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Abstract The electron densily dishibutian map of U-tin has been drawn by the maximum- 
entropy method @'EM) with 11 independent and lwo combined svucuue factors, which were 
determined by the powder pattern decomposition from x-ray data. The final R and R, factors 
were 0.80% and 0.89%. respectivly, though a small amount of pt in  was contained in the 
specimen. The obtained map indicates that the bonding elecaons u e  clearly seen between the 
two adjacent tin atoms in the (110) plane with the 0.6 e A-3 level. This value was about twice 
that of germanium. The strnchlre factor F(222)e-M for the 222 forbidden reflections at 293 K 
calculated from the MKM density is +0.4350. The results are discussed~by camparing with the 
elechun density maps of C (diamond). Si and Ge. 

1. Introduction 

As is well known, tin exists in two types of stable form. The high-temperature form 
with a body-centred tetragonal structure, P-Sn (white tin), is stable above 286 K. Below 
this temperature, a-tin (prey tin) with a diamond structure is stabilized. However, the 
main experimental work on a-tin hitherto reported was focused on the kinetics of the 
P --f a phase transformation. For example, Izumi [I] examined the phase transition kinetics 
by the real-time neutron diffraction studies. Further, Mitchell and Donnellly 121 studied the 
transformation by transmission electron microscopy and suggested that the transformation 
was massive in nature. On the other hand, Price and Rowe [3] studied the crystal dynamics 
of a-tin by means of thermal neutron inelastic scattering and obtained the phonon frequency- 
wavevector dispersion relation. In contrast with a small amount of experimental work on 
a-tin, many theoretical studies on the substance have been reported. For example, Svane 
[4] calculated the Hartree-Fock band structure and cohesive energy by the linear muffin tin 
orbital method. Brudevoll etal [5] calculated the electronic structure within the local density 
approximation and the resulting band structures were used to obtain effective masses and 
hydrostatic deformation potentials of a-tin. Although special interest has been devoted to the 
kinetics of the phase transformation and the electronic band structures, other experimental 
works, such as an accurate measurement of the crystal structure factors for x-ray diffraction, 
were lacking. 

Sakata and Sat0 [6] drew the precise electron density distribution map of  S i  by the 
maximum-entropy method (MEW with 30 structure factors which were determined from 
Pendellosung oscillation by Saka and Kato [7]. The results indicated that the bonding 
electron was clearly visible in the map, even though no forbidden reflections were included 
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in the analysis. Takata and Sakata [81 evaluated the value of the electron density at the 
middle point between the neighbouring C atoms of diamond. The present authors and 
colleagues 191 have also obtained the electron density distribution of Ge and the result 
indicates that the bonding electron with a level of about 0.3 e A-3 is clearly visible in 
the map. It is well known that C (diamond), Si, Ge and Sn (or-&) in group IV of the 
periodic table have the same crystal structure and their bonding natures are characterized by 
covalent bonding. As described above, the bonding electrons of the former three substances 
were well estimated, and furthermore the respective structure factors, together with their 
signs, of the forbidden 222 reflection were calculated from the MEM density. However, 
no experiments on a-tin are available. The reason is due to that it is very hard to obtain 
a single a-phase and usually the powder sample contains ,+phase. In the previous studies 
of the electron density distribution on ALN 1101 and A15-type Cr [ll], though the powder 
samples used were composed of two phases, AIN+Al and A15-type Cr+ bcc Cr, the maps 
obtained by a combination of x-ray powder diffraction data and MEM were very precise. 

In the present paper, we give the results of the study of the electron density map and 
the bonding character of a-tin by the,same method as used previously [9-11]. 
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2. Experimental details 

The phase transition from 6- to a-phase is very difficult when 6-tin with high purity is used. 
Therefore, a dilute alloy SIQ.SSGQ.OI was prepared by arc melting appropriate amounts of 
components Sn and Ge with purity 99.999% . The alloy thus prepared was composed of or- 
and p-tin. An ingot of pure Sn was joined by partial melting to a portion of the alloy and 
then was kept in a refrigerator for about 1 d in order to nucleate the a-phase in the ingot. 
After removing the alloy, the ingot was kept again in a refrigerator to promote a growth of 
the or-phase. The sample thus obtained was very brittle and was easily smashed into fine 
pieces by small vibrations. The specimen for x-ray diffraction was obtained by grinding 
the pieces into powder. The powder thus prepared was composed of or- and 6-phase and 
it was found that the volume fraction of the 6-phase was somewhat larger. Therefore the 
powder was pressed into a pellet and the pellet was further kept in a refrigerator until the 
volume fraction of the 6- (and a-) phase was unchanged. Finally, a fine powder sample 
of a-tin together with a small amount of p-tin was prepared by grinding in a mortar. Fine 
particles less than 32 pm in size were selected for powder x-ray diffraction studies. 

The powder x-ray diffraction experiment was performed using Cu Ka radiation 
with a tube voltage of 45 kV and a tube current of 350 mA using an MAC Science 
M18XHF-SRA-type diffractometer equipped with a curved pyrolytic graphite diffracted 
beam monochromator. Diffraction intensities were collected by step scanning with a 
sampling interval of 0.02" in 28 and an accumulation time of 10 s for every step. In 
order to remove the statistical counting errors, the sample was rotated around a diffraction 
vector by a sample spinner. The temperature of the sample was kept at 293 K since the 
critical temperature of the phase transition from a-phase to p-phase of the present fine 
particles was near 298 K. In order to confirm that the volume fraction of the respective 
phases is unchanged during the experiment, the data collection was repeated a few times. 
In the present experiment, 11 independent and two combined Bragg reflections, i.e. 333(511) 
and 551(711), of a-tin were observed. 
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In order to determine the accurate integrated intensities of respective reflections from the 
powder x-ray diffraction intensity data, a profile fitting was canied out with the computer 
program PRO-FIT [12] in which a split Pearson W function was adopted as a profile 
function since the peak asymmetry and different decay rates of the low- and high-angle 
sides of the peak can be modelled explicitly. In the analysis, the intergrated intensity, peak 
position, full width at half maximum, asymmetric factor and decay rate of each reflection 
were treated as independent parameters. However, the latter tluee parameters for the peaks 
appearing in a small angle range were held constant. Next, the scale factor has to be 
determined in order to convert the intergrated intensities thus obtained into the structure 
factors on an absolute scale. This was done by an ordinary least-squares method using the 
computer program POWLS [13]. In the-analysis, only the intergrated intensities of the 11 
independent reflections were used. The eight atoms in a unit cell of a-tin are'placed at rigid 
positions. Therefore, the parameters that have to be refined in the analysis are the scale 
factor and the isotropic temperature factor. The observed independent structure factors are 
easily calculated from the observed integrated intensities by using the scale factor. The 
overlapped reflections of 333,511,551 and 711 were treated as combined structure factors, 
which were obtained by taking the square root of the observed integrated intensities after the 
ordinary corrections and scaliig. The structure factors thus determined include the effect 
on the anomalous dispersion. Then this effect was eliminated from the structure factors by 
using the values of Af' = 0.07390 and Af" = 5.459 10 [14]. The structure factors thus 
corrected were used as the input data of the following MEM analysis. The procedure of the 
MEM calculation is the same aS in the previous reports [ e l l ,  U]. In the actual calculation 
of the MEM, the computer p r o m -  MEED 6y Kumazawa et oE [ 161 was used. The number 
of pixels used in the calculation is reduced fiom 64 x 64 x 64 to 1649 with, the aid of the 
minimum asymmetric unit of the space group Fd3m. 

. .  

4. Results and discussion 

Typical examples of the profile fits together with differences between the observed and 
calculated intensities (bottom) are shown in figure 1. In the figure, the crosses and solid 
curves indicate the observed and calculated intensities, respectively. Figure l(a) shows the 
result of the profile fitting of 311 reflections of the a-tin. On the other hand, figure 1@) 
shows the decomposition of the overlapped reflections of 331 (a-tin). and 112 (0-tin). 
Thoslgh the intensity of the 112 reflections is somewhat small, the fit is fairly good. The 
result of the least-squares analysis by POWLS are tabulated in table 1 together with the 
weighted R, factor and an estimated standard deviation in parentheses. 

Table 1. A summary of the results of the Iwt-squares rehements by POWLS. 

Number of data for a-tin used in FQWLS analysis 11 
Isotropic tempemre factor B (Az) 0.287(78) 
Scale factor S 0.654(11) 
Weighted R factor R, 0.033 

An iteration of 300 times gives convergence in the present MEManalysis. The observed 
and the calculated structure factors from the final MEM density distribution are tabulated 
in table 2, where the number in parentheses indicates an estimated standard deviation. 
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Figure 1. The results of profile fits for (a) 311 (m-tin) and (b) 331 (m-t in)  and 112 (@-tin) 
IeflectiOUS. 

a- 
Figure 2. The eleamn density distdbution mps for the (110) planein m-tin. (a) and (b) are 
the lower- and higherelectmn-density regions. The contour lines (e A-3) are drawn from 0.3 
to 3.0 with inrervals of 0.3 in (a) and tiom 40 m 400 with intewds of 40 in @). 

The values of R and R, factors attained at the final MEM map were 0.80% and 0.87%. 
respectively. The agreement between observed and calculated structure factors is very good. 
T h i s  indicates that satisfactory electron density distribution is obtained from the observed 
structure factors. The electron density distribution maps of the lower- and higher-density 
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FigurC3. The electron density distribution maps for the (001) plane in =-[in. (a) and (b) are 
the lower- and hi&er-electron-density regions. The contow lines (e A-3) are drawn from 0.3 
to 3.0 with intervals of 0.3 in (a) and from 40 to 400 with intervals of 40 in (b). 

Table 2. The observed s t ~ c t w  factors Fe& and Gd,v and the calculated structure factors Fcaic 
h m  the MEM map. 

3 1 1  
4 0 0  
3 3 1  
4 2 2  
4 4 0  
5 3 1  
6 2 0  
5 3 3  
4 4 4  

-245.8(2.1) -242.3 
-310.7(2.7) -308.1 
-210.1(1.8) -208.3 
-272.5(2.3) -274.1 

182.4(1.8) 183.0 
243.8(2.1) 241.3 
213.0(1.9) 215.7 
148.0(1.3) 147.8 
199.N1.7) 198.5 

-128.7(1.2) -129.4 
-172.5(1.7) -171.2 

. .  
5 1 1  164.4 
5 5 1 123.5(1.1) 122.6 -120.4 . .  
7 1  1 124.8 

regions for the (110) plane of oran are shown in figure Z(a) and (b) respectively. The 
electron density disIzibution maps of the lower- and higher-density regions for the (001) 
plane are also shown, for comparison, in figure 3(a) and (b) with the corresponding contour 
lines to figure Z(a) and (b). No electron densities more than 0.3 e A-3 around the middle 
points between adjacent atoms can observed in figure 3(a). Therefore, the elecaon density 
with the 0.6 e k3 level observed between the two adjacent tin atoms in figure Z(a) must be 
due to bonding electrons. The maximum value of the electron density at the atomic sites is 
205, 208,446 and 720 e k3 for C (diamond) [SI, Si [6], Ge [9] ind a S n ,  respectively, and 
it, naturally, increases with increasing atomic number. The value of the electron density at 
the middle point between the adjacent atoms on the (1 10) plane was 1.6, 0.7 and 0.3 e A-3 
for C (diamond), Si and Ge, respectively. The main part of the chemical bond for these 
substances is covalent and an s-p hybridized orbital makes the main contribution to the 
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bond. These values seem to correlate with a bonding strength. In fact the cohesive energy 
of the three substances decreases with the sequence of C (diamond) + Si + Ge. However, 
the value of or-tin is twice that of Ge. The bonding strength of or-tin may be weaker than 
that of Ge. Therefore, we cannot say definifeIy that the bonding strength correlates with 
only the value of electron density at the middle point between the adjacent atoms. The maps 
of the lower-density region for or-tin and Ge are different though those of the higher-density 
region are very similar. As is clear from figures 2(a) and 3(a), the valence electron density 
distribution of or-tin, except for the bonding electrons, elongates along (100) directions. On 
the other hand, the distribution of germanium [9] elongates along (1 10) directions. These 
differences in the lower-density region may reflect on their bonding natures. 

The structure factor for the 222 forbidden reflection of or-tin at 293 K was calculated 
by Fourier transformation of the MEM electron density distribution. The value was 0.435 
with positive sign. On the other hand, the value previously reported for Si [6] and Ge 
[9] was +1.527 and -1.056, respectively. Takata and Sakata [SI observed successfuUy an 
x-ray diffraction profile of the forbidden 222 reflection from a diamond powder sample with 
the aid of the synchrotron radiation and imaging plates. They indicated that the observed 
value of the 222 structure factor was 0.97(1). The finite value of the structure factor for the 
forbidden reflection is due to non-spherical electron density distributions, such as bonding 
electrons, together with anharmonic and anisotropic thermal vibrations. However, the main 
contribution to the structure factor of the forbidden 222 reflections in the diamond structure 
is due to the bonding electrons. 

Therefore we conclude that the asymmetric bonding charge distribution of or-tin is 
smaller than that of C (diamond), Si and Ge. 

5. Concluding m a r k s  

The electron density distribution maps of a-tin are drawn by a combination of powder 
pattern decomposition data and MEM. The bonding electrons are clearly visible with a 
density of 0.6 e A-3 at the centre of the neighbouring atoms though we used a powder 
sample which is composed of the two phases. The observed conventional structure factors 
are in good agreement with the calculated ones from the MEM density distribution. The 
value of the forbidden 222 structure factor calculated from the MEM density distribution 
was +0.435. 
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