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I Introduction

EarLy in 1940, Sir . V. Raman and Dr. P, Nilukantan made the very uym»«
ficant discovery that the (1T1) planes of the crystal lattice in diamond give
seeond kind of monochromatic Xeray reflection which is as truly y,t:nnwtric
as the usual Brage reflection,  being quite as sharply defined, but having
evidently a different onigin since it is observable over a wide range of settings

of the erystal and obeys a different peometric law,  The uim‘r\*c I characters

of this reflection indicated that it represents the Xeray analogue of the well-
known Raman effect observed in the scattering of light. I uthw words, the
X-ray photon falling upon the erystal excites the high frequency or infra-red
vibrations of the crystal lattice, the latter deriving their enerpy from  the
incident Xerays.  The appearance of the Xeray photon of diminished encrpy
as a geometric reflection by the lattice planes is accounted for on the very
reasonable assumption that the infra-red vibrations are excited simultancously
i all the lattice cells of the erystal with such phase refations as to give rise
to a coherent effect. Tt follows from these unmdc ations that if the primary
X-ray frequency is o, the reflected Xerays have o qumnw (v v¥%), *
being the frequency of the excited infra-red vibrations of the erystal,

[t is well known from the Raman effect studies on the scattering of lipht
in crystals that in general, both “Stokes™ (v ®) and anti-Stokes
(v 1 w*) radiations are observed in the spectra, their :thmlulcr intensities being
respectively proportional to

!
(o hedT and to Ry

and their relative intensity being accordingly o#*@%: 1 When hy* % kT,
itods evident that only the  component  of  diminished  frequency
would be present. On the other hand, when /zs'*@ﬁ AT, the two
components tend to be of equal intensity,  In the case of diamond, the
observed facts indicate that the infriered vibrations excited by the Xerays are
the same as those giving the strong Raman line at 1332 ¢m. ' Since
therefore, Av* is much greater than AT at the  ordinary temperature, it
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follows that in the case of diamond we are only concerned with X-rays reflected
with diminished frequency. It follows also, as indicated by the formule,
that the intensity of the reflection should then be sensibly independent of
temperature. This indication of theory was confirmed by Raman and Nila-
kantan in their earliest experiments by heating the diamond to a few hundred
degrees above the room temperature, no marked increase of intensity beirg
then observed. They also suggested as a test of the theory, the study of the
effect of cooling down the diamond to liquid air temperature. This test
was carried out by them a few months later ; the results which were in entire
accord with the theory were briefly reported at the time (1940). A more
detailed description of the full technique of the investigation appears in a
paper by Raman and Nilakantan elsewhere in these Proceedings.

It is obviously of great interest to supplement the investigations on
diamond by similar researches with other crystals at low temperatures. It is
evident that, in general, we would have quantum or Raman X-ray reflections
of both diminished and increased frequencies superposed on each other. The
observed intensity of the modified reflection should then be the sum of the
two expressions quoted above. In other words, the actual intensity of the
quantum reflection would be proportional to

eﬁP*IkT+ 1
ePYET T

At sufficiently low temperatures, this expression reaches the limiting value
unity. On the other hand, at sufficiently high temperatures, it asymptotically
tends to the value 2 kT/hv*, thus becoming proportional to the absolute
temperature. It is evident also that the ratio between the limiting intensity
at low temperatures and the values reached at higher temperatures would
depend on the frequency of the infra-red vibrations of the crystal excited by
the X-rays. The higher this frequency, the more nearly would the intensity
tend to remain constant throughout the whole range of temperature. On
the other hand, when the frequency v* is low, we should have to go down to
liquid air temperatures or even lower before the limiting intensity is reached.

It is evident from the foregoing remarks that the study of the quantum
or Raman X-ray reflections gives us a method of investigating the infra-red
spectrum of crystals from a new point of view, which should obviously prove
of great importance. It should also be remarked that the study of the intensity
curves of the modified reflections and their comparison with the variation to
be expected theoretically from the known infra-red frequencies of the
crystal, would furnish an experimental confirmation of the nature of these
reflections as quantum or Raman reflections of modified frequency and
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indeed enable us to determine by thermadynamic method the aetual changes
of frequency occurring in such reflections. To cmphisize this aspect of (he
matter, the present investipation has been carried out with a serics ol four
crystils whose nftaered flequencies are in descending arder of magnitude,
viz, carborundun, sodivmenitrate, rock-sadt and penta-cny thitel,

Qo Experimental A FIARgCents

The Neray camera used for tahing the aue photographs at Jow femperis
tures Iy constructed essentially on the p;inciplcs developed by Nilukantan
and is illustrated in Fie, [ The Crystal Cis mounted i g CAVILY al the end of
deopper rod R fised to the bottom of the inper tube of 4 evlindrical metal
Dewar sk 1 and carcfully  pressed into

A : ' "
je?g A L metallic contact by thin copper foils and o

E ‘: GELY Weahey R , \ + . ) 5
% . s)rewo g FooS) S, iy the Teadeslit system
St arease | which is fised to the camera B in sucly way
) that the narrow beam of Xerays emerging frem

I N

Hpasses - throuph the centre of he crystal,
0 amd falls on the photopraphic filn,  The film

adapter P s serewed on o (he Tange-end of
the camera and an aluminiun flag A s fixed
atthe end by pressing it home with high-
vacuum pputty, The fead sl Syois rendered
vacuum gt by a thin aluminium foil, A high
vacuunm s maintained in the camers through-
aut the exposure by means of an ofl diflusion
A pumpe One Gl of the tube D with liquid air
Lasts for hall an hour; but during the exposure,

the Tevel i made up every fifteen minutes,
The exposure s started only half an hour
after the crystal is cooled down to (he liquid
Iw.mmjmmxchz‘nh-v;mmm A temperature,  this cosbring the crystal
NeTav catiet heing at that temperature from the st of

the exposure, 1n photographing the spectra, un ntensifying sereen is
notused, as it was found that the Jatter becomes 4 serious source of
error i the messurenent of the tensities of spots. 1 he N-ray penerator
15 2 demountable Coalidge tube with a Ma-anticathode and aperatod at J8
K.V.and a fuirly steady milliamperage of 25 mAL Laue photographs exhibit-
ing the Raman reflections are taken at the room tamperature for e MO tine
of exposure under identical experimental conditions, “Their relative nfensitics
aremeasured: microphotometrically making use of g density-log, intensity
Curve and for the sume mode of development as (hat employed for the other
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films obtained for the molybdenum radiations. In the case of rock-salt,
photographs were also taken for the temperature of solid carbon dioxide and
the relative intensities obtained microphotometrically were checked up by those
got by an alternative method of varying the time of exposure till the intensities
of the spots at the two temperatures are equal. If ¢, and ¢, are the times of
exposure at the two temperatures T, and T, the ratio of intensities
1,/I,= (t,/t,)”, where n is the Schwarzchild constant which is found experi-

entally to be nearly unity for the X-ray film and the radiations used. Consi-
dering the limitations of the experimental method, the possible error in the
values will be as high as 10%,. The photographs with carborundum were also
obtained at 600° T and 900° T using for the purpose an electrical heater of
nichrome wire, and their intensities were compared with that obtained at the
room temperature for the same setting of the crystal.

3. The Experimental Results and their Significance

Figs. 2 a-h in the accompanying Plate illustrate the Laue patterns obtained
with carborundum, rock-salt, sodium nitrate and penta-erythritol. It will
be noticed that in every case the reflections persist at the liquid air temperature.
The corresponding Laue reflections exhibit an enhanced intensity which is the
greater when the diminution of intensity of the Raman reflections is most
marked. This clearly indicates that the temperature dependence of the
intensity of the Bragg or the Laue reflections can only be correctly explained
when their relation to the Raman reflections from the same crystal planes
is taken into account. ’

In Fig. 3, the intensities of the Raman reflections at the different tempera-
tures as compared with that given at the liquid air temperature by the
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theory taken as the standard, are plotted along side the theoretical curves
of intensities obtained in accordance with the equation given earlier and
with appropriate frequencies chosen for each case (see Table I).

TABLE I
TO 90 200 300 600 900
Crystal -
KT x10°18 123 27-4 41-1 82-2 123
g7, hv* ) . ) . 3
£ g 12:9 5-8 3.9 1-94 13
X
53 Intensity 1 1-006 1-042 1-34 1-77
2 (Theo.)
- m*!l
01 Intensity 1 . 1-1 1-3 1.82
(Exp.)

. Igf* 2-58 1-161 774 -387 .258
.EO Intensity 1-163 1-9 2-72 53 7-9
8‘,2 (Theo.)

e |l
£ Intensity 1-163 1-93 2-43
(Exp.)

“ hv* . - . X .
g,é B 1-65 74 5 23 165
o
o= Intensity 1-073 1-588 2:209 4-125 6128
EQ (Theo.) :

- ” .
S Tntensity |  1-073 . 2-36
(Exp.)
¥
3 T 1-65 74 5 :23 +165
£§ Intensity 1-48 2-82 4-08 8-14 12-1
E§ (Theo.)
XY -
2y Intensity 1-48 .. 4-59
&" (Exp.)

Carborundum.—The carborundum crystal used in the investigation is
a clear plate of nearly 1 mm. thick and the Laue photograph shows that it
belongs to the hexagonal type. The X-rays were incident nearly normal to the
cleavage face. The Raman reflection appears in close proximity to the Laue
reflection as a round spot which is fairly intense. The reflection shows only
a small increase of intensity as the temperature is raised from 90° T to 900° T.
This suggests that the infra-red frequency active in the Raman reflection of
X-rays is relatively high. According to Schaefer and- Thomas (1923), the
hexagonal type of carborundum crystal shows only one strong sharp infra-red
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reflection at 12 x (830 cm.~!) which they assume as the fundamental frequency
for SiC. Accordingly, Curve 1 in Fig. 3 is drawn assuming that the Rz.tman
frequency associated with the modified spot is nearly 800 cm.~* It. will be
noticed that the experimental points all fall in the neighbourhood of this curve,
indicating that the frequency change involved in the reflection is. the same as
the characteristic infra-red frequency. | |

Rock-salt.—The Laue photographs of a thin plate of rock-salt are
obtained for 905, 194° and 300° T with X-rays nearly normal to the 100 plane.
A lowering of the't@mpﬁra'tﬁ_re is accompanied by a change of intensity of the
modified reflections which approximately fits in with a frequency of 160 cm.-
for the active infra-red vibration as shown by Curve 3 in Fig. 3. Rock-salt
has only one rest-strahlen frequency at 52p (192 cm.~1) and its Raman
spectrum obtained by Fermi and Rasetti (1931) shows two fairly intense lines
at 160 and 350 and at least two other weak diffuse maxima between 200 and
300 cm.”t. In a separate paper, the vibrations of the sodium chloride lattice
are analysed and the X-ray active mode of wvibration is indicated. The
results of the present investigation show that the frequency of this vibration
is in the neighourhood of 160 cm.~* In addition to a diminution of intensity,
a slight sharpening of the Raman reflections is also noticeable at the liquid
air temperature. This observation is of great theoretical significance, but
the exact extent of sharpening can be ascertained only by using a linear slit
and the reflection method for photographing it.

Sodium nitrate.—The Laue patterns reproduced in Figs. 2 ¢ and f show
the strong Raman reflections from the 211 plane of a crystal of sodium nitrate
very near the Bragg setting in addition to other weak reflections. The relative
intensities of this spot at 90° and 300° T plotted in Curve 2, Fig. 3 show agrec-
ment with a vibrational frequency of nearly 200 cm.~* The Raman spectrum
of sodium nitrate yields two intense lattice frequencies at 98 and 185 cm.~?
(Nist, 1932 ; Nedungadi, 1938) and thusthe latter is to be taken as the active
vibration in the modified teflection of X-rays by the 211 plane. Raman and
Nilakantan (1940) observed that if the temperature is raised to 280° C., the
modified-reflection-of-X-rays-from-the 210-plane gains rapidly -in intensity
with.a corresponding fall in intensity of the Laue reflections. ‘This observa-
tion taken-in conjunction with.the results obtained here suggests that the
active frequency for. these two planes may be different. The temperature
studies of intensity. of the modified reflection from various crystal planes thus
affords a method of detemining the mode of vibration which varies the struc-
ture amplitude of any plane to the maximum extent.

Penta-erythritol —This crystal is-chosen as the representative of organic

crystals of which the lattice is molecular and the units are held together by
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weak van der Waals forees, The mtensity of the modified rellevtion 1 von-
stderably diminished at 90 T and s nearly one thind of that at 3060 T, bear »
thus nearly pmpm tonal to the absolute tempesture, Tnview of this ma ma
diminution of intensity at the liquid air tempentnee, i is nog surpriang i
Lonsdale, 1940 (s*cc Preston, Nature, 19H) finded o observe the same i
organic crystals especially as the pattern obtained by her at the lower fem et
ture is masked by the intense halo of liguid wir. From the measurements of
relative intensities made up to 90 T, it is not possible (o obtain even the
roughest estimate of the infrasred frequeney in this case. We conld however,
conclude that this frequency should be fess than 100 e, * e - mm bbby Cunve
4in Fig. 3. The dotted curve by its side shows whiat the tate of Gl would be
il itwere proportional to the absolute temperature,  This conelumion regnindiey
the Raman-active lattice vibration in moditied Novay reflection by arpanie
erystals 18 In agreement with the experimiental obsensation in the Rinan
effect thata Iarpe variety of these erystals vield diserete Littiee cecilations with
a frequency range of 25 120 cm. b (Venkateswarnin, [938),

General Remarks.  The present imvestization  thus le.uh demonstrage,
that the determination of the rate of ch: THUC ui mensity of ilu modiied X
reflection with to mperature provides oo new method of obg; ming the mh*a‘m!
spectrum of ervstals, The Crequeney of vibration could Iw eriinited By
accurately by measurements mande at the room temperiture and at hqgud ;n“z
temperature if it falls in the u;tmn J80S00 L Y Bor frequenvies el y
250 em, 1 temperatures lmwr i 90 T will Tinve 1o be e mluml fo ol
the same depree of accuraey, The method promie 1o he m! wulinly soiral e
for erystals Tor which the methods of light seattering and the il red ahbuorp.
tion or reflection are nat applicable,

In conclusion the author wishes (o cxpress b hentfelt thank 1o
Sir CoVL Raman, .18, for his s suggestions and kevn nterent in the work,

Sternary

The Raman reflections of X- rays by cathorundum, vock-walt, wodinm
nitrate and penti-ervthritol are obtained i aire temperature with o
specially desipned vacunm Xeray camers and their ensitien ape Conipired
with those at room temperature, For rock-salt an it Mermedide empenitine of
solid carbon dioxide and for carborus ndum two hivher tem peratures ey
600" and 9007 T have also been emploved, From the relative intennities of
these rulcum NS at varous temperatures, the inlrered frequency ;wa in

the particular reflection is wreertained in cach cire making use of the
following formula
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. efvMET | ] ) .
Intensity o< TATETC T These frequencies are about 800 crr1 -
rundum, 160 cm.! for rock-salt, 200 cm.~* for sodium nitrate £}
100 cm.~! for penta-erythritol. They coincide with one or oth €’
frequencies observed in the Raman effect or in the infra-red spc¢
respective crystal. This new X-ray effect thus provides a novel
evaluating the infra-red frequencies of crystals and is specially
substances for which the methods of light scattering and infrev-
scopy are inapplicable.
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