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Introductory.

MER(:‘U {1IC sulphide, HgS, occurs in nature as two well-known
modifications, ciunabar and metacinnabarite. The latter is some-
what rare and occurs as black cubic erystals possessing the symmetry of
the zine-blende, i. e. the ditesseral polar-class. It is considered to be
identical with chemieally precipitated black mercuric sulphide, the
density of both being 7-81. Cinnabar is of more common occurrence and
is found as well-defined crystals and in the massive state. The crystals
are assigned to the trigonal holoaxial class. The rhombohedral angle? is
92°80’ corresponding to an axial ratio c/a of 1-1458. The crystals possess
a very good cleavage parallel to the prism (211)=(1010). The rotation
of the plane of polarization, for red light traversing the crystal in
a direction parallel to the optic axis, is 315° per millimetre, a value
roughly eighteen times that of a similar thickness of quartz. The
birefringence of cinnabar is double that of calcite; thus e=3-201,
0=2.854, ¢~ 0=0-847. The density of cinnabar is 8:09, a value rather
higher than that of the cubic form. There is probably an intimate
relationship between the structures in these two modifications, judging by
the ease with which either modification can le obtained from the other.
Heat is developed when metacinnabarite is converted to cinnabar,
so that the latter possesses less potential energy and is the more stable
form. In view of the remarkable properties possessed by cinnabar,
the exact determination of the positions of the atoms in the crystal is of
great interest.

Sinee this work was begun, the results of two other investigations have

! Data from the compilation of P. Groth, Chem. Kryst., 1906, vol. 1, p. 151,
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been published. Mauguin® investigated cinnabar spectrometrically and
confirmed the trigonal holoaxiul symmetry assigned to the crystal. He
showed that the positions of the mercury and sulphur atoms must be those
of the sodium and chlorine atoms in sodium chloride. The cinnabar
strueture may be pictured as derived from that of sodiuni chloride by a
slight compression of the latter, parallel to a trigonal axis, and displace-
ments, which he showed must be small, of the atoms from the positions at
the corners of the unit cells. The axial ratio ¢/a was found to have a
value 2-291, which is double that given by Groth. N. H. Kolkmeijer,
J. M. Bijvoet, and A. Karssen ? have published two papers. In the first
of these, the crystal-structure of cubic mercuric sulphide was d(i)termined
and found to be similar to that of zinc-blende, with a==5-85A. They
also made some measurements on cinnabar, and showed that the lengtii of
the a-axis in this crystal Is identical with the shortest distance between
two mercury atoms in metaciunabarite. In the second paper, they
extended the observations on cinnabar and found that the results obtained
by Mauguin were substantially correct. Their value for « of cinnabar
(4-14 jX) is slightly lower than that obtained by Mauguin (4-15 jo\) and
by the present authors (4-16 ./OX) Their determination of the structure
of cubic mercuric sulphide is in agreement with that which had been
obtained by us. We had found that it has a zinc-blende arrangement of
the mercury and sulphur atoms, with practically the same dimensious for
the side of the unit cell, The present paper deseribes our results on cubic -
mercuric sulphide, and in addition an examination of cinmabar. In the
case of the latter crystallized substance, the results confirm the general
arrangement of the atoms suggested by Mauguin, and, in addition, make
it possible to assign positions to the mercury and sulphur atoms by deter-
mining with some accuracy their displacements {rom the lattice corners
of the simple structure.
Experimental.

The powders used were, in the case of cinnabar, the finely
powdered massive mineral, and in the case of the cubic modification,
some chemically precipitated sulphide, well washed aud dried.
The powders were separately mounted on a hair and expoged in a
eylindrical camera to the radiation of a copper anticathode. A nickel

1 C, Mauguin, Compt. Rend. Acad. Sci. Paris, 1923, vol. 176, pp. 1483. [Min,
Abstr., vol. 2, p. 830.]

2 N. H. Kolkmeijer, J. M. Bijvoet, and A. Karssen, Proc. Sect. Sci. K. Akad,
Wetensech. Amsterdam, 1924, vol. 27, pp. 890, 847 ; Recueil Trav. Chim. Pays-
Bas, 1924, vol. 43, pp. 677, 894. [Min. Abstr,, vol. 2, p. 511.7
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screen was used to intercept the K, radiation so that the lines on the film
were due to the K, beam alone, with A=1:5374 A. The authors also
obtained one film from cinnabar with the apparatus described by A. J.
Bradley,! for the parpose of testing the dimensions obtained by their own
camera. There was a very satisfactory agreement between the two.

The Structure of Cubic Mercuric Sulphide.

A series of six films were measured on a travelling-stage mieroscope and
the average results are shown in Table I.  An inspection of the lines in
Table I shows that only those lines whose indices are all even or all odd
are present. This is typical of all cabic structures whose basic lattice is
the fuce-centred cube. Considerations of density assign four molecules of
HgS to the unit cube.  If the number of molecules in the unit cube were
larger, other lines than those actually observed would have appeared on
the film. The structure must consist of two Interpenetrating face-centred
cubic lattices, these heing the familiar ‘rock-salt’ and *zine-blende’
arrangements. It is required, therefore, to find a means of distinguishing
between these two types.

The method used throughout this research is as follows. The lines
observed on the films arcarranged as pear as possible in descending order
of magnitude, the strongest line being 1. Calculated intensities for any
arrangement may be similarly arranged in descending order, and the two
orders may then be placed side by side and compared. That structure is
chosen as the closest approximation to the truth, for which the agreement
between ealeulated and observed orders of intensity is best. The method
of selection adopted in practice has been to add the difference between
calculated and observed orders for each line, for it has been found that the
sum shows a marked minimum for a certain set of values of the parameters,
The difference is generally less than one unit per line for the structure
which gives the best agreement.  In the case of cubic mercuric sulphide,
there are only two structures to choose between, viz. the rock-salt and the
zinc-blende structures. Table 1I shows the observed and calculated
orders of intensity for the two arrangements. They are based upon the
assumption that the lons of Hg** and 8™~ reflect in the ratio of 78: 18,

and that the falling off of intensity with increasing glancing angle
[ ]

1s represented by a factor! _,10 i A reference to Table 1T will show that
: sin?

1 A.J. Bradley, The crystal structure of metallic arsenic. Phil, Mag., 1924,
ser. 6, vol. 47, pp. 667-671. [ Min. Abstr., vol. 2, p, 831.]
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TaBLE 1. Precipitated cubic mercuric suiphide (HgS).

"With K, copper radiation, A = 15374 A.]
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the structure is that of zinc-blende. This is in agreement with
the external sy mmetry | of metacinnabarite erystals. The value of the unit
cell Tength a is 5-854 A., that calculated from the density being 5-88 A

5854v§
The distance between adjacent Hg and S atom-centres is — =
2.54 A. These dimensions arc in good agreement with the value obtained
by Kolkmeijer, Bijvoet, and Karssen (a=5-85 K)

The Structure of Cinnabar,

The average results of six films of cinnabar are included in Table III.
The spacings correspond with a hexagonal space-lattice, with three
molecules per unit cell. The unit cell dimensions are:

a=4-160 A.
¢=9.540 A.

The dunelmonb calculated from the density and accepted axial ratio
give ¢ =4.165 A. and c=9-540 A.

If the atoms were arranged on a ‘rock-salt” lattice, slightly compressed
along a trigonal axis in the manner explained above, the co-ordinates
of points would he :

Mercury atoms at (000),(2 3 5).(}2% %) . - W
Sulphur atoms at (005).(% % Sy %3% : . .

This arrangement cannot be far from the truth, because a comparison
of the observed order of intensity with that calculated for such an
arrangement, shows quite a good geneial agreement (see Table III).
That the actual structure is more complex is shown by the appearance of
certain lines which would nct Le given by the simple structure, viz.:

(1010), (1018), (1132) (1019))
(3035) |
(1128)*'

The simple rhombohedral structure is therefore ruled out. As the
(0001) planes are thirded, the only other types to be considered belong to
the trigonal holoaxial classes, represented by the symbols D.* and /)%
This is in agreement with Mauguin’s work mentioned ecarlier in this paper.
In Dy there is a possible movement of atoms from positions on the simple
rhombohedron, in a direction parallel to the a-axis of the hexagonal
lattice. Kach sulphur atom will tend to move nearer to two adjacent
mercury atoms situated in planes at a distance equal to ¢/6 above and
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TasLr ITI.  Cinnabar (IHyS).
[With K, copper radiation, A = 1.5374 A.]

Distance of Cale. order
line to Spacing in A. units. Obs. order of intensity ;
centre {mm.), 6. Observed. Calculated. (REil). of intensity. ¢ = 45°
9.40 10°35°  3.63+ 3.61 (1010) 28 28
10.18 11 25 8.368 3.376 (1011) 2 2
10.74 12 54 3179 3.181 (0008) 19 18
11-90 13 24 2869 2.879 (1012) 1 1
14-65 16 80  2-388 2.370 (1013) 28 28
16.40 18 29 2:080 2.083 (1120) 3 3
— — - 2.085 (1121) — —
17.14 19 19 1-990 1-990 (1014) 4 3
17-83 20 3! 1.913 1910 (1132) 25 28
— — — 1.806 (2020) — —
19-25 21 41}  1.772 1.773 (2021) 10 12
19.56 22 2@ 1744 1.744 (1133} 8
20-25 22 49 1.685 3 i:ggi ffg% 3
21-42 24 8 1593 1.591 (0006) 19 20
% 1.570 (2023) )
- - - 1.568 (1124) § o -
—_ — — 1-456 (1016) — —
23.78 26 47}  1.435 1-489 (2034) 12 16
— — — 1-364 (1230) — _
25.22 28 25  1.353 1.851 (12371) 9 9
v 1-312 (1232) )
26-00 29 17 1-312 ; 1.812 (2035) 6
. . 1.275 (1017)
ot 2020 1267} 0 1126) s 6 6
—_ — — 1.254 (1233) — 25
928.13 31 411 1213 1.204 (3030) 21 20
[ 1185 (1234)
28-69 32 19 1189 < 1-183 (20326) } 14 12
LUriss  (3031)
_ — — 1-166 (3032 — —
- i 1.141 (1137)
30-10 33 54 1184 { 1188 (108 % 21 19
30-27 34 6 1-127 11925 (8033) 17 14
80-82 34 43 1.107 1.110 (1235) 17 16
—_ — — 1-074 (3034) — —
8220 36 16 1.060 1-061 (0009) 25 25
1-041 (2210)
32-.80 86 53  1.040 { 1-036 (2211) } 23 24
1-086 (1236)
33.11 37 17 1-031 1-032 (2037) 23 23
1-020 (1019) 3
3355 87 48 1.017 ﬁf i:g}z g‘?g:; JL 25 25

L 1017 (2212)
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TaBLE III—{continued) :

Distance of Cale. order
line to Spacing in A. units. Obs. order of intensity
centre (mm.). 6. Observed. Calculated. (RAil). of intensity. ¢ = 45°

1.00 (8130)

34.86 35° 43 0.998  { 0.995 (2028)} 10
L 0-990 (2213)
96 237
35.54 40 21 0.960 g;gé 8058
— — — 0-954 (2234 —
3710 41 47 0920 0.920  (1.0.1.10) 16
— — — 0-915 (2215) —

[ 0-902 (4010
379 42 48 0900 < 0.898 (1238) & 14
L 0.898 (1011) J

—
Lo

= (39 lines) -

11

helow it.  The co-ordinates of points, in the general case where both sets

of atoms move, are as follows :—

) ‘{Mex‘cul'y atoms at (0—p,.0—p.0) (2.5 + 22 i+ pu-2.2) } 2)
3

Sulphur atoms at (34252 1),(0—ps.0—ps3).(3.1 +ps.3)

where p, and p are the parameters of mercury and sulphur atoms

respectively. The symmetry of D’ on the other hand, necessitates

a movement normal to the unit cell edge, so that each sulphur atom

would tend to move in a direction towards one mercury atom.
co-ordinates of the [),* arrangement are:

The

S Hg atoms at (0—2p.0—p;.0),(% + 2k —pu 3G + pud + 219“.%)1(3)
J

In each case there arve two parameters, p, and pg, to be evaluated, and

S atoms at (0—ps.0+ps.3).(3 + 2. 2+ psd) G—ps —2p.3)

there is no limit fixed by the symmetry to the dimensions of either of
these, which may vary independently of each other within a considerable

range of values. It is necessary, therefore, to use some means of estimating

the approximate values to be assigned to p, and p. It can be readily
shown that on the simple arrangement given by co-ordinates (1) thedistance
apart of mercury and sulphur atoms is greater than that obtained in the
cubic sulphide, which is 2.54 A Asa possible guide to the solution, we
may try the effect of a displacement of the atoms which makes the distance

apart of mercury and sulphur the same in the two structures.

The

amount of movement necessary to bring this about is roughly «/8 for the
structure based on ;* and a/20 for the structure based on D", These

values for pg are fractions of the a-axis of the hexagonal space-lattice,
It is convenient for purposes of calculation to replace the parameter p by



THE CRYSTAL-STRUCTURES OF THE SULPHIDES OF MERCURY. 389

a parameter ® where ®=3860° p. The approximate values calculated
above ave then @g (on D,* type)=40°-45° &, (on D;*type)=18°. The
anthors used these values merely as guides to point to a possible solution
of the parameters. ,

A test of the effect of moving the mercury and sulphur atoms from the
symmetrical positions of the simple rhombohedral lattice brings out two
points clearly. The calculated intensities are very sensitive to changesin
the position of the mercury atoms. Quite a small movement destroys the
general accord between calculated and observed values shown above to
exist, and it is clear that these atoms must be almost exactly at the
symmetrical positions, so that @, has a very small value. On the other
band, a movement of the sulphur atoms in accord with either point-system
can be made to improve considerably the agreement between caleulated
and observed orders of intensity. The movement consistent with point-
system D.* proves to be more effective in doing this than that associated
with D2 and the best agreement is obtained when the sulphnr atoms
have moved to such an extent that the distance Hg—S in cinnabar ig the
same as that in cubic mercuric sulphide. Intensities for values of the
parameter for the sulphur atom alone, ranging well on either side of
the values obtained in the manner shown above, were calculated. Lines
were arranged in order of magnitude downwards and these orders were
compared with the observed order, shown in column six, Table III. The
sum of errors, 3, for each parameter was found and the results are shown
in Table IV. '

TapLe IV. Cinnabar (HgS). With &, = 0,

D g o o 30° 40° 45° 50° 60°
8 = 74 41 36 26 42 45
Dot { @ 0° 15° 20° — 25° 30°
3 b 74 57 48 — 48 52

An inspection of Table TV shows (a) that the general agreement in Dy
* typeis better than in D;? type (shown by the lower 3 values),-and () that
there is & minimum value for ®g in the neighbourhood of 45° on the D,*
arrangement. It is found, on the other hand, that if the effect of a
slight movement of the mercury atoms is taken into consideration
the value of 3 increases considerably. For instance, a displacement of 5°
in the case of the (®s=45°) structure had the effect of raising 3 from 26
to 55. In addition, lines representing (1016), (1230), (2244), and (3032)
ought to make their appearance, but these are not to be found on any of
the films, A displacement of even 1° from the above position would still
bring in (8032), (1230), and possibly (2244). In a similar way, it can be
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shown that on arrangements of the .8 type, no improvement is obtained
by postulating a displacement of mercury atoms. It may be concluded,
therefore, that the experimental results are best explained by a structure
possessing the symmetry of 1),* and with co-ordinates as follows:

Mercury atoms at (000), (2 3 ), (3 2 2).
Sulphur atoms at (3+p.%-3), (0—p-0—p- %), (Z-L+p- &)
where p=45,360=0-125 X a.

v 2]
~
~

e e

(O Sulphur atoms.
® Mercury atoms.

Fie. 1. The arrangemnent of atoms in cinnabar. Arrow-leads indicate
directions of displacement of sulphur atoms. Dotted lines join mercury atoms
on the same rhombohedron.

Description of Structure. —Cinnabar crystallizes on a point-arrangement
whose symmetry D) * agrees with the ascertained crystallographic symmetry
of the mineral. As shown in figs. 1 and 2, mercury atoms are arranged
on a simple rhombohedral lattice, while sulphur atoms are displaced in
the (0001) planes parallel to the a-axis of the hexagonal lattice so that
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each atom approaches two meicury atoms. A sulphur atom (S, fig. 1) dis-
placed from a point (113) moves into a position in contact with mercury
atoms (2 1 2) and (3 2 L). The sulphur atoms, as for example those at
S, 8, and 8,, form spirals running parallel to the vertical axis. These are
readily scen in fig. 2. The distances apart of sulplnr atoms in the same
spiral is 3-52 A, agreeing with Bragg’s value of 8-46 A. In urock-salt
arrangement, each mercury atom would have six equidistant neighbours.
In cubic mercuric sulpbide each mercury atom has four equidistant
neighbours at a distance of 2.54 A., while in cinuabar, each mercury atom

Fic, 2. Fia. 8.
Models of the crystal-structure of cinnabar.

has two neighbours at 2-54 and two at 2-94 A. These are shown in
fig. 8, where the mercury atom is in close contact with sulphur atoms at
A, A, and in more distant contact with atoms B, B,. The distance of
atoms A, A | is identical with that between these atoms in cubic mercuric
sulphide.

Optical activity.—Sir Joseph Larmor® has shown that there exists
a relationship between optical activity in the solid state and a certain
type of crystal-structure, viz, one in which atoms are grouped together in
spiral chains. He instances the classical example of quartz. Now

1 J, Larmor, Proc. Roy. Soc. London, 1921, ser. A, vol. 99, pp. 1-10.
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in quartz, there are spirals of atoms, or rather of ions which approximate
to the ‘neon’ type; while in cinnabar the sulphur ions are arranged in
spirals, but of the ‘argon” type. This fact may provide an explanation
for the much greater optical activity of cinnabar, when compared with
quartz, As the radius of the spirals of sulphur atoms may be of use in
subsequent calculations on the lines indicated in the paper quoted above,
its value, as obtained by us, is given, viz. 0-87 A.

Eeoentricity of the mercury atom.—As previously calculated, there are
two values for the radius of combination of the mercury atom. If the
radius of the sulphur atom be taken as 1-73 A., in accordance with the
latest observations of W. L. Bragg (to be published shortly), these values
are 0-81 and 1-21 A. There is a difference of 0-40 A. between the two.
These facts are substantiated by the results of Mauguin’s! analysis
of calomel, for here too the mercury atom is not truly spherical. The
two radil of combination are found to be 0-94 and 1-87 5&., with a differ-
ence of 0-43 A, i.e. practically the same ag the difference between the two
values obtained by usin cinnabavr. The difference between the two sets
of values, viz. in calomel and in cinnabar, is probably due to the difference
in effective valency of the atom of mercury in the two cases, These
observations may be worthy of consideratiou when a structure is being
assigned to the mercury atom itself.

The authors desire to express their appreciation of the help kindly
rendered to them during the course of this work by Professor W. L.
Bragg, F. R. 8.

1 Q. Mauguin, Compt. Rend. Acad. Sci. Paris, 1924, vol. 178, p. 1913, [Min,
Abstr,, vol. 2, p. 510.]




