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THE easy and perfect cleavage of diamond along the [ I l l )  plane has long 
been known to the Indian lapidaries. Cleavage plates of large area polished 
and slightly facetted at the edges were extensively used in jewellery, but  this 
form of adornment has in recent years gone out of fashion. In copse- 
quence, such plates can be purchased from the jewellers in the larger cities 
of India. Sir C,  V. Raman has in his dlection several of these plates and 
they have proved extremely usefi~l in thc study of the different properties of 
diamond. During hjs investigation of the X-ray topographs of diamond, 
Mr. G. N. Ramachandran examined this material and found that three out 
of the fifty plates studied had a (211) cleavage. Sutton (1928) in his book 
on the South Mrican diamonds remarks that while the (11 I )  cleavage is 
most common, the (1 10) is also occasionally found. 

In view of the facts stated above, it appeared desirable to undertake a 
systematic investigation of the cleavage properties of diamond. A calcula- 
tion of the cleavage energy of various planes in diamond indicated the possi- 
bility of numerous other cleavages besides those mentioned above. A careful 
goniometric study of 15 crystal fragments in Sir C. V. Raman's collection 
was accordingly made which resulted in a striking confirmation of this jdea, 
The paper 3;ecords the results of these studies. 

" Cleavage is not merely a tendency to fracture with the production of 
, two more or less plane fracture surfaces along an approximately definite 
direction. It is the facility for splitting along an absolutely true plane having 
an orientation within the crystal definitely fixed within one or two nzinutes 
of arc " (Tutton). The (1 11) cleavage of diamond is a striking example 
of the above definition. Many writers (1932) have tried to give an explana- 
tion for the presence sf the (111) cleavage. One set of authors attribute 
the perfection of the cleavage to the fact that the spacing is a maximum for 
the (11 1) planes, while others suggest that it is because the sgrface energy 
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is minimum for the (111) plane. A calculation of the surface energies of 
different planes shows that this is indeed the case, but this energy is not 
greatly different from that for the other nearby planes. Bearing in mind 
the fact that in the crude method used for cleaving diamonds the energies 
employed may be much in excess of what is required to effect cleavage in any 
direction, one would expect to have a fracture rather than a perfect cleavage. 
From thkse facts it would seem that consideratioils of surface energy alone 
are not sufficient to explain the " atomic accuracy " of the (1 1 1) cleavage. 

An inspection of the diamond .model shows that the (111) planes are 
not equally spaced, the ratio of the distaizces between alternate planes being 
1 : 3. It is also found that t11c number of bonds cut per unit area depend's 
012 the place at which the two parts of the crystal are separated. If cleavage * 

is effzcted between the two ocfah-edsal layers whiclz are farther apart, then 
one bond per atom will have to be cut. On the other hand, if diamond is 
cleaved between the octahedral layers that are closer together, three boxids 
per atom will have to be ruptured. It is, therefore, obvious that a cleavage 
in the former position requires ul~lly a third as much energy at; for one ifi the 
latter position. If, therefore, a cleavage starts parallel to the (111) plane 
between two layers which are farther apart, it will contilrue in the same plane 
since any slight deviation 311 the direction would involve ,a threefold illcrease 
in energy. This sudden increase in energy which, accompanies any devia- 
tions appears to be responsible for maintaining the (1 11) cleavage along a 
true geometric plane. 

It is reasonable to  assume that the energy required to cleave a diamond 
along a particular plane is cqual to that required to rupture the bonds con- 
necting atoms situated on either side of t l ~ e  plane. The number of bonds 
cut per unit area thus gives a measure of the energy of cleavage for a parti- 
cular plane. Harkins (1942) has usecl this idea to calculate the surface 
energy of the (111) and (100) planes. Since two surfaces are formed by 
cleavage, the surface energy should be equal to half the cleavage energy. 
In this section we shall calculate the cleavage energy of a few planes in 
diamond. 

In the case of simpler planes such"as (100). (1 11) and (110). the calcula- 
tions can be made in a very simple manner. In Fjg. 1 a, the area bounded 
by dotted lines represents the repetitive unit cell in the (100) plane which is a 
square whose side is d = 3-56 14, the length of the unit cubic cell in the 
diamond lattice. There are two atoms per unit cell (one at the corner and 
pqe at the centre) so that the number of @toms per unit ;rrea is 2/d2. As 
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two bonds connect each atom with the atoms in the neighboudng pkan. 
the number of bonds ruptured per unit area is n,,, = 4/d2. 

0 

(b) , 
Fro. 1 

For the (11 1) plane the unit cell is a rhombus of side d/ ~2 and 
60'' which is shown in Fig. 1 b. There is only one atom per unit cell b l ~ b t g  

area is d22/3/4. One bond connects each atom with an atom in the uppi. 
layer, while three connect it with atoms in the lower layer. The number ~4 
bonds cut per unit area n is therefore, 4/d22/3 or 41/3/d2 accordi~tg 2 2  

tbe cleavage is above or below the plane under consideration. 

The unit cell in the case of (110) is shosn in Fig. 1 c. It is a rectarrg8r: 
of sides d and d / 1 / 2  containing two atoms. Since each atom in this plitr:r 
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is conk ectcd by one bond to an atom in the neighbouring plar~e, the number 
of bonds cut per unit area n,,, is 2.\/2/d2. 

For more complicated planes the following general analytical method is 
adopted. Considering the (hkl) plane, let H, K and L be the correspondicg 
indices in the Weiss notation (i.e., K, K and L are the smallest inteaal inter- 
cepts made by the plane 011 the co-ordinate axes). In Fig. 2 the unit cell in 
the (hkl) plane i s  represented by the parallelogram ABCD the area of which 
can be calculated from the condition OB - Hd, OD = Kd, and OA = Ld. 
The equation to this plane is 

where p == hH - kK = 1L. If the co-ordinates of an atom are substituted 
in the expression on the left hand side, the sign of the quantity obtained 
indicates the position of the atom with respect to the plane. The atom lies 
on the sanlc or the opposite side of the plane as the origin according as the 
sign is negative or positive. Havjrrg thus found out the position of all the atoms 
in the diamond structure with respect 10 the plane (hkl), the number of bonds 
which conilect atoms on opposite sides of the plane can be counted. 
A difficulty arises when an atom lies on a plane. In this case the plane of 
separation is slightly shifted may from or towards the origin and the number 
sf bonds cut is counted in either case. The two may either be equal or 
different. If different the lower value is taken to calculate the cleavage 
energy. As an example we shall take the (221) plane. Here OB = d, 
OD z- d atzcl O A  = 2d and the area of the cell is 3d2. It is found that the 
number of bonds cut per unit cell is 8 or 12 according as the cleavage takes 
place in the positive OK the negativo side of the plane ABCD. Conse- 
qumtly n ,,, = 8/3da. Similar calculations have been made fol: other 
plan es. 

The energy required to rupture a C-C bond has been calculated fcom 
thermo-chemical consideration to be 6 - 2 2  x ergs. (Harkins, 2oc.cit.). 
Accepting this value the cleavage energy of various planes have been deter- 
mined. The results are tabulated in Table I with the planes arranged in 
ordex of increasing energy. It is found that the number of bonds cut per 
unit area can be given by the expression 

4 
n h ~ l  = -. 

h 
d2 dh2 + k 2  + I 2  

where h is the largest of the three indices. 

A study of Table I shows that the energy of the (11 8 plane is the least 
and is an absolute minimum. The (1 11) plane must, therefore, be a plane 
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other thar. the (1 11). Each of these nine Was used for careful goniometric 
study, and it was found that while four crystals had planes other than the 
octahedral, the rest had very interesting fractures which were irregular and 
more or less curved. A Mier's student goniometer wit11 a collimator and 
telescope attachment capable of reading upto 1 minute of arc was used. 
The crystal was attached to the instrument with soft wax and all adjustments 
of the crystal were made by hand. The angles between the cleavage faces 
Were measured with an accuracy not greater than 15 rnililutes of arc, but these 
were quite sufficient to identify the diflerelit planes. The octahedral cleavages 
were very easy to recognise from the pexfectioi~ and splei~dent lusture they 
exhibited. While these planes gave extremely sharp signals in the telescope, 
the other planes did not givc such sharp ones. Only the angles between those 
surfaces which gave good signals were measured. Care was always taken 
to see that curved surfaces were not used for observation. When a low- 
power microscope was focussed on the diamond and the milled head of 
the goniometer rotatedj reflections from the plane faccs flashed into the 
microscope and they did not remain in the ficld of  view for a rotati011 of 
more than 15 minutes of arc. In the case of curved planes ox: faces, the 
reflection remained iiz the field of view even vrtlze~l the head was rotated 
through 2". It must also be rnentioaed, that reflections from curved faces 
were extremely feeble and diffuse when observed wifi a telescope and could 
easily be distinguished from the reflection from plane faces. 

N.C. 42 had three large cleavage faces which were octahedral. Two 
of these were absolutely plane. The third showed the existellce of two or 
three other cleavage faces. They lay in the [l lo] zane a i d  measurement 
showed that two of thcnl were (221) faces. The third which gave a feeble 
but sharp signal w ~ s  near about the (332). There were also some curved 
fracture faces on the surfaces of the krystal. 

N.C. 59 was a crystal fragment with a large number of cleavage faces 
on its surface. The specimen is one of the collection of diamonds prese~rted 
to Sir C. V. Raman by the De Beers Corporation. of Kimberley. In  one of 
the [I 101 zones the following planes were identified : 4 beautiful (1 11) 
planes, one (331), one (1 lo), one (322) and one (21 1). In another perpendi- 
cular zone, two (1 1 l), one (2211, ona (33 11, oize (1 10) and one (322) were 
found. Although all the planes were quite small, the signals obtained 
from (11 11, (221), (1 10) aud (322) were extremely sharp. One octahedral 
face which appeared to be very drusy was found on examination, to consist 
of hundreds of tiny (1 1 1) planes. In a third zone, one ( 1  1 1) and a tiny (322) 
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plane were found. There were also some curved faces 011 thc diamond. 
and some of the curved faces ended as tiny flat (1 11) cleavage facer. 

N.C. 45 was a natural crystal which had b e a ~  broken on one side. 
Three large prominent cleavage planes are visible on its surface. Two af 
them were (111) and the third a (110) plane. There was also another tiny 
(110) plane on the crystal. The large (110) surface had large striations. 
which mainly consisted of fine (221) planes arranged in a step-like order- 

N.C. 174 Was a thick flat polished plate with a feb cleavage faces on thr 
girdle. Four of these wexe octahedral cleavages. One (331). one (1 10). 
one (221) and a tiny (332) were also found. The angles between the t~ 
largs faces of the plate and the planes of known indices in the girdle w e n  
measured and i t  was found that the flat face was approximatejy a (43 1) plane 
In view of the fact that the surface is polislled and the plate is quite thick, it 
is impossible to say whether the two flat faces are cleavage planes or n o t .  
The other crystals examined had the (11 1) cleavage and also irregular 
and curveo fractures. N.C. 194 %as a rectang~lar cle tvage plate, all it* 
six faces being perfect octahedral cleavag~s. N.C. 49 had a large octa b d ra l  
cleavage followed by a curved face with fine striations. T\c .C. 39 was a yelXovc* 
ish crystal with two (11 1) faces and a fracture containing a large lzumbci d 
tiny octahedral faces. N.C. 32 was a black diamond with two large (I I $ )  
faces and with several tiny cwed  faces. N.C. 50 had a good many 
cleavage faces and many of them were curved, 

Table II gives thz collection of the results obtained. 'JThc numbers in 
the vertical columns indicate the number of independent planes of a spccifii: 
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index on a particular diamond. All the plqnes which gave a eommon signal 
at a particular setting have been taken together and counted as one. The 
letters accompanying each numbez indicate the size of the planes. [ (large) 
signifies planes having an area greater than two sq. mm., nr (medium) 
those with areas between one and two sq. mm., s (small) those with areas bet- 
ween a half and one sq. mrn., while t (tiny) those with areas less than half 
a sq. mm. 

Table I1 can in no way be said to represent the relative abundance of 
different cleavages, as the number of cases examined has been too few. 
Even so, an idea of the relative frequencies of different planes can be obtained 
from the table. The planes have been arranged in order of in creasing energy 
and one could see that the lesser the energy of a plane the more frequent is 
its occurrencz. It may be mentioned here that amongst the planes of cleavage 
listed above, (1 111, (221), (331) and (322) belong to the category in which the 
distance between alternate layers of atoms are not equal. 

h conclusion, the author wishes to express his thanks to Sir C. V. Raman 
for his encouragement and interest in this investigation. 

Chlculations of the cleavage energies of various planes in diamond 
indicated the presence of cleavages other than those already known. A 
careful goniometric study of several crystal fragments in Sir C. V. Raman's 
collectioAl revealed numerous other cleavages. The presence of the following 
cleavage has been definitely established : (1 1 I), (2211, (1 lo), (3221, (331). 
(21 1) and (332). The (I 11) cleavage was found to be by far the most perfect 
and most abundant;, while (221) aad (110) cleavages were not uncommon. 
It  is suggested that the perfection of the (1 11) cleavage is not merely because 
that plane has the minimum cleavage enera but also due to the fact that on 
either side of th.e plane of easy cleavage lie layers of atoms having three times 
the cleavage energy. It was also found that diamond definitely has curved 
fractures alrd the theory developed in the earlier part of the paper accounts 
for the existence of these. 
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