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(c) In the tables the number and the percentage of the
correct quartets are given above the corresponding
values of the arguments of the hyperbolic tangent.
This is quite clear for Giacovazzo’s approach. For
Hauptman’s approach the value of the argument of
the hyperbolic tangent corresponding to the value
P, given by (3.13) is easily derivable from the
equivalence

P, =%+%tanh (arg).

The tables suggests that both methods are able to give
a good measure of the reliability of the quartets, but
they seem to be not equivalent. In Tables 3 and 4, for
example, 9679 and 2812 quartets respectively have
probability values larger than 0-69 (or smaller than
0-31), when Giacovazzo’s formulae are used. The
corresponding number of quartets whose probability
values, according to Hauptman & Green’s formulation,
is larger than 0-69 (or smaller than 0-31) is 19999 and
11204 respectively. Also different are the percentages
of correct relations calculated by the two approaches.

Acta Cryst. (1977). A33, 54-58

In accordance with the preceding paragraphs, we
conclude that the two procedures both seem useful in
procedures for crystal structure solution.
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X-Ray Intensity Measurements on Large Crystals by Energy-Dispersive Diffractometry.
III. Fine Structures of Integrated Intensities and Anomalous Scattering Factors near
the K Absorption Edges in GaAs
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The anomalous scattering factor f'+if” of GaAs very near the K absorption edges has been inve-
stigated with the stress on the following two points. One is the determination of S from the measured
S values through the linear absorption coefficient by calculation with the dispersion relation. The other
concerns the effect of fine structures in the anomalous scattering factor on the integrated reflexion powers
Rsss and Rsss in the two ranges of +20 eV near the Ga K and As K absorption edges. The agreement
between these calculations and measurements of R values is fairly good; this fact justifies the application
of the dispersion relation to the determination of the f’ values near the edge. Some advantages of this
application are pointed out in terms of, particularly, the phase determination of reflexions from crystals

with unknown structures.

Introduction

In Part I (Fukamachi, Hosoya & Okunuki, 19764) of
the present series, the energy dependence of diffracted
intensities was discussed for energy-dispersive dif-
fractometry on GaAs with a solid-state detector (SSD)
in the energy range near the As K absorption edge.
The observed and calculated results were compared

* Present address: Saitama Institute of Technology.

1 Permanent address: Department of Applied Physics, Waseda
University.

1 Permanent address: JEOL Ltd.

with each other in both symmetric Laue and symmetric
Bragg cases. In Part II (Fukamachi, Hosoya &
Okunuki, 1976b), it was confirmed theoretically as
well as experimentally that the intensity ratio of a
Friedel pair of h and & reflexions is given by |F|?/|F5|?
both for perfect and mosaic crystals in symmetric Laue
and symmetric Bragg cases.

In the present paper, the integrated reflexion power
for a perfect GaAs crystal has been measured by the
energy-dispersive method with an energy resolution
of 1 eV, which is higher than the 5 eV in Parts I and II,
in the energy region near the K absorption edges of
Ga and As. Then the fine structures in the measured
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curves have been examined. These structures are some-
what similar to those for GaP reported by Fukamachi &
Hosoya (1975), and are ascribed to the fine structures
of the anomalous scattering factors.

The real part f  has been calculated from the meas-
ured values of the imaginary part f~ by the use of the
dispersion relation in a better way than that used pre-
viously (Fukamachi & Hosoya, 1975). The f~ values
outside the range of measurements have been approx-
imated by an empirical formula. With these values of
f” and f’, the curves of integrated reflexion power
near the edges have been calculated by the use of for-
mulae shown in Parts I and II. The curves thus ob-
tained agreed reasonably with the measured ones.

Measurements of '’ values

Between the linear absorption coefficient and the imag-
inary part of the electron polarizability, the relation

w
Uw)=— = Poi . (1)
holds as was indicated in Part I (Fukamachi et al.,
1976a). For a GaAs single crystal, ¢@; is expressed by

C
Poi= = — [HGa(@) + padw)]

_ 11%2 [fe@) + fad@)] ()

in terms of y and f~ for Ga and As. Measurements
were carried out in the same way as elsewhere (Fuka-
machi & Hosoya, 1975; Fukamachi, Hosoya, Oku-
nuki & Matsudo, in preparation). In the present work,
the contribution from K electrons only to the absorp-

T T T T T
GaAs AsK EDGE
6} ~ J
N
y
4+ -
m
2+ a
0 —l 1 i
GaAs Ga KEDGE
6+ ) .
4 - -
g
2 _
0 1

-20 -10 0 10 20
ENERGY (eV)

Fig. 1. The f curves as measured are shown near the K absorption
edges by solid lines: Ex=10-368 keV for Ga and Ex=11-863 keV
for As. Broken lines are those values of fx obtained from measured
values after the deconvolution with the resolution function. The
low-energy side is taken as zero level for each case.

tion coefficients, pg, and p,,, is considered. In accor-
dance with this, their measured values have been taken
by drawing the zero level on the low-energy side for
the respective edge. The 600 reflexion from an MgO
monochromator was used for measuring the linear ab-
sorption coefficient ug, and the 800 reflexion, for
Has; the energy resolution was 06 and 0-4 eV respec-
tively. The measured values of f¢, and f,, are shown
by solid lines in Fig. 1. The curve at the edge is steeper
in fas than in fg,, and fine structures on the high-
energy side are somewhat different. Such fine struc-
tures cannot be predicted by Honl’s theory (Honl,
19334, b), which is not applicable to the range very near
the edges.

Calculation of f’

In this section, a brief discussion is given on the method
of determining f,(w) from the observed values f(w)
by the use of the dispersion relation, before the cal-
culated results are shown. A suffix n denotes each
energy level.

The anomalous scattering factors are given by
(Fukamachi, Shimamoto, Ohtsuki & Hosoya, 1975)

=Y faand f'=} f,,

where
’ © dg
= - 1 . =
Jo==3 J 0 in (dw)in
WDin—® Wi+
" (“% —P + T34 " (o to) + r?n/4) dow, (3
and

. (e (dg a2
fn(w) 2 jo Wiy (dw),’n (CO,',,_CO)Z +F22n/4 dwm ) (4)
dg/dw is the oscillator density and w;, the transition
energy from the ground state n to the excited state i.

In most theoretical papers (e.g. Fukamachi &
Hosoya, 1975), the value of (dg/dw);, has been assumed
to change sufficiently slowly in comparison with the
Lorentz function, the rest of the integrand, and the
term (dg/dw);, has been removed from the integral:
i.e. the approximation I';, —» 0 in the integrand has
been adopted. Thus the oscillator density is expressed

by

dg\ _ 2 ..

(8),~ 5 /.

However, according to the considerations based on
the band calculation (Fukamachi, et al, 1975), the
value of dg/dw in the energy region near the absorp-
tion edge changes more rapidly than the Lorentz func-
tion, and the fine structures depend not only upon the
state density of the valence electron but also upon the
oscillator strength g. Therefore, the value of f,(w) at
present should be defined by (4). In spite of this, the
oscillator density is expressed by
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& @~ ©

because of convenience in calculation procedures in
the present treatment. When (5) is substituted in (4),
the following relation is obtained:

. ® 2
fn(w)=%j {fn(win)}l'i,. —»0( a;)'l2/+1ﬂ2/4d
0 in,

(6)

If necessary, the value of {f ,,(wl,, Yrin - 0 can be ob-
tained by deconvolution of f,(w) with the Lorentz
function.

In the present calculation, the value of I';, was ap-
proximated to be the classical damping factor at the
absorption edge. A comparison between the values of
f" before and after the deconvolution is given in Fig.
1, where {f(@)}r;, - o is indicated by a broken line.
Outside the measured energy range, {f{(®)}r;, - o 18
assumed to be given by an empirical formula

{fn(w) Tip = 0= 2 ((Z;) (qn_ l)gn w>w,
=0

where g, is the oscillator strength at energy w,, the
relevant absorption edge. In this calculation, the val-
ues of g, and g, are those of Cromer (1965). In this
way, {fn(®)}r;, - o is given in the whole range of w.

In order to obtain f,(w) values by numerical inte-
gration, the following relation was used:

="—f {f@m)}ri - o

Wi+ @
(Wit w)*+ /4

(7)

W< Wy,

* <(w.~,. - w)2 + r%,,/4 ) dw;, . (8)

Therefore, the precision of the approximation of (7)
affects that of the absolute values of f, through cal-
culation especially near the absorption edge. The
f'(w) and f"(w) curves of GaAs thus obtained are
shown in Figs. 2 and 3, where Honl’s values are also
shown by broken lines for comparison. The contribu-
tion of the L electrons was taken into account by the
use of the empirical formula (7), while no correction
has been made for the M electrons.

Measurements for integrated reflexion power near
the K absorption edges

A detailed discussion on the method of obtaining the
integrated reflexion power has been already given in
Part I for an energy-dispersive diffractometer with an
SSD and continuous X-rays. The following points are
to be noted in the present experiment: the specimen
used is same as that used in the previous measurements
(Parts I & II) but the energy resolution has been im-

proved to the value of 0-9 eV for the Ga K absorption
edge and 1'5 eV for the As K edge.
Integrated intensities in the symmetric Bragg case

were measured for 555 and 555 reflexions near the

[ -~ HONL

Ga K EDGE
ENERGY (eV)

Fig. 2. Anomalous scattering factors f” and f” near the Ga K edge
are compared with those obtained by Honl’s theory. In the upper,
the solid line is measured values of f" as shown in Fig. 1, while
in the lower, the solid line is the present values of f” obtained
by the dispersion relation. The broken lines in both figures are
those from Honl's theory.

| — PRESENT
--~ HONL

0
As K EDGE
ENERGY (eV)

Fig. 3. Anomalous scattering factors near the As K edge. The lines
are similar to those in Fig. 2.
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INTEGRATED REFLECTING POWER (x10
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Fig. 4. Integrated reflecting powers of the 555 Friedel pair from GaAs
near the Ga K absorption edge in the Bragg case. Measured values
are indicated by the open circles. The solid lines were calculated
with the anomalous scattering factors determined by the present
method, and the broken lines were obtained by Hénl's theory.
The measured values of Rsss were scaled to calculated values on
the higher energy side.

K absorption edges. The coordinates of atoms are
taken as described in Part I, p. 107. The results are
given in Figs. 4 and 5, where the fine structures are
clearly seen mainly above the absorption edges. Above
the Ga K edge (Fig. 4), Rs55 has two stages of inten-
sity changes and the relation Rsss> Rs55 holds in the
whole measured range. On the other hand, in the re-
gion near the As K edge (Fig. 5), Rsss shows a sharp
intensity change very near the edge, while R555 only
a slight change. The intensities of this Friedel pair
are reversed in magnitude as shown in Fig. 5. However,
the point where two R values are equal does not
exactly fall on the edge.

Calculation of integrated reflecting power

By the use of the anomalous scattering factors obtained
in the above, the integrated reflecting power in the
symmetric Bragg case can be calculated, as was given
by equation (12) of Part II, expressed by

_ @gClow s 1+ |k|> —2|k| sin &
" 2sin?0, {(1—[KP)?+4IKk[” cos? 6}
Wmax
X [LW)+{L*W)-1}12]"1dW, (9)
Wmin

where

L(W)=

_VIW2—1—g3+k|%)? +4(gsW — |k| cos 6)*]+ W?+ g3

w
T

INTEGRATED REFLECTING POWER (x107%A.U.)
- ~nN
T

-20 -10 0 10 20
As K EDGE
ENERGY (eV)

Fig. 5. Integrated reflecting powers of the 555 Friedel pair near the
As K edge. Other features are similar to those of Fig, 4.

as was given by (25) of Part I, and W,,,, and W,,,, are
assumed to be AW and — AW, respectively, which are
determined by the energy resolution dw of the slit
system. The integration in (9) was numerically carried
out. It should be noted that |py,|z and gz=@¢i/|Pnls
depend on temperature through the Debye param-
eter B. The average value of B’s for Ga and As atoms
was determined to be 0-91 A% by a powder intensity
measurement (Uno, Okano & Yukino, 1970). This B
value has been used in the present calculation, although
it was entirely neglected in Parts I and II.

Comparison between measurements and calculations

The f~ values were obtained from the measurements
of the absorption coefficient in the energy regions near
the K absorption edges of GaAs, and then f~ values
were calculated by the use of the dispersion relation.
With these values, the values of integrated reflecting
power were calculated as described in the previous
section, and compared with the measured results and
with the calculated results by Honl’s method in Figs.
4 and 5 for the Ga and As K absorption edges re-
spectively.

In the present integrated reflecting power measured
near the K absorption edges, the energy resolution is
better than those reported in Parts I and II (Fuka-
machi et al., 1976a, b). The solid curves for R values
include experimental information through f~ values,
and show much better correspondence to the measured
values than the curves calculated by Honl’s anomalous
scattering factor; the present calculations of integrated

{(1—k|*)* +4[k|* cos* 5}17 ’

(10)
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reflecting powers reproduce the continuous and steep
intensity rise below the K edges and more or less the
fine structures on the high-energy side.

Merits in applications

The phase determination may generally be facili-
tated by the possible use of any energy from the white
radiation, since bigger changes can be expected for
intensities because of anomalous scattering factors
very near the absorption edge (Hosoya, 1975). The ap-
plication in this field will become easier and more
popular particularly when intense X-rays from an elec-
tron synchrotron or a storage ring are available. In
such cases, the incident X-rays with desired energy
may usually be chosen by a monochromator different
from the present.

In order to utilize the anomalous scattering in a
certain energy range, it is necessary to know anom-
alous scattering factors for any crystal of unknown
structure, whether it is polar or not. For this purpose,
the present method is very useful, because it is possible
to determine f'(w) without knowing the structure by
the measurement of the absorption coefficient, if only
a sample crystal is available as a thin plate with the
necessary minimum area. As shown in the measure-
ment of extended X-ray absorption fine structure
(EX AFS) by Kincaid & Eisenberger (1975) with radia-
tion from a storage ring, it does not take much time
to measure the absorption coefficient, which also
makes the present method useful. When more than
one anomalous scatterer with a different environment
is present in a unit cell, the energy dependences of
f" and, therefore, of f’ show their average values.
This makes the applications less effective but perhaps
not very much.

There are a few kinds of more direct methods of
measuring the f* values with an X-ray interferometer
(Bonse & Hellkotter, 1969; Creagh & Hart, 1970;
Bonse & Materlik, 1972; Cusatis & Hart, 1975; Bonse
& Materlik, 19754, b). In these methods also, it is not
necessary to know the structure. However, these meth-
ods, though elegant and accurate, seem to be more
elaborate and need specimens of greater area. Besides,
in energy-dispersive diffractometry, it is anyway neces-
sary for structure analyses to measure the absorption
coefficient for the absorption correction in a certain
energy range. The present method is useful for this too.

Discussion

In order to improve the precision of the present cal-
culated f'(w) values, the following two corrections
should be taken into account. One is the effect of in-
elastic scattering, such as thermal diffuse and Compton
scattering, on the linear absorption coefficient p(w).
This effect causes errors in f'(w) through f"(w), be-
cause the dispersion relation has been used. The other
is the use of f"'(w) values approximated by an em-

pirical formula outside the range of measurements,
although this problem does not seem to be so serious
within the present results. On the other hand, minor
disagreement of integrated reflexion powers between
theory and experiment can be attributed at least
partly to the effect of thermal vibration rather than to
the lack of precision in anomalous scattering factors.

Fukamachi & Hosoya (1975) have proposed a meth-
od of determining f'(w) through the intensity ratio
between Friedel pair reflexions 4 and h. This method
enables us to obtain the anomalous scattering factors
only for a polar crystal, but cannot be applied to either
non-polar crystals or crystals with unknown struc-
tures. In Part IV of the present series, the obtained
values of f'(w) will be compared with the experi-
mental results obtained by the intensity ratio of a
Friedel pair described in the above. Such a comparison
has already been made for GaP (Fukamachi & Hosoya,
1975), but the energy resolution was worse than in the
present work. However, this is a more direct way of
discussing the precision of the f'(w) values calculated
by the present method.
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