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Abstract 

The imaginary part f "  (co) of each scattering factor for 
Ga and As has been measured through the absorption 

energy regions near the K absorption edges of both Ga 
and As atoms. The intensity ratio r555 between 555 
Friedel-pair reflexions has been measured in the same 
energy regions. From these data, the real part f ' (co)  
has been determined in the same way as has already 
been published [Fukamachi & Hosoya (1975). Acta 
Cryst. A31, 215-220]. The f '(co) values above the 
edges thus obtained show fairly good agreement in fine 
structure with those calculated from f "  (co) values with 
the dispersion relation, but some discrepancies are 
found in the regions below the edges. 

Introduction 

In the papers of the present series (I: Fukamachi, 
Hosoya & Okunuki, 1976a; II: Fukamachi, Hosoya & 
Okunuki, 1976b; III: Fukamachi, Hosoya, Kawamura 
& Okunuki, 1977), the energy-dispersive intensity 
measurement method has been developed with a solid- 
state detector (SSD) diffractometer and in particular a 
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study has been made on the energy dependence of 
diffraction intensity including the anomalous scattering 
factors (III, 1977). Measurements were carried out on 
the integrated reflexion powers R h from a perfect GaAs 

be interpreted by the dynamical theory of X-ray 
diffraction including the absorption effect (Miyake, 
1969). The agreement between the measurements and 
the calculations was fairly good in energy regions not 
very near the edges. The following relation 

r h = R J R  h = IFhl2/IF~I 2 (1) 

was also confirmed to hold experimentally and 
theoretically for both perfect and mosaic polar crystals 
in the symmetrical Laue and Bragg cases (II, 1976b). 
Equation (1) is very useful for determining the 
anomalous scattering factors (Hosoya, 1975; 
Fukamachi & Hosoya, 1975) using a crystal with a 
known simple polar structure without parameters. 

In the present paper, we report on the determined f '  
values of the atoms in a perfect GaAs crystal in the 
energy regions near Ga and As K edges by the 
measurement of the r h values. This was carried out 
earlier by Fukamachi & Hosoya (1975) for GaP, but 
the energy resolution is improved in the present case. 
The results are compared with other f '  values such as 
those calculated by H6nl's theory (H6nl, 1933a,b) and 
by the dispersion relation (III, 1977). The discrepancies 
in f '  values obtained by these methods are also 
discussed. 
© 1979 International Union of Crystallography 
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Measurements 

The integrated powers of 555 and 555 reflexions in the 
symmetrical Bragg case have been measured on a 
GaAs single-crystal plate in the energy regions near the 
Ga and As K absorption edges. The specimen crystal is 
the same one used in the previous papers (I-III): it is 
free from dislocation as far as can be observed by the 
etch-pit technique. The energy resolution is 0.9 eV 
around the Ga K edge and 1.5 eV around the As K 
edge. The X-ray tube was operated at 30 kV and 38 
mA. The measurement was repeated at each energy 
value at least four times, where the counts were 
accumulated for 400 s each time. The Kfl fluorescence 
X-rays from Ga and As were measured by rotating the 
specimen slightly to an off-Bragg position and by sub- 
tracting the obtained spectrum from the diffraction 
intensities, as was reported earlier (Hosoya & 
Fukamachi ,  1973). The energy dependence of each 
integrated reflexion power R h is shown by open circles 
in Figs. 4 and 5 in Part III for regions near the Ga and 
As K edges, respectively. From these measured values, 
the intensity ratio was determined in the region near Ga 
and As K edges as shown in Figs. 1 and 2, respectively. 

Determination of f '  (o9) 

By the same method as described previously (Hosoya, 
1975; Fukamachi  & Hosoya, 1975), the values of 
f '  (w) have been determined. In GaAs,  any effect due 
to the temperature factors does not appreciably affect 
the results because the temperature parameters are 
almost the same for Ga and As (Uno, Okano & 
Yukino, 1970). In order to determine f~a values near 
the Ga K edge, for example, it is necessary to know 
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Fig. 1. Intensity ratios measured on Friedel-pair reflexions from 
GaAs in the energy region near the Ga K absorption edge. 

other values, f ° a ,  o , ,, ,, fAs, fAs, f G a  and fAs" The normal 
scattering factors f~a  and f °  s were taken from the 
table calculated by Fukamachi  (1971) using Clementi 's 
(1965) wave functions. The values of f ~  s and fA's 
depend upon energy, but they were approximated to be 
constant because they change very slowly in the 
relevant energy region far from the As edge. These 
values are listed in Table 1. The value off~a(O3 ) was 
also taken from Part 1II (1977). 

On the other hand, fAs values can be determined 
near the As K absorption edge, in a similar way as in 
the above, with the values of fA's, f~a and f~'a as 
parameters. However, in Fig. 2, there is an energy 
value for which R555 is equal to R555. At this point, the 
above method is not applicable. Instead, using relation 
(4) in Part II, the intensity ratio is expressed as 

where 

r h  _ m 

R~, 1 + Ik 

Rh 1 +  Ik 

2 _  21kl sin 5 IFhl 2 

2 + 21kl sin ~ IFhl 2' 
(2) 

Ikl = q)hil/l~hr I, (3) 

as given by (9) of Part I. Because k 4: 0, the condition 
r h = 1 leads to 

sin f = 0, (4) 

from which the relation 

fd'~/f;,'~(w) = (fga + f~a) /{ f°s  + f,~s(O9)} (5) 

Table 1. Scattering factor values 

The normal structure factor f °  a 10.00 f °  s 
for the 555 reflexion 

The anomalous scattering J~s 
factor of As atoms at the J'A~ 
Ga K edge 

The anomalous scattering f~a -1.25 
factor of Ga atoms at the f~a 3.32 
As K edge 
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Fig. 2. In tens i ty  ra t ios  m e a s u r e d  on Fr iedel -pa i r  ref lexions f r o m  
G a A s  nea r  the As  K edge. 
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is derived at a point near the As K edge. From (,5), the 
value of f~,~(~o) can be determined as indicated by a 
solid circle in Fig. 4. 

R e s u l t s  a n d  d i s c u s s i o n  

The present results obtained using the values of one- 
intensity-ratio (IR) are shown in Figs. 3 and 4 for the 
energy regions near the Ga and As K edges. In these 
figures, the calculated values of f '  by H6nl's theory 
(HT) and those by the dispersion relation (DR) 
discussed in Part III are shown for comparison. 

Above the edges, the values obtained by IR are more 
or less in good agreement with those by DR. As for 
f ~ ( ~ )  in Fig. 3, the shoulders denoted by - and fl 
appear in both cases (IR and DR); fAs(~O) in Fig. 4 has 
only one shoulder, (~. On the other hand, below the Ga 
K edge, the value by IR is not in good agreement with 
the value either by DR or by HT. The reason for this 
may be due to the fact that f~'a is very small and 
therefore the intensity ratio r h is almost equal to unity, 
which makes it difficult to determine f~,(~o) precisely 
by the present method. 

Moreover, as is shown in Fig. 1, the value of (r555) -~ 
changes very rapidly in the region lower than the Ga K 
edge. If there is any slight misalignment, the error of the 
measured ratio can become really large. In addition, the 

error of f"(o9) due to the lack of energy resolution 
becomes large. These two reasons may well cause a 
relatively large discrepancy between the measured 
values and the calculated ones in the region with energy 
slightly lower than the Ga K edge. 

Below the As K edge, however, f~'a is still large 
enough to give a large intensity ratio. This makes it 
easier to determine f~s than f~a in the Ga K edge. 
Accordingly, the value obtained by IR is about 5% 
smaller, in absolute terms, than the one calculated by 
DR, but agrees with the one by HT fairly well. 
Recently, Bonse & Materlik (1976) measured f '(og) 
values of Ni by an optical method with an X-ray 
interferometer and a synchrotron radiation source. 
Their results show a good agreement with the values by 
HT. In view of this fact, the method of DR used in the 
above includes the experimental errors in the absolute 
values of f "  (co) and this should be improved. 

Thus these two methods are complementary in 
various respects: the interferometer method can be 
applied to an elemental sample but is difficult to use 
with an ordinary X-ray source, while the present 
method needs a polar crystal of a suitable compound 
but can be used with an ordinary X-ray source and a 
SSD. 

C o n c l u s i o n  

6 

4 

2 - 

0 

-4  

f, 
-6 

-8  

-10 

-12 

I 1 I I I / 

GaAs 

I I I I I 

i l I I i 

-20 -10 0 10 20 
Ga K EDGE 

ENERGY (eV) 
Fig. 3. Anomalous scattering factors Jea~r" ~e)~j and J Ga( ) of GaAs 

in the energy region near the Ga K absorption edge. The solid line 
for f " ( e ) )  was obtained from the measured values of the 
absorption coefficient p (~) ;  the broken lines ,for J"(o~) and 
f " ( c o )  are from H6nl's (1933a,b) theory; the solid line tbr f ' (og)  
was calculated from the f "  (co) curve by the dispersion relation. 
The error bars on f~a(~)  values are due to the statistical 
fluctuation of the counts. 

The subjects of the present series are the studies on the 
energy-dispersive integrated reflexion powers and on 
the energy dependence of the anomalous scattering 
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factors near the K absorption edges in GaAs. In these 
papers, we applied the dynamical theory of diffraction 
to an absorbing crystal. The results have shown a 
relatively good agreement between theoretical cal- 
culations and the experimental results in the integrated 
reflexion intensity curve. 

The fine structures of the anomalous scattering 
factor, namely shoulders of f~a(w), f~'~(w), f,~s(m) 
and fA's (m) curves above respective edges are different 
from each other. This seems to suggest that the 
structures of anomalous scattering factors should be 
attributed to the wave functions of Ga and As, or in 
other words, the matrix element of the photoabsorption 
does not simply depend upon the density of final states 
in GaAs, as was discussed for GaP (Fukamachi, 
Shimamoto, Ohtsuki & Hosoya, 1975). It is, therefore, 
necessary to find better wave functions in order to 
discuss the anomalous scattering factors more 
precisely. 

One of the authors (TK) thanks Japan Society for 
the Promotion of Science for the post-doctoral fel- 
lowship, which enabled him to take part in the present 
work. 

References 

BONSE, U. & MATERLIK, G. (1976). Z. Phys. B24, 189-191. 
CLEMENTk E. (1965). Tables oJ" Atomic Functions (a 

supplement to the paper IBM J. Res. Dev. 9, 2). 
FUKAMACHI, T. (1971). Tech. Rep. ISSP Ser. B, No. 12, pp. 

1-62. 
FUKAMACHI, T. & HOSOYA, S. (1975). Acta Cryst. AJI, 

215-220. 
FUKAMACHI, T., HOSOYA, S. KAWAMURA, T. & OKUNUKI, 

M. (1977). Acta Cryst. A33, 54-58. 
FUKAMACHI, T., HOSOYA, S. 8Z. OKUNUKI, M. (1976a). Acta 

Cryst. A32, 104-109. 
FUKAMACHI, T., HOSOYA, S. & OKUNUKI, M. (1976b). Acta 

Cryst. A32, 245-249. 
FUKAMACHX, T., SHIMAMOTO, N., OHTSUKI, Y. H. & 

HOSOYA, S. (1975). Acta Cryst. A31, $231. 
HONL, H. (1933a). Z. Phys. 84, 1-16. 
HONL, H. (1933b). Ann. Phys. (Leipzig), 18, 625-655. 
HOSOYA, S. (1975). Anomalous Scattering, edited by S. 

RAMASESHAN & S. C. ABRAHAMS, pp. 275-287. 
Copenhagen: Munksgaard. 

HOSOYA, S. & FUKAMACHk T. (1973). J. Appl. Cryst. 6, 
396-399. 

MIYAKE, S. (1969). X-ray Diffraction, chapter 5, pp. 98-221 
(in Japanese). Tokyo: Asakura. 

UNO, R., OKANO, T. & YUKINO, K. (1970). J. Phys. Soc. 
Jpn, 28, 437-442. 

Acta Cryst. (1979). A35, 831-835 

Temperature Dependence of X-ray Reflection Intensity from an Absorbing Perfect 
Crystal near an Absorption Edge 

BY TAKAAKI KAWAMURA 

Physics Institute, Faculty of  Education and Liberal Arts, Yamanashi University, Kofu, Yamanashi 400, Japan 

AND TOMOE FUKAMACHI 

Department o f  EIectrical Engineering, Saitama Institute o f  Technology, Okabe, Saitama 369-02, Japan 

(Received 10 March 1979; accepted 25 April 1979) 

Abstract Introduction 

The temperature effect of X-ray integrated reflection 
intensities is discussed theoretically in the energy region 
near the absorption edge of Ga in GaAs perfect crystal. 
From the calculation based on the dynamical theory of 
diffraction, it is concluded that the integrated intensity 
of 333 in the Bragg case shows a complicated 
temperature effect depending on the change of the 
anomalous scattering factor across the absorption 
edge. Calculated results are compared with a pre- 
liminary measurement, which shows a qualitative 
agreement with the theory. 
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The integrated reflection intensities of X-rays (IRIX) 
from a crystal involve the effect of anomalous 
scattering in the energy region near the absorption edge 
of the specimen atom. Cole & Stemple (1962) first 
pointed out that the IRIX show different variations 
across the absorption edge depending on perfection and 
polarity of the crystal. They pointed out, in particular, 
that the intensity ratio of hkl to its polar opposite hki 
for a polar crystal is independent of crystal perfection. 
In this connection, they measured the IRIX of 111 and 

i 1 for perfect and mosaic crystals of GaAs across Ga 
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