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Abstract 

Variations at room and liquid-nitrogen temperatures 
have been observed of the energy-dispersive integrated 
X-ray reflection intensity from an InSb single crystal 
across the In K absorption edge by the use of a 
multi-channel solid-state detector. The results show 
that the relative intensities from a nearly perfect crystal 
change as a function of the temperature above and 
below the absorption edge, but there is no such change 
in a nearly mosaic crystal. This variation observed in a 
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nearly perfect crystal is characteristic of an absorbing 
monatomic perfect crystal and can be explained in 
terms of the dynamical theory of diffraction including 
anomalous scattering. 

Introduction 

Across the absorption edge, the integrated X-ray 
reflection intensity J(~o) shows a characteristic vari- 
ation as a function of X-ray energy hco, depending on 
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the polarity and/or the perfection of the crystal. This 
variation was first pointed out theoretically by Cole & 
Stemple (1962) and later quantitatively studied by the 
use of energy-dispersive diffractometry with a solid- 
state detector (SSD), which made it feasible to study 
anomalous scattering very near the absorption edge 
(Fukamachi, Hosoya & Okunuki, 1976a,b; 
Fukamachi, Hosoya, Kawamura & Okunuki, 1977, 
1979). 

Recently, for an absorbing monatomic perfect 
crystal, the effect of temperature on J((o) across the 
absorption edge has been pointed out theoretically by 
Kawamura & Fukamachi (1979). (This will be re- 
ferred to as a temperature effect in short.) This tem- 
perature effect is peculiar to dynamical diffraction with 
absorption included and cannot be observed in a 
monatomic mosaic crystal. 

In Fig. 1 is shown their numerical simulation of the 
_ _ _  

integrated reflection power of 555 in the Bragg case 
near the Ga K absorption edge of both perfect and 
mosaic GaAs crystals. The temperature factor B, 
which is defined by the use of a Debye-Waller factor as 
exp ( - M )  = exp [-B(sin 0/2) 2 [, was assumed to be the 
same for both Ga and As atoms and varied from 0 to 
4/k  2. When B is zero, the integrated reflection powers 
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Fig. 1. The integrated 555 reflection intensities across the Ga K 
absorption edge from a perfect (solid curves) and an ideally 
mosaic (dashed curves) GaAs crystal calculated as a function of 
the temperature parameter B. The ordinate is on a logarithmic 
scale. 

from a perfect crystal show relatively smaller in- 
tensities on the low-energy side of the absorption edge 
than on the high-energy side. When B is made larger, 
this intensity variation changes: the integrated re- 
flection power on the low-energy side becomes re- 
latively larger than that on the high-energy side. In a 
mosaic crystal, on the other hand, the integrated 
reflection power is always larger on the low-energy side 
than on the high-energy side, and their relative 
intensities do not change depending on the B value; B is 
assumed to be the same for Ga and As atoms (Morion, 
Fukamachi & Hosoya, 1979). 

Since the temperature dependence of the scattering 
factor is expressed by the Debye-Waller factor, the 
aforementioned temperature effect for an absorbing 
perfect crystal is expected to be conspicuous for 
high-order reflections. In the present experiment, this 
effect was measured on the 777 reflection from an InSb 
crystal near the In K absorption edge. The atomic 
numbers of In and Sb are very close and the 
temperature factors of the two atoms are expected to be 
almost the same. We measured the integrated re- 
flection intensities at both room and liquid-nitrogen 
temperatures by the use of a multi-channel solid-state 
detector (MCSSD). The MCSSD made it possible to 
measure the integrated reflection intensities in a short 
time, which avoided any influence of variation of the 
specimen condition on J((o) in the present experi- 
mental apparatus. 

E x p e r i m e n t a l  a p p a r a t u s  

In Fig. 2 is shown the experimental system. The X-ray 
tube with a copper target is operated at 30 kV and 30 
mA. The specimen is put into a stylo-foam cup filled 
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Fig. 2. Schematic diagram of the experimental system. Linear 
amplifiers: NAIG E51! (shaping time 2 ps): ADC's: NAIG 
E551 (50 MHz); small computer (256 kbytes) and floppy disks 
(I-2 Mbytes x 2): AICOM C6; graphic display and key-board: 
Tektronix 4006-1; printer: Texas Instrument OMN] 800; X - Y  
plotter: Watanabe WX 467 I. 
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with liquid nitrogen when measured at liquid-nitrogen 
temperature. The X-ray detector is a five-channel 
MCSSD; these SSD's are 0.4 mm in width, separated 
by 0.8 mm, and the electrodes between them are 0.4 
mm wide. The detail of the MCSSD and its data 
processing system has been described elsewhere 
(Nakano, Fukamachi, Kotani, Hirata, Hosoya & 
Iitaka, 1982) and a block diagram is shown in Fig. 2. 
An example of diffraction spectra measured by this 
system is shown in Fig. 3. The goniometer is set so that 
the 777 reflection is at the In K absorption edge. In the 
present experimental system, the incident X-ray inten- 
sity distribution is not homogeneous at each electrode. 
The results in Fig. 3 are scaled to show the same 
intensities for the 444 reflection, which is well away 
from the absorption edge. These were measured at the 
room temperature on (a) a nearly perfect and (b) a 
nearly mosaic crystal. It is noted that the difference 
between two J(co) values above and below the 
absorption edge is more conspicuous in (b) than in (a). 
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Fig. 3. Diffraction spectra of (a) a nearly perfect and (b) a nearly 
mosaic InSb crystal at each channel of a MCSSD measured at 
room temperature. The numbers 4, 5 and 7 indicate 444, 555 and 
777 reflections, respectively. The vertical scale on the high-energy 
side (In Kct and 777 reflection) is ten times that on the 
low-energy side. The energy of the 777 reflection is across the In 
K absorption edge; the energy of the third channel is just set on 
the absorption edge. The energy scale is different at each channel 
and is denoted at upper right. 

Results 

In the diffraction spectra of Fig. 3 several components 
of fluorescent X-rays are included, especially the In Kfl 
component for a 777 reflection peak. The fluorescent 
X-rays were subtracted using fluorescent X-ray spectra 
measured by setting the goniometer away from the 
Bragg condition. We measured these spectra from a 
nearly perfect crystal at both room and liquid-nitrogen 
temperatures. Then, after polishing this crystal surface 
by emery paper, we measured the spectra from this 
nearly mosaic crystal at both room and liquid-nitrogen 
temperatures. We measured both crystals twice: each 
measurement time was 1000 s at room temperature and 
700 s at liquid-nitrogen temperature. The fluorescence 
spectra were measured in the same manner. 

The results are shown in Fig. 4, after normalization 
at the second channel. For a nearly mosaic crystal, the 
intensity variation across the absorption edge is marked 
and the difference at room and liquid-nitrogen tem- 
peratures is not observed in the limitation of the 
experimental error. For a nearly perfect crystal, on the 
other hand, the intensity variation is larger at room 
temperature than at liquid-nitrogen temperature, 
although the difference across the absorption edge is 
smaller than that of a nearly mosaic crystal. 
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Fig. 4. Normalized 777 integrated reflection intensities from an 
InSb crystal just across the In K absorption edge measured by 
the MCSSD. The data are normalized at the second channel. The 
dotted and dashed lines are obtained from a nearly mosaic 
crystal at room and liquid-nitrogen temperatures, respectively. 
The dot-dashed and solid lines are from a nearly perfect crystal. 
taken at room and liquid-nitrogen temperatures, respectively. 
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Discussion 

Calculated curves are shown in Fig. 5 for 777 
integrated reflection intensities J(o3) from InSb for both 
a perfect and a mosaic crystal near the In K absorption 
edge. The temperature factors are assumed to be the 
same for In and Sb atoms. In this calculation, 
anomalous scattering factors were calculated for K, L 
and M electrons using the relationship of Parratt & 
Hempstead (1954) with the oscillator strengths due to 
Cromer (1965). The contributions from other outer 
electrons were neglected. Each integrated reflection 
intensity is normalized at a value 200 eV above the 
absorption edge. The difference between the integrated 
reflection intensities above and below the absorption 
edge in a perfect crystal becomes gradually large with 
the temperature factor B increased from 0 to 3 A 2 in 
steps of 1 A 2. The integrated reflection intensity from a 
mosaic crystal shows a steeper change across the 
absorption edge but is independent of the temperature 
factor B. 

The measured results in Fig. 4 are qualitatively in 
good agreement with the theoretical calculation in Fig. 
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Fig. 5. Calculated integrated reflection intensities from InSb 
crystals across the In K absorption edge. The curves are 
normalized at 200 eV above the edge. The temperature factor B 
is changed from 0.0 to 3.0 A 2 for a perfect crystal (solid lines). 
The dashed line is for a mosaic crystal. 

5, but quantitatively the agreement is not especially 
good about the intensity variation across the ab- 
sorption edge. For example, in a nearly mosaic crystal 
the intensity ratio below and above the edge is 
approximately 3 : 1 in experiment but 2:1 in cal- 
culation. The origin of this disagreement cannot 
be accounted for in the present experiment and 
calculation. 

It is noted, however, that two effects are ex- 
perimentally confirmed. One is that the variation of 
J(m) across the absorption edge is independent of the 
specimen temperature in a nearly mosaic monatomic 
crystal. Therefore, from the result of Morion et al. 
(1979), a common temperature factor B can be used 
for In and Sb atoms. The other is that, in a nearly 
perfect crystal, the variation of J(o3) across the edge 
depends on the temperature. This effect is peculiar to 
an absorbing monatomic perfect crystal, and this has 
been theoretically pointed out by Kawamura & 
Fukamachi (1979). 

The authors would like to thank Mr M. Yoshizawa 
for technical assistance. This work was partly sup- 
ported by Grants-in-Aid for Scientific Research 
346030 (TF) and 474127 (TK). 
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