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Es wird eine Riickstrahl-Rdmmer auf Aufnahmen z~vischen -180°C und 
200°C beschrieben, die auf dio L h g e  des Priiparats Iceinen Temporaturgradien- 
ten aofweist und his auf + 0,5OC konstant ist. 

Mittcls der K a m e  wurde die Wikmeausdehnung von aus SehmelzflEssen 
meoeenen NaCl-Kristden im obcn aneecebenen Bereich remosscn. Die Ereeb- 

-. 
Mcthode. Dio Obsroinsti-ttng lgflt vemuten, daB Gitter-Fchlstcllen in NaC1- 
&istallen bci Zimmartemperatur, wenn iiberhrhaupt uorhanden, glcichmiiflig 
verteilt sein miissen. 

Abstract 

This paper desoribos a simple back-reflection x-ray oamera for thermal 
studics from -180°C to 200°C. This is a modification of the Unicanl singlo- 
crystal goniometor S 26. The camera effectively sl iminah any timpemtixe 
gradient along thc length of tho specimen and the temperatwe can be maintained 
constant to 5 0.5-C. Tho doposition of ice on the specimen at  lorn tornpcraturcs 
is &o suocessfully prevented. Using this camera the lattice thermal expsnsion 
of melt-grown single crystals of NaCl was measured over the range -180" to 
200°C. These rmuits *re in very goad agreement with ths mzc.roseopic thermal 
expansion of the same hatch of myst& made by Dr. R. SRTN~V~SLV, as also 
those obtsincd by other authors for this substance. This agreement suggests 
that if lattice defects are present in xaC1 a t  room tempettlre they must be 
uniformly distributed throughout the volume of the rrystsl. 

- 

* Present address: Department of Physics, Indisn Institute of Technology. 
Madm 36, India. 



' 8 0  ' M. A. Vrswa.>lr~m and 8. RAWASESRAN 

Introduction 

After the classical experiments of FIZEAU~ on the measurement 
of the thermal expa.nsion of NaCl by interferometrie techniques many 
investigators have interested themselves in the thermal expansion of 
this substance. At present fairly accurate values of the macroscopic 
thermal expansion coefficients of NaJaclexist from -180°C to 400°C. 
On the other hand the x-ray data for lattice thermal expansion 
coefficients of NaCl are not so satisfactory. There are no systematic 
measurements available at  low temperatures and the data at  elevated 
temperatures are somcwhat contradictory. For example the lattiee- 
expansion values of NaCl reported by S.nwrz are mudh greater than 
the corresponding macroscopic values, while those of Basu and 
& ~ I T R A ~  (for rocksalt) are dehitely Ioaer. Further GOTTI has reported 
that the x-ray coefficients are consistently lower than the macroscopic 
coefficients in the ease of KI, KBr and LiF, the discrepancies being 
sometimes as high as 15 to 2001,. This ~ v a a  contradicted by the experi- 
ments of CO~TELL and NARTIN~. Accnrate measurements of t h e  
lattice-expansion coefficients are therefore necessary to resolve this 
controversy. 

STRA~AINS" has recently established that NaCI crystals con- 
tain about 10'8 frozen-in vacancies per cm3 even at ordinary tem- 
peratures and that this concentration is independent of anneal- 
ing. It is of importance to determine whether thia large concentra- 
tion.of defects influences the macroscopic and lattice expansions in 
a similar manner. Consequently the accurate determination of the 
x-ray lattice-expansion coefficients was undertaken by the present 
writers using the same batch of crystals of NaCl with which 

' H. FIz~nu, M6moirc sur la dilatation des corps solides par la chaleur. C. 
Rend. Acad. Sci. [Paris] 62 (1866) 1133-1148; also 61 (1867) 314-323. 

H. Samr, Dilatation thormique du sel gemme et do N*C~ p ~ w .  Helv. 
Physica Acta 7 (1934) 49P800.  

a S. B ~ s n  and A. T. MAITRA, Thermal ooefficient of rocksalt by x-ray 
reflection. Ind. J. Physics 15 (1938) 305--316. 

A. GOTT, Thermische Gitterdehnung und malnaskopisehe hdohnung von 
Alkalil~alogenidschmelzBuBIrristallcn. Ann. Physik 41 (1942) 520-536. 

L. '3. C O ~ L L  and H. C. MARTIN, Concerning reported discrepancies be- 
tween x-ray and macroscopic tncasurements of thermsl expansion of soma alkali 
halides. Acta CrystaUogr. 4 (1951) 76-76. 

M. E. Smnnmxrs, Density determinations by a modified suspension 
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SRIYIVA~AN' obtained precise data on the macroscopic thermal-ex- 
pansion coefficients. 

Preliminary experiments showed that the errors in x-ray measure- 
ments were nlainly due to the actual ternperdure of the experimental 
crystal not being measured accurately and this determination was 
sometimes made more diffioult by the presence of amarked temperature 
gradient along the length of the specimen. I n  bacli-reflection tech- 
niques, when tenlperature differences of less than 20°C to 25°C are 
used, the reflection of the CUKE, radiation a t  one temperature tends 
to overlap wit,h the reflection of the Ka, radiation a t  a neighboxzing 
temperature. This also introduces inaccuracies in measurement. 
A fairly satisfactory camera in which these difficulties have been 
eliminated has been constructed and using this camera the thermal 
expansion of NaC1 has been studied from -180" to 200'C. 

The constant-temperature arrangement 

Figure 1 gives the arrangements fixed on the conventional gonio- 
meter head used for maintaining the crystal a t  any steady tempera- 
ture between -1SO"C and 200 " C .  For the loxv-ten~peratnre investiga- 

Flg.1. Tho constant-tomporature arrangement that is mounted on the gonio- 
meter head 

R. S E Z ~ V A ~ A N ,  Thermal expension of aodium and potassium chlorides 
from liquid air tomporaturcs to + 300°C. J. Ind, Inst. Soi. 37 (1955) 232-241. 

M. A. VI~WAXITEA, Ph. D. Thesis, Indian Institute of Sciqnea (19591; 
see also Proc. Ind. Acad. Sci. 49 (1959) 326332 .  
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tions the LOXSDALE and S~UITFI~ method of cooling was adopted. 
Liquid air, filtered of its solidified impurities, is allowed to flow 
through a thin stainless-steel hypodermic needle fixed a t  the lower 
end of a Lonsdale Bask. The stream of liquid air falls on a circular 
brass plate with grooves in it. The crystal is fixed to a central brass 
stud and it is cooled by conduction. A perspex block insulates the 
goniometer from the cold plate, perspex being chosen as i t  showed 
negligible warping a t  low temperatures. By passing currents through 
two heaters, one above and the other helow the crystal, the specimen 
can be maintained a t  any desired ten~perature from -180" to mom 
temperature. When the flow of liquid air is stopped the crystal can 
be heated to f200"C. The lower heater bobbin is imbedded in the 
perspex block while the upper one is supported on thc brass plate by 
two slender brass legs. The space between the two heaters serves as 
thc crystal chan~hm and it is isolat,cd from the out,side by a strip of 
polystyrene. This helps to eliminate tluctuations in the specimen 
temperature due to air currents and it also effectively prevents 
deposition of ice on the crystal during low temperature work. Two 
calibrated iron-constantan thermocouiples measure the temperatures 
at the base and top of the crystal. The lends to the thermocouple and 
heaters are taken out through tight fitting holes drilled in the perspex 
blocks. If this was not done these leads usually snapped shortly 
after commencing the bscillation. 

To maintain the top and bottoni thermocouples a t  exactly the 
same temperature i t  was necessary to pass different currents (con- 
trolled by two independent autotransformers) through the two heaters. 
I n  the early stages of experimentation a third thermocouple wa.8 used 
to explore the temperature gradients in the crystal chamber. The 
differences in temperature along the 1e11gth of the specinien mas 
usually less than 0.5"C in the range of temperatnrcs used and could 
if necessary be corrected for as it was reproducible. The temperature 
itself co7uld be maintained constant to + 0.5"C and could be measured 
to +0.2"C. 

The deposition of icc during the experiments a t  low temperatures 
was completely prevontcd by a very thin hag of polythene, one end 
of which 3sas tied a t  the goniometer end and the  other end to the 
bottom of the Lonsdale flask. The slight excess of pressure inside caused 
by the evaporating liquid air prevents moist air from diffusing inside. 

0 I<. LONSDALE anti I-I. S m ,  Cryst& stl.ucturr: of oyclohexano st -180DC. 
Pliil. $fag. 28 (1038) 614-61G; eoo also J. ~ c i :  Instr. 1S (1041) 133-135. 
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The back-reflection camera 

The goniometer uith the crystal chamber attached was mounted 
on the spindle of a Unicam single-crystal x-ray goniometcr (S 35). 
The heater and thermocouple leads wese taken out tlxough a hole 
made in tho base plate. The back-reflection cassette supplied by the 
manufacturers was not used became of the small specimen-to-film 
distance. Instead, a new back-reflection arrangement, illustrated in 

Fig.2. The back-rcflcction cmcra for thermal expansion studies 

Fig.?, was screxvccl on so that the specimen-to-film distance 
nearly 14.5 om. The only satisfactory method of separating the overlapp- 
ing KG, and Ka2 reflection a t  two neighbouring temperatnres would 
be to move the film after each exposure. Instead of using the arrange- 
ment due to UBBELO~DE~O it was decided to use the simpler procedure 
of rotating the film holder through a small angle about the axis of 
the collimator after each exposure 

Tho back-reflection camera consists of a stationary back plate 
a t  the centre of which a collimator can be inserted through a cylindrical 

'* A. R. UBBELOADE, A multiple exposure x-ray spectrometer. J. Soi. Instr. 
16 (1939) 155-161; sce also Proe. Roy. Soc. [London] 181 (1943) 4 1 5 4 2 7 .  

o* 



bearing, and fixed in any position required by the focussing condition". 
The film holder is another flat plate capable of being rotated about 
the collimator bearing. It can be fixed a t  any orientation by two 
thumb screws provided. behind the hack plate. The Hm holder can 
be mounted or removed without disturbing the collimator. The x-ray 
film enclosed in a black paper is punched centrally and is held in the 
film holder by two brass strips fixed by four thumb screws. The film 
holder is held flush against the back plate but it may be fixed a t  any 
desired orientation by two thumb screws a t  the back. A central nut 
prevents any light leakage through the punched hole. Screws and 
studs are provided tb make fine adjustments of the cassette. 

Experimental procedure 

The specimen to film distance was accurately determined using 
99.9Q0/, pure aluminium powder (d;& = 4.0493 8) as the s'tandardlZ. 
The crystals studied in the present investigation were cut from a big 
crystal grown in the laboratory from the melt by the Kyropoulos 
technique. 'Analar' grade of chemicals were used. Each specimen was 
ground t o  a cylinder (2.5 mm height and 0.2 mm diameter) with its 
axis parallel to the cubic axis of the crystal. It was annealed at 400OC 
for a few hours, sealed into a thin-walled glass capillary and mounted 
on the central brass stud of the crystal chamber with silico-phosphate 
dental cement. The cement was allowed to set for two hours and then 
subjected to alternate heating and cooling to avoid any possible 
misalignment during the experiments. The crystal was centered and 
aligned, first optically, and then accurately by taking a few oscillation 
photographs. . 

For the exact determination of the spacing it was essential to 
record a reflection symmetrically on either side of the collimator as 
this eliminates many errors in measurements. Preliminary experinlents 
showed that the 640 reflection of NaCl was ideally suited for thermal- 
expansion work with CuKa mdiations. The crystal mas set to oscillate 
over a 15" range so that this reflection was recorded on either side 
of the collimator. Photographs a t  six successive temperatures were 
recorded on the same a m ,  the film holder being rotated through 

" H. S .  P E ~ ~ E R ,  H. P. Roo~ssu and A. J. C. Wu.som, X-ray diaaction by 
polycrystdhe materials. Institute of Physics (1965), London, p. 176. 

A. I ~ m q  und M. S ~ n a w x ~ ~ ~ s ,  Die Gitterkonstsnte des reiasten Alurni- 
ni-. 2. phymk. Chem. B 34 (1936) 40-03. 
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a small angle after each exposure. Two independent sets of photo- 
graphs wcrc taken for each tempcratiirc range, one when t,lic crystal 
was being heated and tho other when it was cooled. A second specimen 
was also investigated in a similar manner. 

Tho actual distance on the a m  between the reflections on either 
side of the central hole (recorded a t  any speci6c temperature) could 
be .measured to an accllracy o f  & 0.1 mm and from the knowledge 
of the film-to-specimen dist,ance (detcriuined to 0.3O/, accuracy) the 
spacing of the planes a t  that temperature could be computed. 1 t i s  
estimated that t,he spacings are accnrate t,o 0.02%. The lattice thermal- 
expansion cocfficicnt ia~calculatcd from thc forn~nla 

where t ,  and t ,  are two neighbonring temperatures, d,, and dL, are the 
corresponding latticc spacings, and t is the mean oft, and tz. 3Ieasure- 
ments have been made for every 25°C from -160°C to +20O0C 
while thc specimen was being heated and cooled. 

Results 
' 

The curve of the lattice-expansion coefficient of NaGl against 
temperature is given in Fig.3. The e-qerimental points are marked 
on it and nowhere does the oume deviate by more than &lo/, from 
the experimental values. Table 1 compares the present lattice values 

Fig. 3. The variation of tho lattioe thermal-enpsnsion ooefficicnt of NaCl with 
temperature 
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with the macroscopic values of S~~h-rvasnx~ obtained on the same. 
batch of crystals as well as those of other a ~ t I i o r s ~ ~ ~ ~ - ' ~ .  

Table 2 compares the present lattice valuos with the latticevalues 
of various authors2.3."-20. The values entered in the tables have been 
read off from Fig. 3. It is estimated that each individual experimental 
value is correct to + 3@/, but the values read from the graph may be 
correct to better than & 2'1,. ~ .. . 

Table 2. 
Comparative study of file lauioe-=pansion coefficients obtained by v e r i o u  aull~ors 

Present 
Temperature 

Author 1 specimn / -O / . X I O *  / values 
n X 10' 

41.0 
40.0 
- 
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46.1* 
39.1 
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40.7 

LWDE~XANN~' 
 GEM'^ 
J A ~ S  Is 

BASU and &UITRA~ 

Sam1 

STRAUMANI~ and I E ~  

* extrapolatad. 
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Physik. Z. Sovijctunion 1'2 (1937) 35. 

" C. L. LTNDEXANN, Uber die Tempcraturabhiingigkait des thorrnischcn 
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Discussion of results 

The (100) spacing ofNaCl a t  18"Cgiven by SIEGBANN~~ is 5.639368. 
' 

This spacing a t  26°C would be 5.64112 A. The value of $:, compntcd 
from the present value is 5.64092 8. The good agreement indicates the 
order of accuracy attained-in the measurement of lattice spacings in 
the present experiments. It is also gratifying to note that the lattice- 
expansion coefficients a t  18/6i0C obtained in precision experiments 
of STRAUMAMS and I E V I N ~ ~ ~  (Table 2) agrees to within 0.5% with 
the present values. 

The present x-ray values are in very good apeenlent with the 
macroscopic measurements of SRI~-ASAX' as also with those of 
=EAU~,  HENCLEIX'S, B U ~ N C T O N  and L A ~ E R ' ~ .  The values of 
EUCKEK and DANXOIIL~~ are a t  considerable variance with the present 
values a t  higher temperatures. But it may be noted the values reported 
by these authors are consistently lower than those obtained by other 
investigators. The lattice-expansion coefficients of naturally occurring 
rocksalt obtained by LINDE~SANN" and G~rss'8 agree very well with 
the present measurements on pure NaCI. It may be mentioned that 
SRINI~ASAX also found that the macroscopic expansion coefficients 
of rocksalt and pure NaCl were practically identical. The va l~~es  of 
BASU and MAiT%A3 we rather low. Contrary to all other experimenters 
the values obtained by these authors decrease with increasing tem- 
perature. However a study of Table 1 very cleary establishes that the 
thermal-expansion coefficients of NaCl obtained by x-ray methods and 
macroscopic techniques in the temperature range -10°C to + 200°C 
are practically identical. 

The discrepancies previously observed in the alkali halides were 
attributed to the existence of Schottky defects. The influence of these 
defects on the thermal expansion of crystals have been theoretically 
examined by IMILI~ER and RussmeB and ESHELBY~. They have shoitn 
that the fractional changes in the lattice constants of an akali halide 
crystal containing a uniform distribution of point defects would be 

M. SIEGBAHN, Tho spectrosoopy of x-reps, p. 19. Oxford University Preas, 
London, 1925. 

a R. JIIL- and B. R. RUESEX, Effect on distribution of lattice defects 
within crystals of linear expansion m d  x-ray lattice constsnt. J. Appl. Physics 
34 (1953) 1248-1249. 

z' J. D. ESHELBY, Geometrical and apparent s-ray expansion of a crystal 
containing lattice dofeots. J. Appl. Physics 24 (1953) 1249; See &o Solid State 
Physics, Vol. III, (Editor SEITZ snd Trmrram), Academic Prese Inc., p. 114. 
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exactly what one wonld infer from the relative changes of the macro- 
scopic dimensions of the crystal. The lattice and expansions would be 
different if the crystal contains a non-uniform dist,ribution of defects. 

The close agreement between the lattice and inacroscopic expan- 
sions may he interprctcd to mean that the number of defects in t'he 
crystals is small. But if we accept the findings of STRAUXAXI~ that 
t.here arc approximately 10'8 lattice vacancies per cm3 in NaCl ex-en 
a t  ordinary tenlperatures, then one must conclude that these defects 
are uniformly distrihuted throughout the volume of the crystal in 
the range of temperatures studied. 

It must finally b e  pointed out that even near tho melt.ing point 
where one may expect a large concentration of SCHOTT~Y defects 
FI~CH~IEI~TER~''  finds t.hat the x-ray lattice expansion is not signiti- 
cantly different from the macroscopic expansion. 
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