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Refinement of the Crystal Structure of SiC Type 6H 
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Philips Research Laboratories, N. K Phil ips '  Gloeilampenfabrieken, Eindhoven, The Netherlands 

(Received 18 July 1966 and in revised form 20 March 1967) 

The known c/a ratio of SiC type 6H is incompatible with an ideal structure built up from perfect tetra- 
hedra. The present work is an attempt to reveal the fine details of the structure in order to determine 
if and how the distortions of the tetrahedra are related to the positions which the atoms involved 
occupy in the stacking sequence hcchcc . . .  of Si-C double-layers in hexagonal (h) and cubic (c) en- 
vironment. 

From carefully collected three-dimensional X-ray data convincing evidence of space group P63mc 
is obtained. More or less independent refinements by means of least-squares techniques and on the 
basis of Fourier methods result in weighted R indices of 2" 1% and 2"9 % respectively. The refinements 
include a correction for secondary extinction for which a new formula is given, applicable to the case 
of equi-inclination geometry. 

It is shown that the experimental data contain no information about the exact position of the hexa- 
gonally surrounded double layer. The distance between two adjacent c double layers. 2-5163 + 0-0008/~, 
is definitely shorter than the average h - c  distance of 2.5212 + 0.0004 A,. The Si-C bonds parallel to 
the c axis are longer than those inclined to it. The bond angles do not deviate significantly from the 
tetrahedral angle of 109.5 °. The results throw some new light on the problem of polytypism. 

Introduction 

Silicon carbide is known to occur in fifty or more dif- 
ferent modifications (types). Although a vast amount 
of literature is available about polytypism in SiC (e.g. 
Verma & Krishna, 1966), the explanation of this phe- 
nomenon is by no means clear. Thermodynamic pro- 
perties (vibration entropy, internal energy) as well as 
growth kinetic effects (screw dislocations, intergrowth 
of crystals) have been put forward to explain the oc- 
currence of this great number of structures, but so far 
no explanation covers all experimental facts. 

The building units of all SiC structures are hexagonal 
double-layers of Si-C. These are stacked together in 
such a way that each silicon atom is surrounded tetra- 
hedrally by four carbon atoms and vice versa. The SiC 
types crystallize in the space groups P 3 m l ,  R3m,  
P63mc and F743m. They are usually described in a hex- 
agonal lattice. All atoms are located on threefold axes 
in the ( l l0)  plane. There are two limiting structures: 

(1) All double layers occur in a hexagonal environ- 
ment, wurtzite structure, type 2H, stacking sequence 
A B A B  . . .  or hhh . . .  

(2) All double layers occur in a cubic environment, 
sphalerite structure, type 3C, stacking sequence 
A B C A B C  . . .  or ccc . . .  

All other SiC structures are built up from h and c 
double layers which are stacked in some periodic se- 
quence. 

If the tetrahedral structure were an ideal one, the 
c/a ratio per double layer in the hexagonal unit cell 
would be kV6=0.8165. Instead, one finds slightly dif- 
ferent values for some hexagonal types, viz. 0.8179 for 
6H (Taylor & Jones, 1959; henceforth denoted as T. 
& J.) and 0.8205 for 2H (Adamsky & Merz, 1959). 

A comparison of the lattice constants (Table 1) shows 
that the introduction of h double layers is accompanied 
by an elongation of the hexagonal c axis and a con- 
traction of the axes perpendicular to it. The internal 
energy differences probably associated with the distor- 
tion of the tetrahedra may play a certain role in the 
formation of the different types. 

Table 1. Lat t ice  constants o f  some SiC structures 
p is the number of Si-C double layers in the hexagonal unit 

cell. 
c c/p a d, 

Type (A) (~) (A,) c/pa (g.cm-3) 
2H* 5.0480 2"524 3.0763 0-8205 3"214 
6Ht 15"11738 2"5196 3.08065 0"8179 3"211 
3Ct 7"5510 2 . 5 1 7 0  3"0827  0"8165 3"210 

* Adamsky & Merz (1959). 
t Taylor & Jones (1959). 

The SiC crystals usually obtained are not free from 
stacking faults and admixtures of various structure 
types. Recently, however, the preparation procedure 
has been refined to such an extent that chemically and 
structurally pure SiC-6H crystals can now be grown 
(Knippenberg & Gomes de Mesquita, 1965). It was 
thought worth while to try and determine bond angles 
and interatomic distances in this structure where hex- 
agonal and cubic double layers are stacked in the order 
hcchcc . . .  (Fig. 1), and to investigate whether there is 
a correlation between the distortion of the tetrahedra 
and the positions of the pertinent atoms in the stacking 
sequence. In this way some additional insight might 
be gained into the phenomenon of polytypism, which 
has been treated up till now as if deviations from the 
ideal tetrahedral structure were non-existent. 
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Experimental 

From a batch of crystals containing less than 0.0001 
at. 70 of chemical impurities a specimen was selected 
under the polarizing microscope. It was ground into 
a spherical shape by means of an apparatus described 
by Schuyff & Hulscher (1965), in which a boron carbide 
ring was inserted as abrasive. Particles adhering to the 
crystal were removed by ultrasonic cleaning after the 
grinding. The diameter of the sphere, as measured in 
a great number of directions, was 0.223-0.227 mm. 

The crystal was oriented on the diffractometer 
'PAILRED'  (Philips Automatic Indexing Linear Re- 
ciprocal-space Exploring Diffractometer) along the b 
axis to within about one minute of arc. Preliminary 
intensity measurements revealed no evidence of stack- 
ing faults. Difference syntheses made in a later stage 
of the refinement confirmed the absence of stacking 
disorder in any measurable amount. 

Mo Ka radiation (2= 0.71069 A) was chosen in order 
to minimize the absorption-correction errors and to 
make high-order reflexions accessible. A fiat (20.3) 
plate of a-quartz (d= 1.3748 A) was used to mono- 
chromatize the radiation. 

Because of the high symmetry a sufficiently complete 
set of three-dimensional data is contained in the levels 
hOl, hl l and h2l. These were measured up to Y= 100 ° 
utilizing the og-scan technique and equi-inclination 
geometry. The og-scan range was 2.0 ° for the zero level 
and 2.4 o for the others. In view of the required accuracy 
the scan speed was taken as slow as 0.5°.min -~. The 
radiation background was measured during 60 seconds 
at either side of the scan range with stationary crystal 
and stationary counter. Each layer-line was remeasured 
with a slightly incorrect (0.3-0.5 o) inclination angle so 
as to facilitate the detection of double reflexions. 

Altogether 929 reflexions were measured in the cor- 
rect inclination setting, 25 of which were rejected be- 
cause the two background measurements were incom- 
patible, i.e. [bl - b21 > 6[(bl + b2)/2] 4, or because double 
reflexions were clearly involved. The remaining 904 
reflexion intensities were corrected in the usual way 
for Lorentz, polarization and absorption effects. 

In the least-squares refinement weight factors, w, 
were attributed to the structure factors. The formula 
used for the stronger reflexions with I >  2a(I) was w + = 
2I/[Fo. a(I)], where a(1)/I stands for the relative count- 
ing-statistical error. A minimum value of 0.02 was set 
for a(I)/I corresponding to the experimental agreement 
between strong symmetry-related reflexions. Weaker 
reflexions were treated in a somewhat different way 
(J. Hornstra, to be published). 

The atomic scattering factors used throughout were 
those computed by Cromer & Waber (1965). Disper- 
sion corrections were applied to the real part of the 
scattering factor only; the imaginary part is negligible. 

The lattice constants were taken from T & J: a =  
3.08065, c =  15.11738 A. The e/a ratio computed from 
these values is 4.907 in close agreement with the value 

c/a = 4.908 + 0.002 obtained from measurements on the 
present crystal and significantly larger than the ideal 
value of 21/6 = 4.8990. 

The space group 

Space group P63mc (no. 186) has always been assigned 
to the structure of SiC type 6H. Though there is no 
particular reason to doubt the assignment, yet a careful 
check seems desirable in order to establish a firm base 
for the refinement. 

The space group requires the systematic absence of 
reflexions hkl with h -  k = 3n, l=  2n + 1. The experi- 
mental data include 167 reftexions of this type, meas- 
ured at the correct inclination angle. Their observed 
intensities corrected for background radiation range 
from - 3 a ( I )  to +9a(1).  Almost 9070 of the data are 
between - 2 a ( I )  and +2a(1),  but 16 reflexions have 
stronger intensities. Each of these was examined indi- 
vidually and proved to be attributable to the Renninger 
effect. In some cases, where the applied missetting of the 
inclination angle had been ineffective, this called for 
additional experimental work. As an example thereof 
Fig. 2 shows the intensity of the space-group forbidden 
00.3 reflexion recorded during a rotation of the crystal 
about the c axis. It demonstrates at the same time how 
difficult it is to avoid double reflexions altogether. 

The above systematic absence already provides rath- 
er convincing evidence of space group P63mc. Never- 
theless another check was made which would make it 
possible to distinguish between this space group and 
the only reasonable alternative, P3ml. In both space 
groups hkl and fchl are equivalent reflexions and hkl 
and khl likewise if Friedel's law holds. P63mc requires 
in addition that hkl and khl be equivalent. In order 
to test the extent to which these conditions are fulfilled 
experimental agreement indices were calculated using 
a set of 358 data of reflexions hkl with h - k ¢ 3 n :  

_r ]lFo(hkl)l 2_ IFo(khi)lZ[ 
R~-  S, [IFo(hkl)lZ+ ~--oo(fc-hl)l U] = 1.86% 

s [IFo(hkl)l 2 -  IFo(khl)lzl 
R z -  Z [IFo(hkl)l z + IFo(khl)12] - = 1 . 5 0 7 o .  

Since the same data were used to compute both R1 
and Rz, the two denominators are equal; the numer- 
ators differ, because the pairs of reflexions were taken 
in a different way. P63mc would correspond to R1 = Rz, 
P3ml to Rx < Rz. The higher value of Rx actually found 
is considered as strong confirmation of space group 
P63mc. 

The establishment of the space group makes it pos- 
sible to compute the intensities of the 279 independent 
reflexions by taking the weighted average of all sym- 
metry-related ones. The excellent agreement between 
equivalent reflexions is clearly shown by the low values 
of the above experimental agreement indices, which 
even refer to measurements at different inclination 
angles (h ¢ k). 
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The structure-factor formulae 

Besides the space-group extinctions the ideal model of 
Fig. 1 entails the systematic absence of reflexions hkl 
with h -  k = 3n, l ~  6n and h -  k # 3n, l=  6n. The exper- 
imental data include 83 non-equivalent reflexions of 
these types whose observed intensities are all smaller 
than + 3~r(1). Therefore one would be inclined to con- 
dude that there are no measureable differences be- 
tween the true structure and the ideal one. It will be 
shown below that this conclusion is unjustified, be- 
cause the intensities of the reflexions in question are 
insensitive to small coordinate shifts. In any case, the 
situation compels us to examine the structure-factor 
formula closely in order to establish the amount of 
information contained in the experimental data. 

The expression F(hkl) = E f~ exp[2rci(hx~ + ky~ + lz~)] 
J 

can be simplified considerably assuming that each pair 
of Si-C atoms has the same scattering factor. This 
would mean that each atom of the same kind has the 
same thermal-vibration parameters and that all Si(i)- 
C(i) bonds ( i= 1,2,3) are equally long. Eventually, the 
results of the refinement justify these assumptions, but 
some justification can also be given in advance. 

The Debye temperature of SiC is high; the literature 
values spread from about 1400°K to 1800°K. There- 
fore the temperature factors must be small and dif- 
ferences between them even smaller. There is some 
experimental evidence to corroborate this. Reflexions 
hkO ( h - k  ~ 3n) could have occurred only if like atoms 
vibrated perpendicular to the c axis with different 
mean square displacements from their equilibrium 
positions. Actually, however, none of these reflexions 
is observed; their intensities range from -2~r(1) to 
+o-(z). 

The  equa l i ty  of  all S i -C  b o n d  dis tances paral lel  to 
the c axis cannot be anticipated, but chances are fair 
that they will turn out to be equal within the limits of 
accuracy. 

With these assumptions the structure-factor formula 
reads: 

F(hkl) = [ f s i  +fc  exp 2rcil(zc - zst)] 
x Z" exp 2rci(hxsi + kysi +/zsi).  

Si 

The factor between square brackets is the scattering 
factor of a Si-C pair and needs no further considera- 
tion. The coordinates of the Si atoms can simply be 
substituted. One Si atom, Si(1) say, is held fixed at 
x = y = z = O  (polar space group); the other Si atoms 
are located at or near their ideal positions at ],  ½,~ + 5 
and  ½, 3, ~ + e, where  d and  e represent  small  quant i t ies .  
This  leads to the fo l lowing expressions for  the inten-  
sities of various types of reflexions: 

h - k = 3 n ,  l=2n:  IFl2,-~12+Scos2rd($;+e-5)+ 
16cos rd(½+e+5) cos zd(x6+e-5) 
(~36  for l=6n;  _ 0  for l~6n) 

h - k # 3 n ,  l=2n:  1F12,,,6+2 cos 2 r d ( - ~ + e - 6 ) -  
5 cos rd(½ + e + 5) cos zd({ + ~ -  5) 
(-~9 for l#6n;  ~_0 for l=6n) 

h - k = 3 n ,  l = 2 n + l "  IFI2=0 
h - k # 3 n ,  l = 2 n +  1" I F I 2 ~ 6 - 6  cos 2zd ({+e -5 )  

(=3  for l = 6 n + l ;  ___12 for l=  
6n + 3). 
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Fig. 1. The structure of SiC type 6H. All atoms are located 
in the (1120) plane. The ideal z parameters and the layer 
type are indicated on the right. 
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Fig.2. Evidence of double reflexions. Intensity of the space- 
group-forbidden 00.3 reflexion registered during a rotation 
of the crystal about the normal to the reflecting plane (co 
axis). 
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Obviously, the actual parameters are (e+d) and 
( e -6 ) .  The former of these occurs only in the expres- 
sion cos M(½ + e + 6) and since this is equal to cos M(½ 
- e - d ) ,  the sign of (e+d) is undetermined. In terms 
of the structure this means that if the distances between 
the h double-layer and its two neighbours are unequal, 
it is impossible to determine which distance is the 
longer. Besides this, however, one cannot even decide 
whether the two distances are equal or not, for the 
absolute value of (e + d) hardly enters into the expres- 
sions. The expected magnitude of (e + d) is of the order 
of 10-3-10 -4 and even for the highest order reflexions 
0.995 < Icos zcl(½+e+6)l < 1.000. The errors inherent in 
this experiment will certainly obscure such a small 
effect. 

The situation is much more favourable for the deter- 
mination of the other parameter, e - 6 .  The computed 
values of ~[FI2/3(c-6) given in Table 2 show that 
relevant information about e - 6  is contained in the 
intensities of the reflexions hkl with h -  k ¢- 3n, l #  3n. 
This means that the distance between the two double- 
layers in cubic environment is a refinable parameter. 
That no use can be made of the systematically weak 
reflexions ( h -  k = 3n, l-¢ 6n; h -  k ~ 3n, l=  6n) is im- 
mediately clear upon inspection of the table: their 
derivatives are zero or approximately so. 

Table 2. Approximate values of  OlFl2/O(e- fi) 
for various types of reflexions 

l=6n+ 1 2 3 4 5 

h-k=3n 0 0 0 0 0 
h-kvS 3n -ql  +ql 0 -ql  +ql 

q = 6nl/3[_fsi 2 +fc 2 + 2fcfsi cos 2rd {z(C) - z(Si)}]. 

Refinement 
Least-squares method 

In view of the peculiar nature of the problem it is 
not surprising that considerable difficulties were en- 
countered in attempts to refine the structure by least- 
squares methods. A full-matrix treatment was found 
to be utterly impossible, because the correlation matrix 
contains several off-diagonal elements whose value is 
1.00. Therefore the block-diagonal approximation was 
applied, minimizing Sw(lFol-IFcl) 2 and including as 
usual only the first derivatives of the structure factors 
with respect to the parameters to be determined. 
Coupling was assumed between the scaling factor and 

an overall temperature factor and also between the 
(two) elements of the anisotropic thermal-vibration 
tensor of each atom, which occur in the expression 

f = fo exp[ - b11(h z + k z + hk) - b3312] . 

There are 19 parameters to be refined: 5 z coordinates, 
12 thermal-vibration parameters, 1 scaling factor and 
1 secondary extinction parameter. In order to deter- 
mine this last parameter, C, Zachariasen's extinction- 
correction formulae (Zachariasen, 1963, formulae 14 
and 15a) were modified for application to equi-inclina- 
tion geometry: 

Feorr. "~ KFobs[1 +f l ' (20 ) .  C .  Fo2b,] 

f l ' ( 2 0 ) -  A*'(20) 1 a+b c0s420 
A*(20) sin 20 a+b c0s220 ' 

a = t an20-  tan2v + c0s2200, tan2v 

b = tanZv + c0s2200 ( tan20-  tan2v) 
v = inclination angle; 

all other symbols have their usual meaning. 
The refinement using all observations was started 

from the ideal parameters. It converged very slowly 
towards a minimum, but diverged again afterwards. 
In the minimum, corresponding to a weighted R index 
Rw=XwllFol-lFcl[/XwlFol=2"1%, the calculated co- 
ordinate shifts are still of the order of 10-4-10 -5 times 
the unit-cell edge. The best parameters obtained in this 
way are presented in Table 3, the interlayer and inter- 
atomic distances in Table 4. 

Fourier methods 
Although the least-squares refinement results in a 

low value of Rw, in fact in fails, because there is no 
real convergence and because it does not allow residual 
errors to be found and estimated. As correctly pointed 

Table 4. Bond lengths and interlayer distances resulting 
from least-squares (L) and Fourier (F) refinements 

Bond L F 
Si(1)-C(1) 1.896 A 1.894 A 
C(1)-Si(2) 1-885 1-886 
Si(2)-C(2) 1.892 1-891 
C(2)-Si(3) 1.885 1.885 
Si(3)-C(3) 1.893 1.894 
C(3)-Si(I') 1.887 1.886 

Z~Z 

Si(1)-Si(2) 2.5205 2.5212 
Si(2)-Si(3) 2.5161 2.5163 
Si(3)-Si(l') 2.5220 2.5212 

Table 3. Final parameters obtained by least-squares (L) and Fourier (F) methods 

x y zL bll × 104 b33 x 105 zF bit × 104* 
Si(1) 0 0 0 101 28 0 62 
Si(2) -} ½ 0.16673 94 31 0-16678 62 
Si(3) ½ { 0.33317 89 20 0.33323 62 
C(1) 0 0 0.12539 89 33 0.12527 111 
C(2) -} J3- 0.29186 145 31 0.29188 111 
C(3) ~} ~- 0.45837 119 27 0.45850 111 

b33 x 105" 
16 
16 
16 
29 
29 
29 

* Not individually refined. 
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out to the author by Dr H.D.Megaw (Cambridge 
University), Fourier methods are superior under such 
circumstances. Electron-density and difference maps 
may not only be used to overcome the above difficulties 
to some extent, but they may also indicate possible 
errors in the structure which manifest themselves in 
the occurrence of oddly shaped peaks or maxima and 
minima away from the atomic centres. 

Prior to the application of Fourier methods a least- 
squares refinement was undertaken. In order not to 
obscure interesting details of the structure only 4 par- 
ameters were included: the scaling factor, the secon- 
dary-extinction parameter and one isotropic tempera- 
ture factor for each of the atomic species. The atoms 
were held in their ideal position. This refinement con- 
verged and led to Rw=4.070. 

At this stage the electron density in the (110) plane 
was computed from the complete set of 3-D data. The 
Fourier map shows serious series-termination errors, 
but near the atomic centres the peaks are well-shaped 
and like atoms have equal peak heights and curvatures 
to within 170 and 370 respectively. All peaks are 
slightly elliptical; their short axis coincides with the 
c axis. This effect, exactly opposed to what would be 
expected in the case of ill-defined atomic z coordinates, 
is indicative of anisotropic thermal vibrations. 

The electron-density map is in general agreement 
with the structure, but, as expected, it does not yield 
information about very small coordinate shifts, pre- 
sumably of the order of 10-2-10 -3 ,~. Therefore the 
refinement was continued by means of difference syn- 
theses, which are much more sensitive in this respect. 
All reflexions having small weight factors, i.e. the very 
weak (unreliable phase determination) and the very 
strong ones (residual extinction and non-linearity er- 
rors), were omitted from the calculations. The follow- 
ing reflexions remained: 

Number of 
Reflexion type reflexions 

h - k = 3 n ,  l=6n  12 
h - k ¢ 3n, l = 6n + 1 49 
h - k v a 3 n ,  l = 6 n + 2  61 
h - k ¢ 3 n ,  l = 6 n + 3  31 

153 

They contain information about e - f i  ( h - k ¢ 3 n ,  
l ¢  3n), as well as in principle about e+ 5 ( l= 2n). 

The first difference map clearly indicates anisotropic 
thermal vibrations, in qualitative agreement with the 
electron-density map. Moreover, there is convincing 
evidence that the distance between the two cubic 
double layers is smaller than c/6. 

As a next step the number of thermal-vibration par- 
ameters was increased to 4, two (bit and b33) for each 
kind of atom. These parameters were refined by least- 
squares methods; the refinement converged rapidly. 

The second difference map shows that the coordi- 
nates and the temperature factors can be refined inde- 
pendently: the slopes at the atomic centres are not 

influenced significantly by the change of the thermal- 
vibration parameters. Therefore no more attempts 
were made to adjust these last parameters any further, 
although there is some evidence of individual dif- 
ferences between like atoms. 

Five more difference syntheses were computed, all 
based on slight variations of the interatomic distances. 
From the empirical correlation between the applied 
coordinate shifts and the resulting effect on the dif- 
ference map the following conclusions have been 
drawn" 

(1) The distance between the two cubic double 
layers, defined as z[Si(3)]-z[Si(2)], is 2.5163 + 0.0008/~, 
distinctly smaller than c/6=2.5196/~. The same result 
is obtained from the least-squares refinement. The 
magnitude of the estimated standard deviation is taken 
equal to that coordinate shift which results in a slope 
at the atomic centre equal to the r.m.s, slope of the 
difference map (due to random fluctuations) far away 
from any atomic site. 

(2) To some extent the position of the h double layer 
is undetermined. It can be taken at c/6 from either of 
the adjacent double-layers, or, alternatively, equidis- 
tant from both. The corresponding difference maps are 
essentially identical, though the two positions of the 
double-layer are 0.0024 ]~ apart. Subsequent calcula- 
tions of bond distances and bond angles are based on 
the arbitrary assumption that the h double-layer is 
equidistant from its two nearest neighbours. 

(3) The Si(i)-C(i) bond distances are determined to 
within about 0.002 ~.  The bonds involving C(2) are 
somewhat shorter than those involving the other C 
atoms. 

The adjustment of the coordinates suggested by the 
various difference maps results in Rw = 2"8670. The final 
difference map is practically 'clean' with highest max- 
ima of the order of 0.1 e.~ -3 (i.e. about 1 70 of a carbon 
maximum in the electron-density map) and zero slope 
at the atomic positions. The parameters so obtained 
are given in Table 3, the interatomic distances in Ta- 
ble 4 and Fig. 3. The bond angles are not specifically 
listed; they are all computed between 109.4 and 109.5 °. 
The structure factors will be found in Table 5. 

'CO) 

~siC~) 

Fig.3. Bond distances obtained by refinement on the basis 
of Fourier methods (/~). 
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Discussion All physical quantities involved are known with suf- 
ficient accuracy to determine the value of ),. V= 12.5 

The results of the present structure refinement make cm3.mole-1; ~= 8.4 × 10 -6 deg -1 (T & J); Z=(4.4 + 0.1) 
it possible to localize the distortion of the tetrahedra x l0 -x3 cmE.dyne -~ (Arlt & Schodder, private com- 
which the value of c/a had already shown to exist, munication); Cv=5.61 +_0.87 cal.mole-a deg-L* Sub- 
Whereas all bond angles are equal to those of a perfect stitution of these values yields ~ = 1.0 _ 0.2. 
tetrahedron within experimental error, the bond dis- The relationship &o/co=-?dV/V  is more con- 
tances are not. Those along the c axis are longer than veniently expressed as do~co = -37dl/l, where l stands 
those inclined to it; the average lengths are 1.893 A for a linear dimension of the lattice. The next step 
and 1.886 A respectively, consists in applying this relationship to the present case. 

In general one would hesitate to consider this small First of all we note that coe refers to vibrations parallel 
difference of 0.007 A as being significant. In this case, to the c axis and coo to vibrations perpendicular to it. 
however, confirmative evidence is obtained from spec- This implies that the bonds parallel to the c axis do 
troscopic investigations. Carefully measured infrared not contribute to coo. Suppose now that the average 
absorption and reflexion spectra of SiC type 6H length of these last bonds is r+Ar, whereas the average 
(Spitzer, Kleinman, Frosch & Walsh, 1959) allow the length of the other bonds is r. If all bonds were of 
frequency of the fundamental lattice vibration to be equal length r, the average frequency would be N=  coo. 
determined for the ordinary and the extraordinary wave In the present situation the average bond length is 
as C0o=2.380 x 1013 sec -x and coe=2"356 x l0 x3 sec -x re- r+¼Ar and the average frequency is ½(coe+2coo). Thus 
spectively. The frequency difference of 1.0% can be a frequency shift AN=½(coe+2coo)-coo=½(coe-coo) 
interpreted in terms of the above difference in bond corresponds to a difference of the bond lengths of 
length. In order to do so use is made of the Mie- ¼Ar. In terms &the  formula dco/co=-37dl/lthis means 
Grtineisen theory (T & J), which actually relates an 
all-sided compression or expansion of the crystal to toe-coo Ar 
the resulting frequency shift. The relevant formulae are" 3~ - ¼ ~--)--" 

where 

dco dV 
co - ~  V 

o~V 
~ -  zCv 

), = Gr/ineisen constant 
0~ = coefficient of thermal expansion 
V = molar volume 
27 -- compressibility 
Cv = specific heat at constant volume 

Substitution of the appropriate numerical values yields 
Ar-- 0.008 + 0.002 A, in quantitative agreement with 
the X-ray results. 

The fact that Ar > 0 deserves some attention. Careful 
investigations (Jeffrey, Parry & Mozzi, 19594 Burley, 

* The greatest uncertainty concerns the value of Cv. A 
Debye temperature of 1430°K (T. & J.) corresponds to Cv= 
4-74 cal.mole-ldeg-X, but on the other hand, C~_Cv and 
C~=6.48 cal.mole-ldeg-X (Handbook of Physics and Chem- 
istry, 1963). The mean value, 5.61 cal.mole-Xdeg-1, is at 
least of the correct order of magnitude. 

Table 5. Observed and calculated structure factors 

Within each group the columns, reading from left to right, contain the values of l, Fo (corrected for secondary extinction) and 
klFcl (obtained by Fourier methods). 
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1963) of wurtzite type structures with c/a< 1.633 have 
shown that Ar is related to c/a and empirical formulae 
have been proposed to express this relationship. These 
expressions imply that Ar>O if c/a< 1.633 in agree- 
ment with the experimental results. Extrapolation 
would lead to Ar<O if c/a> 1.633. Although strictly 
speaking the present results do not refer to a wurtzite 
type structure, yet they strongly suggest that such an 
extrapolation is unallowable and that the formulae are 
of limited validity only. 

The distance between the two double-layers in cubic 
environment is 2.5163 + 0-0008 A, which leaves for the 
average h -  c distance 2.5212 + 0.0004 A. Thus the c -  c 
and h - c  distances are significantly different, as are the 
interlayer distances in the sphalerite (B3) and wurtzite 
(B4) type structures themselves (2.517 A and 2.524 A 
respectively). This indicates that the bond energy of 
silicon carbide depends markedly on the number of h 
and c double layers in the crystal structure. Therefore 
at least some modifications of SiC, particularly those 
with short repeat distances along the c axis, might 
correspond to free-energy minima under certain con- 
ditions of growth. 

Experimental evidence to support this point of view 
is provided by Knippenberg (1963) who observed that 
the relative abundance of the various SiC types depends 
on the growth temperature. According to this author 
the B4 structure built up entirely from hexagonally 
surrounded double-layers is the stable modification at 
1300-1600°C. With increasing growth temperatures 
the number of h double-layers in the structure decreases 
and the types 4H (50~h), 15R (40~h), 6H (33yoh) 
and 8H (25~h) are found successively. The B3 struc- 
ture (0Y oh) is metastable at all temperatures. It is 
noteworthy that the X-ray density decreases in the 
same order (Table 1). 

It would be tempting to extend the above argument 
to all SiC types and to ascribe the occurrence of the 
numerous polytypic structures to a very subtle thermo- 
dynamic equilibrium which shifts with temperature. 
Schneer (1955) follows this line of thought in his theory 
of polytypism. Ultimately, however, this leads to the 
assumption of ordering forces which act over distances 
as long as 500 A (SiC type 594R); such forces are 
not only unknown, but also hard to conceive. Besides 
this, Knippenberg's experiments do not yet allow 
the inclusion of any but the above-mentioned types 
of SiC in a thermodynamic theory of polytypism. 
Finally, there is other experimental evidence (Knippen- 
berg & Gomes de Mesquita, 1965) to suggest that the 
formation of long-period SiC structures is not deter- 
mined by thermodynamic equilibrium conditions, but 
results from intergrowth of (probably much simpler) 
structure types. This agrees well with the fact that 
almost all long-period structures known to date can 
be described in terms of the types 4H, 15R, 6H and 
8H in which periodic stacking faults occur. These 
'basic' types have at most 5 double layers in the asym- 
metric unit. 

It seems now that any explanation of polytypism in 
SiC requires: 

(1) an understanding of the stability of the basic types, 
(2) a suitable mechanism responsible for the periodic 

mistakes in these basic types leading to the formation 
of long-period structures. 

The present work bears only upon the first item. In 
this respect it must be noted that it is impossible at 
present to compute the lattice energies of the basic 
types, or even of the B3 and B4 structures only. For 
II-VI and III-V compounds such calculations based 
on three-ion interactions were performed with remark- 
able success (Lombardi & Jansen, 1965) and it was 
shown that the relative stabilities largely depend on 
the interatomic distances. In most of the investigated 
cases B3 is stabler than B4, but above a certain critical 
value of the bond distance, R, B4 is stabler than B3. 
Repulsion between like ions at a distance R V8 is the 
decisive factor. Since the vectors between these ions 
make an angle of at most 28 ° with the a - b  plane, 
it is understandable that the c/a ratio of the B4 structures 
concerned (BeO, A1N, MgTe) is somewhat smaller than 
the ideal value 1.633; this contributes to the stability 
of the structure. Perhaps for the same reason most 
other B4 structures have c/a< 1.633 (Donnay & No- 
wacki, 1954). Actually, this seems to be a rule with only 
three exceptions, viz. AgI (c/a= 1.635), ZnS (c/a= 
1.636) and SiC (c/a= 1.641). For AgI the deviation 
from the ideal value is not significant (Burley, 1963). 
It is remarkable that the two remaining compounds 
offer the most striking examples of polytypism. How- 
ever, their low-temperature structures are different: 
B3 for ZnS, B4 for SiC. Clearly, much work has to be 
done before all this is satisfactorily explained. 

Implicitly or explicitly all theories of polytypism 
developed so far assume that at least a certain number 
of polytypic structures are formed under conditions of 
thermodynamic equilibrium. However, there is no con- 
sensus of opinion as to the relative importance of the 
energy and entropy contributions involved. The present 
work shows that besides the electron-energy effects 
(Knippenberg, 1963) the bond-energy effects cannot a 
priori be neglected. 

The author is indebted to Dr W. F. Knippenberg for 
supplying the crystal, to him as well as to Dr P.B. 
Braun and Mr J. Hornstra for their encouragement and 
valuable discussions, and to Miss C. Kortleve and Mr 
J.I.Leenhouts for the design and execution of the 
computer programs. The reported application of the 
Mie-Grtineisen theory is partly due to Dr C.Haas. 
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The Crystal Structure at 220 °C of Orthorhombie High Tridymite from the Steinbach Meteorite 

BY W. A. DOLLASE* 
Massachusetts Institute of  Technology, Cambridge, Massachusetts, U.S.A. 

(Received 15 February 1967) 

Tridymite from the Steinbach meteorite has been examined at 220°C and found to be orthorhombic, 
space group C2221 with a= 8.74, b= 5.04, c= 8.24 tl,. The crystal structure has been determined and 
refined, using single-crystal counter-diffractometer data, to R= 8.6 Yo. The resulting structure, though 
similarly connected, is distorted in comparison with the ideal high-tridymite structure. The tetrahedra 
remain nearly regular but are rotated from the ideal positions. The oxygen atoms show strong disorder 
which is interpreted as thermal in origin. The magnitudes of the thermal displacements, especially of 
the oxygen atoms normal to their bonds with silicon atoms, are unusually large, amounting to 0.4 tl,. 

Introduction 

Tridymite, a polymorph of SiO2, is known from nu- 
merous sources (meteorites, refractory silica brick, 
natural terrestrial occurrences with widely different 
temperatures of formation, and from numerous diverse 
syntheses). The variation in diffraction effects observed 
with crystals from different sources suggests the exis- 
tence of several different types of tridymite. The (only) 
three meteoritic and (only) two silica brick tridymites 
examined to date using single-crystal methods (Dollase 
& Buerger, 1966) give identical results and constitute 
the tridymite type considered here. On the basis of an 
existing chemical analysis the Steinbach meteoritic tri- 
dymite was chosen for further structural studies of this 
tridymite type. 

Tridymite from the Steinbach meteorite was found, 
from film and single-crystal diffractometer observa- 
tions, to exist in three well defined structural states 
between room temperature and 250°C. Each of the 
phases is characterized by a different cell and sym- 
metry (Dollase & Buerger, 1966; Hoffman, 1967). The 
room-temperature phase is monoclinic, Cc or C2/c, 
with a =  18.54, b=  5.00, c=23.83 A, f l= 105.7 °. Above 
about 107 °C this phase transforms reversibly to a phase 
which shows a cell dimensionally similar to that re- 
ported for high tridymite (see below). Photographs 

* Present address: Department of Geology, University of 
California, Los Angeles, California. 

taken above this temperature, however, reveal that the 
reciprocal-lattice points corresponding to this small cell 
are accompanied by satellites in the pseudohexagonal 
a* direction which are faint, though sharp, and whose 
spacing indicates a true periodicity that apparently 
varies continuously from about 105 A at 107°C to 
about 65 A at 180 °C; at this temperature the satellites 
fade into the background. The origin of the satellites 
is tentatively assigned to strongly correlated thermal 
motion of the type postulated to account for similar 
observations in NaNOz (Tanisaki, 1963). 

The polymorph existing from about 180 °C to beyond 
the 250 ° limit of the investigated temperature range, 
is here termed orthorhombic high tridymite since it 
shows the same small cell (though different symmetry) 
that has been reported for high tridymite (Gibbs, 1927). 
This paper reports the results of a study of its crystal 
structure at 220 °C. 

Previous structural studies of high tridymite 

The first structural study of tridymite was that of high 
tridymite made by R.E. Gibbs in 1927. The source of 
the tridymite was not given. The unit-cell parameters 
were measured from Laue and oscillation photographs 
taken at an undetermined temperature 'well above the 
transition point'. Gibbs concluded that at this tem- 
perature the Laue symmetry was 6mmm, and that the 
reflections of the type hh.l, l = 2 n +  1 were absent. By 
requiring the structure to be composed of regular SiO4 


