough to lo-

cate the (442) position but readily produced one of
the stronger Urnweganregung reflections"' upon

scanning in the Q direction. Once an Unweganre-

gung peak was found, 8 was tuned to maximize this
intensity. This 8 setting located the (442) peak
position precisely and Umweganregung plots could
be obtained for CuKn, or CuKe~ depending on
which wavelength was set to diffract. Figure 2

shows a P plot for Cubo. , radiation along with the
calculated positions of the multiple- scattering
events. The calculated positions were obtained
using a computer program following Cole et al. '4

The (442) &f& plot repeats every 180' and contains
a mirror reflection about Q = O'. The Umwegan-

regung peaks allowed accurate positioning of the
counter and its receiving slit. Because the 28
position of the multiply diffracted beam is exactly
the same as the (442) diffracted beam, the Um-

weganregung peaks from CuKn, and Cu K@3 radia-
tion indicated the spacial positions of the (442)
Ka, and Ko.a diffracted beams. Kith the extreme-
ly low counting rates [0.4 counts/sec at the (442)
Ku, peak and Q. 2-counts/sec background], it is
doubtful that the receiving slits or counter could have
been positioned accurately enough to make the mea-
surements without the aid of the Umweganregung
reflections.

All 8 scans were made at Q positions of 8', 44',
136 , 172', 188', 224 , 316 , and 352', three of
which are shown in Fig. 2. A CuKn Umweganre-

gung peak adjoining the desired region was found.
The peak 8 position was noted and the receiving



3662 P. TRUCANO AND B. W. BATTERMAN

400-x

300-

200-

I
IN

I III X

D

cI'

(—Ct' IO
PrP NIQ
W N—

I I X I I

ct
O

0 Irn f2 tO I

N
X III I

N
IN
CP

N
Cl NI IA

X I I

IA

NOl-
CD—
Xl

QIN+IN Cf

A NN
I XX

I—f0 IN —
IIf) ICI NI- ~ ~An &IC1

II II X I II

(~ca)
S

~SO
ik

(I IO)~ ~~4,

($ x$)

I00- A
I

. l~ l . I. I

340 350 l0 20 30
(degrees)

40 50 60

FIG. 2. Si(442) Umweganregung pattern: Intensity in the (442) diffraction direction as the crystal was rotated about
the (442) diffraction vector. The orientation of the crystal with the incident beam direction so and the diffracted beam di-
rection s is shown in the inset. A- and 8-type Umweganregung free regions used in the (442) intensity measurements
are indicated. The plot repeats every 180 in Q and inverts through Q = O'. The calculated positions of Umweganregung
and Aufhellung regions are indicated above the plot by slashes and crosses, respectively.

slit, counter, and antiscattering shields adjusted.
The crystal was rotated into the Umweganregung
free region by the appropriate Q rotation, and 8
was set off the peak. 8 scans through the (442)
peak were made in 22 h, scanning at a rate of 0.8"
of arc/min. A digital printer recorded the counts
accumulated every 10 min. The resulting data for
a room-temperature run are plotted in Fig. 3. In-
tegrated intensities were obtained by subtracting
the average background level from the total num-
ber of counts in a region three times the En&-En~
separation. Scans were repeated many times to
obtain the desired statistical accuracy.

Before and after each 8 scan, the incident beam
intensity was monitored by measuring the scatter-
ing from a piece of polystyrene placed in the inci-
dent beam at a fixed position. The incident beam
intensity varied slowly with a period of one da,y or
more. The intensity changed less than 3%%uo during
any 8 scan and varied less than 6/0 during the
course of the experiment. The absolute incident
beam was obtained by comparing the polystyrene
scattering to the diffracted power from the silicon
(222) reflection. A crystal with the (222) planes
parallel to the surface was prepared in the same
manner as the (442) and (440) crystals. Umwegan-
regung plots were calculated and obtained experi-
mentally. Many 8 scans were made at four dif-
ferent $ positions chosen to eliminate the effects
of Umweganregung and Aufhellung intensities. 8
scans through the (222) peak were made in 16.7-min
scanning at a rate of 72" of arc/minute. Peak in-
tensities of 180 counts/sec and the expected Kn, —

Ee~ separation of about 400 ' of arc were observed.
The (222) diffracted power was obtained by sub-
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FIG. 3. Room-temperature Si(442) I9 scan: Diffracted
intensity is plotted vs 8 angle. Scan was made at 0.8"
of arc/min and each point represents 10 min of counting
time. Clearly separated K~~ and K~2 peaks are shown
with the calculated Ke ~-K+2 separation.

tracting the total counts in a region three times
the (222) En, -Kna separation. The integrated
intensity for the Si(222) reflection was calculated
using the kinematic formula and a structure fac-
tor 1.46+0. 04 as determined by Roberto and Bat-
terman. Although low- dislocation crystals were
used in this experiment, the dynamical and kine-
matic theories predict values differing by less than
2/o for the (222) integrated intensity. The mea-
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surement of the diffracted power from the (222) re-
flection determined that the incident intensity was
(1.16+0.10)xIO~ counts/second which was cor-
rected after each run for variations in the polysty-
rene monitor.

III. RESULTS

From each of the Umweganregung free regions,
A and B, indicated in Fig. 2, three other equivalent
regions may be obtained from the symmetry of the
(442) P plot. Several room-temperature measure-
ments of the (442) integrated intensity were made
at all eight @ positions. The intensities from the
four B-type regions at Q = 44', 136', 224', and
316 were consistently higher than the intensities
in the A-type regions by about 65%%uo. Furthermore,
as P was varied around 316 ', the intensity mea-
sured in the 8 scans increased. It was concluded
that scattering from the tails of the (531) Umwegan-
regung peak or air scattering from radiation dif-
fracted into other directions at the (220) Aufhel-

lung region affected the measured intensities. No

such variation in the intensities of the 8 scans was
observed as Q was varied within the A regions.

Nine room-temperature 8 scans in the A regions
were used to calculate the integrated intensity of
the (442) reflection. Typical 8 scans (see Fig. 3)
showed well-resolved CuKn, and CuKn& peaks
with the expected angular separation. Analysis of
several runs showed the intensity in the Kn, peak
is twice that in the K@3 peak. The data from the
nine 8 scans are summarized in Table I, and com-
bined to give a room-temperature integrated in-
tensity of

(E(o/Io) 442= (4. 6+ 0. 6) x10 i

Using the kinematic equation for the integrated in-
tensity, the structure factor for the (442) reflec-
tion is calculated to be

I
&(442)

I

= 0.035 + 0.002 .
The kinematic and dynamic calculations of integrated
intensities using structure factors of this magnitude
differ by less than 0. 2%. An absorption constant
of p = 144 cm ' '~ and Debye temperature of 543 'K
were used in the calculation and the polarization
factor was computed using a Darwin-Prins com-
puter calculation of the ref lectances from the (440)
first crystal.

Neutron measurements of the Si(222) intensity"
were used to calculate E „(442). Keating et al. "
expressed the anharmonic parameter A(T) as

from Eq. (6) and solving for Eh„~ in Eq. (5) we find

I
Fb„~I =0.007+0. 006 or 0.076+0. 006.

f, =f+ nf'+i&f was taken as f= 5.85, "&f = 0. 24, '8

and hf" was calculated from the absorption con-
stant. The two values represent the possibilities of
having a bonding term larger or smaller than the
anharmonic term. To discriminate between these
two values the temperature dependence of E(442)
was measured. The neutron measurements" show
that the anharmonic term increases approximately
with the square of the temperature and the elec-
tronic contribution was expected to decrease rather
slowly.

Temperature-dependent measurements were made
at one azimuth, Q = 8', and at temperatures from
22 to 505 C. The procedures were identical with
the room-temperature measurements, and the re-
sults are summarized graphically in Fig. 4. Be-
cause the intensity decreased, went through a
minimum, and then began to increase, the bonding
term must have been of greater magnitude at room
temperature and of the opposite sign from the an-
harmonic term.

The anharmonic contribution to E(442) was cal-
culated at each temperature from the neutron mea-
surements of P. '~ Table II summarizes the data
including the values of P and both roots resulting
from the quadratic equation. Root 1 is correct if
IFbondl ~ lEanh~ and root 2 is correct if ~EbondI
& t E „). These two values of Eb„~ are plotted in
Fig. 5. Below 250'C the larger root is correct
and above 250 'C the smaller root is applicable.
The intersection of the lines formed by the two
roots indicates the temperature where I E~,~)
= ) E „I. Included in Fig. 5 are lines indicating
the expected temperature dependence of the bond-
ing contribution to F(442) if the charge represented
by f, vibrates with the same mean-square ampli-
tude as the centrosymmetric charge distribution or
with half that mean-square amplitude.

IV. DISCUSSION AND CONCLUSIONS

One of the more important aspects of the work
described here is the description of the techniques

TA BLE I. Room-temperature integrated intensities
for Si(442) reflection measured at A.-type Umweganregung
free regions indicated in Fig. 2. Statistical error in x-
ray count for all numbers is + 1.9&& 10 . Average of A-
type measurements: (4. 6 + 0.6)&& 10"

A(T) = (2v/a~PPkkl (ks T)3, (6)

where n = 7. 85 x10 '3 erg A 2 and p is a parameter
obtained from the experimentally determined neu-
tron (222) integrated intensity, At room tempera-
ture p= (5. 53+0. 55)x10 ' erg A ~. Evaluating A(T)

5.28
4.66
4. 53

Q =172'
(10-")

3.72
3.78

fIe) =188
(10-~~)

4.70
4.45

5. 22
4. 71
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FIG. 4. Si(442) integrated intensity vs temperature:
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the errors, see the text.

used to measure the extremely weak intensity of
the Si(442) reflection with x rays. Previous mea-
surements of the Si(222) integrated intensity,
which is 100 times smaller than allowed reflections,
were difficult but rather straightforward. Mea-
surement of the (442) reflection, which is 1000
times smaller than the (222), is extremely difficult.
In contrast to most integrated intensity measure-
ments where a reflection is found by very coarse
alignment, and then finer adjustments are made
before the measurement, the (442) reflection had
to be located and the crystals aligned to maximum
precision before the time-consuming measurement
procedure was begun. The experiment was de-
signed to provide a capability for measuring weak

x-ray integrated intensities which has not been real-
ized previously.

Room-temperature measurements of the (442)
integrated intensity yielded two possible values for
the electronic contribution to E(442). Definite ex-
perimental numbers were only obtained from a
combination of the room-temperature measurement
and the qualitative temperature dependence of the
(442) integrated intensity. From the two sets of
data summarized in Table I and Fig. 4, several
conclusions may be drawn.

(i) The temperature dependence of the (442) re-
flection determined the room-temperature value
of the bonding electron contribution to the structure
factor as

~E~,~~ =0.076+0. 006.

All other possible values for the electronic con-
tribution to E(442) derived from the room tempera-
ture measurement are inconsistent with the ob-
served temperature dependence. This value is
relevant to two areas of research. Silicon struc-
ture factors have been analyzed to determine the
departures from spherical atomic-charge distri-
butions. ' ' Dawson and Sanger' have reviewed
the work in this area and predicted a value for the
(442) electronic-scattering factor:

jE, (442)~ =0.064,

where the Debye-Wailer factors of the core and
bonding electrons were assumed to be the same.
This value is in good agreement with our measured
(442) electronic-scattering factor. The second
area of study relevant to these measurements con-

TABLE II. Partial listing of temperature dependent Si(442) data and calculated contributions to the structure factor.

295

320

341

379

402

573

701

752

778

E~/Ip
(]0~13)

463 + 120

359 + 190

420+ 140

313 + 190

141+ 90

0+ 190

8+ 120

273 + 190

555+ 190

821+ 210

868 + 210

999+ 250

1197+180

0 p35+0, 004

0 ~ 031 o'oio

p 033+0» 006
~ 0. 006

p p2g+0, 008

p 0] g+0, 006

p pop+0, 023
-0, 000

o oo5""'-0, 005

0.027'o.' oi2

p 03g+0, 006
-o,oos

p p47+ 0,006
-0, 006

O O48""'-0.006

p p52+0, 006
-0 007

0 057 o oo4

P
(10 i2 erg A 3)

5.53

5.40

5.30

5.11

5.00

4.70

4.31

4.09

3.89

3.80

3.73

3.64

3.57

I+ hl

0.040 + 0.004

0.046+ 0.004

0.051 + 0.004

0.059+ 0. 004

O. 065 + P. 004

P. 083+ P. 004

0.106 + G. 003

0.117+0.003

0.127+ 0. 003

0.132+ 0.003

P. 137 + 0.003

0.142+ 0.003

0.148+ 0.002

p p75+0, 009

O. O77""'-0, Oi4

p p84 +0, 009
-0. Oio

o.oss"'i2-0.Oi5

p p84+0. 008

0.085 0 pp4

0 107-o'003

p 143+0,oi2

165+0,008
-0 oio

p 178+0.009
-0.009

O. 185-o'oo8+0,008

1g4+0, 008
-o, oip

0 204+0.006
-0 ~ 006

~&me&2

p pp5+0, 009

0 015 0'oip

P.017' '

0.031' '
-p, oi2

0 046 0. Oi2
-o. oio

O OS1""'-0.024

0 104+0, 003
0 -0. Oi9

0+ 091 p' oi2
+0. pi 5

p OSg+0, oio
-0, 009

o os6"'"-0, 009

p pgp+0, 008
-0 008

0 091+0.010
-0, 009

0~ 092 p'pov
+o.006
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FIG. 5. Eb ~(442) vs
temperature: Both roots
resulting from the solution
of Eq. (5) for E~ are plot-
ted. The intersection of the
lines formed by the bvo
roots indicates the tempera-
ture at which the anhar-
monic contribution to E(442)
is canceled by the bonding
contribution. If I E&~~I
& IE~l, the larger root
(indicated by solid circles)
is correct, and if lE~ql
& lE~l, the small, er root
{indicated by open circles)
is correct. The solid and
dashed lines indicate the
expected temperature de-
pendence of Eb &(442) if the
antisymmetric charge vi-
brates with the same or with
half the mean-square ampli-
tude of the core electrons.

cerns band calculations for silicon. These cal-
culations include considerations of the localization
of the bonding-electron distribution and the amount
of charge in the bond. '3~ The Si(222) scattering
factor has provided a sensitive check on these cal-
culations and the (442) scattering factor presents
new bases for comparison.

(ii) The temperature dependence of the (442)
reflection confirms the existence of anharmonic
thermal vibrations in silicon. Experimental evi-
dence of these effects was obtained only recently
by a neutron-diffraction experiment. '

(iii) The qualitative (442) temperature depen-
dence is direct evidence that the bonding contribu-
tion to the structure factor of forbidden reflections
is of opposite sign to the contribution from anhar-
monic vibrations. If the two terms had the same
sign the (442) intensity could only increase with
temperature. This result is expected if one as-
sumes the atoms vibrate preferentially away from
their nearest neighbors.

Before any conclusions are drawn from quantita-
tive temperature-dependent results shown graphi-
cally in Fig. 5, the errors and approximations
used in deriving the results should be carefully
considered. The error limits in Fig. 5 include
four primary sources of uncertainty. In the mea-
sured (442) diffracted power Ev there was a sub-
stantial statistical uncertainty because of the ex-

treme weakness of the reflection. This error var-
ied with the number of 8 scans made at each tem-
perature. To obtain the integrated intensity (E&u/Io),

additional error was introduced in the measure-
ment of Io. Included in the error in Io was the un-

certainty in the measured (222) diffracted power
Ev and the error in F(222) as reported by Roberto
and Batterman. ~ These three errors combined to
give the uncertainty in E4». To obtain the elec-
tronic contribution in E(442), the anharmonic con-
tribution was computed from neutron measurement.
The errors quoted by Keating et a/. "for these mea-
surements were included in the final results for F~,~.

In addition to these experimental errors, one
further source of uncertainty should be included.
In deriving the anharmonic contribution to the (442)
reflection from the neutron measurements of the
(222) reflection [see Eqs. (5) and (6)], the approxi-
mation that the contributions scaled as the product
of the Miller indices was used. It is difficult to
estimate the accuracy of this approximation with-
out a model for anharmonic vibrations in silicon.
The uncertainty in this approximation would be
eliminated if neutron measurements of the Si(442) re-
flection were available. Any conclusion concerning
the temperature dependence of E~,~(442) must be
tempered by the size of these errors.

The temperature dependence of the data in Fig. 5

might be explained by letting M'=0, that is, by
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assuming the antisymmetric charge distribution
has zero mean-square amplitude of vibration. Neu-
tron and x-ray studies of the Si(222) ref lectiona'"
resulted in a curve for Eb„d(222) which was quali-
tatively fit by letting M' = &M, implying that the
core and bond electrons have different vibrational
amplitudes. These apparent inconsistencies in the
two sets of data might be resolved by letting f, vary
with temperature implying that the amount and/or
shape of the bonding charge distribution changes
with temperature. Phillips has presented thoughts
along these lines in a recent publication. The
temperature dependence for f, (222) and f,(442)
would, in general, be different. The above specu-
lation is based on rather marginal experimental
evidence. However, the implications are sufficient-
ly interesting to suggest further experiments de-

signed to verify the trends observed in the Si(222)
and (442) data.

Our results may be summarized as follows: We

have shown the existence of the forbidden (442) re-
flection in silicon. Anharmonic vibrations cause
the reflection's intensity to decrease to zero at
Bbout 250'C and then increase at higher tempera-
tures. Correcting for the anharmonic contribution
determined from previous neutron-diffraction mea-
surements, we determined the temperature depen-
dence of the structure factor due to the antisym-
metric bond charge. The corrected (442) structure
factor appears to be temperature independent. Be-
cause of the large experimental errors due to the
low intensities involved, we feel further experi-
ments are necessary before definite conclusions can
be drawn concerning the bond charge motion.
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The magnetic fields at which magnetic-surface-state transitions occur were measured as a
function of sample orientation in the three principal planes of zinc. These low-field microwave-
frequency transitions dominate the surface impedance from 0 to 100 Oe. Three distinct series
are presented and these are assigned to regions on the Fermi surface. The anisotropy of these
series is compared with predictions of orthogonalized-plane-wave band models. The Fermi
velocities on the third-band lens are extracted and presented.

I. INTRODUCTION

Although considerable experimental work~ 3 has
been done in recent years to validate the Prange-

Nee theory of magnetic surface states, the effect
has not been used extensively to obtain parameters
at points on the Fermi surface. ' In this paper we
report an extensive experimental investigation and


