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Temperature and pressure dependence of the Si(222) forbidden reflection and the vibration
of the bonding charge
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The variation of the integrated intensities was measured between room temperature and 600 C using a
high-power x-ray generator. The pressure dependence was also measured up to 5.2 kbar and found to
be so small that the implicit temperature dependence can be neglected. By making corrections for the
eA'ect of anharmonic vibration of nucleus using the neutron data obtained by Keating et aL, the
temperature coefficient of the bonding-charge component of the structure factor was obtained to be
{0,90 + 0.10)M„where M, is the ordinary Debye-%aller factor with the Debye temperature of
540'K. Simple calculation of the displacement of the bonding charge was made by assuming that the
point bonding charges are always located at the midpoint between neighboring atoms. The ratio of the
mean-square amplitude of the bonding charge to that of core was calculated to be 0.74 + 0.05, which
has a fairly good agreement with the value measured. Also the structure factor of the (222) reflection
was obtained by the Pendellosung fringe method to be 1.50, + 0.015 at 20'C.

I. INTRODUCTION

Many theoretical studies on lattice dynamics of
diamond-structure crystals have been made to un-
derstand the dielectric and optical properties. The
rigid-ion model, where the outer electrons were
assumed to move with the nucleus rigidly, could
not explain the observed dispersion curves without
postulating the interactions between at least fifth-
nearest-neighbor atoms. This difficulty was re-
solved by applying the shell model where atoms
were assumed to be polarizable in thermal motion.
However, there remained the necessity of employ-
ing many parameters to fit the observed dispersion
curves so that physical interpretation was difficult.
On the other hand, Phillips proposed an empirical
theory for covalent bond where the simple relation
between the magnitude of the point bonding charge
at the midpoint of the covalent bond and the macro-
scopic dielectric constant was conjectured. His
theory has been applied successfully to calculate
various properties of many covalent crystals such
as cohesive energy and nonlinear optical suscep-
tibilities. The dielectric-screening theory based
on Phillips's bond-charge model has explained suc-
cessfully the phonon dispersion curves of Si with
one adjustable parameter.

In all the cases the comparison with experiment
was made as to the phonon dispersion relations,
i.e. , main concern was about the motion of the
core and there has been no direct experimental
evidence for the motion of the outer valence elec-
trons. As the weak (222) forbidden reflection of
x rays in diamond-structure crystals' arises
mainly from covalent bonding charges in contrast
to normal Bragg reflections due mainly to the scat-
tering by core electrons, the x-ray study on this
forbidden reflection can be considered to provide

a direct evidence for both the lattice-dynamics cal-
culation and the Phillips bond-charge theory.
There have been some conjectures"'" that the
Debye-Wailer factor for the (222) forbidden reflec-
tion should be much less than that expected from
the ordinary formula because the bonding electrons
can be considered to be relatively stationary ac-
cording to the shell model. Recently, several au-
thors" found that the x-ray structure factor of the
(222) reflection of Si due to bonding electrons was
less temperature dependent than that expected from
ordinary Debye-%'aller factor and took this as evi-
dence in support of the shell model. However, de-
tailed analyses based on phonon modes and phonon
spectrum have not been made yet. Among many
phonon modes, transverse-acoustic modes can be
considered to predominate for the Debye-%aller
factor because those modes have more vibrational
amplitudes than other modes, and acoustic modes
have a tendency to make bonding electrons to vi-
brate more or less together with core. There-
fore, this consideration may lead to an anxiety that
they might have found somewhat too much differ-
ence between both the Debye-%aller factors for the
core and the bonding electrons.

In the present study a precise measurement for
the (222) forbidden reflection of Si has been carried
out with a high-power rotating-anode x-ray gener-
ator, because the (222) reflection intensities are
extremely weak, and a simple calculation has been
made to analyze the results.

JI. THEORY

The effect of the lattice vibration on the distor-
tion of the bonding-electron distribution is not
clear. For the first approximation, we assume
that the well localized bonding charges follow the
vibration of cores in such a way that they are al-
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i. e. , the square of the displacement of the bond-
charge position is proportional of that of core.
For each phonon mode, b '

(q) is different for the
four bond-charge positions. However, the average
can be used because of cubic symmetry of the crys-
tal, i.e. ,

I"IG. &. Atoms of the diamond structure. Here ~s of
the cubic unit cell is shown. The black circles corre-
spond to the atoms of A sites and the white circles corre-
spond to those of B sites.

b(q) =—Zb'"(q)
4~i

= —Z —[I+ cos@'"(q)]
4 s*z2

(2. 9)

ways at the midpoint between neighboring cores.
On this assumption the vibration of the bonding
charge can be evaluated by the simple computation
as follows.

A. Formulation

There are two kinds of sites, A and 8, in the
diamond lattice. Vfhen we take the A atom at
~(0 )R, =R, the four-nearest-neighbor atoms on 8
sites are at R',"=R+ r ", where r'" = (- 1, —1, —1)

(- 1, 1, 1) —,
'

rB, (1, —1, 1) -', )'0 (lt, 1, —I) -,')',
for s = 1, 2, 3, 4, respectively, as shown in Fig. 1
taking the side of the cubic unit cell as 2xo. The
bond-charge position R,' is given by

R,'" =-.'(R',"+R,'") for s =1, 2, 3, 4, (2. 1)

On the other hand, the decrease in the structure
factor due to thermal vibration can be given by the
Debye-%aller factor e ", i.e. , for cubic crystals

B If B+ coth [& p@B,(q)]
Imrm t,a ~,(q)

(2. 10)
where (uB) is the mean-square displacement,
q =4)(sin8/)(, (d, (q) is the circular frequency of jth
phonon mode with wave vector q, m is the mass of
the atom, N is the number of unit cells in crystal,
and P=I/kT. Combining Eqs. (2. 7), (2. 9), and

(2. 10) the ratio of the exponent of the Debye-
Waller factor for the bonding charge M~ to that for
the core M, can be given by

Ms (us)
(u', )

and therefore the displacement of the bond-charge
position u~ can be obtained from the displacement
of core u, as

Z, .;b(q) coth [ 2 Pif(B, (q)]/(d, (q)

Q, ,;coth [s P&~, (q)]/(B, (q)
(2. 11)

u~(s) Q(A) ( JI &(s( )],&
( I(-&ost))

ub c 2 l +e (2. 4)

(b'"(q) =q r'"+4.(q)

and the relation

{2.5)

V(s)/V(0) V(B)/V(A) (ss(i)
C C C C (2. 6)

was used, because the vibrational amplitude is
equal for the two sites. From Eqs. (2. 2) and
(2. 4),

(2. 7)

us' =-(u(,o +u,") for B=l, 2, 2, 4 . (2. 2)

In the theory of lattice dynamics 6 the displacement
of core for the phonon mode with wave vector q is
given by

(q~)
( ex(iso t)' (2. 2)

so that Eq. (2. 2) can be written

In order to obtain Ms/M„b(q) must be calculated
for each phonon mode.

B.Calculation of b(Q) and A&/N

To calculate b(q), P'"(q) must be obtained, i.e. ,
the secular equation in lattice dynamics must be
solved. For simplicity, an approximation is made
that the vibration of core can be well described by
Cochran's theory which gives a good interpretation
to the observed phonon dispersion curves of Ge.
The results for Ge are applicable for Si because the
two materials can be considered to be homologous
as to lattice vibration.

After Cochran for the phonon modes with wave
vector q in symmetry directions [100]and [111],

where the +and —signs refer to optic and acoustic
modes, respectively, and A is the coefficient of
interaction between polarizable atoms. From Eqs.
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(2.6) and (2. 12),

y, (q) = —A~(q) for optic mode,
=8-tan "

z tan8 for s =2 3 4;
ye+tan 8

1+y~ tan 8
(2. 16)

= —Q„(q)+» for acoustic mode. (2. 12)

From Eqs. (2. 5), (2. 9), and (2. 13), f&(optic)+f&
(acoustic) = 1 for the same wave vector q, and there-
fore only the acoustic modes are concerned in the
following computation of f&(q). As the computation
of Q„(q)is rather complicated using many param-
eters, &f&&&(=fr = &f&0) in the notation of Cochran's
paper can be used for &&&&„(q) within an error of less
than lg&& in the resultant ratio M,/M, . In this ap-
proximation &f&'"(q) can be given for the phonon
modes with wave vector q in symmetry directions
[100]and [111]as follows: For the [100]direction
q = (f, 0, 0), where f ranges from 0 to 1 so that
8 =-', 1'r0 ranges from 0 to 0», and for the [ill] di-
rection q = (f, t;, g), where l' ranges from 0 to —,

' so
that 8 from 0 to ~m:

[100]transverse-acoustic mode:

&f
& "(q) =~8 -tan '(- y&&tan8) (2. 14)

[100]longitudinal-acoustic mode:

&f
& "(q) =~8 (2. iS)

tan 8p'"(q) =-38-tan g tan8 for s =1,
1+y~ tan 8

where the + and —signs are taken for the sites with
s = 3, 4 and s = 1, 2, respectively.

[ill] transverse-acoustic mode:

[111]longitudinal-acoustic mode:

&|0= —38 —ta ts. e) f r =1,(s) tan 8-2y~
1 —2y~ tan 8

8 —tan 3 tan8 for s=2 3 4.tan 8 —2y~
1 —2y~tan 8

(2. 17)

Here y„is the certain ratio of the force constants;
Cochran took this value to be 0.69 from the experi-
mental values of elastic constants. On the other
hand Dolling took this value of y„to be 0. 21 on
the modified shell model introducing the short-
range interactions between second-. nearest neigh-
bors. For both cases with so much different val-
ues of y&&, b(q) was calculated from Eqs. (2. 14)-
(2. 17), and shown in Fig. 2 together with optic
modes. As can be seen from Fig. 2, only f&(q)

for longitudinal modes in [111]direction is sensi-
tive to the value of y&& and b(q) for other modes is
not much affected by the value of y~. In order to
evaluate M0/M„ f&(q) must be averaged over all
phonon modes in the first Brillouin zone. This
average was approximated with the weighted aver-
age in the direction of [100]and [111].

For the evaluation of Eq. (2. 11) the sum can be
replaced by integrals. In taking the average in one
direction with definite solid angle in q space the
densities of phonon mode is proportional to qa,

2i.e. , dqo=q dq with the number of the transverse
mode twice that of longitudinal mode. By using the
multiplicity factor of 6 and 6 for (100) and (111)
direction each, we finally obtain the ratio M,/M, :

, coth [-, pff&0(q)] 0d 6
coth [0 pff&d(q)]

coth & Pku q & coth 2 Pk+ q
q dq+8 dg

&100& &111&

(2. 16)

The value W(q) = q coth [0 pW(q)]/&d(q) was cal-
culated in the [100]and [ill] directions using the
experimental phonon dispersion curves obtained by
Dolling and shown in Fig. 3. As can be seen
from the curves, the transverse-acoustic modes
predominate in the above average. Thus, the val-
ue of M0/M, was obtained to be 0. 72+ 0. 05 taking
y~ =0.69. The change of the value of the param-
eter yR does not produce perceptible changes in the
result because the transverse-acoustic modes
which are a dominant part in the calculation of
M,/M, are not sensitive to the value of y&&. For
yz = 0. 21, for example, the value of M,/M, was ob-
tained to be 0.V4+0. 05.

III. EXPERIMENTAl

Sample crystals used were cut from a pure and
dislocation-free crystal grown by the floating-zone
method in vaccum. They were lapped by 1000-grit
powder and etched in a 4: 1:1volume parts
HNO3-HF-CHSCOOH solution to remove the surface
damage. For the measux ement of the temperature de-
pendence, specimens were heated up to 600'C in
an evacuated furnace which is shown schematically
in. Fig. 4. The furnace was designed so as not to
induce thermal strains in the specimen crystal.
The crystal temperature was measured by both
platinum-platinum-13-at. % rhodium and Chromel-
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FIG. 2. Calculated ratio of the square amplitude of the
vibration of the bonding charge position to that of core for
the phonon mode with wave vector q in [100] and [ill]
directions. The solid line is the value with &z = 0.69 and
the broken line with &~ = 0.21. The longitudinal modes
with q in the [100] direction do not depend on 'y~.

Alumel thermocouples which were placed close to
the specimen at different positions. For the mea-
surement of pressure dependence, a clamped-type
high-pressure bomb was designed for x-ray dif-
fraction experiment as shown in Fig. 5. A tapered
beryllium bomb with a diameter of 20 mm was
placed at the center of the vessel, which worked as
windows for the x-ray beams and served to hold
the specimen and to retain the pressure. Hydro-
static pressure was produced via n-petane trans-
mission medium by driving a piston by a hydraulic
press and clamped by a locking nut. The pressure
was calibrated using the phase transition of ammo-
nium fluoride NH4F at 3.65 kbar at room tempera-
ture.

A rotating-anode x-ray generator was operated
at 50 KV 400 mA, and the x-ray beam was mono-
chromatized by the (111) reflection of a Si perfect
crystal. A scintillation counter with a pulse-height
analyzer was employed. The integrated intensity
for the (222) reflection was measured in the Bragg
case with AgKe~ and CuKn~ radiations, in the Laue
case with Aggro. t and also for (333) reflection in the

Bragg case with AgKn~ by rotating the furnace or
pressure bomb using the folded-lever arrangement
driven by precision micrometer. Typical rocking
curve for the (222) forbidden reflection is shown
in Fig. 6. The integration range for the (222) re-
flection was taken to be 5. 3' of arc with AgKo. y and
7. 1' of arc with CuKn, . Several run at each time
was made and an average was taken, and the inten-
sities were confirmed to have the same value with-
in an experimental error before and after the high-
temperature or high-pressure measurement. The
peak intensity of the (222) reflection was about 2500
counts/sec and the total counts were about 5&&10'.

For such a weak reflection as the forbidden re-
flection the effect of simultaneous reflections can
not be neglected, ' and their positions in azimuthal
angle together with indices have been shown by
Cole ef, al. The experimental Umweganregung
pattern in Si was obtained using CuEo, and Again,
radiation and shown in Fig. 7. To avoid this effect,
the fine adjustment in azimuthal angle was made by
the screw shown in Fig. 4, and the incident beam
with a narrow vertical divergence of about 0. 5'
was used. The positions in azimuthal angle at
which the measurement were made are shown by
the arrows in Fig. V. The photographs taken at
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FIG. 3. Calculated value of the weight W(q) =@~

xcoth [$P)fez(q))/u(q). For the cnlcuintion of M/M in
the text the value for the transverse modes shown here
must be multiplied by 2.
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FIG. 4. Schematic view of the furnace.

NICKEL WATER JACKET
RADIATION SHIElQ~

NICHRONE
HEATER

X- RAY II
II

I
SPECIMEN

I
sfeiMLEss 5%EL

QUART 2
SPKciMEM HOLOER Q

CERAMIC Pl ATE

I t L,
IE I' I I 'l ll

C) ~
/I y & A W4 ti

'r
la ~m~me +

SCREW FOR FINE AOJUSTINKNT
IN A2IINUTHAL AN/LE



TEMPERATURE AND PRESSURE DEPENDENCE OF

X-RAY

P ISTON
/

LOCKlN6 NUT

COPPER GaSXET
jl PENTANE ~ ~TEFLON

PISTON
0-RlN6 -. =-: HKAO

~le

~T+PKREO
Sar(lPLE + 8KNYLLlU+

~l

STEEL
VESSEL

ii &
LOCKING NUT

PISTON

those positions never showed any pattern due to the
simul, taneous dif fraction. As the Umweganregung
pattern varies with lattice parameter. it was con-
firmed that the crystal was still positioned freely
from Umweganregung effect in all the temperature
and pressure ranges of the measurement. Al-
though the Umweganregung may occur easily for
AgKe, radiation because its Ewald sphere is larg-
er compared with the CuKe, -radiation case, the
intensity ratio of the simultaneous diffraction to
the true (222) reflection is smaller, as can be seen
in Fig. 7, because the absorption is much less for
the large extinction distance of the (222) reflection.
The comparison with the data obtained by Curn,
showed that the intensity of the simultaneous re-
flections can be considered to be negligibly small
even if they exist at the observed position though
it seems unexpected from the estimation by
Prager.

Dynamical equation was used to obtain the struc-
ture factor at each temperature or pressure, and
small corrections were made for the change in both
the Bragg angle and the volume of the unit cell due
to thermal expansion or due to the compression by
high pressure. The absolute value of F»2 at room
temperature and 1-atm pressure was measured
precisely both by the Pendell5sung method and by
the integrated-intensity method.

Koi

Koq

I IG. 6. Rocking curve of the 222 forbidden reflection
together with integration range.

IV. ABSOLUTE MEASUREMENT OF THE STRUCTURE
FACTOR OF (222) FORBIDDEN REFLECTION

Many authors have reported the experimental
value of F»2 by the integrated intensity methods,

lch ranges from 0.90 to 1 78 e, 7 9 10,13 14 22 R
cently, absolute measurement of the structure fac-
tor with high accuracy by the Pendellosung fringe
method have been reported by Hattori et al. , but
not made for the forbidden reflection, probably be-
cause the reflection is so weak. Here the struc-
ture factor of the forbidden reflection was mea-
sured by the Pendellbsung fringe method using the
high-power x-ray generator and compared with the
one obtained by the measurement of integrated in-
tensity relative to (333) reflection.

A. Pendellosung fringe method

Kedge-shaped crystals were prepared with wedge
angle of about 45'. Section topographs were taken
in symmetric Laue case with AgK0. 1 radiation op-
erated at 50 KV, 400 mA with exposure time of
about 12 h. Typical topograph is shown in Fig.
8(a} and the first-fringe maximum can be clearly
seen. A photometry trace was made along the cen-
ter of the x-ray fan on the nuclear plate and is
shown in Fig. 8(b). The crystal thickness for the
first minimum and maximum of the fringes was
measured to be 1.656+0. 01 mm and 2. 460+0. 01
mm, respectively. According to dynamical theory
of x-ray diffraction due to spherical waves, the
diffracted intensities along the net plane through
the incident position in the section topograph are
given by

I"IG. 5. Schematic view of the high-pressure bomb.
f~=

2
exp[- (po/cos8s)f]

~ p ~~
1 1
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Here K is the wave vector, p, o is the linear absorp-
tion coefficient, 83 is the Bragg angle, l is the dis-
tance along the net plane, Jo is the zeroth-order
Bessel function, P= (y~X~)' EC/sin28s, X, is the~

gth Fourier coefficient of the polarizability of the
crystal for x rays, where C is the polarization
factor, g is related to structure factor E~ by

)l, = —(e'X'/vmc'v) E, ,

BACKGROUND

lO 0 lO 20 30 40
AZ I IVIUTH

For the forbidden reflection the imaginary part
of y can be considered to be so small compared
with the real part that we neglect the imaginary
part of t). The intensity minimum and maximum
positions can be given from df, /dl = 0 and after
some algebra

b) J,(u) =0 for minimum position (4. 2)

BACKGROUNP
I I I I I

0' lO' pQ' pp' 40'
AZIMUTH

FIG. 7. Umweganregung pattern at (222) position in
silicon; (a) using CuK0, ~ radiation, (b) using AgKQ. ~ radi-
ation. The zero of the azimuth was chosen with a [110]
axis lying on both the (222) lattice plane and the diffrac-
tion plane. The positions in azimuth used are shown by
the arrows.

Kgb(u) +eT~(u) = 0 for maximum position, (4. 3)

where u = g sin8~ and z, = pof/2u cos8e. The struc-
ture factor of the (222) forbidden reflection ) F222(
was calculated to be 1.50+0.01 and 1.51+0.01,
each from the observed positions of the first min-
imum and maximum, respectively, using the above
equations and the measured linear absorption coef-
ficient of V. 15 cm ~. The two values agree with
each other within an experimental error and the
average value of 1.50, + 0. 015 was obtained for

~ +22a~ ~

B. Integrated intensity measurement

Integrated intensities of (222) and (333) reflec-
tions were measured in symmetric Bragg case with
AgKn, and CuKa, radiations. For the (333) reflec-

(a) C

(b)

0

FIG. S. (a) Photograph of the Pendelosung fringes in the section pattern of the (222) reflection. (b) The photometry
curve of the plate (a) along the centre of the x-ray fan.
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tion the reflected intensity was attenuated to be suf-
ficiently low with absorbers so that the dead time
corrections for the detector might be negligible.
The dynamical equation was used for the integrated
intensities,

C '(e'/mc ) (F„')e"
n Vsin28~

(4. 4)

where I is the relative. integrated intensity, C is
the polarization factor, V is the volume of the unit
cell, 1EH] is the real part of the structure factor,
e " is the Debye-Wailer factor, R„'(Br agg) is the

dbsorption factor, and 8~ is the Bragg angle. The
polarization factor was corrected for the monochro-
matized incident beam. Thermal-dif fuse-scatter-
ing (TDS) correction was not made because the in-
tegration range was sufficiently small. Thus, the
structure factor of the (222) forbidden reflection
was obtained to be 1.51 + 0.02 with Agua, and
1.48+0. 02 with CuKO, ~ from the measured inten-
sity ratio of the (222) and (333) reflections, where

Again, value of 33.03 obtained by Tanemura and

Kato '
by the Pendelldsung method and CuK+~ value

of 34. 05 reduced from it assuming Cromer's val-
ues 6 as the dispersion correction were used for
the structure factor of (333) reflection. It should
be noted that the values obtained both by the
Pendell5sung and integrated-intensity methods
agree within the experimental error. The inte-
grated-intensity method can be concluded to pro-
vide with a high accuracy similar to that obtained
by the Pendelli5sung method and, therefore, was
employed for the temperature- and pressure-de-
pendence measurement because of more facilities
in the experiment.

sidered to come from the implicit and explicit ef-
fects which are due to thermal dilation and lattice
vibration, respectively. The implicit effect is
negligibly small for normal reflections which arise
mostly from the scattering by core electrons. For
the forbidden reflection due mainly to outer va-
lence electrons, however, the implicit effect can
be appreciable, because the valence electron dis-
tribution may be changed with the variation of
atomic distance as known from some properties
such as energy gap and dielectric constant. The
variation of E~,~ with the lattice parameter can be
measured by applying hydrostatic pressure to the
crystals at a constant temperature. Using the

variation measured, we can finally obtain the tem-
perature variation of Eb,~ due to pure lattice vi-
bration.

Temperature dependence of the structure factor
of the (222) forbidden reflection was obtained in the

range of 20-600 'C by the integrated-intensity
method. Also the temperature dependence of the
integrated intensity of the (333) reflection was mea-
sured to obtain the Debye temperature for Si and

to check the accuracy of the experimental proce-
dures. The results are shown in Fig. 9. From
the temperature dependence of the (333) reflec-
tion, the Debye temperature was obtained to be
(540+ 20) 'K in good agreement with the value re-
ported by Batterman and by Hattori et al. 3 Al-

IQG .

V. TEMPERATURE DEPENDENCE OF Fb „~
Though the x-ray forbidden reflection has been

known to arise mainly from sP hybridized valence-
electron charge distribution, the anharmonic vi-
bration of nucleus also causes antisymmetric
charge distribution around the equilibrium position
of nucleus and acts against the antisymmetric bond-

ing charge distribution, i.e. ,

~ 85
IO

O

80-
UJ
R
I-
O 75—

This anharmonic part cannot be neglected, though

small, for the temperature-dependence measure-
ment. Dawson and Willis 7 formulated quantita-
tively this effect of anharmonic vibration of nucle-
us consistent with tetrahedral site symmetry.
Using their formulation, Keating et aE. ~~ obtained
the anharmonic component E~ by neutron diffrac-
tion study. Therefore, Eb„dcan be obtained from

E»~ measured by the x-ray diffraction study using
the Keating et a/. results for E „.

The temperature dependence of Et„,~ can be con-

70 I

$00 600 900

FIG. 9. Log structure factor vs reduced temperature
T[$(x)+gx] for (222) and (333) reflections in silicon. The
solid line denotes the temperature variation assuming
ordinary Debye-%'aller factor with Debye temperature of
540 'K.
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FIG. 10. Explicit temperature dependence of the
structure factor of the (222) reflection. The solid line
denotes the expected variation of E~ on the basis of the
rigid-ion model, i.e. , E~~ e c. The broken line is
the calculated variation of F&~, i.e.„F~-e

though there remains some discrepancies between
the results obtained by Agua& and CuKe, radiation,
as can be seen in Fig. 9, the structure factor of
the (222} forbidden reflection decreases more rap-
idly with temperature than that expected from or-
dinary Debye-%aller factor with the Debye temper-
ature obtained above, and even more rapidly than
that observed by Robert and Batterman.

The pressure dependence of the structure factor
of (222) reflection was measured up to 5. 2 kbar at
which the variation in the lattice constant has a
magnitude similar to that of the lattice dilation at
a temperature increase from 20 to 600'C. Sma1.1
corrections were made for the change in the ab-
sorption of the x rays by both the specimen crystal
and the pressure transmission medium due to pres-
sure variation. The variation of the structure fac-
tor E»~ was found to be less than 0. 3% with an ex-
perimental uncertainty of about 0. 3%. This result
shows that the implicit effect on the temperature
dependence of the bonding electron distributions is
very small and the dominant part is the explicit ef-
fect due to lattice vibration.

Using the above results of the temperature and
pressure dependence of EI~~ and the neutron data of
E~„obtained by Keating et al. " the explicit tem-
perature dependence of Eb„~was obtained from the
Eq. (5. 1) and shown in Fig. 10. As can be seen in

Fig. 10, the temperature variation of Eb d is less
than the variation e ~ (solid line) expected from
the rigid-ion model with a Debye temperature of
540 'K. By assuming e "& behavior for the explicit

temperature variation of Eb„~,M~ was obtained to
be (0. 85 + 0. 05)M, by CuKn, and (0. 95+ 0. 05)M, by
AgKa~. The theoretical temperature variation with

M, = 0. 74 M, is also shown by the broken line in
Fig. 10.

VI. DISCUSSION

The observed temperature variation of E~,~ was
found to be larger than that reported by Keating
et al. '"' Though they did not take the implicit effect
into account, the effect was found to be so small in

the present study that it does not affect their re-
sults so much, and the origin of the difference be-
tween the two results is not clear.

The agreement between the observed results and
the theoretical one made in the present study is
fairly good though the former is more or less
larger than the latter. In the calculation of M,/M,
the bonding charge was assumed to be point charge
situated at the midpoint of the bond but the real
bonding charge can be considered to be not so much
localized and to have some distributions along the
bond connecting the nearest-neighbor atoms and as
the bonding charge close to the nucleus follows the
nucleus more closely than that at the midpoint,
M~/M, may be somewhat larger than the above cal-
culated value, which has favourable trend for the
explanation of the observed one.

Another possible interpretation was examined
for some of other theoretical calculations. The
calculation of M,/M, by the direct computation of
the displacement of the spherical shell U(3) or
U(4) in Cochran's shell model using the same pa-
rameter as he obtained was not found to work well
because the displacement of the shell U(3) or U(4)
was calculated to be larger than that of core U(l}
or U(2) for the phonon mode with wave vector j
in (ill) direction, which may be difficult to justify
physically. Though on the basis of bond charge
theory, Phillips interpreted the experimental
results of the temperature dependence of Eb„dob-
tained by Keating et al. by the observed tempera-
ture coefficient of refractive index, it does not fit
the present results as described above. It should
be mentioned here that Yu and Cardona calculated
the temperature coefficient of dielectric constant
by the pseudopotential method after the Phillips
model and when their results are rewritten in
terms of Debye-&aller factor, the temperature
coefficient in close to e =e ' . Vfhen this
calculated coefficient, though larger than that ob-
tained from the experimental temperature coeffi-
cient of the refractive index, is used in the Phil-
lips bond charge theory, we have M,/M, =l, which
is rather close to the observed temperature depen-
dence of Eb„~obtained here. On the basis of this
dielectric theory, however, it can be deduced that
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the temperature dependences of the bonding-charge
components of the various (kkl) (k+k +i =4n+2)
forbidden reflections do not depend on the reflec-
tion indices (kkl) which might seem rather unprob-
able.

VII. CONCLUSION

Simple expectation that the temperature depen-
dence of the bonding-charge component of the for-
bidden reflection should be much less than that ex-
pected from the ordinary Debye-%aller factor con-
sidering that the outer valence electrons are rela-
tively stationary seems to be not valid, and the ob-
served results have shown that the temperature de-

pendence is relatively large, i.e. , the ratio of the
mean-square amplitude of the vibration of the
bonding electrons to that of the core obtained is
0. 90+ 0. 10, which can be interpreted fairly wellby
the simple model. The results obtained above for
the vibration of the bonding charge may be useful
for the understanding of the dielectric and optical
properties of other covalent crystals.
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