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1. Introduction

WHEN a narrow pencil of monechromatic X-rays is passed through a thin
crystal, dynamic stratifications are excited in the crystal lattice and these give
rise to the Raman or quantum X-ray reflections of altered frequency® which
for the particular setting of the crystal at which they are most intense coincide
in direction with the Bragg or classical reflections by the same crystal planes.
The present paper deals with the calculation of the structure amplitudes of
these dynamic stratifications in the particular case of diamond on the simple
assumption that the incident X-rays impart to each degree of freedom corres-
ponding to an infra-red oscillation of the lattice an energy equal to hv*, v*
being the frequency of the oscillation and & the Planck’s constant. The
simplicity of the structure of diamond and the well-known character of its
Raman active, infra-red lattice oscillations, facilitates the calculation. Some
of the planes which have zero structure amplitude for the classical Bragg
reflections are shown to possess finite dynamic structure amplitudes for the
Raman or quantum reflections, thus accounting for the appearance of the
'so -called *forbidden” reflections in diamond.

2. Oscillations of the Diamond Lattice

As is well known, a crystal of diamond can be pictured as built up either
of two interpenetrating face-centred cubic lattices or of two interpenetrating
rhombohedrons. On the former view the unit cell consists of eight atoms
while on the latter it consists only of two atoms. Adopting the rhombo-
hedral unit cell, Nagendra Nath? as well as Venkatarayudu® have derived
identical expressions for the normal modes of oscillation of the diamond
lattice and have shown that there is only one triply degenerate Raman active
infra-red oscillation possible for the lattice. In other words, there are three
degrees of freedom for the infra-red oscillations and another three for the
elastic oscillations, making up the total of six degrees of freedom for the unit
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cell of two atoms. We will adopt this point of view and take the Planck
oscillator in diamond to consist of two atoms and be of frequency 3 - 996 % 10**
sec.-1 corresponding to the shift of 1332 cm.~! wavenumbers exhibited by the
intense Raman line.

3. The Dynamic Stratifications Associated with the
(111) Reflections

The co-ordinates of the lattice points of a unit cell of diamond, referred
to rectangular axes, are known to be

000; 04%; $04; 340;
and 333 184 3t: 2id
Here the unit is 356 AU as obtained from the X-ray measurements. The
structure amplitude F of the (h k I) planes is given by the formula

F———"pr e27Tz' (/zx?—f-/.’:yp-}-lzp), (1)

where f,is the atomic scattering factor of the pth atom whose co-ordinates
are Xy, Vg, Zp.
When the atoms are at rest, the value of F for the (111) planes of diamond
is given by
40—,
where we take f,, the atomic scattering power of the carbon atom, to be the
same for all the atoms of the unit cell.

We will suppose that the incident X-rays excite the infra-red wvibrations
of the lattice in which one lattice vibrates against the other, the direction of
vibration being assumed to be normal to the (111) planes. We are justified
in this as we know from the Raman effect data for diamond that its intense
infra-red oscillation is triply degenerate and since the oscillations parallel to
the planes themselves have no influence on their structure amplitude. We
further assume, as a limiting case, that all the unit cells vibrate completely
in phase and that each cell is endowed with a quantum of energy hv*,
where v* is equal to 3-996 x 10*2sec.-1 the observed frequency of the lattice
oscillations in diamond.

The periodic displacement of the pth atom belonging to one of the lattices
is given by
where

since the oscillation is normal to the (111) plane and all the atoms of one
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lattice are in phase. The displacements of all the atoms of the other lattice
are equal but opposite to those of the first.

If A be the amplitude of the oscillator taken along the [111] direction,
we have
A

=75

It is well known that the diamond lattice has three degrees of freedom corres-
ponding to the elastic and another three corresponding to its infra-red, lattice
oscillations. Hence each Planck oscillator composed of two atoms—one
from each lattice—has an energy Av* associated with it. Therefore, if A be
the amplitude of oscillation of one carbon atom and m its mass, we have

h*=3Zmt=2x 3m. (2n A v¥)?

a

h
ie., A= ———
‘ 4m?m v*
h
and at= .
1272m v*

Substituting the values for 4, m and v* we obtain,
a=0-0268 x 10-% cm. )

We will calculate the structure amplitude of the dynamic (111) planes
on the assumption that the atoms do not move appreciably in a time
interval equal to the period of the X-ray vibration.

The co-ordinates of the vibrating atoms in a unit cell are

dx dy dz dx 1 dy 1 dz 1
vww Sttty

1 dx dy 1 dz 1 dx1 dy dz.

1T 0Ty et 0t

and ' H(4)

| del )l d 1 de3 dy3 ds

4 w4 wid w4 wid wid w

3 dxl dy3 dz 3 dx3 dzl dz

d w4 w4 w4 Wt wd o u

Here u=3-56 AU—the side of a unit cell. Substituting these values in
equation (1) and putting h=k=1I=1, we obtain

Frym=4 f, { S isin@rvtt=§) _ o~ isin (va‘t—f)}
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‘We have the well-known relation

=J,(a) +2i),(a)sin B +2J;(a)cos2 B
+2iJ;(a)sin3 B +2J,(a)cos 4B

ig sin
, B

where J,, (a) represents the nth order Bessel function of «,

Let us put
bra
—_—
u

and (Arv*¥t— &)= B.

Then we obtain that

Flu=4fi(1-1)[J,(c)—2J);(«)sin B+27J,(a) cos2 B

—2),(a)sin38 +2J,(a)cos4p
— . ]

The reflected radiation at a great distance p from the unit cell is given by

. eZm’ (vt — p/A)

where v is the frequency of the X-ray beam and Aits wave-length. Remember-
ing that
e — ¢'B _ B e

5 ,and cos f= /R
the expression for the secondary radiation becomes

) 2 (vt — p/A)
4f,(1=0)J (a)e
+4fi(1+9) 1 (e

L 4f(1-17, () eZm'{(v&Zv*) t—~&}
..., ()

This means that the secondary radiation in the direction of the classical
reflection consist partly of altered frequencies. Since a is small, terms con-
taining J, (¢) and higher orders may be omitted. On quantum mechanical
principles the intensity of the antistokes (v+ v*) will be much smaller than
that of the stokes (v — v¥), so that the modified radiation consists practi-
cally only of (v— »*). The ratio of the structure ampltitude of this stokes’
to that of the unmodified reflection is .

sin B=

ami{(vev¥) 1)

(@) 6o
i (@) = 0-071.
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Thus in the correct Bragg setting of the crystal, these dynamic stratifica-
tions also are capable of giving a total reflection of the X-rays with modified
frequency. But due to the phenomenon of ‘extinction’ for the primary beam
in the correct setting of the crystal, the actual percentage of the modified
reflection can never exceed about 7% of the total reflected intensity. Of
course this can happen only when all the Planck oscillators are in phase—a
limiting case.

4. The Dynamic Stratifications Associated with
| the (222) Reflections

Employing the values for the co-ordinates of the atoms given by the
expression (4) and substituting A= k= [= 2, we obtain

. 12ma 12ma

Fopn=4f" {ex = sin (v*¢t—§) _ e~ i sin (v¥t—§) }
where f’ is the atomic scattering factor in the required direction.

Let us put,
127a

—Z =a'=2a
U

and Qm*i—f) =8
so that '

Foso=8f"i[2],(a") sin 42 J; («') sin 38+ - -]
Hence the expression for the secondary radiation is

£8 £, () ezm' {(vxv¥) =&}

L8, (o) eZm'{(viSv*) t—&}

T 6)

We find that there can be secondary radiations of only modified frequency.
In other words, if the atoms are at rest there can be no Bragg reflection at all.
o' being small, Bessel functions of higher orders than the first can be omitted.
The intensity of the antistokes (v + »*) being negligible in comparison with
(v— v*), the (222) reflection will practically consist of X-rays of frequency
(v— v*) and the structure amplitude of the spacings will be

8 J1(a).
Its ratio to the structure amplitude of the static (111) spacings is
2£'7, (a))
(1—-if
Taking the Hartee interpolation values for f’ and f;, the above ratio
works out to be nearly 0-14.
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It 1s well known that the (222) reflection in diamond is observed*? in
contradiction with the ordinary theory. It has been suggested* that this
may be due to the two neighbouring carbon atoms of diamond being non-
centro-symmetric regarding their scattering power.  This hypothesis is
supported neither by the calculations of L. Pauling® for the charge distribution
in the carbon atom nor by the calculations of Hartee? for the scattering power
of the atom. The above hypothesis is further contradicted by the non-
appearance of the (200) reflection.

For a specimen of diamond behaving as an ideal crystal Ehrenberg,
Ewald and Mark® estimate the intensity of the (222) Mo K, reflection frem
a rotation picture about the (110) axis to be about a third of the (400) Mo K,
reflection. According to Hull the intensity ratio K,: K, for Mo is nearly
2-4. The above authors have found that the (400) reflection is about half
as intense as the (111) reflection. Thus in their estimate the (222) refiection
is about 0-07 times the (111) reflection.

- For a perfect crystal the ‘integrated reflection ’ is proportional to

F (14 |cos2 8]
sin 26

Hence the ratio of the (222) modified reflection to the (111) unmodified reflec-
tion would be

=Fcot 8, (6« 45°.

cot 20°
cot 10°

for the Mo K, radiation employed by those authors. This value is in excellent
agreement with their observation. We may therefore reasonably infer that
the (222) reflection actually observed is entirely a quantum or Raman reflec-

tion.
5. The Dynamic Stratifications Associated with the (220) Reflections

If we substitute h= k=2, and [/ = 0 in equation (1) and use the co-ordi-
nates of the atoms of the unit cell as given by the expression (4) we obtain for

C0-14x —0-068

- the structure amplitude of the dynamic (220) planes, the following expression:

Fas= 8 f, COS {%ﬁ sin (27 v* t— 5)}

—8 £, Jy(a) + 27Ty (ar) cos 2 B+ 24 (a) cos 4B + ...... L
Here
8ma
a;= -
B =(nv¥t—¢)

and f, is the corresponding atomic structure factor,
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Hence the expression for the secondary radiation iy

. 2mi (e plA)
8 /iy (ay) e f

Mi{(vie vty £y

i xfg J:! (‘1‘)(’
it 4y s £,
f‘x‘fa-‘h(“t)t“w‘(“ v
P (7)

As before if we neglect the second and higher order Bessel functions of
the small quantity a,, we find that the (220) planes cannot give rise to any
modified reflection of appreciable intensity,  The failure of Dr. Nilakantan
to record the (220) modified reflection in spite of a large number of trials is
thus explicable.

6. The Dynamic Stratifications Associated with the (200) Reflections

According o the classical theory, the (200) reflection is another of the
forbidden reflections in diamond.  But the assumption of Planck oscillators
excited by the incident X-ray quanta gives the following expression for the
reflected radiation from these planes:
mif{eivy s &)

£ 8 f ) (ay) e

2mi{v o Wt fy
b8 Sy, (ay) t‘w((v S

Fo (%)
dra . L L , .
Here oy and fy is the atomic scattering factor of the appropriate direc-

tion. This indicates a Raman reflection unaccompanied by any Bragg reflec
tion. But the intensity of this modified reflection of frequency (v +*) the
others being negligible, can only be a third of the (222) reflection.  In a rota-
tion photograph about the (110) axis the number of the co-operating planes
for the (200) reflection is only two while for the (222) itis four.  Ehrenberg,
Ewald and Mark® remark that in a rotation picture about the (110) axis (he
(222) reflection was just recorded while there was no indication of any (200)
reflection,  Their observation finds a ready explanation on this idea of lattice
oscillations according to which the (200) spot has to be six times weaker than
the weak (222) spot.

7. The Dynamic Stratifications Associated with the (662) Reflections

Since A kil (4ni 2) for this case, the (662) reflection is also
‘forbidden’ by the classical theory.  Substituting these values of h, k and /




in (1) and using the co-ordinates given by expréssion (4), we obtain for the
reflected radiation from the (622) planes. the expression:

L 8T, (ag) e TTEIE
L ST, (e T IE

..., | o &)
and f, is the atomic scattering factor in the direction of this reflection.

The expression shows that there is no unmodified or Bragg reflection.
Neglecting the © antistokes’ and the second and higher order Bessel functions
the ratio of the dynamic structure amphtude of this reflection to that of the
(222) reﬂecnon is B _‘

f 4 J (as)

- (@) (o) .
~ The values of f; and f of the carbon atom for the respective glancing
angles of 60° and'10°, ‘when Mo K, radiation .is employed, are found from
the interpolation values obtained by the Harteé 'method. and given in -the
‘“International Tabellen Zur Bestimmung Von Kristalstrukturen .  They
are 0-8 and 1-8 respectively. Substituting these values and the values of
o' and a,, the above ratio works out to be nearly 0-9.

Since in a rotation picture the intensities of the spots on the equa-
torial line are proportional to

1+ |cos 26| _cot.6-when 6.<45°
. sin2#6 " tan 6 when §>45°,

the ratio of the. 1ntens1ty of the (662) to the (222) quantum reﬂect1on will be

nearly 60 ;
tan 60°
0- 9c - 200% 0- 57

Ehrenberg, Ewald and Mark5 remark that this. ¢ forbidden * (662) reflec-
tion does appear in a rotation photograph and that it is weaker than- the
‘ forbidden * (222) reflection ; but they suggest a ratio 0-3. The discrepancy
is not large when one remembers that these reflections are extremely weak and
that the experimental value of the ratio of their intensities is only.an esti-
mate. U S .
‘8. Other: Lattice Oscillations- -~ =

As menuoned in the Introductmn we have here considered ‘the rhombo-

hedral*unit ‘celt having only- one lattice oscillation which was. identified a§s
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that giving the Raman frequency of 1332 cme b The recent work of Nuyar™

on the Tuminescence and ahr=vieket absorption spectra of dismond at low
temperatures has revealed that the lattice spectrum of diimond: contains
4 whole series of diserete frequencies ranging. down to about 7 em, !
Amongst these, T332 and 780 appear most o ominently and are the prinapal
members of the two impaortant groups of frequencies, Untl these mades
of vibration with lower frequencies are fully mvestipated and can be dyni
mically specitied, it is not possible to discuss their mfluence on the dynamic
structure amplitudes of the various erystal planes. Te may be anticipated,
however, that such influence should be relatively unimportant i respeet
of the lattice planes for which the 132 oscillation is active. On the other
hand, it is quite possible that for those planes for which the 1332 vibration
is inactive, e.g., the (220) planes, iu: fower frequencies may nfluence the
structure amplitudes appreciably and give rise to dynanie reflections. I
this were the case, such reflections \wu]d necessarily exhibit o moere nrrhed
temperature dependence of intensity than the planes which are chiefly excited
by the 1332 oscillation,

I am very much indebted to Sir €. V. Raman, v.r.$., for his kind and
helpful guidance in the course of this work.

0. Summary

On the Raman idea of quantum exchanges of energy and momentum
between o crystal lattice and an Xeray photon traversing if, the dynamic
structure amplitudes of the various crystal planes of diamoend are worked
out assuming that cach Planck oscillator takes up one quantum of infra-red
vibrational energy from the incident Xerays, It is shown that such an inter-
action gives rise to Xeray reflections of altered frequency in most cases, lIw
structure amplitude of the (111 planes for this moddicd or Raman
reflection 18 found to be about 7% of that of the same planes for
the Bragg reflection, The (222) plines, the (2000 planes, and  the
(662) planes, the Bragg reflections from which are * forbidden” according
to the classical theory, are found to possess finite structure amplitudes for
the quantum reflections,  The values of these structure amplitudes are shown
to quantitatively account for the intensities of the reflections appearing frem
these planes as recorded by Ehrenberg, Bwald and Mark, 1t s therefore
suggested that the so-called forbidden” reflections which appear in diamond
are pure Raman or quantum reflections of modified frequency.
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