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Alsrpecr

The 112 theoretically possible polytypes of moll'bdenite with less than seven layers

have been derived. They distribute themselves as follows: 2layers-3; 3layers-2;4

layers-l0; 5 layers-16; 6 layers-8l. The intensities of the reflections in the X-ray

powder patterns for 48 of these polytypes have been calculated.

INrnonucrror

Molybdenite (MoS) is hexagonal with a weil-established crystal
structure determined as eariy as 1923 by Dickinson and Pauling. Great
interest was aroused when Bell and Herf ert (1957) synthesized a rhombo-
hedral modification, which later was reported by Trail l  (1963) from a
natural occurrence at the Con mine, Yellowknife, District of Mackenzie,
Canada. Tak6uchi and Nowacki (1964) determined the atomic arrange-
ment of rhombohedral MoS2, showing that the two modifications differ
only in the way the MoSz-layers are stacked.

These discoveries suggested the possible existence of other MoSz
polytypes in nature, and potential relationships between polytype and
chemical composition, mode of occurrence, and similar problems. The
present paper is a contribution to this general f ieid.

Mrrnoo oF DERTvATToN or' :rHE PoLyrypES

After showing that the two natural modifi.cations of molybdenite
known to date differed only in the way the MoSz-layers were stacked,
Tak6uchi and Nowacki (1964) derived the simple poll ' types, i.e. those
which could be obtained by using only one of the two stacking opera-
tions: screws and translations. Ther' '  found, using Ramsdell 's (1947)

nomenclature, three 2-layer structures, 2Hy 2H2, 2T; and one 3-layer
structure, 3R. (See comments on the nomenclature on p. 1846.)

Independently, Zvyagin and Soboleva (1967) derived those polytypes
which satisfy what in the cover-to-cover Lranslation is called "the con-
ditions of periodicity and uniformitr"'. ' lhev found five structurallr '
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distinct polytypes: those mentioned above and one 6-layer structure,
which shall be called 6R.

An extensive investigation of molybdenite seemed in order to estab-
Iish those polytypes which existed in nature. The best way to examine
each sample would be by single crystal X-ray techniques, but most
molybdenite is not suitable for single crystal study. It thus was necessary
to resort to powder diffraction techniques. In order to use powder
methods effectively, it was considered useful to calculate the intensity
distributions that would be expected for each of the possible polytypes.
Because of the possibility of mixtures of two and three layer polytypes
giving patterns resembling six layer polytypes, it was necessary to gener-
ate the six layer polytypes and calculate their powder intensities also.
The generation of these polytypes and their powder patterns is the sub-
ject of Part I of this present investigation. In Part II the examination
of natural samples is described.

The molybdenite polytypes are derived by stacking the double layers
of MoSz in difierent sequences following the rules of close-packed struc-
tures. Within an individual double layer the Mo atoms are surrounded
by six S atoms forming a trigonal prism. The idealized layer can be
visualized as a net constructed from these prisms. Figure 1 shows a part
of such a layer in projection with the S atoms located at the corners of
the triangles in the projection, one above and one below the plane. AII
the VIo atoms are in the plane and occupy the center of either all shaded
or all white triangles. The S atoms of a layer thus form two sheets where

oMOr

oMoz

Frc. 1. Projection of one layer of the molybdenite structure. The three
possible origins are the S position and the two Mo positions.
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the S atoms are exactly above each other and the double layer, therefore,
can be treated as a single unit in a discussion of stacking sequences.

To describe the arrangements the designations A, B and C will be used
for three possible (r,y)-positions of the S sheets. These positions are
shown in the column of the S positions in the table below. In the same
way a,B and 7 refer to the three possible positions of the Mo sheets, and
they are given in the column of Mo positions in the table. A complete
layer can therefore be written symbolically as a Greek letter between
two identical Latin letters, e.g. ABA. The two possible positions of the
Mo atoms for a given S position are such that the Greek and Latin letter
cannot be equivalent. The six possible kinds of stacking layers are as
shown:

Short symbol Complete symbol
of layer oJ layer

Mo
posi,tion

s
positions

3  0  0 0 , * z
+  0  0 0 , * z
+  0  i  ? , + "
o  o  *  3 ,  1 ,
0  0  ?  i , + z
:  0  7  i , r z

where z indicates that the S atoms are not in the same plane as the Mo
atoms; the absolute distance between the planes is 1.5775 A according
to Tak6uchi and Nowacki (1964).

There are several methods which can be used in the derivation of the
n-layer polytypes. In this paper all possible sequences will be considered
and identical or impossible stackings are eliminated by the following
rules.

(l) Ad.jocent layers in a stacking m,usl haue d.iferent letters; the sequences
AA, BB and. CC areforbid,den This rule is a direct consequence of the
atomic arrangment in the two known polytl'pes.
(2) Any layer can be used as the f.rstlayer of the N-layer unit.
(3) The N-layer unit can be reod both from the leJt to the right and from the
right to the left.

Rules (2) and (3) follow from the observation that no layer differs
from any other layer; they are all alike.

(4) Two stackings ore identical if one can be obtained from the olher by
permutation of the l,etters A, B and, C without, changing the subscripts of the
short symbols. The origin of the unit cell can be chosen in several ways in
a layer. The rule follows from the observation that translations * (t 3 0)
and f (f f 0) give two other possible origins.

1

3

;
0
0
3

APA
AtA
BtB
BqB

CaC
CPC

^ 1

I
^ 2

Bt
Bz

Cr
Ct
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(5) Two stachings are identieal iJ they aan be transformetl into each other by

the rules

A 1 - - - +  A 2

A t +  A r

B r + C z  C 1 - - > . 8 2

82 ---> C1 Ct ---> Bt

This ruie is based on the observation that a 1200 rotation around the

c-axis gives identit.v, whereeis a rotation of 600 gives an alternative

description.
Using the Greek letlers a, B and 7 as defined above, the positions of

the Mo atoms of two adjacent la1'ers can be expressed by a combination

of two letters. It is seen then that there are two different kinds of ar-

rangements, since the letters can be the same, e.g. aor, or different, e.g.

aB. An arrangement such as dd means that the Mo atoms are above each

other and that the interatomic distance is shorter than in the arrange-

ment aB. The following sequences have the metal atoms above each

other: AtCz, AzBt.and BzCr. Those stackings where the Mo atoms occur

above each other wil l be indicated b1t a number in parentheses after the
period. In the following polytype derivations and listings the stacking

sequence will always begin with an ,4 1-layer.

TnB 2-r,avBR PoLYTYPES

The following stackings are possible: AtBt AtBz; AtCr; and A{r(l).

According to the rules, ArBr and ArCr are identical. The three remaining
polytypes are the same as the simple polytypes derived by Tak6uchi and

Nowacki (1964). A rBz is their 2H |, and,4 rCz(1) is their 2H 2; both having

space group P6sf mmc-Dnen'AtBr is their 2?; space grotp P6m2

:-Dtro. This polytype presents a problem of nomenclature, because the

6 axis is considered as hexagonal by most crystallographers and the

space group is listed in the International Tables as hexagonal. It is

suggested that this polytype be renamed 2113, because (1) it is consistent

with.current usage; (2) no synthetic or natural example is known, so
Iittle confusion will arise; and (3) the nomenclature of the International

Tables is followed for the 6-layer polytypes. Inconsistencies would

result, therefore, if the name remained unchan€ied. The coordinates
of the polytypes are given in Table 1.

TUB 3-r-evBR PoLYTYPES

The following 3-iayer stackings are possible:

AtBrCt  AtBzCt ArCrBr
ArBrC.z AtBzCz ArCrBz

ArCzBt
ArCzBz

1 The sulfur coordinates in Table 3 of the paper by Takeuchi antl Norvacki contain

printing errors; the projection in their I'igure 6 is correct.
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I',teLE 1. 
'fnri 

2 r,rvor Polvrvrus ol'Mot-yrorNrrs"
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Atomic positions

Space group Polytype
Mo

P6tfmmc-Da* AtBz
/  - 1 X r  \

AtCz(1' )
|  - a u  \

2 (.c)

2 (b)

a f ) ;  0 .878.5

a f f ) ;  0 .878s

P=6m2- Dr;ll AtBt
( -2H 

"1 '

1 (c)

ru)
2 (g ) ;  0 .1285
2 (h); 0 .628s

" The atomic positions refer to the International Tables; the number following the
position is the parameter value

b The polytype 2l1r is the poll'type 2? of Tak6uchi and Nowacki (1964).

The application of the ruies reduces this number to only two: AtBrCr
and ArBrCz (l). A${r is the 3R polytype of Tak6uchi and Nowacki;
space group R3m-C5eu. ArBtCz (1) wil l be called 3?; space group
P3mI-Crz". This polytype is not cited by Tak6uchi and Nowacki or
Zvya.gin and Soboleva (1967). See Table 2 for coordinates of the two
polytypes.

Tun 4-r,eyBR PoLyrYPE,s

Since no diffraction pattern in the investigated material indicated

Tatr,n 2. TnB 3-r,evpn Polyrvpns ol MoLyBDENrrEu

Atomic positions

3 (o) ;  o 3 (a ) ;  0 .7523
3  ( o ) ;  0 . 5 8 1 1

|  (a ) ;  0 .3333
| (a); o.6667
I  (6 ) ;  o

1 ( o ) ;  0 . 0 8 5 6
| (a); 0.9144
1 (b ) ;  0 .4189
|  (b ) ;  0 .2a77
| (c); 0 .7 523
1  ( c ) ; 0 . 5 8 1 1

a The atomic positions refer to the International Tables; the number following the posi-
tion is the parameter value.
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a 4-layer structure, no detailed presentation of the 4-layer structures
will be given here. The ten different stackings are:

6.  AgA{z(2)
7.  A$A2C2(2)
8.  A$A2B\(2)
9.  Af i2AC2(2)

lo.  AgzAzB{ l )

TnB 5-r,avnR PoLYTYPES

No diffraction pattern in the material studied indicated a S-layer
structure. The 16 different polytypes are listed without further details:

9. AgrCfizCz(2)
t0. A${zBrCz(l)
l l . Ag{2BzC2(I)
12. A$1A\B1C2(3)
13. A$2A|B{2(2)
14. AlBrCzA2Cr
15.  A$rCA2B{t)
16.  A${ ,A{2(3)

TUB 6-r-evBR PoLVTYPES

Because preliminary X-ray 'diffraction patterns indicate possible
6-layer structures might be present in the natural samples the 81 possible
stackings have been derived. In Tables 3 and 4 these polytypes are
listed according to space group and number of Mo atoms in adjacent
layers above each other. The atomic positions are given for the 43
polytypes of higher symmetry in Table 3, whereas only the Iayer sequence
has been listed for the 38 polytypes in Table 4. The latter belong to
space group P3ml-Crw, and the atoms must be in one-fold positions

[(a) 0 0 z; (b) + ? r; (r) 3 * z]. The atomic coordinates are easily derived
from the stacking sequence, and it thus is not necessary to prepare a
detailed list.

Carcur,arroN oF PowDER PATTERN INreNsrrros
TOR TIIE TTTBONNTTCEL POLYTYPES

Using the derived sets of atomic coordinates, it is possible to calculate
the expected intensities to be observed in an X-ray powder pattern for
each polytype. These patterns may then be used as standards for
comparison with the measured patterns, thus making it a relatively easy
task to identify individual polytypes and even mixtures. The standard

l .  ArBrCtBr
2 .  A$ {$2 ( r )
3.  AtBtCzBr
4. ArBrC2B2
5.  AlBrArB2

l .  ArBrCrBtCt
2.  A$\CLB\C{2)
3. ArBrCzBtCt
4.  A$LC2B\C{I )
s .  A$A$2C{ | )
6.  A$rA{rB{r)
7.  A$LA2C2B{\)
8.  A$2AtC2B{ l )
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Taerr 3. Srx-leyon Polyrvpps or Mor,veoBNrrr mor BBr-oNGrNG
to Specr GB.oup P3ml-Crz"

The atomic positions refer to the International Tables; the number following the posi-
tion is the oarameter value.

Atomic positions
Space group

Pfu/nmc- Datn

1849

AtBrArBzAzBz
( :6Er )

2 (b)
a  U ) ; t / 1 2

1 ( r )  2  (s ) ;1 /3
1  0  2  ( i ) ; 1 / 6

1  (c )  2  (h ) ;1 /3
1  0  2  ( i ) ; r / 6

1  ( t )  2  (h ) ; r /3
1  (c )  2  ( i ) ; r /6

1  (o )  2  (h ) ; r /6
|  (d )  2  ( i ) ;1 /3

|  (a )  2  (h ) ' ,1  /6
1  (D)  2  ( i ) i1 /3

1  (d . )  2  (h ) ; r /6
|  (e )  2  ( i ) - , r / s

1  (D)  2  (h ) ; r /6
| (e) 2 l i);1/3

1  (D)  2  (h ) ;1 /3

t  (c )  2  ( i ) ;1 /6

1  (c )  2  (0 ;1 /6

1  ( , f )  2  (h ) ; l / s

1  ( a )  2  ( h ) ; 1 / 6
1  (b )  2  ( i ) ;1 /3

1  (6 )  2  \h ) ;1 /6
|  ( e )  2  ( i ) i r / 3

1  (6 )  2  (s ) ;1 /6
|  (e )  2  ( i ) ;1 /3

1  ( D )  2  ( g ) ; 1 / 3
r  k )  2  ( i ) ; t / e

1 (a) 2 (g); 1 /6
1  ( f l  2  (h ) ; t /3

1  (a )  2  (h ) ;  r /6
1  (6 )  2  (h ) ; r /3

1  (b )  2  (h ) ;1 /6
1  (e )  2  (h ) ; r /s

4 ( f ) io.293 4 ( f ) ;o.960 4 (nto.874

P6m2 - Drayl ArBtCtBtCrBr
( :6Hz)

ArBrCzBrCzBt
( :6At

AtBtCzBzCzBt
( :684)

ArBrCrBtArBr
(:6ils)

AtBtCtBrArBz
(:6Eo)

ArBrCzBtAtBr
( :6Hz)

AtBrCzBrAtBz
(:6118)

AtBtAtBzArBr
( :6Ee)

AtBrAtBzArBz
( =6lho)

ArBtCrBtArCr
( =6lfu)

AtBrCzBrArCr
(:6Ep)

AtBzCcBzA tC t
(:6Iln)

ABtCBzCfit (2)
(:6lfu)

AtBrAtBzCLBz (2)
(:6I1u)

ABrA{$tCz (2)
(:6Fr6)

ABzA{tB{z(2)
( :6En)

2 (c) ;0 043
2  (h ) ; 0 . sa3

2 (s)  ;  0.043
2 (h) ;0 s4s

2 (s) ;O O43
2 (h) ;o s43

2 (s) i0 376
2 (s)  o.290

2 (s) ;o 290
2  ( s ) ; 0  376

2 (s) ;0.290
2  ( s ) ; o .376

2 (s);0 290
2  \ s ) i o  376

2 (s) ;0.o43
2 k) to.290

2  ( s ) ; o .oa3
2 (s) ;o.290

2 (c)',0 29o
2 t i l ;O.376

2 (s) ;o 29O
2  (g ) ; 0  376

2 (g) ;o.290
2  (d ;o .376

2 (s) ;0 o43
2 (h) ;0 12a

2 (s) ;o 290
2  ( s ) ; 0 .376

2 td;0 29O
2 (s) ;o 376

2 (s)  ,O.290
2 \s) io 376

2  (h ) ; o .21o
2 (h) ;O r24

2 (h);0 2t0
2 (h);0 . r24

2  (h ) ; o .2 ro
2 (h) i0.r24

2 (h);o o43
2 rh) ;0 543

2 (h) ;0.043
2  ( i ) ; o . 124

2 (h) ;o.oa3
2 ( i ) ;0 124

2 (h) ;0.o43
2 ( i ) io r24

2 (g) :o 376
2  (h ) ; o .124

2 (c) ;o 376
2  (h ) ; o .124

2 (h) ;o.o43
2 (h) ;0.s43

2 (h) ;o o43
2 \h) io 543

2 (h) ;o.o43
2  (h ) ; o .5a3

2 (.h);0 21o
2 (h) io.513

2 (h) ;o.2r0
2 (h) ;  o .543

2 (h) ;o -o43
2 (h)10 s43

2  (h ) ; 0 .o43
2  (h ) ; 0 . s43

2  ( i ) ; 0 . 376
2 ( i ) ;o 2eo

2  ( i ) ; o . 316
2 ( i ) ;0.290

2 t i ) ;0.376
2 (i);0 290

2 \ i ) io. l24
2 ( i ) ;0 210

2 \i)io.2r0
2 ( i ) ;o.s43

2  G ) ; 0 . 2 r o
2  G) ;o . s43

2 (i);0 210
2 ( i t ;0.543

2  (h ) ; 0 .210
2 (h) ;o 543

2 (h) to.21o
2  (h ) ; o . s43

2  ( i ) ; o . 124
2  ( i ) ; o  2 ro

2 ( i ) ;o 124
2  ( i ) ; o . 210

2  ( i . ) ; o -12a
2 ( i ) ;0 2ro

2 ( i ) ;0.290
2 ( i ) ;o 376

2  (h ) ; 0  .  L2a
2 G);0.o43

2 ( i ) io.124
2 ( i ) io.2r0

2  ( i ) ; o . 1 .21
2 ( i ) ;o.2ro
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Space group

l ' 6n2-Dr*

Pontc-Ct*

FR.4ItlS IL. WICKMAN AND DEANE K. SMITH

T tur-tt 3 - (C o ntinued')

Atomic positions

Polytype

ALB{zA{zh (2)

( : 6 1 1 r r )

AtBtCrB:ALCt (2)

( : 6 1 1 g )

ABrCzBrArCz (2)

( : 6 H z a )

ABTAIC*4 rBr (2)

( : 6 H z i t

ABrA {>AzCt (2)

( : 6 H z z )

. l f i rAzBrAfir  (2)

( : 6 H z a )

A B t A z & A f i t ( 2 )
( : 6 H u )

A t B u 4 { z A t B z  ( 2 )

( : 6 H z s )

AtB>4tCzAtCt (2)

( : 6 H x )

ALBrAzBeAzBt (2)

( : 6 I I n )

AtBrArCzBzCz (2)

( : 6 H z s )

ABrA{zA{z (4)

( : 6 l h g )

ArBtAzBrALCz (4)

( : 6 I I n )

A t B r A z B t A z B r  ( . 4 )

( : 6 I I a t )

-4 BzA{zA{z (4)

( : 6 I I n )

ArBzCfi tA{tG)

( : 6 H z a )

1 l.a)
1 (6)

r (o)
1 (J)

1 (a)
1 (D)

1 \a)
1 (b)

1 ( a )
I (.b)

1 le)
1 (,f)

1  (b )
1 (e)

1 I.o)
1  (D)

1 ( o )
1 (_/-)

1 (b)

1 (c)

I  (b )
1  le )

1  ( . )
1 (.f)

1 (d.)
1 \e)

1 (.d)

1 lc)

1 ( d )

|  ( d )

1 (a)

|  (d)

2  ( e ) ; 1 / 6
2  ( i ) ; 1 i 3

2  ( h ) ; r / 6
2  ( i ) ; 1 / 3

2 (s); r/()
2  ( h ) ; 1 / 3

2  { s ) ; r / 6
2  ( h ) ; 1  / 3

z  (h ) ;  r /6
2  (h ) ;  t  /3

2  ( h ) t 1 / 3

2  ( i ) t 1 / 6

2  ( h ) ; 1 i 3
2  ( i ) ; r / 6

2  ( s ) ; 1 i 6
2  ( i ) : 1 / t

2  ( h ) ; 1 , r 6
2  ( h ) ; r i 3

2  ( i ) ; 1 / 6

2  ( i ) : t / 3

2  ( h ) ; I / 6

2  (h ) t1 / : l

2 ( h ) ; r / 6
2 ( h ) ; r / 3

2  ( h ) : 1 / 3
2  ( i ) ; 1 / 6

2  ( i ) ; I / 6
2  ( i . ) ;1 /3

2  (h ) ; r , t6
2  ( h ) ; 1 / 3

2  (s ) ;  r /6
2  ( .1 t ) :1 /3

2  (c ) ;o  2e0 2(h) ;0  o43 2  ( i ) ;o  124
2  ( s ) ; o  3 7 6  2 ( h ) ; o  s 1 3  2  ( i ) ; 0  2 r o

2 { s ) i o  2 9 O  2 ( h ) ; O . O 4 3  2  { i ) ; 0  1 2 4
2  ( g ) ; 0  3 7 6  2 ( h ) ; 0  5 a 3  2  Q ) ; 0  2 r o

2  ( . s ) ; 0 . 2 e o  2 ( h ) ; o  o a 3  2  G ) ; 0  1 2 4
2 (g ) ;0  376 2  ( l ) ;0  513 2  ( . i ) ;0  2 ro

2  ( s ) ; o  2 e 0  2 ( h ) ; 0 . 0 a 3  2  G ) : o  2 1 0
2  ( e ) ; o  3 7 6  2  ( i ) ; o  t 2 a  2  6 ) ; 0  s a 3

2 (s ) ;0  2eo 2( .h ) ;o  043 2  ( i ) ;0  210
2 (s ) ;0  376 2  ( . i ) ;0  t24  2  ( i ) ;o  54s

2  ( s \ ; 0 . 0 4 3  2  \ s ) ; 0  3 7 6  2  ( i ) , 0  2 r 0

2  ( e ) ; 0  2 9 a  2 ( h ) : o . 1 2 4  2  ( i ) ; 0  5 4 3

2  ( i ) ; 0  o 4 3  2  ( q ) ; 0  3 7 6  2  ( h ) ; o . 2 r 0

2  ( s ) ; 0 . 2 9 0  2 ( h ) ; o  r 2 1  2 ( h ) : o  s 4 3

2 (c ) ;0  29o 2  ( .h ) ;0  o43 2  ( i ) ;0 .210

2 (g )10  376 2  ( i ) ,0  r24  2  ( i ) ;o  s43

2 (s ) ' ,o  r21  2  (s ) ;0  s43 2  ( i ) ;0  2eo

2  ( s ) ; 0  2 1 0  2 ( h ) ; 0  0 a 3  2  Q ) ; 0  3 7 6

2  ( s ) : 0 . 0 4 3  2  ( s ) ; 0 . 3 7 6  2  ( h ) ; 0  2 r 0

2 ( . s ) ; 0  2 9 O  2 ( D ; o  1 2 4  2 ( h ) ; O  5 4 3

2  ( i l ; o  r 2 4  2  ( . h ) i o  0 + 3  2  ( i ) ; 0 . 2 e 0

2 ( i l :o ,21O 2  (h ) ;o  543 2  ( i . \ i0  376

2 (g ) ;0 .043 2  (g . \ ;o  376 2  ( i ) iO r2 ' I

2  (d ;0  2eo 2  ( .h ) ;0 .sa3 2  ( i . ) ;0  21o

2  ( g ) ; 0 . 0 a 3  2  ( s ) ' , 0 . 3 1 6  2 ( h ) i O  2 r $

2  ( . g ) ; o  2 c ) 0  2 ( h ) ; 0  r 2 a  2  ( t , 0  5 4 3

2 (s ' ) ;0  12 t  2  (g ) ;0  543 2  \h ) ,0  2so
2  ( s ) ' , 0  2 t 0  2 ( h ) t o  0 a 3  2 ( h ) ; 0 . 3 7 6

2  ( 0 ; o . 1 2 4  2  ( s ) ; 0  5 4 3  2  ( i ) ; o  z e ( r

2  ( g ) ; o . 2 e 0  2  ( h ) ; o  o a 3  )  ( i ) ; 0  3 7 6

2 ( . s ) ; 0  2 9 0  2 ( h ' ) 1 0  1 2 1  2  ( i ) ; 0  0 4 3
2 ( i ; 0 . 3 i 6  2 ( h ) ' , 0  2 1 o  2  ( i ) ; 0  5 4 3

ArBrCtBtAzCr

(:6IIat)

ALBLC$zAzCz (2)

( : 6 I I u )

2  ( a ) ; 1  / 3
2  ( b ) ; o

2  (a ) ;  |  /6
2  ( 6 ) ;  o

2  ( b ) ; 2 / 3

2  (b ) ;s / r t

2  (o ) ;  0  043
2  ( o ) ; 0  9 5 7

2 (a ) ;0  043
2  ( a ) : O . 9 5 7

2  ( b ) ; o  1 2 a  2  ( b ) ; 0 . 7 e 0
2 (b ) . ,o  2eo 2  (b ) ;o  876

2 (b ) ;O 21)0  2  (b ) ;o  62a
2 (b ) ' ,0  376 2  (b ) ;o  7eo
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Atomic positions
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Space group Polytype

R9n-D5a4 A${rAzB[z(3)
( :6R)

P3nl - IFta AB{zAzCfiz(2)
(:6rt

AtBzAzBtAtBc \1)
( :6Tz)

AB{tAzBzCz (1)

1 :6 f r )

A$tCzABzCz (2)
( :6Ta)

A${zAzBrCz (2)
( :6Ts)

ArBtAzBtAzBr (3)
( :6 fo )

ABzCBt,AzCz (3)
( :6 r )

6 (c) ' ,1/ r2 6 (c ) ;0  207
6 (c ) ;0 .293

2  ( c ) ; s / 12
2  (d ) ; 1 /4
2  ( c ) ; 5 /12
2 (d.) ;1/a

2  ( c ) ; 1 /12
2 (d)- ,s/ t2

2  ( c ) ; r / 12
2 ( .c) ;s/ r2

2 (d.); r/a
2 (d)', s /12

2  ( c ) ; r / 4
2  ( c ) t s / 12

2 (c)- ,5/12
2 (d.) i3 ia

2  ( d ) ; 1 . 1 / 1 2

2  ( d ) i 1 1 / 1 2

2 (d ) ;3 /a

2 l d ) t 3 , / 4

2  ( d ) ; 1 1 / 1 2

2 (c ) ;O.2O7
2 (c ) ;o  293
2 (r1);0 04o
2 (d . ) io .126

2 (c ) ;0  2o7
2 (c ) ;O.293

2 (c ) ;0  207
2  ( c ) ; 0 . 2 9 3

2  ( c ) ; O . 2 0 7
2 (c ) ;0  293

2 (d . ) ,0 .o4o
2 kl);0 . 126

2 (c ) ;O 2rJ7
2  ( c ) ; 0 . 2 9 3

2 (d,);0 040
2 (d.) ;o.126
2 (d.) ;o 374
2 (d);o 460

2 kl);O o4o
2 (d) ;0 126

2 (d.);o Oao
2 (d,) ;o.126

2 (.d.);o o4o
2 Q.) ;  o .126

2 (d.) ;o 374
2 (d) to +60

2  (d ) ; 0 .0+o
2 k l ) ;o.126

2  (d . ) ; o . s7a
2 (d.)i0.460
2 \d.) ;0.7o7
2  (d ) ; o .793

2  (d ) ; 0 . s4 r
2 (d.);o 627

2  (d ) ; 0 . s41
2 k l ) ;o.627

2 kt) ;o.s4r
2 (d) io.627

2 (d.) ;0 7o7
2  (d ) ; o .7e3

2  Q) . , 0  . 37  4
2 (d);o 460

Tlsr-n 4. Srx Levnn Polvrvpns oF MoLYBDENTTE BEr'oNGrNG

ro SPACE GnouP P3rz1-C1r

Polyfipe
Ramsdell- 

. rolytype
symDot

Ramsdell
symbol

AtBtCeBtCtBr
ArBtCzBrCzBa
ArBtCzBzCzBz
,4BCzAzCrBt
AtBrArBtAzCr
AfirCtBrCtBz (l)

t\BtCzBtCrBt (l)

\BtCzBtCtBt (t)

ArBrAtBzCrBr (l)
A$rA{zB{r (r)

ABtAzGB{r (!)
ABaA{zB{r (1)

A${BzCzBz (1)

Af i tAzBtCzh (1 )

A${rAzBrCr (1.)
Ag{$zA$z (t)

A$rAfirAzCz (l l
ABrA$*4$r (l)
ArBtAtCzAzCr (l)

6fs
6Tg
6Tn
6Ir
67',:t
6T$
6Tu
6Trs
6 7'ro
6Tn
6Tia
67'ts
6Tzo
6Tt
6Tn
6Tzs
6T:t
6Tt
6Tze

.A'B:C$zA{r (1)

Ag,CtA$zCz (r)

ArBrCrBzCrBz (2)

AtBLAzGB{z (2)

l$rAzBrCzBr (2)

AtB{tAzBCz (2)

ABrCzArCzBz (.2)

ttBrCrBtAtCt (2)

AtBtCfitAzBt (2)

A$rCrBzAzBt (2)

AgrAgtA{t (2)

AfiA{zAzh (2)

A$rAzCzA$z (2)

ABzCtBt4cQ (2)

A8{$zCBz (3)

A${$A{z (3)

A$zAzBr-4{z (3)

A$zAzBrAzCz (3)

ABAzCzATCz (4)

6Tn
6Tzs
oI  r9
6Tza
6Tu
6Tn
6Tn
6Tat
6T*
o l  3 6

6Tn
6T$
6Tas
6Tqo
6Tqt
6To
6Tct
6Tqc
6Tq
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patterns were calculated using the program of Smith (1967) modified
for the IBM 360.

The use of calculated patterns as identifi.cation standards has been
well substantiated, for example in Borg and Smith (1970). Briefly, the
calculation involves determining the set of relative integrated intensities,
fpa, trom the atomic coordinates of the ideal crystal structure, and
then distributing the intensity over a cauchy distribution of appropriate
half width centered at the ideal 20 position. Summing the individual
contributions results in an intensity versus 20 atrve which closely
approximates the diffractometer trace including the effects of overlap
of closely spaced maxima. From this trace it is possible to determine
effective peak intensity values. More detail on the calculations may be
found in Smith (1968).

Powder patterns have several inherent difficulties which were en-
countered in this study. Preferred orientation was a problem because of
the platv character of molybdenite. In addition; the large unit cells,
especially in the 6-layer polytypes, resulted in closely spaced difiraction
maxima, and overlap of adjacent maxima became a problem at moderate
values of 20.It was possible to define a region of the pattern from 20:29o
to 20:59o that was characteristic of each polytype except for the pairs
6H(2)-6H(5) and 6f@)-6Z.!). These pairs, although not identical,
are indistinguishable within experimental error. They afford interesting
examples of a pseudohomomorphic pair. The chosen range contains
(1011) reflections, l:0 to 19. These reflections are most sensitive to
the stacking sequence and, though they would be affected systematically
by the preferred orientation, the sequence of intensities still should be
recognizable. Those reflections with high values of I will be enhanced
over the ones with low l.

Figure 2-4 graphically presents the calculated powder patterns for the
2- and 3-layer polytypes and the 43 6-layer polytypes which showed the
higher symmetry. The calculated powder patterns are listed in detail in
Table 51' rt is a simple task to compare the measured pattern with these
charts. The most useful reflections lie in the 20 ranses 32"-430 and,
460-560.
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Frc. 2. Graphical representation of the 2- and 3-Iayer polytypes of rnolybdenite and
7 of the 6Jayer polytypes of symmetry higher than P3rn. All peaks are scaled to (006)
: 100 .
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6H,r

6H, .

I  |  ,  r t r l r l r l , l . l . r  6HD

I  |  ,  I  r  ,  t  ,  I  I  r  ,  l ,  l l  6H-

r t ,  ,  l . l  l , r

I  l ,  I  r , , ,  l l l , , l l l ,  6H l

r l  , , t  r  l f l l , , J6Hu

Frc. 3. Additional 6-layer polytypes of high symmetry.
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I  I  , ,  I  l , l l l , l , l i l . - .
r  I , ' ,  .  l , , l t , l , l l ,  "" , ,
r l  ,  l , r , l l , l , , l , ,  * , .

-L l  , ,  ,  r r l , l  l t l  l6H-

r l  ,  , l , , l r l t , r l  6T.

t l  ,  ,  t l l  r l t l r t  6H, .

6Hr

l l  ,  r r , l l , l l

Frc. 4. Additional 6-layer polytypes of high symmetry.
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American Society for Testing and Materials to The Pennsylvania State University. Grati-
tude is extended to Professor Clifford Frondel of Harvarcl University for suggesting the
problem and stimulating the research.
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