
514 S E S Q U I O X Y D E  DE PLOMB,  Pb203. II 

douze plans hkl du Tableau 1 : 

dn~(160 °C) = dnkt(22 °(2) + AT.  (aobs) • 

Ensuite, h l'aide du programme des moindres carr6s 
utilis6 darts l'article de Bouvaist & Weigel (1970), on 
peut trouver les param~tres de la maille ~t 160 °C: 

T =  160 °C; a = 7,826 + 0,003; b = 5,644 A + 0,003; 
c=  8,477 _+ 0,003 A; t =  124 ° 44' +_ 5 ' .  

I1 est alors possible de calculer les coefficients de dila- 
tation ankt pour tous les plans (hkl) 

~nkz(calc) = 21dhkz/dn~z 21 T . 

Nous avons trouv6 un accord entre ~eale et Ctobs aussi 
bon que par la premiere m6thode. Cependant cette 

deuxi6me m6thode h le d6savantage de ne pas fournir 
les coefficients principaux de dilatation et leurs 6carts- 
types, et aussi d'utiliser des mesures relatives 210 pour 
calculer dnkz (160°C). C'est pour ces raisons que nous 
avons pr6f6r6 la premiere m6thode et que nous con- 
seillons vivement son utilisation. 
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The atomic scattering factor of germanium has been obtained from measurements of the Pendell6sung 
period in wedge-shaped single crystals with a three-crystal X-ray spectrometer. For the 220 reflexion 
the value is 23"78 + 0"35, in good agreement with the theoretical value of 23.76. Fine structure in the 
profile of the rocking curves has been observed in thickness regions close to Pendell6sung minima. 

Introduction 

Several authors have used the Pendell0sung technique 
to measure the atomic scattering factor of quartz (Kato 
& Lang, 1959), of silicon (Hattori, Kuriyama, Kata- 
gawa & Kato, 1965; Hart, 1966; Hart & Milne, 1969; 
Hattori & Kato, 1966; Kato & Tanemura, 1967; Ya- 
mamoto, Homma & Kato, 1968) and of germanium 
(Batterman & Patel, 1968). 

In this work PendellSsung measurements of the 
atomic scattering factor of wedge-shaped germanium 
single crystals were performed with a three-crystal 
X-ray spectrometer. In order to obtain the depth peri- 
odicity of the diffracted intensity, measurements of 
rocking curves were made for various crystal thick- 
nesses. 

The appearance of a fine structure in the profile of 
the rocking curves has been observed for thin silicon 
crystals (Kohra & Kikuta, 1968; Kikuta & Kohra, 
1968; Lefeld-Sosnowska & Malgrange, 1968). We have 

* On leave from the Institute of Experimental Physics, 
University of Warsaw, Warsaw, Poland. 

observed a similar phenomenon for a thin germanium 
crystal. 

Theory 

The plane wave dynamical theory of X-ray diffraction 
in perfect crystals which has been developed by von 
Laue (1960) gives the following formula for the inten- 
sity of the reflected beam for the symmetric Laue case 
and for a centrosymmetric crystal: 

R =  exp (-/z0D/y0) {exp (a"D)+exp ( - a " D )  
4 cosh 2 Vr 

- 2  cos [2rckD(Jlr-J2r)]} (1) 

where, according to yon Laue's notation and under the 
condition that Zrn >)Zin, 

a" = 4rckCz,hZlh 
/ Ig '~ , , , ,~  / "~ ' 

G + ' 
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Fig. I. The solid curve is the theoretical thickness dependence 
of the Laue diffracted intensity R (for 0 = 0B). The dashed 
curves show the theoretical thickness dependence of the 
angular separation of the two peaks nearest to 0B (see text). 
The germanium 220 reflexion and Mo K=x radiation were 
used for the calculations. 

e 2 
m c  2 

- -  classical electron radius, 

y~ atomic scattering factor neglecting anomalous 
scattering, 

Af' ] real and imaginary parts of the anomalous con- 
df" ~ tribution and 
V volume of the unit cell. 

The spacing AD between the Pendell6sung fringes 
which corresponds to one oscillation period can easily 
be found from (1): 

AD = 270 
kC{ (_~) 2+4Zah}l,2 . (2) 

When 8 =  8B one has 
7o 

ADo- kCIX, hI " (3) 

By using equation (3) the scattering factor f0 can be 
determined from the measurement of ADo. 

Numerical calculations of the reflexion curves were 
carried out using equation (1) for the 220 reflexion of 
germanium, Mo Kcq radiation and the thickness inter- 
val 0 < D < 200 #m. The following values of the input 
parameters were used: 

#o=318 cm -1 (Grimvall & Persson, 1969), Z,22o = 
- 4 6 2  x 10 -8, Z~2o= - 3 5  x 10-~,and Z722o = - 3 2  x 10 -8. 

Zr2zo was calculated from the expression given in con- 
nexion with equation (1) and using fo=23.76 from 
International Tables for X-ray Crystallography (1962) 
and A f ' =  +0.24 from H6nl (1933) and Eisenlohr & 
Mtiller (1954). Thermal motion is included through the 
Debye-Waller factor exp ( -  M)  = 0.965 (Batterman, 
1964). a and n refer to the two polarization states. Cal- 
culation of the quantities Z~2o and Z~22o was carried out 
using formulae given by Wagenfeld (1966). The value 
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Fig. 2. Maximum values of experimental rocking curves versus crystal thickness for (a) crystal A and (b) crystal B. The germanium 
220 reflexion and Mo Kel radiation were used. 
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of the diffracted intensity for 0 = OB, .e(o = OB), versus 
crystal thickness is plotted in Fig. 1. This curve gives 
the depth periodicity of the PendellOsung interference. 

For a thickness corresponding to a Pendell6sung 
maximum the reflexion curve has a main peak at 0 = OB 
and subsidiary maxima. However, at a Pendelltisung 
minimum, the main peak has disappeared and only 
subsidiary maxima remain. In Fig. 1 we have also 
plotted the angular separation of the two peaks nearest 
to OB starting from zero separation at a thickness cor- 
responding to a Pendell/Ssung maximum. 

With increasing thickness the first term in equation 
(1) will dominate. For thicknesses greater than 83 pm 
the calculations still show a weak fine structure but 
the character is changed so that the maximum value 
of the reflexion curve always occurs for 0 = 08. 

Experimental technique 
(a) Sample preparation 

The wedge-shaped crystals were prepared from ger- 
manium single-crystal wafers by mechanical grinding. 
The dislocation density was less than 100 cm -2. The 
edges were parallel to the (220) planes. To remove the 
damaged surface layer the samples were chemically 
polished in two steps with iodine etch B (about 5 rain) 
and iodine etch A (about 2 rain) (Wang, 1958). To 
check the crystal perfection Lang topographs were 
made using Mo Kcq radiation. Six crystals were pre- 
pared but only two crystals were found to be good 
enough for spectrometric measurements, mainly be- 
cause of damage to the edges caused by the grinding. 

(b) Spectrometric arrangement 
The measurements were performed with a three- 

crystal X-ray spectrometer which has been described 
previously (Bengtsson, Brogren, Raunio & Svensson, 

1964). Mo K~I radiation was used. The crystal holder 
could be moved perpendicular to the beam by a micro- 
meter screw with an accuracy of about 1/an.  The ex- 
periments were made using an X-ray fine-focus tube 
(focal dimensions 0.4 x 0.4 ram). The X-ray intensities 
were recorded with a scintillation detector connected 
to a linear amplifier and a pulse height analyzer. Meas- 
urements of the incident and transmitted intensities 
were performed with an aluminum foil of a thickness 
of about 0.8 mm to reduce the counting rate. 

A double-crystal monochromator was first used in 
which germanium single crystals were arranged in 
anti-parallel positions (111, +333). The two crystals 
were oriented with the (111) planes parallel to the sur- 
face. The dimensions of the monochromatic beam were 
reduced by the collimator slits to give a width of 0.09 
mm and a height of 2 mm. The measurements on the 
crystal denoted as crystal A were performed with this 
setting. The measurements on crystal B were made 
with a monochromator setting (111, + 111). The beam 
dimensions in this case were 0.04 x 1 mm. 

(c) Wedge angle measurements 
Measurements of the wedge angle ~ were made with 

the three-crystal spectrometer. The intensity of the 
transmitted beam far away from the Bragg angle was 
measured for every thickness at which a rocking curve 
was recorded. The value of tg ~ was deduced from the 
slope of the plot of the logarithm of the transmission 
coefficient versus the crystal shift by the least-squares 
method. Thus the depth periodicity of the diffracted 
intensity and the wedge angle could be measured sim- 
ultaneously. 

Results and discussion 

The experimental depth periodicity of the Pendell~Ssung 
interference was obtained by plotting the maximum 
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Fig. 3. Experimental rocking curves from crystal B in a thickness region from 30/zm to 40/zm. (a) to (c) show the influence of an 
increase in thickness. The germanium 220 reflexion and Mo K~I radiation were used. 
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values of the rocking curves versus crystal shift (God- 
wood, Lefeld-Sosnowska & Zielidska-Rohozifiska, 
1964). By multiplying the distance between two maxima 
by the measured value of tg ct the PendellSsung period 
ADo could be calculated. The scattering factor was 
then obtained from equation (3). In Fig. 2(a) and (b) 
the maximum values of the rocking curves have been 
plotted directly versus crystal thickness for crystals A 
and B respectively. The measured intensities are lower 
than the theoretical ones as seen by comparing Figs. 
2 and 1. This is due to the fact that the measured rock- 
ing curve corresponds to a convolution of the theo- 
retical reflexion curve and the monochromator  smear- 
ing function. 

One difficulty that arose in the experimental deter- 
mination of  R (for 0 =  OB) was the appearance of the 
fine structure in the rocking curves in thickness regions 

I ii 

2t/lm i # 

Fig.4. Lang topograph of crystal A. The edge is parallel to the 
(220) reflecting planes. The germanium 220 reflexion and 
Mo K0q radiation were used. 

close to PendellSsung minima. Some examples of rock- 
ing curves which show the variation in the profile with 
thickness are given in Fig. 3. The curves were measured 
for crystal B in the thickness region from 30/~m to 
4 0 / a n .  The divergence of the incident beam was as 
large as about 10 seconds. Because of this fact the fine 
structure cannot be explained by the plane wave theory 
used in this work. Experimentally it was impossible to 
determine the intensity value for 0 = OB when fine struc- 
ture was present. The use of the maximum intensity 
value instead did not affect the value of the fringe spa- 
cing ADo because this was determined from the dis- 
tance between two successive maxima of the depth 
periodicity and in these thickness regions the rocking 
curves have a main peak at 0 =  On [cf. Fig. 3(c)]. 

The experimental results are summarized in Table 1. 
Several independent measurements were performed for 
each crystal. The values in Table 1 are the weighted 
mean values. The errors quoted there are weighted 
mean deviations from the weighted mean. The experi- 
mental values ofj~ were corrected for the real part of 
the dispersion correction J f ' =  +0.24 and for the 
Debye-Waller factor exp ( - M ) = 0 . 9 6 5 .  The calcula- 
tion was made for the tr polarization state ( C =  1). 

In order to determine the interference order of the 
observed fringes the theoretical and experimental posi- 
tions of the Pendell/Ssung maxima and minima are 
given in Table 2. The experimental data are the usual 
arithmetic mean values. The agreement between theory 
and experiment is good for crystal B except for the 
second maximum. The first maximum was not ob- 
served. It was also verified by Lang's traverse topo- 
graphy technique that crystal B did not contain any 
dislocations and other defects. The distance between 
the third and fourth maxima was used to calculate the 
PendelliSsung period. There is a change of the wedge 
angle (from 3027 ' to 2°1') between the second and the 
third maximum. The position of the change of the 
wedge angle is indicated by an arrow in Fig. 2(b). 

There is no coincidence between the theoretical posi- 
tions of maxima and minima and the measured pos~- 

Table 1. Experimental and theoretical values of the Pendellrsung period ADo in ltm, of the scattering factor fo, and 
the experimental values of the wedge angle ct 

ADo fo 
Crystal tg ~ ~ Theor. Exp. Theor. Exp. 

A 0.05356 + 0.00036 304 , 15"11 14"80 + 0"31 23"76 24"29 4- 0"51 
B 0-035293 4- 0.000091 2 ° 1' 15" 11 15"10 4- 0"23 23"76 23"78 + 0"35 

Table 2. The theoretical and experimental positions of the Pendellrsung minima and maxima in ~m 

Interference Theory 
order tT-Polarization n-Polarization 

First max. 7.6 8.1 
First rain. 15.1 16.1 
Second max. 22.7 24.2 
Second rain. 30.2 32.2 
Third max. 37.8 40-3 
Third min. 45"3 48.3 
Fourth max. 52.9 56.4 

Experiment 
Crystal A Crystal B 

13-7 15"2 
23"8 30"0 
28-5 38"7 

46-7 
53"8 
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tions for crystal A. The fringes are displaced about half 
a period from the theoretical positions towards the 
thin end of the wedge. Although the fourth maximum 
was not observed in the spectrometer measurements it 
is seen on the X-ray topograph in Fig. 4. Microdensito- 
meter measurements on the topograph indicate that 
the fourth maximum is also shifted in the same man- 
ner. 

The presence of a defect which is possibly a surface 
scratch is apparent on the Lang topograph of crystal A 
(Fig. 4). The strain field from this defect could be re- 
sponsible for the shift of the PendelltSsung fringes. 
Hart (1966) has shown that the presence of elastic 
strain due to a thermal gradient will cause the fringes 
to move towards the thin end of a wedge-shaped crys- 
tal and the fringe spacing to decrease. The decrease in 
fringe spacing will cause an increase in the value ofj~. 
This effect can be seen in Table 1 where J~ crystal a > 
f0 Crystal B. 

The experimental value of J~ for crystal B is about 
0.1% higher than the theoretical value. Thus, this value 
lies well within the experimental deviation of about 
+ 1.5 %. The experimental value of J~ for crystal A is 
about 2.2 % higher than the theoretical value. The ex- 
perimental deviation is about + 2.1% and the agree- 
ment with theory cannot be considered satisfactory. 

The present measurements of the atomic scattering 
factor for crystal B give a value which lies approxi- 
mately 2-1% below the value of 24.3 given by Batter- 
man & Patel (1968) who also used a Pendellrsung 
method. Inspection of Table 2 shows that the observed 
positions of the Pendell/Ssung maxima and minima are 
closer to the theoretical values for the cr polarization 
than to the values for the rc polarization. Although the 
fringe pattern is a combination of the two polarization 
components of the radiation, the contribution from the 
a state is more important due to stronger absorption 
of the r~ state. The contribution from the n-polarized 
radiation would give an increase of the Pendell/Ssung 
period and hence a decrease of the scattering factor. 
Thus, the discrepancy between our value and that of 
Batterman & Patel could not be explained by our 
neglect of the zc polarization. 

Summary 

The atomic scattering factor has been measured for 
two germanium crystals by the determination of the 
Pendellrsung period. For one crystal, which was found 

to be effectively perfect, the agreement between the 
measured value of the scattering factor and the theo- 
retical value is remarkably good while for the other 
crystal the agreement is not satisfactory. The presence 
of a defect could be responsible for this result. 

A fine structure of the rocking curves of the Laue- 
reflected beam has been observed though it has not 
been possible to make a quantitative comparison be- 
tween the experimental and the calculated curves. 
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