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Abstract 

The structure factors for low-order reflections of 
rutile-type SnO2 have been studied by high-energy 
electron diffraction. A systematic critical-voltage 
effect on 220 in 110 systematic reflections, a nonsys- 
tematic critical-voltage effect on 150 at the [513] zone 
axis, a nonsystematic critical-voltage effect on the 
002 reflection at the [100] zone axis and a [113]-zone- 
axis critical-voltage effect were observed within the 
accelerating-voltage range of a 200kV electron 
microscope. Analysis of these critical-voltage effects 
gave experimental values for the structure factors 
between the theoretical values obtained for the 
Sn2+O2 l- and S n 4 + O  2-  states for low-order reflec- 
tions like 110 and 011, whereas a structure-factor 
value between the theoretical values for the neutral 
SnO2 and Sn2+O~ - states was found for the 121 
reflection. 

1. Introduction 

The rearrangement of outer electrons in atoms owing 
to the bonding in a crystal can be studied by diffrac- 
tion experiments, in particular at low values of the 
scattering variable. In this range, electron diffraction 
will be more sensitive than X-ray diffraction to 
changes in the atomic scattering factors fx, as seen 
from the Mott relation: 

fel(s) = (me2/2h2)[Z - fX(s)]/s2 ' 
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where s = sin0/a and 0, A, Z, fel(s) and fX(s) are the 
scattering angle, electron wavelength, atomic 
number, electron scattering factors and X-ray scat- 
tering factors, respectively; see, for example, Hirsch, 
Howie, Nicholson, Pashley & Whelan (1965). This 
advantage is exploited in several electron diffraction 
methods. Measurement and analysis of the critical- 
voltage effect (Watanabe, Uyeda & Fukuhara, 1969) 
caused by the accidental degeneracy of the Bloch 
wave offer accurate and absolute measurements 
related to structure factors for low-order reflections, 
thus providing information on the distribution of 
outer electrons. Until recently, the critical-voltage 
effect in the systematic case has been the one mainly 
utilized. In this case, a high-voltage electron micro- 
scope is usually required for the measurement of one 
or two critical voltages. An extension of the method 
so that more data for low-order reflections can be 
obtained and electron microscopes in a more com- 
monly available voltage range can be used appears 
desirable. 

The critical-voltage effect occurs not only in the 
case of systematic reflections but also in two- 
dimensional configurations of reflections. Gjonnes & 
Hoier (1971) proposed to extend the method to the 
nonsystematic case by measuring precise diffraction 
conditions for the accidental Bloch-wave degeneracy 
in the Kikuchi pattern. In the preceding paper 
(Matshuata & Gjonnes, 1994), we presented a devel- 
opment of the nonsystematic critical-voltage method 
that is applicable in the voltage range of ordinary 
electron microscopes and that uses the modern 
convergent-beam technique. Another approach, by 
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Shannon & Steeds (1977), is based on the measure- 
ment of critical voltages appearing at the exact zone 
axis. These critical-voltage effects, which are readily 
observed in the accelerating-voltage range of today's 
electron microscopes, i.e. 100-400 kV, widen the 
capability for low-angle structure-factor refinement 
by electron diffraction. 

In the present paper, systematic, nonsystematic 
and zone-axis critical-voltage effects are studied for 
the refinement of low-order reflections of rutile-type 
SnO2. SnO2 has a tetragonal lattice with space group 
P42/mnm (no. 136). The lattice parameters are a = 
4.736 and c = 3.185 A. Sn atoms occupy the corner 
and body-centre positions and O atoms occupy a 
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Fig. 1. Diffraction conditions for critical voltages: (a) 110 systema- 
tic critical voltage; (b) nonsystematic critical voltage at the 130 
reflection in the [513] zone; (c) [113]-zone-axis critical voltage; 
(d) nonsystematic critical voltage at 002 in the [100] zone. 

40 c) site with position parameter x = 0.304 (Bursill, 
Ping, Smith & Shannon, 1981). The outer electrons 
of tin, i.e. 5s 2 and 5p 2, are expected to take part in 
bonding with two O atoms. The refinement of low- 
order structure factors by the observation and analy- 
sis of the critical-voltage effects is discussed in terms 
of the effect of ionization in the structure and the 
localization of bond electrons. 

2. Experimental procedure and results 

Polycrystalline SnO2 was made by the isostatic sin- 
tering technique. Thin crystals for electron micros- 
copy were prepared by ion thinning, the grain size 
of several hundred nm being sufficient for the 
convergent-beam experiment. Transmission electron 
microscopy was carried out using a JEOL 2000FX in 
the accelerating range 102 to 203 kV; the accelerating 
voltage was calibrated by the method proposed by 
H~ier (1969). 

The diffraction conditions used for the observa- 
tions and measurements of the critical-voltage effect 
are summarized in Fig. 1. Broken circles represent 
the Laue circles and reciprocal points are indicated 
by dots. Fig. l(a) represents the 110 systematic 
critical-voltage effect, observed as extinction at the 
Bragg position of the 220 reflection. Fig. 2 shows the 
corresponding large-angle convergent-beam electron 
diffraction (LACBED) patterns of the direct beam 
and 220 reflection near the systematic critical voltage 
of 220. In the bright-field pattern, a characteristic 
bright contrast at the symmetric position can be 
seen; in the 220 dark-field pattern, the missing inten- 
sity at the exact Bragg position is noted. These 
observations indicate an accidental degeneracy 
between Bloch waves 2 and 3. Below the critical 
voltage, Bloch wave 2 is symmetric and Bloch wave 3 
is antisymmetric; above the critical voltage, this 
sequence is reversed. The critical voltage was mea- 
sured as 146 (3) kV. 

Fig. 2. Large-angle convergent- 
beam (LACBED) pattern in 
bright field and 220 dark 
field taken at 142 kV near 
the 110 systematic critical 
voltage. Arrows indicate the 
symmetric and 220 Bragg 
positions. 
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Fig. l(b) illustrates the diffraction condition of an 
observed skew-diamond type nonsystematic critical- 
voltage effect on 130 at the [513] zone axis, with 130 
at the Laue circle and 12.1 and 031 inside the Laue 
circle. The corresponding convergent-beam patterns 
are shown in Fig. 3. In Fig. 3(a), two points of 
vanishing contrast are seen in the 130 CBED disc, 
corresponding to a pair of accidental degeneracies of 
Bloch waves. As the accelerating voltage is increased, 
these two points move to a position where the pro- 
jected wave point coincides with the twofold rotation 
point of the zeroth-order Laue zone. Fig. 3(b) is 
taken near the non-systematic critical voltage which 
corresponds to this condition: the vanishing contrast 
is seen in the centre of the 130 convergent-beam disc. 
By further increase of accelerating voltage, the acci- 
dental degeneracy disappears, as seen in Fig. 3(c). 
The degeneracy at the critical voltage is between 
Bloch waves 3 and 4. Below the critical voltage, their 
symmetries are 2 (symmetric) and 2' (antisymmetric), 
respectively; above the critical voltage, the sequence 

is reversed. Fig. 3(d) shows another pair of accidental 
degeneracies observed in this [513] zone axis at 
203 kV in the 213 reflection. This has the same 
appearance as the 130 reflection at 102 kV and will 
have a critical voltage above this voltage. The non- 
systematic critical voltage for the 130 reflection was 
determined to be 179 (4) kV. 

Fig. 4 shows the bright contrast at the exact [113] 
zone axis in the LACBED pattern, indicating the 
zone-axis critical-voltage effect. The diffraction con- 
dition corresponds to Fig. l(c). At this critical volt- 
age, the sequence of Bloch-wave symmetries of 
branches 2 and 3 switches from 2mm and 2'm'rn, 
respectively, at a lower voltage, to the opposite order 
above the critical voltage, which was measured to be 
164 (6)kV. This critical-voltage effect can also be 
regarded as a 110 systematic critical voltage strongly 
perturbed by four 211 reflections in the zone. 

Fig. l(d) shows the diffraction condition for a 
nonsystematic critical voltage in the 002 reflection 
near the [100] zone axis, with the 002 reflection at the 

Fig. 3. Patterns showing non- 
systematic critical-voltage 
effects in the [513] zone: (a), 
(b) and (c) in 130; (d) in ~13. 
Patterns taken at (a) 102, (b) 
183 and (c) and (d) 203 kV. 



118 SnO2 STRUCTURE FACTORS BY H I G H - E N E R G Y  ELECTRON D I F F R A C T I O N  

Laue circle and the 011 and 011 reflections inside the 
circle. Fig. 5 shows the corresponding CBED pat- 
terns taken at 102, 153 and 203 kV. Vanishing con- 
trast is observed at 153 kV at the Bragg position in 
the 002 reflection disc in Fig_. 5(b). By an increase of 
accelerating voltage, the 011 and 011 discs show 
reversal of asymmetric contrast owing to the switch 
of excitation between two Bloch waves. The confi- 
guration of the reciprocal points is similar to the 
previously reported nonsystematic critical voltage 
seen in 422 in the 111 projection for a face-centred 
cubic (f.c.c.) structure discussed as a diamond-type 
nonsystematic critical-voltage-effect (Matsuhata & 
Gjonnes, 1994). But the shapes of dispersion surfaces 
and the contrast along the line are rather different, 
owing to different orders of magnitudes of the struc- 
ture factors, viz U2oo > Uo~ > Uo2o. The position of 
the vanishing contrast on the 002 line is not sharply 
defined, with an appearance more like the systematic 

Fig. 4. LACBED patterns at the [113] zone axis near the critical 
voltage, taken at 183 kV. 

critical-voltage effect. This nonsystematic critical 
voltage is estimated to be 153 (7) kV. 

3. Analysis of the critical voltages and discussion 

(a) Effects of  ionization on the scattering factors for 
low-order reflections 

The four measurements reported above define 
reflections between several structure factors and will 
thus depend on a number of structure parameters, 
including temperature factors as well as charge distri- 
bution within the unit cell. The uncertainties associ- 
ated with higher-order structure factors will be less 
serious for the inner structure factors, Ul10, U011 and 
U02o, which are particularly sensitive to ionicity. Let 
us, therefore, start with an interpretation of these in 
terms of the ionic state of the constituent atoms. Fig. 
6 shows the difference between the scattering factors 
for ionized states and neutral states. The scattering 
factors are: for Sn, Sn 2+, Sn 4÷ and O, functions of 
scattering angle from Doyle & Turner's (1968) table; 
for O I - ,  from Cromer & Mann's (1968) table; for 
O 2+, from Tokonami's (1965) parameter, which he 
obtained from the band-structure calculation in 
MgO. Critical voltages were calculated using the 
scattering factors for the different ionic states with 
temperature factors obtained by X-ray diffraction 
(Baur & Kahn, 1971). The number of beams in the 
dynamical calculations was always above what was 
found necessary to ensure convergence of the calcu- 
lated critical voltages. The calculated results are 
compared with experiments in Table 1; the differen- 
ces found among various ionization states are 
generally much larger than the uncertainties in the 
experimental results, which may indicate at this stage 
an ionization state between 5n2+02 I- and Sn4+O g- 
if spherical ions are assumed. In the following, we 
analyse the measured critical voltages in more detail 

Fig. 5. Nonsystematic critical-voltage effect in the 002 reflection, at the [100] zone axis. From left to right: patterns taken at 102, 153 and 
203 kV. 



H. MATSUHATA,  J. GJONNES A N D  J. TAFTO 119 

to discuss the structure factors at low-angle reflec- 
tions. 

(b) 110 systematic critical-voltage effect 

In a three-beam approximation, the analytical 
form of this systematic critical voltage is described as 

2 
E c = ( m o c 2 / e ) { U 2 2 o / ( U 2 1 1 o  - U z 2 o ) g ~ l l O -  1}. (1) 

This equation is not sufficient for accurate analysis, 
but shows the qualitative relations at the systematic 
critical voltage between U~0 and U22o. If we ignore 
the temperature factors, the structure factors of the 
rutile-type crystal are given by 

Fh,l = 2fSn + 4fo COS (2rrhx) cos (2rrkx) 

for reflections with h + k + 1 = even and 

Fhkl = --4fo sin (2zrhx) sin (2rrkx) 

for reflections with h + k + l = odd so that 

E l l  0 = 2 f s  n -Jr- 0 . 4 4 3 f o  

F 2 2 0  ~-- 2 f s  n -'l- 2.424fo. 
The 110 reflection is seen to depend more on the 
scattering factor of tin and in particular on its 
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Table 1. Calculated critical voltages, with scatter&g 
factors for different ionic states, compared with 

experimental values 

SnO2 Sn 2 ÷ O~- Sn 4 ÷ 02 z- Experimental 

110 systematic 13-beam 208.7 196.9 73.9 146 (3) 
calculation 

Nonsystematic 130 84-beam 173.2 183.1 207.7 179 (4) 
calculation 

[113] zone axis 99-beam 182.0 181.2 150.4 164 (6) 
calculation 

Nonsystematic 200 198-beam 260.7 250.4 114.2 153 (7) 
calculation 

Scattering factors from Doyle & Turner (1968), Cromer & 
Mann (1968) and Tokonami (1965); temperature factors from 
Bauer & Kahn (1971); lattice parameters and atomic positions 
from Bursill et al. (1981). With the lattice parameters and posi- 
tions of  Bauer & Kahn, the calculated critical voltages may shift 
some kV. 

ionicity. The 220 reflection receives a relatively large 
contribution from the oxygen and appears less sensi- 
tive to the ionic state (see also Fig. 6). 

The relationship between U]1o and U22o which 
satisfies the systematic critical voltage measured 
experimentally is shown in Fig. 7. The graph was 
obtained by a 13-beam dynamical calculation, the 
broken lines indicating the uncertainty from error in 
the experimental measurement. The different ionic 
states, viz SnO2, Sn 2+O2 ~- o r  S n 4 + O  2 - ,  assumed for 
the other reflections used in these calculations, gave 
almost the same relation between Ul~o and U22o; 
hence, it is felt that the 110 critical voltage 
determined experimentally will be almost free from 
the uncertainties in higher-order reflections arising 
from ionicity. In Fig. 7 and subsequent figures, the 
values of Ull0 and U220 are given as percentage 
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Fig. 6. Calculated electron scattering factors for Sn 2 +, Sn 4 +, O n 
and 0 2- plotted as deviations from neutral-atom form factors. 
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Fig. 7. Analysis of  the 110 systematic critical voltage. The relation 
between the Fourier potentials U, ,o and U22o which satisfies the 
measured critical voltage is represented by the full line. Un 1o and 
U22o are given as precentage deviations from the values obtained 
from free-atom scattering factors; values for different ionization 
states are indicated. The broken lines indicate the experimental 
error range in the measurement. Critical-voltage calculations 
included 13 beams. 
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deviations from the free-state SnO2. It is seen that 
the assumption of the flee-state SnO2 for U22o leads 
to an increase of 3.85 (20)% in U~o compared with 
the neutral-atom value. Using the Sn 2 + O l -  state for 
U220, we obtained a value for U~10 that was 
3.65 (20)% larger, and with the fully ionized state for 
U220 a value 2.89 (20)% larger than the calculated 
value for the neutral state for Ul t0. All three models 
thus lead to a value for U1 lO appreciably larger than 
that obtained for a neutral state composed of free 
atoms; i.e. they lead to an experimental value corre- 
sponding to an ionization state between theoretical 
Sn 2 + and Sn 4+. 

(c) Nonsystematic critical-voltage effect on the 130 
reflection at the [513] zone axis 

Using a four-beam approximation, we obtain the 
eigenvalue 

2Ky(2) = (1/2){/3U15o +/3U~2 + g2 

- [(/3 u150- 3 u ,  12-  

+ 4(/3 U121 q-/3 Uo31)2] 1/2}, 

for the twofold symmetric Bloch wave and 

2Ky(2') = (1/2){ - / 3 U ,  so- /3Ul l2  + g2 

q _ [ ( _  /3 U150 q_/3Ul!2  _ g2)2 

+ 4(/3 U121-/3 U031)2] 1/2} 

for the antisymmetric Bloch wave, 2', at the twofold 
position. Here, g2 = (g~112 - g~15o)/4 and/3 is the relati- 
vistic mass correction. 

The nonsystematic critical voltage is obtained 
when 

3,(2) = y(2'). (2) 

It is seen that this critical voltage is sensitive to U~2~ 
and Uo31 and less sensitive to U~5o and U~ 12. Ignoring 
the temperature factors, the structure factors of U~21 
and U013 are given by 

F121 = 2fsn + 1.036fo 

F031 = 2fs  n n t- 3.404fo. 

Of these two structure factors, U121 appears more 
sensitive to the ionic state but, in this range of the 
scattering variable, the influence of ionicity on the 
scattering factors is less pronounced than in the 
low-angle regions. See also Fig. 6; note the change of 
sign in the curves for the scattering factors of ionized 
states. 

Fig. 8 shows the relation between Uo31 and U121 
corresponding to the experimentally measured 
critical voltage, obtained by calculations including 84 
beams. Two oblique lines indicate the uncertainty 
resulting from the experimental error. The effect of 
different ionic states for higher-indices reflections on 

the calculations was found to be negligible. Both 
U~21 and Uo31 contribute to the critical-voltage effect. 

Let us discuss the value for Ul2~ in relation to the 
assumed value of Uo31. Assuming a Uo31 value corre- 
sponding to the free-state SnO2, we found UI2~ to be 
smaller than its theoretical value for the state SnO2 
by 0.62 (40)%. The Sn2+O~ - state for Uo3, led to a 
0.65 (40)% smaller value for Ul21 than that for the 
free state. Both values are seen to be located between 
the calculated values for the Sn2+O~ - and SnO2 
states. With the Sn4+O 2- state assumed for Uo3~, a 
U~2~ value 0.37 (40)% higher than obtained for the 
free state was found. If the same ionicity is assumed 
for Uo31 and U~2,, a lower degree of ionicity is 
obtained than was found for U01 i. 

(d) [ 113]-zone-axis critical- voltage effect 

With a five-beam approximation, an analytical 
approximation to this critical voltage is given by 

E¢ = (moc2/e)({(U, lo + U242)/[ZU~2, - (Ul,0 + U242) 

X (Ul l  0 q- U 2 4 2 -  U 3 3 2 ) ] } d 2 1 -  1). (3) 

It is seen from (3) that this critical voltage is sensitive 
to U121. The graph in Fig. 9, calculated with 99 
beams, shows the relation between U~21 and Ullo 
which satisfies the measured value. The value of U121 
from the assumed Ullo will be discussed. In this 
calculation, U22o was taken from the experimental 
relation between U~o and U22o in Fig. 7. The ranges 
marked a, b and c along the U!1o axis in Fig. 9 
indicate the Ullo values obtained from Fig. 7 assum- 
ing for U220 the free-state SnO2, Sn 2+ O~-, Sn 4 + 022-,  
respectively. The corresponding values for U12~ are 
lower than the calculated free-state value by 
- 0 . 8  (0), - 0 . 7  (10) or - 0 . 4  (10)%, respectively; 
they vary rather less than the experimental error 
estimated to 1.0%. The values correspond to an ionic 
state between neutral and doubly ionized tin, closer 
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Fig. 8. Analysis of the nonsystematic critical-voltage effect in 150. 
Two full lines represent the measured critical voltages as func- 
tions of U0,3 and U,2,. 
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to the latter and in fair agreement with the U,2~ value 
obtained from Fig. 8 with the assumption of ionicity 
in the same range for Uo13. 

It should be noted that the 110 reflection corre- 
sponds to a smaller value of the scattering variable 
than 121 and 031 and that the slope of the linear 
relation in Fig. 9 is such that no reliable determina- 
tion of UI,0 can be obtained from an assumed value 
of U~2,. On the other hand, the determination of U~21 
from the critical voltages obtained in the 051 reflec- 
tion and [113] zone axis appears consistent. 

(e) Nonsystematic critical-voltage effect on 002 at the 
[100] zone axis 

Using a four-beam approximation, this critical- 
voltage effect is given by 

Ec = ( m o c 2 / e ) [  Uooz(g2ooo2 - g~02o)/4 

x (2U~o,,- U~oo2- fozoUoo2)-' 1]. (4) 

This nonsystematic critical-voltage effect depends 
strongly on the 011 structure factor and somewhat 
less on 020 and 002. If the temperature factors are 
ignored, the structure factors of 011,020 and 002 are 
given by 

FoL1 = 2fsn - 1.331fo, 

Fo2 0 = 2 f s  n - 3 . 1 1 4 f o ,  

F002 = 2fSn -- 4.000fo. 

These expressions indicate that both Ui10 and Uo20 
depend strongly on the ionic state, whereas the 002 
structure factor will be much less influenced by 
ionicity. The ionized effect of tin appears strongly in 
Uoi,, the effects of both tin and oxygen contributing 

U 121 
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Fig. 9. Analysis of the [113]-zone-axis critical voltage. The parallel 
lines represent the relation between U,,o and U,2,, which corre- 
sponds to the measured critical voltage; the broken lines 
indicate the experimental error. The ranges a, b and c for U,,o 
are those obtained from Fig. 7 by assuming U22o values corre- 
sponding to SnO2, Sn 2 ÷O~ and Sn 4 ÷ 022 , respectively. 

to Uo2o. The 110 and 020 are both in the low-angle 
range, of. Fig. 6; hence, this measurement may be 
expected to be very sensitive to ionicity. This is borne 
out by Fig. 10, which shows the experimentally 
determined relation between the two structure fac- 
tors. The calculations included 198 beams. Different 
ionic states for outer reflections did not shift the 
region to a large extent. The small differences in 
those lines are mainly a result of the different ionic 
states for Uoo2. An ionic state between Sn 2+ and 
Sn 4+ and close to the latter is found to give the best 
fit; this agrees well with the value obtained for U110 
from Fig. 7. 

( f )  Discussion o f  the estimated structure factors 

The results of the above analysis of the four 
measured critical voltages can be discussed in terms 
of two angular ranges; at the low-angle range like 
110, 011 and 020, the deviation of scattering factors 
owing to the ionization is very large and at an 
intermediate angle range including the 121 and 031 
reflections the ionization effect is reduced. 

The 220 systematic critical voltage (Fig. 7) and the 
002 nonsystematic critical voltage are governed 
mainly by the inner reflection structure factors Ullo 
and Uo11, and Uo2o The interpretation is not much 
influenced by ionic states assumed for the outer 
reflections that entered in the calculations. The value 
of U~ io obtained from the analysis is thus considered 
to be well refined. For Uoll and Uo20, only a relation 
between the two structure factors can be determined 
from the 002 critical voltage; this relation can be 

10% 
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Sn,+ 0 ~ -  =-- 
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Fig. 10. Analysis of the nonsystematic critical-voltage effect in 
002, at the [100] zone: the lines show relations between Uo2o 
and Uo,~ which satisfy the measured critical voltage. The paral- 
lel full lines are calculated with neutral atoms assumed for 
higher-order reflections; broken lines are calculated with 
Sn~+O~ -" dash-dotted lines with the fully ionized state 
Sn 4 * O~-. The separations of the lines indicate the experimental 
error. 
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used together with U1 lo to derive an average ionicity 
consistent with the inner reflections and assuming 
spherical ions. 

The other two critical voltages, the 150 nonsys- 
tematic and [113] zone-axis critical voltages, depend 
mainly on reflections at somewhat higher angles, 
where the effect of the ionization is much less and 
the influence of details in the charge distribution may 
appear. The U~21 values that were obtained from 
Figs. 8 and 9 appear consistent; it should be noted 
that the ionicity which corresponds to this value, 
assuming spherical ions, fits well with a correspond- 
ing value for Uo31 in Fig. 8 and also with a reason- 
able value for U220 in Fig. 7. With these intermediate 
reflections, we enter a range where bond charges 
appearing between atoms are expected to be impor- 
tant and the effect of uncertainties in the temperature 
factor are expected to be more serious. An accurate 
analysis of these structure factors may thus call for 
more measurements and extensive treatment, in par- 
ticular of the temperature effect. 

Baur & Kahn (1971) suggested that the rutile-type 
crystals, TiO2, GeO2 and SnO2 are not completely 
ionic but have partly covalent bonding. Band struc- 
ture calculations for SnO2 by Arlinghaus (1974) indi- 
cated a configuration of electrons near the Sn 4+ O z- 
state but with some contribution from covalent 

.bonding. Recent X-ray and y-ray studies of TiO2 
indicate the presence of a small hump halfway 
between the Ti and O atoms in a charge distribution 
map (Restori, Schwarzenbach & Schneider, 1987). If 
outer electrons have partly covalent bonding, the 
effect on the structure factor will depend on the index 
of the reflections. The ionization effect is expected to 
appear in the very low angle reflections, as is seen in 
the present results, where the structure factors for the 
inner reflections agree well with an ionic state rather 
close to the configuration Sn 4+ 0 2-.  

The results are summarized in Table 2. Ul~o and 
U0~l are estimated to be between the theoretical 
values of the Sn2+O~ - and Sn4+Oz z- states, rather 
near the fully ionized state. U~2~ is between the 
theoretical values of the S n Q  and S n 2 + O  1 -  states, 
and may be more affected by bonding. 

The anisotropic temperature factors of Baur & 
Khan (1971) were used in the present analysis. The 
experimental errors quoted for these were large and 
they appear smaller than the temperature factors for 
other rutile-type crystals. The anisotropic term was 
found to have little influence on our calculations. If 
larger temperature factors than the Baur-Kahn 
values are used, the structure factors will decrease 
slightly. We have used the lattice parameters and the 
positioning parameter obtained by BursiU et al. 
(1981). With Baur & Khan's (1971) lattice param- 
eters, the calculated critical voltages will be shifted 
from a few kV to more than 10 kV, which is of the 

Table 2. Experimental and theoretical structure fac- 
tors, in 10- 4 nm-  2, calculated from the critical volt- 
ages, with different ionic states assumed for 
higher-order reflections; theoretical values of  structure 

factors. 
U~ to exper imenta l  
6.896 (13) when SnO2is assumed for U220 
6.884 (13) when Sn2+O~ - is assumed for/-/22o 
6.833 (13) when Sn4+O~ - is assumed for/-/22o 

U~ ~o ca lcu la ted  
6.642 for SnOz 
6.673 for Sn2+O~ - 
7.175 for Sn4+O~ - 

Uo~ t exper imenta l  
4.902 when SnO2 is assumed for higher-order reflections 
4.888 when Sn2+O~, - is assumed for higher-order reflections 
4.701 when Sn4÷O~ - is assumed for higher-order reflections 

Uo~t ca lcu la ted  
4.504 for SnOz 
4.525 for Sn2+O~ - 
4.851 for Sn4+O~ - 

U~2~ exper imenta l  n o n s y s t e m a t i c  crit ical vo l t age  in 150 
4.273 (17) when SnO2is assumed for Uo~3 
4.272 (17) when Sn2÷O~ - is assumed for Uoj3 
4.311 (17) when Sn4+O 2- is assumed for Uon 

U~2~ exper imenta l ,  [113]-zone-axis  critical vo l t age  
4.266 (43) if U~ois assumed to be in range a of  Fig. 9 
4.270 (43) if U~Lo is assumed to be in range b of  Fig. 9 
4.283 (43) if U~ao is assumed to be in range ¢ of  Fig. 9 

U~2~ ca lcu la ted  
4.300 for Sn02 
4.253 for Sn2+O[ - 
4.186 for Sn 4 + 0~- 

order of magnitude of experimental uncertainty. The 
experimentally determined structure factors may be 
less influenced by an error in the lattice parameter, 
since the voltage calibration in the experiment will be 
affected in the same direction. 

4. Concluding remarks 

The present study shows that the measurement of the 
critical voltages in the intermediate energy range 
100-400 kV can give precise information about the 
charge distribution in a structure with relatively 
heavy atoms. The sensitivity to ionicity of the low- 
angle structure factors is seen to be particularly 
useful since these are not so sensitive to the 
uncertainties of other structure factors and thermal 
parameters and thus may be determined reliably 
from critical-voltage measurements alone. In particu- 
lar, for high-atomic-number compounds, the electron 
diffraction methods appear superior to X-ray 
methods for studying charge distribution. Except for 
very simple structures, it is important that several 
critical voltages are measured. 

When the technique is extended to higher values of 
the scattering variable, the need for combination 
with other structure information will increase, such 
as accurate temperature factors and precise values of 
other structure parameters. 
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Abstract 
Certain basic matters in a recent synchrotron-radiation study 
[Rossmanith (1993). Acta Cryst. A49, 80-91] and an allied 
study which developed a new peak-width formula [Rossmanith 
(1992). Acta Cryst. A48, 596-610] are questioned. These 
matters concern the mode of combination of certain components 
which determine the one-dimensional profile shape of Bragg 
reflections and the functional form of the wavelength dispersion 
dependence on the Bragg angle of the sample crystal and that 
of a monochromator crystal where the respective crystal axes 
are parallel. 

radiation convergent on c comes from a monochromator crystal, 
M, and corresponds to a wavelength band, AA. In an earlier 
publication, Rossmanith (1992; hereafter R92) introduced 
an additional component, called the 'particle-size effect' in 
R93, and denoted by e. By incorporating this component 
with the wavelength-dispersion component, a new peak-width 
formula was derived in R92 (non-monochromator case) and 
in R93 (monochromator case). The modes of combination 
of components in R92 and R93 and the derivation of the 
functional form of the wavelength dispersion in R93 differ 
significantly from those associated with earlier published works 
and, therefore, they warrant comment. 

1. Introduction 
A recent synchrotron-radiation study by Rossmanith (1993; 
hereafter R93) dealt with the various individual components 
which combine to determine the one-dimensional profile shape 
of Bragg reflections from a small specimen crystal, c, as 
the Bragg angle of the crystal, 0c, changes. The synchrotron 
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2. Identification of the components in diffraction space and 
their mode(s) of combination (non-monochromator case) 

To identify the various components and their contribution to 
the shapes of one-dimensional profiles, there is considerable 
advantage in approaching the situation from a two-dimensional 
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