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X. The Thermal Deformation of the Crystallised Normal Sulphates of Potassium,
Rubidvum, and Cesium.

By A. E. Turron, B.Se.
Communicated by Captarn ABNEY, C.B., F.R.S.

Received January 31,—Read February 16, 1899.

IN a communication made to the Royal Society in April last (‘Phil. Trans.,) A,
vol. 191, 313) the author described an interference dilatometer, by the use of which,
owing to the introduction of compensation for the expansion of the platinum-iridium
interference apparatus by means of a disc of aluminium laid on the object, the delicate
method of F1zEAU is rendered equally sensitive in the determination of the expansion
of solid substances, notably ecrystals, which cannot be obtained in blocks of the
relatively large size hitherto required. The method is particularly applicable in the
cases of those substances, including the crystals of most artificial chemical salts or
other preparations, whose ground surfaces will not take a polish equal to that of
glass. The author was led to devise it in order to be able to extend his investi-
gations, concerning the relations between the morphological and physical properties
of the crystals of isomorphous series of salts on the one hand and their chemical
constitution on the other, to the thermal deformation of the salts in question. In
previous communications to the Chemical Society the author has described the
results of detailed observations of a large number of morphological and physical
properties of the crystals of the series of normal alkali sulphates, containing as metal
potassium, rubidium, and ceesium respectively (‘Journ. Chem. Soc.,” Trans., 1894,
628) ; of twenty-two double sulphates of the series R,M(SO,),, 6H,0 in which R is
represented by the same three alkali metals (‘Journ. Chem. Soc., Trans., 1893,
337 and 1896, 344); and of the normal selenates of these metals (‘ Journ. Chem.
Soc.,” Trans., 1897, 846). The general result of these investigations has been to
show that the whole of the investigated morphological and physical properties of the
crystals of these salts exhibit progressive variations which follow the order of pro-
gression of the atomic weights of the three alkali metals (K = 39, Rb = 852,
Cs = 182°7), so that the variations may be said to be functions of the atomic weight
of the alkali metal, in the broad sense in which the term * function” is usually
applied in connection with atomic weight. v

Of all the isomorphous series referred to, the normal sulphates alone prove to be
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456 MR. A. E. TUTTON ON THE THERMAL DEFORMATION OF THE CRYSTALLISED

suitable for an investigation of the thermal deformation. The double sulphates are
unsuitable on account of the ease with which most of them lose water of crystallisa-
tion when their temperature is raised, and a similar remark applies to the double
selenates, whose investigation with respect to their morphological and physical
properties is now proceeding. The simple selenates offer great difficulties on account
of their excessively hygroscopic nature, which is so marked in the case of caesium
selenate, in accordance with the rapidly progressive advance in the solubility of the
three salts which has been shown (loc. cit. p. 851) to follow the order of the atomic
weights of the metals, as to place it in the category of effective desiccating agents.
The normal sulphate of potassium is absolutely free from this disadvantage, being one
of the least soluble of the salts usually classed as soluble in water, 100 cub. centims.
of this liquid at the ordinary temperature only dissolving 10 grams of the salt (loc. cit.
p. 851 and sulphate memoir loc. cit. p. 632). Rubidium sulphate is so slightly
hygroscopic, its solubility being only 44 per cent., as to present no difficulty on this
ground. Ceesium sulphate is decidedly hygroscopic, the solubility being so relatively
great as 163 grams in 100 cub. centims. water. Although this characteristic is by no
means so strong as in the analogous selenate, the solubility of ceesium selenate being
no less than 245 grams in 100 cub. centims. water, still it is sufficiently marked to
render the use of the salt for the purpose in question impossible in damp weather,
The difficulty has, however, been successfully overcome in the case of ceesium sulphate,
by taking advantage of the driest days of the recent remarkably dry summer, and of
a few dry frosty ones of the early winter, together with the expedient of utilising the
inner chamber of the air bath of the dilatometer as a desiccator, by placing a vessel
containing oil of vitriol therein until the actual moment of commencing the obser-
vations.

In the present memoir, therefore, are presented the results of an investigation
of the thermal deformation of the orthorhombic normal sulphates of potassium,
rubidium, and ceesium. It is scarcely necessary to remark that the series of these
particular three metals has been chosen throughout the whole of the author’s work
on the relations between the chemical composition of salts and the properties of their
erystals, because of their well-established close relationship, as being in the strictest
sense members of the same family group of the periodic system, the definitely
established and relatively large differences between their atomic weights, and the
fact that they form the most strongly electro-positive series of elements.

Preparation of the Crystals.

Although the new compensation method does not require crystal blocks of greater
thickness than 5 millims., the greatest difficulty has been experienced in obtaining
crystals of the commonest of the three salts, potassium sulphate, of adequate thickness
in all three of the axial directions along which measurements of expansion or con-


http://rsta.royalsocietypublishing.org/

a
A Y

A A

I ¥

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

A

%

S

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsta.royalsocietypublishing.org
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traction by heat were desired. By the slow evaporation of cold saturated solutions
over oil of vitriol en vacuo it is possible, given adequate length of time and sufficient
amount of solution, to obtain excellent crystals of the more soluble sulphates of
rubidium and ceesium, of the requisite size to furnish blocks from 5 to 10 millims.
thick in the three axial directions. But in the case of the sparingly soluble potas-
sium salt ‘the crystals are almost invariably small. Moreover, when by exception
they are larger, they are either pseudo-hexagonal triplets or other twinned forms,
useless for the purpose in view owing to the unequal expansion of the interpene-
trating parts due to different axial expansion in accordance with orthorhombic
symmetry ; or otherwise, they are individuals of an elongated prismatic nature, the
elongation being in the direction of the axis ¢ and the prisms being too narrow for
use along the other two axial directions, particularly that of the axis b. It was
found exceedingly difficult to induce well-formed individual prisms, deposited from
a large quantity of a cooling saturated solution, to grow further to the required trans-
verse dimensions in cold saturated solutions over vitriol in vacuo. After attaining
a thickness of about 4 millims. it almost always happened that, rather than grow
further, fresh crystals began to be deposited. After months of fruitless labour,
Messrs. Horkin and Wirnrams kindly undertook to attempt to obtain larger crystals
by the use of very much larger quantities of solution, and eventually succeeded in
producing seven crystals of exceptional thickness, and which, after a little further
growth in a cold saturated solution over vitriol in wacuo, have at length yielded
transparent blocks 65 to 9:6 millims. thick along the direction of the axis ¢ and 5°1
to 59 millims, along the axis b. The author desires to express his great indebted-
ness to the firm in question for so kindly placing their resources at his disposal, and
thus enabling this investigation to be completed.

PrerARATION  OF THE PARALLEL-FACED CRYSTATL-BLOCKS.

Improvements on the Cutting and Grinding Goniometer.

The preparation of the crystal-blocks, each provided with a pair of truly plane and
truly parallel surfaces accurately perpendicular to the particular crystallographical
axis along which the linear expansion or contraction was to be measured, was carried
out with the aid of the author’s new cutting and grinding goniometer. The instru-
ment in question is similar in principle and general appearance to that which was
described to the Royal Society in December 1894, (‘ Roy. Soc. Proc.,” vol. 57, p. 324),
and which is now in the National Collection in the South Kensington Museum. Tt
differs from the latter instrument in including a few slight improvements which
prolonged use has shown to be advisable for the sake of greater convenience and ease
in manipulation. The perfected instrument affords the highest satisfaction, enabling
the most accurately orientated and truly plane surfaces of crystals of any degree of

VOl, CXCIL—A, 3N
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458 MR. A. E. TUTTON ON THE THERMAL DEFORMATION OF THE CRYSTALLISED

hardness to be obtained with the minimum expenditure of time and trouble. Its cost
is necessarily very heavy, and the author wishes it to be clearly understood that it is
not intended as an instrument for ordinary laboratory use, but as a means of
obtaining, irrespective of cost, plates blocks or prisms of the highest attainable
accuracy of orientation and perfection of surface, for the purposes of original investi-
gation. The accompanying illustration represents it

The following description of the improvements on the instrument previously
described is appended for the information of other workers, and in response to several
enquiries which the author bhas received both from investigators in this country and
abroad.

The most important is a new method of mounting the grinding table, which admits
of its movement in its own plane ; this is introduced in order to be able to vary the
part used in the grinding more considerably than can be achieved merely by use of
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the centering movements of the crystal-adjusting apparatus, and thus avoid concentric
grooving of the grinding surface, besides no longer requiring the centering of the
crystal to be disturbed. This is achieved by mounting the grinding gear on a slider,
which can be made to traverse a bevelled bed resting on the base of the instrument,
by rotation of.a long screw gearing with a corresponding thread in the bed and
manipulated by a winch handle. The gunmetal bed is 20 centims. long, 6 centims.
wide at the top surface, the greater portion of which is planed out into a depression
so as to reduce friction by only leaving narrow strips along the long edges to act as
guides for the slider, and 4 centims. wide at the base, there being thus a bevel of
1 centim. at each side. The bed is fixed firmly to the main base of the instrument by
four large screws. At the outer end is a cup-shaped hollow ending in the tapped
horizontal hollow cylinder of steel which gears with the steel screw carried by the
slider. The latter is slightly longer than the bed, and 8 centims. broad. It is a
solid casting of steel hollowed underneath to the shape of the bed; the thickness
above the bed is 8 millims., and the sides, bevelled on their interior, have a depth of
24 millims. In order to ensure close but not inconveniently tight fitting of the slider
on its bed, room has been left on one side for the insertion of a thick strip of steel
between the bevelled edges of the slider and the bed, and this is attached to the
slider by five screws whose heads are on its outside, and which serve as adjusting
screws to regulate the fitting of bed and slider. At the outer end the slider narrows
off laterally and its termination is deepened to the depth of the bevelled sides, so as
to form a stout support for the passage of the thick steel cylinder which, beyond this
bearing, where it is flanged to prevent its traversing, is cut with a deep screw-thread
corresponding to the hollow one in the bed. Immediately outside this bearing, the
steel cylinder passes into the brass winch fitted with ebonite handle. As the other
end of the screw is unflanged, the slider can be readily removed from, or re-attached
to, the bed; on pushing the slider over the bed it slides unimpeded for a dozen
centims., when the screw begins to gear, and further. movement is effected by the
winch. The grinding gear is similar to that permanently fixed to the base in the
previous instrument, the grinding table being provided with an eflicient means of
adjustment exactly perpendicular to the vertical goniometrical axis, and the friction
pulley with a means of adjustment for the tightening of the driving band. The
former is necessarily effected differently to the method employed in the previous
instrument, as it is no longer possible to penetrate the base for the utilisation of the
spiral spring and tripod method. It is here effected by an adjustable stout circular
base-plate, which is fixed to the slider by six screws, three of which penetrate both
plate and slider, and three pass through the plate only and thus act as adjusting
screws ; after these are adjusted the table is fixed in the adjusted position by means
of the other three screws. The adjustment of the friction pulley is effected by
carrying it on a bracket which is fixed at the inner end of the slider by two broad-
headed screws, working in slots of the required length in the horizontal claws of the
3 N2
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460 MR. A. E. TUTTON ON THE THERMAL DEFORMATION OF THE CRYSTALLISED

bracket. Both this attachment and the circular-plate-bearing attachment of the
driving pulley carried at the outer end of the slider can be slightly tilted if desired,
so as to make the pulleys run sufficiently eccentrically to avoid firiction of the band at
the two crossing points on each side of the grinding table pulley. The slider carries
in addition, at the middle of the friction pulley end, a small brass plate supporting a
short tube, in which, together with two holes driven into the slider one near each side
and on the other side of the grinding table, fit three rod supports for a circular guard
to surround the grinding table and prevent projection of the lubricating liquid when
grinding. The guard has a window on the side nearest the friction-pulley, for the
passage of the crystal and its supporting apparatus as the slider is pushed into
position ; the window can be closed by a shutter after the passage of the crystal, a
strip of metal of similar curvature to the guard itself being fitted round this portion
of the guard for this purpose, and made movable with the aid of a little handle along
a suitable slot directed by broadheaded guiding pins.

The height of the grinding surface of the lap, when the slider is in position, is
exactly the same as that of the cutting disc when the cutting gear is in position, so
that no variation of the height of the crystal-carrying axis is required. The cutting
gear is exactly as in the former instrument, rotatable about the back pillar, and
supported also, when in position, in a traversing apparatus carried by the front pillar.
The slider carrying the grinding apparatus is removed when the cutter is in position.

In addition to the laps provided with the previous instrument, two additional ones
are furnished. One is a polishing lap for hard crystals, consisting of hard opticians’
wax melted into a circular metal tray of the same size as the other laps, and after-
wards compressed so as to present a plane surface. This lap, employed with ochre or
rouge, enables the opticians’ method of polishing glass surfaces to be closely followed
in the polishing of hard crystal surfaces. The second is a lap whose grinding surface
is formed by a sheet of emery cloth stretched over, and cemented to, a metal base of
the size and shape common to all the laps. This lap has been particularly useful for
effecting the preliminary grinding down of the relatively large crystals employed in
the work whose results are now being communicated, leaving but little for the
ground-glass lap to do. The variety of eleven laps now provided, enables any or all
of the usual grinding and polishing processes of the optician and lapidary to be
followed, besides those described by the author for the grinding and polishing of the
softer erystals of artificial salts. One of the laps is shown in position in the illustra-
tion, and another to the left leaning against the base of the nstrument.

A further small but important addition to the accessories consists of three gripping
crystal-holders, which are shown resting on the basc. One of them is a triply and
widely split tube of a centimetre bore, narrowing at a centimetre from the orifice into
a cone which passes into a grooved stem similar to the stems of the ordinary holders
used for wax attachment of the crystal. The wide splits are continued down to the
stem, and the conical portion is provided with a serew thread, with which gears o
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milled collar, by the screwing of which down the cone the three portions of the
tubular holder are compressed together. The latter are padded inside with broad-
cloth, within which, on rotating the collar, the crystal is firmly clamped. This holder
is suitable for the gripping of prismatic crystals. The other two, which differ only in
the size of their apertures, somewhat resemble miniature tuning forks, the stems being
of the same size as those of the other holders and similarly grooved to fit the ribbed
socket at the base of the crystal-adjusting apparatus. The two prongs are in each
case relatively broad, 1'3 centim., are padded inside with broad-cloth and can be drawn
together so as to effect the grip by means of a milled-headed clamping screw, passing
loosely through one prong and serewing firmly through the other. One of the forks
takes crystals 5 millims. thick and the other takes crystals up to 1°2 centim. thick.
If the crystal is not sufficiently tabular for direct gripping by one of these two latter
holders, and not sufficiently evenly prismatic for the advantageous use of the split-tube
gripper, it is packed in a rectangular block of cork held in the larger forked holder ;
the cork can be cut with a sharp penknife so as to accommodate the most incon-
veniently shaped crystal in the position required for grinding. When the prongs are
screwed together as much as possible so as to tightly grip the cork setting and the
contained crystal, the latter is found to be rigidly held without any danger of
cracking, the cork lending itself to an even distribution of pressure. These grip-
holders were devised in order to avoid the frequent cracking which large crystals
suffer when warm opticians’ wax is employed to cement them to the ordinary holders.
The importance of this point is obvious, when it is remarked that a cracked crystal is
totally unsuitable for use in determinations of thermal expansion by the interference
method, the crack being sure to develop further during the observation and derange
the interference bands.

Another addition is a special crystal-adjusting apparatus, shown resting on the table
to the right in the illustration, intended for use in preparing 60° prisms for refractive
index determinations, in cases where it is a difficult matter, by reason of deliquescence
or other rapid deterioration of the substance under investigation, to prepare the two
inclined surfaces by separate settings on a crystal-holder employed with the ordinary
adjusting apparatus. In order to prepare two surfaces inclined at 60° by one setting
of the crystal, it is obviously necessary to rotate the crystal for 60° on each side of
the particular principal optical plane which has been adjusted vertical to the grinding
plane, with the aid of the goniometrical arrangements provided on the instrument,
and to which optical plane the two required surfaces are to be symmetrical. The
adjusting apparatus provided for ordinary purposes is similar to the second one
described in the memoir on the first and smaller pattern grinding goniometer, intended
for use in grinding small artificial salt crystals (‘ Phil. Trans., A, 1894, p. 8935), but
of larger size, corresponding to the larger instrument. It includes two cylindrical
adjusting movements provided with divided silver arcs and indicators, and a divided
horizontal circle between them to enable the lower movement to be set at any desired
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462 MR. A. E. TUTTON ON THE THERMAL DEFORMATION OF THE CRYSTALLISED

angle, usually 90°, to the upper one. - The two cylindrical movements, however, only
admit of 35° of rotation on either side of the vertical axis in each case; this amount
is ample for ordinary purposes, including the preparation of a 60° prism by separately
setting the direction of each required prism-face, by rotation of 30° from the plane
perpendicular to the bisecting plane, the former of which planes can usually be as
readily goniometrically adjusted with reference to the existing crystal faces as the
bisecting plane itself. 1In the exceptional cases referred to, of which the extremely
deliquescent ceesium selenate is an excellent instance, it repays to render the
adjusting mechanism more cumbrous in order to secure the prime object, and for this
reason the new alternative adjusting apparatus is provided.

Tt is exactly like the one provided for ordinary use as far down as the upper fixed
cylindrical segment and its divided silver scale reading 35° on each side, which is
suspended by a bracket from the lower disc of the centering arrangement. The latter
is given in duplicate, one being always attached to the ordinary and one to the
special adjusting apparatus, as it is more readily attached to, or detached from, the
inner axis of the goniometer than the adjusting apparatus to or from the centering
dise. Sliding in and under the fixed segment, instead of the usual movable segment
of the same size, is one of double the size, that is of rather more than 150°. On one
face this enlarged movable segment carries a silver index, to indicate the position
with respect to the fixed graduated arc above it; and on the other a silver arc
graduated to 75° on each side of the centre. In a rabbetted bed on the under side
of the large segment slides the carrier of the lower adjusting segments, which are of the
same kind as in the ordinary apparatus, arranged permanently at right angles to the
two upper ones, the horizontal circle of the ordinary apparatus being omitted in order
to avoid complexity. The sliding of the large segment about the upper fixed one is
effected, for the 35° of its path on each side, by manipulation of the milled head of a
tangent screw arrangement as in the ordinary apparatus. The lowest of the pair of
segments arranged at right angles to these upper ones is also manipulated i its
segmental bed for 35° each side by a similar tangent screw. But the sliding of
the carrier of the two lower segments about the large segment is effected by hand,
and fixation at any required position, with reference to the large silver arc as indi-
cated by an index on the carrier, can be brought about by a milled-headed screw-clamp
on the opposite side to that on which are situated the manipulating serew of the
lower segments and the index just referred to.

The mode of using the apparatus is very simple. The crystal is attached, with the
minimum of wax protruding at the sides, to the smallest of the special crystal-holders
which are provided with azimuth adjustment, and with the plane which is desired to be
the bisectrix of the 60°-prism arranged vertically as nearly parallel to the goniometrical
axis as possible and parallel to the lower tangent screw. The latter can be accurately
attained by use of the azimuth adjustment of the crystal-holder. The plane referred to
is then exactly goniometrically adjusted with the aid of the two tangent screws, that
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is, in the case of the upper adjusting movement by slight rotation of the large segment
about the upper fixed segment, the clamping serew being fixed, with the indicator on
the carrier at zero. The screw is then unloosed and the slider, together with the lower
segments carried by it, moved round 60° on one side, as indicated by the silver index
on the carrier, which travels closely underneath the large divided are. If the 60° are
not conveniently attained by the hand movement of the carrier, the difference can be
nicely made up by movement of the large segment about the upper arc by means
of its tangent screw. If the original position of the upper segment had been noted
on the silver scale it could readily be re-attained after the grinding of the first
surface. When the latter has been achieved, the lower part of the apparatus is
transferred to a position 60° on the other side of the centre, by a total sliding under-
neath the large segment of 120°, and the second surface is ground.

Another smaller but very useful addition is a spring-clutch to keep up the counter-
balanced gun-metal axis, the apparatus for varying the pressure of the crystal on the
grinding lap, when the left hand is removed from that one of the counterpoising levers
which it manipulates during grinding. In order to prevent this axis from moving during
the adjustment of the crystal, a hooked spring-clutch is arranged about the bearing of
the lever, in such a manner that when it is pushed over into position, it is maintained
there by the force of a spring. It consists of an arm rotatable about an axis screwed
into the lower part of one side of the bearing, and carrying a short horizontal bar
attached at its outer end which presses down on the outer arm of the counterpoising
lever when in position ; a strong spring fixed to the base of the bearing and which
has to be overcome on moving over the little arm, presses up against an angle of the
latter below the axis in such a manner as to keep the bar of the clutch, after being
brought over into position, firmly down on the counterpoising lever. The lever is
thus fixed with its elbow resting on the circle plate, and its other arm carrying the
knife edge is maintained pressed up against the collar of the gun-metal axis, and
thus the axis and the crystal which it carries at its lower extremity is unable to fall
out of position during the adjustment.

The remaining improvements are two additions to the telescope of the goniometer,
due to the suggestion of the author’s friend Professor H. A. MiErs, who had already
had such additions made to the telescope of an inverted goniometer constructed for
him by the same firm, Messrs. Troughton and Simms, and which was intended for
the study of the vicinal faces of crystals while in the act of growth in a cell of
mother liquor. As the author’s cutting and grinding goniometer forms a most
excellent inverted goniometer, it was considered advisable to adopt these additions.
A rectangular cell with truly plane glass sides is also included to contain the satu-
rated solution employed in such investigations.

The first of the two consists of a combined goniometer- and micrometer-eyepiece,
which provides two fixed spider-lines arranged at 90°, one vertical and adjusted
exactly parallel to the vertical axis of the goniometer and the other horizontal, both
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being diameters of the circular field ; and also a third spider-line which is both
rotatable and capable of movement perpendicular to itself in the focal plane. The
fixed lines are attached in the central aperture of a circle-plate 7 centims. diameter
fixed round the optical tube of the eyepiece, and which carries near its periphery a
circle divided directly into degrees. The movable spider-line 1s carried in the aper-
ture of a micrometer box carried in front of a similar circular plate, which latter is
fitted closely to the former plate in front of it, and partly enveloping it with a milled
flange in such a manner as to be rotatable about it. This front plate is pierced by
a window above the micrometer box in such a position that the divided circle of the
fixed plate is visible through it. The inner edge of the window is bevelled and carries
a vernier, with the aid of which the circle reads to minutes. The movable line is
fixed to the front of the traversing frame of the micrometer, at the focus of the double
eyepiece which slides in the short portion of the optical tube in front of the box. The
fixed lines are brought into the focal plane and almost into contact with the movable
one by means of a relatively thick annulus capable of penetrating the traversing frame
and attached to the aperture of the fixed circle. The traverse of the frame and its
spider line is recorded by a divided drum of the usual kind at the right-hand side of
the box ; the drum is divided into 100 p'arts, and the reading is indicated by an index
mark fixed alongside. The movable circle and the spider line which it carries can be
clamped to the fixed circle and the stationary spider lines when desired, by means of
a suitable clamping screw provided with milled head, on the lower part of the peri-
phery opposite to that near which the window is situated. These arrangements
enable small movements of the image of the collimator signal, reflected from a crystal
surface during growth and due to disturbance of the thermal or other conditions of
the solution, to be followed and measured, whether they are lateral, angular, or both.
The other addition to the telescope is that of so arranging the removable lens,
usually added to the telescopes of goniometers outside the objective for the purpose
of converting the optical system into that of a low power microscope focussing the
erystal, as to make it capable of being thrown into position either as usual behind the
objective or in front of the eyepiece, and further of making it capable of travelling
for some distance along the optical axis. The purpose of this is to enable the image
of the signal to be actually followed right up to the image of the crystal itself, in order
to be quite certain as to the particular face from which it emanates. This is achieved
by supplying two such lenses, mounting the pair on a T-piece, and hinging the stem
about a small platform carried above a short tube sliding round the main optical tube
and prevented from rotation by a suitable rib and groove. It is only necessary to
swing the T-piece over one way or the other for the lens to fall into position either
adjoining the objective or the eyepiece, the length of the end cross-piece carrying the
lenses being arranged so that either lens falls exactly into the optical axis. The one
which falls behind the objective is generally employed close up to the latter in the
usual manner. The other one which falls in front of the eyepiece is the one employed
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to trace an image ; it is of such focal length that when it is close up to the eyepiece
it permits the image of the signal to be seen almost as well as when it is absent,
while as it is drawn more and more in front of and away from the eyepiece it causes
the image to pass gradually into that of the particular reflecting face of the crystal
itself. The latter is clearly focussed when the sliding tube has been drawn forward
to the full extent of its path, and the face affording the signal image is seen brightly
illuminated, as well possibly as other vicinal faces, from which it is distinguished by
the tracing process just indicated.

The rest of the arrangements of the instrument are precisely as described in the
former memoir (loc. cit.).

Procedure vn Cutting and Grinding the Crystal-blocks.

In selecting crystals from which to prepare a parallel-faced block, those were
naturally chosen which were free from traces of turbidity and from cracks and
distortions. Crystals of ceesium sulphate are readily obtained perfectly free from
turbidity ; in the case of rubidium sulphate only very slow growth in vacuo yields
crystals satisfactory in this respect. The exceptional crystals of the potassium salt,
eventually obtained after so much trouble, as has been referred to, were also satisfactory
from this point of view.

After removal from the mother liquor, the crystals were carefully dried, and then
immediately stored in a desiccator for several days at least before use. With two
exceptions each selected crystal was only employed for duplicate determinations, on
two successive days, of the linear thermal expansion or contraction along some one
particular axial direction. In all, 29 different crystals were employed, 11 of
potassium sulphate, 8 of rubidium sulphate, and 10 of ceesium sulphate. The two
exceptions were crystals of the rubidium and ceesium salts, the former of which was
a particularly fine specimen elongated along one axial direction, and which, when
cut in two halves transversely to this direction yielded portions so large that they
were separately employed for determinations in two different axial directions; the
crystal of czesium sulphate was cut and ground into a rectangular block for successive
determinations in all three axial directions, so as to afford an instance of all three
linear values, and from these the value for the cubic expansion, being derived from
one and the same crystal, for comparison of the cubic deformation thus obtained with
that derived by calculation from measurements of the three linear expansions or con-
tractions exhibited by different crystals. The results were so nearly identical, and
the comparison therefore so satisfactory, that there will be no occasion to further refer
to this point. .

The orientation of the various faces, and the consequential identification of the
axial directions of the crystals, was usually an easy mafter, as the author was familiar
with the salts in question owing to the exhaustive morphological and optical study
 VOL. CXCIL—A. 30 ‘
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already made. The identification of the axial directions is such a vital matter, as
will be abundantly evident when the results are discussed, that it should be stated
that the whole of the work, in common with all the author’s previous crystallo-
graphical investigations, has been carried out exclusively by the author personally.
In every case, the axial directions were actually verified both by goniometrical
measurements and- by examination of the interference figures in convergent polarised
light. Immersion in a cell of benzene, on the inverted goniometrical polariscope,
materially facilitates the latter verification, as the refractive index of that liquid is
not far removed from the mean of the indices of the three salts, and the interference
figures are consequently very clear, and the apparent optic axial angle is very nearly
the true angle.  Oil cannot be used, as it 1s apt to penetrate into any minute cavities
in the surfaces, and to ooze out during the thermal observations in drops too small to
be noticeable without a lens, but which are sufficient to entirely derange the inter-
ference bands by lifting the compensator by an amount which is very appreciable in
observations of such delicacy.

For the same reason oil cannot be used in grinding the surfaces, and recourse was
again made to benzene, which by its volatility rapidly removes itself from cavities.
1t is naturally unavoidable that greater quantities require to be used than of oil, as it
so rapidly dries away. Hence a dropping funnel was arranged above the cutting or
grinding disc, to deliver drops sufficiently fast to continually provide adequate lubrication.

The crystal, after verification of the axial direction along which it was desired to
determine the linear deformation, was mounted in the grip-holder, in the manner
already described, with the axial direction in question approximately vertical, parallel
to the goniometrical axis and perpendicular to the cutting disc and grinding table.
The approximation was then converted into absolute adjustment, by goniometrical
observation and adjustment of the natural zone of faces parallel to the axis in
question. If the crystal were so terminated below that much grinding would be
necessary to produce the required surface, the cutter was first brought into requisition
and the lower end cut off, at such a distance as to afford a surface of the required
extent with the least sacrifice of thickness in the axial direction adjusted. The
cutting of these crystals of artificial salts, although they are so much more friable
than mineral crystals, is nevertheless most successfully performed by the new instru-
ment. No crystal has yet been broken in the process. If no cutting were required
the rough grinding of the surface was carried out on the emery-cloth lap, at first with
the crystal-holder and lap detached from the instrument and the former held in the
hand, and then, after a rough approximation to the desired surface had been attained,
with the crystal and its holder and the lap in position. Finally, after verification of
the adjustment, which, owing to the mode of fitting of the holder on to the suspended
adjusting apparatus, was usually unimpaired, the surface was finely ground with one
of the ground-glass laps.

As the method of using the aluminium compensator above the crystal was always
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adopted in arranging the interference apparatus of the dilatometer, the second of the
methods described in the memoir concerning the latter and which is illustrated by a
special figure in the German translation of that memoir contributed to the ¢ Zeitschrift
fir Krystallographie’ (30, 530), there was no necessity to polish the surfaces of the
crystal-blocks. For a crystal surface is not required to act as the lower reflecting
surface involved in the generation of the interference bands, the upper surface of the
compensator performing that function. It was therefore only necessary to complete
the block by preparing a similar parallel surface in the same manner, separated from
the first one by as much thickness of crystal as the particular specimen admitted of.
The crystal-block was then cleaned from crystal dust by washing in benzene, dried
with a clean linen cloth free from fluff, and stored in a desiccator until required for
the observations. The thickness of the blocks employed varied, as will subsequently
be seen from the record of the accurate measurements, from 4°8 to 107 millims., the
former limit being in the case of the only crystal under 5 millims. in thickness. The
great majority were from 7 to 9 millims. thick.

In two or three cases, although only benzene had been used in the treatment of the
crystals, the observations of expansion were vitiated by the oozing of minute traces
of liquid, which proved to be mother-liquor, between the surfaces of the platinum-
iridium tripod table and the crystal, or between the latter and the compensator.
For in most cases the three point method of contact was impossible, owing to the
prepared crystal surfaces being narrower in one direction than in the other, too
narrow to take the third point but not too narrow for stable equilibrium of both
crystal and compensator. A comparison of the results for the same direction by the
two methods shows, however, no appreciable difference, the surfaces having always
been absolutely clean and free from dust. Moreover, the surfaces produced by the
author’s cutting and grinding goniometer are so absolutely plane, that no rolling, due
to slight convexity of surface, has ever been observed with them. Further, the
placing of the crystal and compensator in position on the table of the tripod was
always effected by sliding, to minimise any intervening compressed air film. In the
cases of oozing of mother-liquor referred to, the crystals were subsequently heated
slowly to 105° in an air-bath, and maintained at this temperature for twelve hours.
On repeating the observations of expansion no further disturbance occurred, successful
determinations being obtained, and the results agreed satisfactorily with those
obtained for the same direction of the same salt in cases where this treatment had
been unnecessary.

Tae DETERMINATIONS OoF LINEAR DEFORMATION.

Mode of Conducting the Observations.

The determinations of thermal expansion or contraction were made in the manner
which is very briefly outlined for crystals at the close of the memoir concerning the
302
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dilatometer (loc. cit., lower part of p. 363 and p. 364), after the description and com-
munication of the results of the determinations of the expansion of the platinum-
iridium alloy of the interference tripod and of the aluminium of the compensators.
The temperatures employed have not been quite so high as in the cases of those
metallic substances, the highest limit being in the neighbourhood of 96° in order
that there might be no appreciable deformation due to internal strain, provoked by
the attempted vaporisation of the water of mother-liquor contained in the inevitable
minute internal cavities. It is impossible to altogether prevent the formation of such
cavities, even by slow evaporation n wacuo, but the remarkable agreement of the
results obtained indicates that any variable deformation due to this cause has been
infinitesimal.

Every effort has been made to render the conditions of the determinations as
rigidly analogous as possible, so that comparisons of the results can be made with
confidence. As far as possible the same aluminium compensator has been used
throughout, namely, one 525 millims. thick and a centimetre diameter, and un-
provided with points as the three-point method of contact was so rarely available ;
where exceptions have been made, results with the compensator mentioned are avail-
able for the same direction of the same salt, and the two series of results agree so
well that the change has evidently not introduced any error. This, of course, should
be so, for the compensators, including the one 12 millims. thick used for the deter-
mination of the expansion of the metal, were all cut from the same casting of pure
aluminium. In most of the exceptional cases the other compensators were provided
with points, and the three-point method was used, and afforded the results which
have already been stated to accord with those where points were not used. The 525
compensator gives excellent interference bands, particularly from one of the two
surfaces, which was marked and invariably used. The bands afforded by it were
slightly curved, due to infinitesimal convexity, an additional advantage as it was
always possible, by noting whether they moved outwards from or inwards towards
the centre of curvature, to at once ascertain whether the movement of the bands
were due to expansion or to contraction. There is a further advantage in employing
the compensator above rather than below the crystal, namely, that the polished
surface of aluminium reflects light almost equally with the other surface involved in
the production of the bands, the lower surface of the large cover-glass which is laid
on the platinum-iridium tripod serews and which bears about its centre the miniature
silver ring whose centre is the point of reference for the micrometric measurement
of the position of the bands. '

The air-film between the two reflecting surfaces was in nearly all cases very thin ;
it was not found advisable to strive so much for exact compensation for the expansion
of the screws as to produce the most brilliant bands. For the correction for non-
compensation is of course in all cases accurately determined from the known expansion
of the tripod alloy and aluminium. The serew-length corresponding to 525 millims,
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of aluminium is about 13-77 millims. which leaves room for a crystal 8:37 millims.
thick and an air film of 0'15 millim. As the crystals only usually varied 1 or 2
millims. each side of the thickness mentioned, the amount of under or over compen-
sation was never very large.

The same thermometers have been employed as were fully described in the previous
memoir. Their fixed points were carefully redetermined after the completion of the
determinations. The inner bent thermometer whose bulb was in contact with the
tripod and whose indications were those accepted, was found to have altered only
to the extent of 0°'1, the indications at 0° and 100° in ice and steam, after applying
the pressure correction for the latter, being 0°'1 and 100°'1 respectively. Hence the
interval had remained unchanged, and as only differences of the temperatures are
employed in calculating the coefficients of expansion, no correction of these latter
is required for change of interval,

The usual modus operands was to expend the greater part of three days in carrying
out a duplicate pair of determinations, of the linear thermal deformation of any one
crystal along the direction perpendicular to the two prepared parallel surfaces. The
afternoon of the first day was employed in adjusting the crystal and the whole
apparatus so as to afford a suitable field of interference bands. Each of the two
succeeding days was utilised for the carrying out of a complete series of observations
of the position and transit of bands for two intervals of temperature, the operations on
each day occupying 5 to 7 hours, during the whole of which time the author followed
the bands without intermission. Naturally, the carrying out of sixty-four such
observations has proved very trying and fatiguing, the observer being continually
afraid of such highly delicate measurements being vitiated by earth tremors due to
street traffic or other disturbance, in spite of the rigid mounting of the apparatus
on a slate table. Fortunately, this fear has not proved to have had much foundation,
as the author’s laboratory is happily situated in an exceptionally quiet part of Oxford
well removed from the city and the railway. But the experience has shown that the
observations would have been far more difficult, if not impossible, in a large city with
a network of underground railways such as London. Although this source of dis-
turbance has been minimised, several observations have been lost, generally after
spending hours upon them, by the cracking of the crystal under the influence of the
rise of temperature, slow as it always was in order to avoid this catastrophe.

The further experience gained during this work indicates that in the case of
crystals the Abbe method, of calculating the number of bands which pass the point
of reference between two temperatures from initial and final observations of the
positions of the bands nearest the reference point, for two wave-lengths, is generally
inapplicable. The only guarantee that the observation has been a trustworthy one,
that no disturbance due to any of the causes already referred to has occurred, is
obtained by carefully following the bands for the whole of the temperature-interval,
and observing that they maintain their regular distances and exhibit no appreciable
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twisting round the centre or any other irregularity, throughout the whole of the
interval of time. Frequently slight cracking of the crystal is accompanied by
widening or narrowing of the bands during one part of the observation and movement
in the inverse direction during the other, or possibly by twisting for a whole revo-
lution, and very frequently by merely jumping several bands, the appearance at the
end being much the same as at the beginning. Such an observation is, of course,
valueless, but the Abbe method would not detect this fact. Undoubtedly, the
author’s method, although very fatiguing, is the only one which is trustworthy
when fragile substances are under investigation. ,

The counting of the bands was achieved precisely as described in the dilatometer
memoir (p. 348) with the aid of the tape-puncturing recorder, the induction coil
which illuminated the hydrogen Geissler tube being actuated at sufficiently rapidly
succeeding intervals to enable the author to observe the passage of at least every
quarter of a band. Timing the transit with the watch is an excellent aid, as, if' the
observation is trustworthy, there should be no sudden changes of rapidity in the move-
ment of the bands. When the Fletcher ring-gas-burner below the double air-bath is
first ignited, the bands move very slowly, the rapidity then growing with a regular
increment until it reaches, in the case of large expansions where at least forty bands
pass during the interval of 45° of temperature, a maximum of two bands per minute ;
the rapidity then as gradually diminishes until, with the attainment of constancy at
the higher limit for that particular interval, the bands cease to move altogether.
Moreover, if the temperature recorded by the inner bent thermometer, whose bulb
is tied to and in contact with the platinum-iridium tripod, shows any slight tendency
to descend a fraction of a degree, the bands should imediately begin to retrace their
steps to a corresponding extent. No observation has been accepted during which
these conditions were not fulfilled.

The temperature limits employed were respectively the ordinary temperature,
obtained as low as possible by commencing work about 7 A.m., the neighbourhood
of 56° and that of 96°. The determinations of the positions at these temperatures,
of the two bands nearest to the reference point, were made precisely as described in
the previous memoir (p. 846). The monochromatic light employed throughout was
red hydrogen light, corresponding to the C line of the solar and hydrogen spectrum,
separated from all other radiations by a train of prisms in the manner described in
the dilatometer memoir (pp. 322 and 342). The wave-length of this radiation
employed in the calculations was 00006562 millim. '

When adequate time for complete cooling had elapsed, after the second series of
observations, the measurement of the thickness of the crystal and the length of the
tripod screws was made, by means of the thickness measurer described on p. 387 of
the former memoir. For this purpose the interference chamber was carefully raised
out of the bath by means of the rackwork on the pedestal, and the tripod, together
with the supported crystal and compensator, after cutting the thread binding the
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thermometer to it and gently drawing the latter aside, was removed from the chamber

and transferred to the thickness measurer. The greatest care was taken not to

disturb the positions of the crystal and compensator on the table of the tripod. The

large cover-glass (cover-wedge of the previous memoir) was too large to be taken
through one of the windows of the chamber along with the tripod, so was left inside,

being raised with the left hand while the tripod was removed with the right to the

nearest resting place, the top of the air-bath ; the cover-wedge was then turned over

so as not to injure the silver reference ring and laid on the floor of the chamber. The

tripod was then removed with both hands to such a position on the glass base of the

thickness measurer that the agate pointed end of the measuring bar would fall exactly

on the centre of the compensator, over which the silver reference ring of the cover-

wedge had been situated during the observations. The height of the plane of the

tops of the three tripod screws at this point was then first determined by laying on

the screws a large circular disc of glass similar to the cover-wedge, and whose surfaces

were truly plane and the thickness of which had previously been repeatedly deter-

mined at a position near the centre which was conveniently indicated by a small

internal bubble. The disc was laid so that the bubble was over the centre of the

compensator. The measurement was then made by lowering the counterpoised bar
into gentle contact with the top of the dise and reading the scale with the aid of the

micrometer. This height, minus the known thickness of the dise, gave the height of
the plane of the tops of the screws. The disc was then removed and the bar lowered

down upon the compensator, and the height again noted. The difference between

this and the height of the screws gave the thickness of the air film. The bar was

again raised and the compensator next removed, without disturbing the crystal, a
matter requiring some nicety of manipulation with a pair of small ivory-tipped

forceps ; the bar was then allowed to fall gently on the crystal, when another

measurement was taken. The difference of this and the last was of course the

thickness of the compensator, as nearly as possible 5:250. It then only remained to

once more raise the bar, remove the crystal, allow the bar to fall on to the table of
the tripod, and take a final measurement of the height of this. The difference

between this reading and the previous one afforded the measure of the thickness of
the crystal. In cases where the three-point method was employed the only difference

was to determine the mean height of the three particular table points used, with the

aid of a small disc of glass, of known thickness at the centre, and placed on the same

points, instead of determining the height of the surface of the table itself. The

length of the screws was evidently afforded by subtracting from the height of the

screws the height either of the table itself or of the points, according to the method

of supporting the crystal employed.

The four desired basal quantities, L, the thickness of the crystal, [, the thickness
of the compensator, / the length of the screws, and d the thickness of the air-film,
were thus determined exactly along the vertical line passing through the centre of
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reference of the interference band observations, and so any error due to minute lack
of parallelism of the surfaces involved was obviated.

An example taken at random from the actual measurements will render the process
quite clear. It refers to the fourth crystal of czesium sulphate along the direction of
the morphological axis b.

millims. millims.
Height of top of glass dise . . . . 40857
Known thickness of glass disc . . . 6117
Height of screws . . . . . . . 34740 d= 0145
» top of compensator . . . 34595 l,= 5253
’ , ecrystal . . . . . 29:342 L,= 84379
) , tripod table. . . . 20963 = 13777

The Nature of the Problem with reference to the Crystallographical Symmetry.

The symmetry of the three salts under investigation being orthorhombic, the three
axes of the thermal ellipsoid coincide in direction in each case with the crystallo-
graphical axes, just as do the axes of the optical ellipsoid already fully elucidated in
a previous memoir. The amounts of thermal deformation along these three axial
directions should not, from general considerations, be equal, as in crystals belonging
to the cubic system, nor even would any two of them be likely to exhibit the same
amount of expansion, as in the case of crystals exhibiting tetragonal or hexagonal
symmetry. Orthorhombic symmetry requires that if a sphere of the substance of any
one of these crystallised salts could be procured at any specific temperature, at any
other temperature such sphere would have become converted into an ellipsoid with
three unequal axes, and that these axes would coincide in direction with the three
rectangular crystallographical axes. One of these morphological axes would thus be
the direction of maximum expansion or contraction, another that of minimum and the
remaining one that of intermediate deformation. The problem of the determination
of the nature and amount of this thermal deformation consequently resolves itself
into the determination of the amount of linear thermal expansion or contraction along
the respective directions of the three morphological axes. From these fundamental
data can be calculated the cubical expansion, in other words, the difference in volume
between the sphere of unit radius and the deformation ellipsoid produced therefrom
as the effect of change of temperature.

The Determinations and Computations.

The work has thus consisted in the determination of nine quantities, namely, the
linear coeflicients of thermal expansion or contraction along each of the three crystal-
lographical axes of each of the three salts. It may be at once stated that in no
case has contraction been observed, expansion in every direction having been found
to be the invariable rule with regard to all three sulphates. Every one of the nine
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quantities has been determined at least six independent times on three different
crystals, and with respect to five of the quantities eight determinations have been
made on four separate crystals. In all sixty-four independent determinations have
been carried out, on different days, and using the twenty-nine different crystals of
which the details have already been given (p. 465).

Each determination afforded, as already fully explained in connection with the
determinations of the expansion of platinum-iridium and aluminium in the dilato-
meter memoir (loc. cit. p. 352), the two constants required for a complete statement
of the thermal behaviour, namely, the constant a, the coeflicient of expansion at 0°,
and b, half' the increment of the coeflicient per degree of temperature, the coefficient
not being a fixed quantity for all temperatures but varying regularly with the
temperature. The coefficient of thermal expansion is signified by «, and the expres-
sion for the actual coefficient at any temperature ¢, as also for the mean coeflicient
between any two temperatures whose mean is ¢, is:

a=a -+ 20bt.
The mean coefficient of expansion between 0° and ¢° is, however
o -+ bt.

The data afforded by. observations of the positions of the interference bands at
three adequately separated temperatures, and of the number of bands passing the
reference point during the intervals between these temperatures, together with a
knowledge of the original thicknesses of the block of crystal and of the aluminium
compensator, and the length of the platinum-iridium serews projecting above the
tripod table or its raised points, are ample to enable the two constants @ and b to be
calculated. For it is only necessary to insert respectively in three equations of the
form

L= L, (1 4 at 4 bt°)
the known values of the three temperatures and the lengths (thicknesses) of the
crystal block at those temperatures, and to solve the three equations thus provided,
for the three unknown quantities L,, &, and b.

The solution of these equations furnishes expressions for the three required

quantities of the forms ,
a="2, b=2 and L =L, —0n— ¢ o
0 0 .
in which 0 and ¢ are terms involving the differences of the lengths, L,, L, L,, at th
three temperatures ¢,, £, and ¢, and the sums and differences of those temperatures.
The actual expressions for § and ¢ employed throughout the observations were :

0 _— (tl + ta) (Lts - Lt;) —- (tl + t2) (Lts - Ltl)
o (t2 - tl) (ts - \t‘z) (ts - tl) (ts - tz)
. L53 — Ltl ng - Lc,

(]5 o (ts - tl) (ts - 52) - (tz - tl) (ts - tz) .
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The results of the determinations of linear thermal expansion are presented in the
next section in tabular form. Each table represents the results for one axial direction
of a particular salt, and is divided into three portions. In the first portion is given
the essential experimental data afforded by the observations and measurements. L, is
the measured thickness of the crystal block, /, that of the compensator, { the length of
the platinum-iridium screws, and d the thickness of the air-film, each measured in the
manner deseribed on p. 471. Next come the temperatures, and subsequently the corres-
ponding barometric pressures. The next column contains f;, the number of inter-
ference bands which effected their transit past the reference point during the interval
between ¢, and ¢, In the succeeding column is given the small correction to be
applied to the number of bands, rendered necessary by the alteration in the wave-
length of the monochromatic light employed, which accompanies the change in the
refraction of air consequent on the considerable rise of temperature and possible
alteration of pressure. The nature and amount of this correction were fully discussed
in the previous memoir (loc. cit. p. 350), and the formula for it there given was
invariably followed. The barometric pressures and d are essential terms of that
formula. The corrected number of bands, f;, is given in the next column, and the
three remaining columns contain f;, the number of bands for the temperature interval
between ¢; and ¢,, its correction, and f; the corrected number for that interval.

In the second portion are given, in the first two columns, the calculated values of
the apparent expansion, obtained by multiplying the corrected number of bands by
half the wave-length of the red C hydrogen light employed, 0:0003281 millim.,
according to the fundamental principle of the method ; in the next six columns the
calculated quantities involved in the correction to be applied to the apparent expan-
sion for lack of compensation are recorded; and in the last two columns the actual
expansion of the crystal obtained by use of the correction. For a fuller discussion of
the principle of the method as touching the first two columns, the memoir concerning
the dilatometer may be referred to; it need only be remarked here that the transit
of each band past the reference spot corresponds to an alteration in the thickness of
the air-film d, between the compensator and the cover-wedge at the position of the
reference spot, equal to half a wave-length of the monochromatic light employed.
The determination of the correction for non-compensation involves the calculation of
the actual expansion of the platinum-iridium screws, which is given in the third and
fourth columns for the two respective temperature-intervals, and of the aluminium
compensator, which is given in the fifth and sixth columns. These values were
calculated with the aid of the coefficients of linear expansion of the two metals, as
previously determined with the greatest care by the author and published in the
memoir concerning the dilatometer (pp. 856 and 360). The following were the actual
expressions used, [ and /, being the values given in the fourth and third columns
respectively of the first portion of the table
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For the screws: / [10‘ <8600 + 456 bt t“):l (¢, = t,) for the first interval, and

similarly for the second interval, substituting ¢; for &,
For the compensator: I, [10“8(2204 + 2 12t1 ' Zf>(to— t,) for the first interval,

and a like expression for the second interval with ¢, substituted for ¢,

In each case the actual expansion of the metal is thus calculated by multiplying
the length (thickness) of the metal by the mean coeflicient of the linear expansion
between the two temperatures, that is by @ 4 2b¢ for that metal where ¢ is the mean
of the limiting temperatures of the interval, namely 3§ (¢, -+ t;) or & (# + £;); and also
by the amount of the temperature interval, that is, ¢, — ¢, or ¢, — ¢, Actually, of
course, one uses b (¢, + t,) instead of 2b. & (¢, + t).

The differences between the amounts of expansion of the serews and the compen-
sator are given in the next two columns headed ¢ correction for non-compensation.”
The correction is obviously positive, given an expanding crystal, when the screws
expand most, and negative when the compensator expands to the greater extent.
For in the former case the effect is to increase the thickness of the air-film, and
consequently the amount of diminution of the thickness of the air-film due to the
expansion of the crystal is not fully evident, the actually observed amount being less
than that really effected by the expanding crystal by the amount of this excess of
expansion on the part of the screws. This latter amount should, therefore, be added.
The inverse is the case when the excess is on the part of the compensator; causing,
as it does, additional diminution of the thickness of the air-film, it should be sub-
tracted. The values given in the last two columns, representing the actual expansions
of the crystal during the two intervals of temperature, L, — L, and L, — L,, were
obtained by applying the correction for non-compensation, in the sense Just mdlcated,
to the apparent expansions f;'A/2 and f;'\/2.

In the last portion of the table are given the calculated values of 6, ¢, and Ly, and
of the two required constants of the coefficient of linear expansion, o, the coefficient
at 0° and b, half the increment of the coefficient per degree of temperature. In the
last column are given the values of the coefficient of linear expansion, «, for 50°
calculated by means of the formula « = a 4 20t. Fizeau invariably gave the
coefficient at 40° a specific temperature in the neighbourhood of the mean of the
extreme limits employed by him, in addition to ¢ and b. As 50° is nearer the mean
of the author’s limiting temperatures, this specific temperature has been chosen in
preference, for which to record a particular calculated value of a. ‘

Tae Resvnts.

In the following tables are presented the results of the determinations and calcu-
lations,

3r2
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SUMMARY OF THE RESULTS FOR THE LINEAR COEFFICIENTS OF EXPANSION.

Collating the mean values given at the foot of each of the foregoing tables, the
following is a statement of the essential results of the work as regards the linear
coeflicients.

MEean Coefficients of Linear Expansion, a 4 bt, between 0° and #°.

Potassium Sulphate.

For the direction of the axise . . . 0000036 16 4 0°000 000 014 4¢.
. y b . . . 000003225 -4 0:000 000 014 1¢.
¢ . . . 0000036344 0000000 041 3¢.

2 52

Rubideum Sulphate.

For the direction of the axisa . . . 0°000 036 37 4 0:000 000 020 3¢.
. o b . . . 000003214 4 0:000 000 018 4.
. . ¢ . . . 000003463 4 0000 000 038 0¢.

Casvum Sulphate.

For the direction of the axis e . . . 000003385 4 0:000 000 021 4¢.
. . b . . . 000003195 -4 0000 000 018 2¢.
’ )y ¢ . . . 000003590 -+ 0000000041 4z.

In abbreviated notation will next be given a list of the true coefficients. The
suffix attached to « indicates the axial direction.

Truk Coefficients  of Linear Expansion at ¢°, or Mean Coeflicients between any
Two Temperatures whose Mean is . a = a -+ 20t.

Potassium Sulphate.
o, = 10~ (3616 -+ 2'88¢).
o, = 10 (3225 + 2'82¢).
o, = 10~ (3634 + 8:261).

Rubidium Sulphate.
o, = 10~ (3637 + 4°06¢).
o, = 10~° (3214 + 3-68¢).
o, = 107° (3463 + 7°60¢).

Casvum Sulphate.
a, = 1078 (3385 + 4:28¢).
o, = 107° (3195 4 3°64¢).
. = 107° (3590 + 8-28¢).
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486 MR. A. E. TUTTON ON THE THERMAL DEFORMATION OF THE CRYSTALLISED

A comparison of the coeflicients of expansion along analogous directions in the
three salts is presented in the following table, which also includes a comparison of
the coeflicients for the particular temperature of 50°.

Comparative Table of the Linear Coeffictents of Fapansion for the Three Salts.

Tue Constant «, the Coeflicient of Expansion at 0°

Crystallographical axial KsS0.. Rb,SO.. 5,80
17 0000 036 16 0-000 036 37 0-000 033 85
b 000 032 26 ‘000 032 14 ‘000 031 95
¢ 000 036 34 ‘000 034 63 000 035 90
X Sums of values for all . . .
’ three directions : 0-000 104 75 0-000 103 14 0-000 101 70
| {

Tar Constant b, Half the Increment of the Coeflicient per Degree.

Axial direction. K80, | Rb,SO,. 08,80,
« 0000 000 014 4 0000 000 020 3 0000 000 021 4 |
b 1000 000 014 1 1000 000 018 4 0000000182 |
¢ 1000 000 041 3 1000 000 038 0 1000 000 041 4
Sums of values for all 0:000 000 069 8 0-000 000 076 7 0000 000 081 0
three directions:
|

a0, the Coefficient of Expansion, a = a 4 20t, for 50°.

Axial direction. KoS0,. RbySO,. } CsoS0,.
o 0°000 037 60 0:000 038 40 0-000 035 99
‘000 033 66 ‘000 033 98 ! 000 033 77
¢ -000 040 47 *000 038 43 ‘ ‘000 040 04
Sums of values for all . . .
three directions : 000011173 0-000 110 81 [ 0:000 109 80

It will be observed that in the preceding table the sums of the values of each
constant for the three axial directions of each particular salt are taken. These sums
represent the constants of the cubical coefficients of expansion. For when the
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NORMAL SULPHATES OF POTASSIUM, RUBIDIUM, AND CASIUM. 487

expression for the product of the expansions in the three rectangular axial directions,
which naturally gives the expansion of the solid, is examined, it is found to consist of
a large number of terms of which the only ones that affect the fourth and last place
of significant figures in the coeflicient of expansion for any temperature are the sums
of the constants o and b respectively.

In the next table is presented a summary of the constants of the cubical coefficients
of expansion, and of the cubical coefficients for 50°, in a form which readily admits of
a comparison of the values for the three salts.

Corrrrcients of the Cubical Expansion of the three Sulphates.

E . b. aneo.
K80, . . . ©0:000 104 75 . 0-000 000 069 8 0-000 11173

§ Diff. 161 Diff. 69 Diff. 92
RbySO, . . . 0000103 14 0-000 000 076 7 0-000 110 81

‘ Diff. 144 Diff. 43 ‘ Diff. 101
Cs:S0, . . . 000010170 0-000 000 081 0 0-000 109 80

The mean coefficients of the cubical expansion of the three salts between 0° and #°
are therefore as follows :

For potassium sulphate . 0000 104 75 4 0000 000 069 8¢, or 107 (10475 + 6°98¢).
,, rubidium sulphate . 0°000 103 14 4 0°000 000 076 7¢, or 107° (10314 + 7°67¢).
,, ceesium sulphate . 0°000 10170 + 0°000 000 081 0¢, or 107° (10170 -+ 8:10¢).

- The actual coefficients of cubical expansion, a, at any temperature ¢, and also the
mean coeflicients of cubical expansion between any two temperatures whose mean is ¢,
are the following, in which & == a 4 2bt :

For potassium sulphate . 0°000 104 75 + 0000 000 139 6¢, or 107 (10475 4 13°96¢).
,, rubidium sulphate . 0:000 103 14 4- 0:000 000 153 4¢, or 107° (10314 4 15°34¢).
,, ceesium sulphate . 0:000 10170 4 0'000 000 162 0¢t, or 10~ (10170 4 16°20¢).

DiscussioNn or THE REsurnts, AND CoNcrLusioNs THEREFROM.

The Cubical Bxpansion.

The most striking result of the investigation is apparent from an inspection of the
comparative table of the cubical coefficients of expansion. It may be stated in the
following words :

The cocfficients of cubical expansion of the normal sulphates of potassium,
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488 MR. A. E. TUTTON ON THE THERMAL DEFORMATION OF THE CRYSTALLISED

rubtdium, and cesium exhibit a progression, corresponding to the progression of the
atomuee weights of the three respective metals. This is true of both the constants a and
b in the general expression for the coefficrent of cubical expansion, the values of each
constant for the rubidium salt being intermediate between the corresponding values for
the potassium and cestum salts.

It may be further stated that:

The differences between the values of the constant a, which represents the coefficient
of cubical expansion for 0° for the three salts, are small, amounting to only one and
a half per cent.; this is an amount, however, which s five times as great as the
posstble expervmental error in the deternunations.

Also that :

The order of progression of the two constants of the cubical coefficient of
expansion s wwerted ; «a, the coefficient at 0°, diminishes with increasing atomic
weight of the metal contained in the salt, while b, half the wncrement of the
coefficient per degree, increases.

This latter fact leads to an interesting result, namely, that the coeflicients, in
increasing with rise of temperature, approach each other in value, until for three
certain temperatures between 110° and 170° they become identical in pairs ; more-
over, in the neighbourhood of the second of these temperatures the three values
approximate so closely to each other that their difference comes within the limits of
experimental error. For temperatures higher than those of coincidence, the values
diverge and exhibit an inverted order of progression. This will be rendered clear by
a table showing the true coefficients of cubical expansion, a -4 20¢, for intervals of
50° up to 200°, and for the three temperatures of coincidence. These latter are 114°
for the identity of cubical expansion of potassium and rubidium sulphates, 136 for
potassium and ceesium sulphates, and 168° for the coincidence of expansion of the
rubidium and ceesium salts.

Corrricients of Cubical Iixpansion for Various Temperatures from 0% to 200°

Salt. 0°. 50°. 100°. 114°. 136°. 150°. 168°. 200°.

1
H

K,S0, 10-8 10475 11173 11871 12066 12373 12569 12820 13267
RbySO, 10-810314 11081 11848 12065 12400 12615 12891 13382
Csy80, 10810170 10980 11790 12017 12373 12600 12891 13410

The point may be graphically demonstrated by plotting out the values on curve
paper, taking temperatures as abscissee and coeflicients of cubical expansion as
ordinates. The three straight lines thus obtained, shown in the reproduction given,
will be observed to converge from 0° towards the three temperatures of coincidence,
where crossing of the lines in pairs occurs, beyond which they diverge. The relative
nearness of the lines to each other in the middle of the part where crossing occurs,
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together with the fact that the increment 2b is not determinable with the accuracy of
the constant o, the coefficient at 0° suggests the probability that the three lines
should all cross at one point, somewhere near 136°. At this temperature the value
for rubidium sulphate only exhibits a difference of one in five hundred from the two
identical values for the two other salts, so that the three values are identical within
the limits of experimental error. '

000640 N - | %I?
| | %ol
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0000120 Z
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40 60’ 80’ 100° 120° 1o 180° 80" 200° 220" 240°

Graphiéal Ixpression of Cubical Expansions.

These considerations may” be summarised in the following addition to the last
italicised statement. ‘

In consequence of this fact the coefficients of cubical expansion of the three salts
converge with rise of temperature towards equality, which, within the limats of
experimental error, they reach at 136°  Beyond the temperature at which identity
of expansion occurs the coefficients of expansion exhibit increasing divergence, the
order of progression being inverted, an increase in the atomic weight of the metal
betng now accompanied by an increase wn the coefficient of cubical expansion.

The Linear Expansion.

The first conclusions to be drawn from an inspection of the coefficients of linear
deformation are the following :

The thermal deformation s of the nature of an expansion along all directions
un the crystals of the three sulphates, no contraction occurring in any direction,

VOL. CXCIL—A. 3 R
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490 MR. A. E. TUTTON ON THE THERMAL DEFORMATION OF THE CRYSTALLISED

The amount of the expansion ts relatiwely large, compared with the expansions
of metals, being four times that of platinum and one and o half times as great as the
large expansion of aluminsum.

The differences between the amounts of linear expansion along the three axial
dirvections of amy one salt are small, the difference between the maximum and
mintmum being about twelve per cent. of the total expansion in the case of each salt.
But the differences between the values for the same direction of the three salts are
much smaller ; in the case of the direction of the axas b, the difference is only one per
cent., and in that of the awxis a where the greatest divergence ts shown, it s only siv
per cent. of the total amount of expansion.

The increment of the coefficient of expansion, per degree of temperature, 1s about
twice as large for the direction of the awxis ¢ of each salt as for the other two axial
directions, for which the increment is nearly tdentical.

Tt is interesting to point out, in connection with the last fact, that it agrees in a
remarkable manner with the observation previously recorded (‘Journ. Chem. Soc.
Trans., 1894, p. 715, §14), that the change of optical refractive power brought about
by rise of temperature is considerably greater for the direction of the axis ¢, than
for the directions of the @ and b axes, along which the amount of change is approxi-
mately the same.

The fact that the differences of expansion exhibited by the three salts are so small,
compared with the differences in the amounts of expansion in the three axial
directions, would render it probable that if any considerable changes were introduced
in the relations of the values for these three directions by the replacement of one metal
by another, particularly if such changes were not simply proportional to the atomic
weight of the metal but expressed by a higher function of the atomic weight, such
change would suffice to negative the possibility of a direct progression of the linear
coefficients of expansion for each axial direction of the three salts, corresponding
to the atomic weights of the metals present. That simple proportionality to the
atomic weight was not to be expected directionally, has been indicated by the whole
of the morphological and physical work on both sulphates and selenates. In the case
of the refractive indices, however, the directional changes were small in comparison
with the differences exhibited by different salts; hence in the case of these, as of
other, optical constants, the interesting progression according to the atomic weight
of the metal was not interfered with. But although such perturbations of a direc-
tional character are able, in the case of the thermal constants, to obliterate such a
progression of the linear coefficient of expansion, they would mutually compensate
each other when the total solid change was considered. Hence it must be apparent
that if the influence of atomic weight were indeed a progressive one it would only
be clearly revealed in the case of the coefficients of cubical expansion. These
latter constants have been shown to exhibit such a progression in the clearest
possible manner.

In accordance with the above econsiderations, a progression of the linear coefficients
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of expansion is found to be prevented by the slight directional perturbations due to
the different natures of the molecules of the three salts. The replacement of the
atoms of one metal by those of another of higher atomic weight is possibly, and even
probably, accompanied by movement of the relative positions of the constituents of
the molecules of their spheres of motion, as well as by the purely chemical change ;
for not only is the substitution accompanied by an increase of mass, but also by an
increase in the electro-positive energy of the metallic atoms, which may very reason-
ably be expected to result in a closer approximation to the negative atoms, probably
of oxygen, to which they are attracted. There are, however, several interesting facts
exhibited by the linear coefficients, which connect their relations very intimately with
those of the optical constants, for which a true progression in the order of atomic
weight has been clearly demonstrated. Before passing to the consideration of these
indications of parallelism between the thermal and optical behaviour of the crystals of
the three salts, attention must be drawn to the two following salient facts which are
apparent from an inspection of the linear coefficients. It is that :

The amount of expansion along the direciion of the crystallographical axis b is
practically dentical for all three sulphates, indicating that the interchange of the
three metals ts without tnfluence on the thermal behaviour along the macrodiagonal
awxis of the crystals. Moreover, the crystals of all three salts expand least along this
direction, which is therefore that of the minimum axis of the thermal ellipsoid.

These two facts are doubtless of significance with respect to the structure of the
molecule, apparently indicating absence of the metallic atoms or their spheres of
motion from the immediate proximity of the axis b. The significance becomes
enhanced in view of the fact that the author has shown (‘Journ. Chem. Soc. Trans.,
1896, p. 507) that the whole of the work on the sulphates and double sulphates
points to the conclusion that the structural unit of the erystals of the simple sulphates
is the simple chemical molecule, a conclusion which is supported by the work of Fock
(referred to loc. cit.) on the solubility of mixed crystals.

The relations between the amounts of expansion along the directions of the other
two crystallographical axes, ¢ and ¢, are much more complicated, and are evidently
influenced by the replacement of one metal by another. Considering the coefficients
of expansion for 0°, the amount of expansion along the direction of the axis ¢ is the
greater in the case of both the potassium and ceesium salts ; and for all three salts the
increment is, as already indicated, greater for this than for any other direction. But
in the case of the rubidium salt a remarkable excess of expansion is observed to occur
along the direction of the « axis, which is the maximum thermal axis at 0°, at the
expense of that along the ¢ axis, which becomes reduced to the intermediate thermal
axis. The increments per degree, however, for these two directions in the rubidium
salt, remain of the same order as for the other two salts. Now it is an Interesting
fact, and doubtless not without significance, that the directions of maximum thermal
effect coincide with those of the first median line of the optic axial angles of all three

3R 2
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salts, which is the axis ¢ in both the potassium and ceesium salts and the axis a in the
case of the rubidium salt. In order to follow the parallelism further, it will be
necessary to compare the linear coefficients of expansion for higher temperatures, the
values for 50° and 100° sulficing for the purpose. In the following table ave given
the values of « = & -4 2b¢ for 0°, 50° and 100°° The directions are also indicated of
the axes of the optical indicatrix, namely, the first median line, the second median
line, and the intermediate axis of the optical ellipsoid. The sign of the double
refraction of the crystals is also given, as this determines whether the first median
line 1s the maximum or the minimum axis of the optical indicatrix, the former being
the case for positive double refraction and the latter for negative.

ComparisoN of Linear Expansions at Different Temperatures with the
Optical Indicatrix.

Linear coefficients of
: Crystallo- expansion—
Salt. Sl%gffjcggEPle grzg{}ixsical Direction in optical ellipsoid. | |
At 0°. At 50°. | At 100°.
' o | Intermediate axis . . . .| 1073616 | 3760 3904
K,S0, Positive . b Second median line . . . . 3225 | 3366 3507
¢ First median line . . . .| - 3634 | 4047 4460
Verv feshl @ First median line . . . . 3637 | 3840 4043
RbsSO, ry . ;’e y Second median line helow 50° 3214 3398 3582
posive ¢ Intermediate axis below 50° . 3463 | 3843 | 4223
‘ a Second median line . . . . 3385 | 3599 3813
Cs:S0, Negative . b Intermediate axis . . . . 3195 3377 3559
¢ First median line . . . . 3590 4004 - 4418

It will be apparent from the table that the relations of the linear expansions at 0°
still hold good, as the temperature is raised, in the cases of the potassium and cesesium
salts. A similar observation has been shown to be valid with respect to the optical
properties. But in the case of the rubidium salt a remarkable change occurs. Owing
to the greater increment of the expansion along the direction of the axis ¢, the pre-
ponderance of the expansion along the axis o diminishes, until at 50° the amounts of
expansion along these two axial directions become equal: That is to say, in the
neighbourhood of 50° the crystals of rubidium sulphate simulate uniaxial symmetry
as regards their thermal behaviour. -“This is rendered the more interesting by the fact
that-about this temperature. the crystals ofthis salt:also exhibit uniaxial optical
properties. - Owing to the extremely feeble-double refractions it-was shown (loc. cut.,
p.693) that the slight alterations of the relations of the réfractive power in the three
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axial directions, brought about by rise of temperature according to a rule common to
all three salts, result in bringing two of the refractive indices to equality about the
temperature indicated, and the optic axial angle diminishes until about the same
temperature the circular rings and rectangular cross of an uniaxial crystal are
exhibited in convergent polarised light. The exact temperatures at which the
uniaxial interference figure is produced differ slightly according to the wave-length
of the light, owing to there being a large amount of dispersion of the optic axes.
They are respectively 42° for red lithium light, 44° for red C. hydrogen light, 48° for
sodium light, 52° for green thallium light and 58° for greenish blue F. hydrogen light ;
the average is thus exactly 50° the temperature at which the crystals of rubidium
sulphate are thermally uniaxial. But the two ellipsoids of revolution for the two
properties are not similarly orientated, the principal axis for the optical property
being the crystallographical axis a, while for the thermal property it is the axis b.

This close parallelism between the thermal and optical properties is of considerable
importance, inasmuch as the optical constants were shown to exhibit a clear pro-
gression corresponding to the progression of the atomic weights of the three metals,
the differences between the optical constants for the three salts being much greater
relatively to their variations in the three axial directions of any one salt, than in the
case of the thermal properties.

On following the growth of the coefficients of linear expansion further to 100°, it is
observed that the continued gain on the part of the ¢ value has now rendered the
expansion along this axis clearly the maximum, thus reversing the order of the axial
expansions which had obtained below 50°. The maximum axis of the thermal ellipsoid
for 100°, and temperatures superior to this, is thus the crystallographical axis ¢ for
all three sulphates ; moreover the axis b is the minimum thermal axis, and the axis o
the axis of intermediate thermal expansion for all three salts. To complete the paral-
lelism of the thermal and optical properties, it may be mentioned that at temperatures
superior to the neighbourhood of 50°, where the uniaxial optical interference figure
is produced, the figure again breaks up into a biaxial one, but with the optic axes
separated in the plane perpendicular to that which formerly contained them, and the
optic axes separate more and more in this new plane until about 180° the axis ¢
becomes the first median line instead of the axis a. At this temperature, therefore,
the crystallographical axis ¢ is the first median line for all three salts. It has been
shown that at temperatures superior to 100° the axis ¢ is also the direction of
maximum thermal expansion. Hence, at higher temperatures the rule observed for
the lower ones, that the direction of maximum thermal expansion is that of the
optical first median line, is equally valid.

The foregoing considerations, concerning the relations of the linear coefﬁcients'rof
expansion, may be summarised as follows :— , .

The smallness of the difference in the coeﬁicwnt oj} ewpanswn along any powtwulo&'r
derection in-the crystals, which-is introduced by the replacement of -one alkali metal
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by another, compared with the larger differences of expansion exhibited n the three
axial directrons of any one salt, together with the fuct that the change of metal is
accompanted by considerable modifications of these latter relative expansions for two
of the amial directions, o and ¢, prevent the coefficients of expansion jfor any one
durection of the three salts from exhibiting any progression corresponding to that
of the atomic weights of the three metals. These directional perturbations are,
however, mutually compensative, the wncrease of expansion in one of the two directions
referred to being more or less balanced by the diminution in the other; consequently
the effect of wnterchange of the metals s clearly exhibited by the solid deformation,
the cubical expansion, the coefficients and tncrements of which have been shown to
exhibit a well-defined progression following the order of the atomic weighis of the
three metals.

Before vroceeding to summarise the interesting analogy between the thermal and
the optical properties, it may be of advantage to consider what the dimensions
of the linear change, on replacing one metal by another, would probably be, pro-
vided no directional perturbations occurred. The difference between the cubical
coeflicients of expansion of potassium and rubidium sulphates is 0:00000161, and of
the rubidium and ceesium salts 0:00000144. The mean is 0:0000015, and the linear
differences might be reasonably expected to be about one-third of this, namely
0:0000005. Even if the linear expansions along the axis b are accepted as free from
perturbation and unaffected by change of metal, the linear differences for the other
two directions could not exceed 0°0000008. Now the directional perturbation in
which the rubidium salt exhibits a reversal of the relative directions of the maximum
and intermediate thermal axis compared with the potassium salt, amounts to more
than twice this amount, namely 0°0000017. Hence it is clearly apparent that a
progressive change, of the maximum possible amount, would be completely masked
by the larger directional perturbation. A brief summary of the nature of the
perturbation and its relation to the optical changes may next be given.

The chief darectional perturbation consists of o reversal, for temperatures below
50°, of the durections of the maximum and intermediate axes of the thermal ellipsoid
wn the rubidoum salt, compared with their directions in the potassium and cesium
salts.  The maximum thermal axis vs the crystallographical axis ¢ for the two latter
salts, but the a axis for the rubidium salt. A similar reversal of the direction of the
JSirst median line, the maximum axis of the optical ellipsoid (the tndicatrixz), from the
direction ¢ to the direction a, occurs for similar temperatures, wn the case of the
rubidium salt.  Hence, the maximum thermal axis is 1dentical in all three salts with
the first median line.

At higher temperatures the same relations still hold for the potassium and cesium
salts, both thermally and optically.  But owing to the wncrement of expansion along
the axis ¢ being so much greater than for other directions, the exceptional inter-
mediate expansion along the axis ¢ of rubidium sulphate s rapidly brought up to
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equality, at 50°, with the expansion along the axis a; and beyond this temperature c
becomes the maximum thermal axis for the rubidium salt, as it 1s for the other two
sulphates. Hence, at 50° the crystals of rubidium sulphate are apparently thermally
untaxial. At temperatures varying 10° each side of 50° for different wave-lengths
of light, they are also apparently optically uniaxial. The thermal and optical
ellipsoids of revolution, however, are not identically orientated, the axis of the former
being the crystallographical axis b, and of the laiter a. Further, the change of
direction of the maximum thermal axts of rubidium sulphate, from a to c, s followed
optically at 180° by the change of the first median line from a to c. Thus the first
optical median line corresponds, as at lower temperatures, to the maximum thermal
aaxis, for all three sulphates.

This parallelism between the linear thermal expansions and the optical constants
is of significance, inasmuch as the latter constants, which, unlike the former ones,
exhibit differences between the three salts of much greater magnitude than the
directional dyfferences for any one salt, show o clear progression, in the order of the
atomic weights of the metals contained in the three sulphates.

It will be interesting in conclusion, to compare the results for the thermal deforma-
tion thus obtained by the refined interference method, with those previously obtained
from the much cruder method of combining determinations of specific gravity at the
ordinary and higher temperatures with measurements of the morphological angles
at those temperatures. Such an attempt to determine the coefficients of expansion
was described in the previous memoir on the sulphates (‘Journ. Chem. Soc., Trans.,
1894, p. 653). It naturally depended for success on the possibility of employing a
liquid in the pyknometer which was absolutely without action on the salts, as well
as upon the degree of accuracy with which such determinations and angular measure-
ments, the latter involving total deviations of less than two minutes of arc, can be
carried out, even with the aid of the extremely delicate instruments employed.

The actual values found for the total cubical expansion for 40° (between 20° and
60°) were :— :
For potassium sulphate . . . 00053

,, rubidium . . . . 00052
,, cmsium ' . . . 0°0051.

Thus a diminution of expansion was found to occur as the atomic weight of the
metal increased, a result which is fully borne out by the more accurate determinations
now presented. The figures for the three salts were so near, however, that they were
taken as identical, having reference to the method by which they were obtained, for
the purpose of calculating the coefficients of linear expansion with the aid of the
angular deviations for the same temperatures. For the linear coefficients of expansion
A for 100° the following numbers were given :—

A, = 000437,  \, = 0°00385,  \, = 000479,
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It was therefore concluded that ““ the erystals of the three salts, on heating, expand
most in the direction of the vertical axis ¢, and least along the macrodiagonal axis 5.”
We have seen that this is indeed the case, except for temperatures below 50° in the
case of A, and X, of the rubidium salt, a fact which the method could not possibly
have indicated, as at 60°, the temperature of the higher density determinations, the
rule found is really true.

The actual values now published for the total expansion of potassium sulphate,
taking this salt as an example, for the 100° between 20° and 120°, calculated by the

20 120"
formula & = a + 2b <——i—é—~—0 ), are as follows :

a, = 0'003818, a, == 0003422, a, = 0004212,

The difference between these highly accurate values and the approximate ones
obtained by the rougher method is not great considering the nature of the latter, and
the order is the same.

An attempt to determine the expansion of crystals of potassium and rubidium
sulphates, by means of the weight-thermometer method, has been described by SpriNG
(‘Bull. de T'Acad. de Belgique,” 1882, 197, and ‘ Ber. Deut. Chem. Ges., 15, 1940).
Olive oil was employed as the liquid, and the density determinations were carried up
to 100°.  The value obtained for the cubical expansion of potassium sulphate for 100°
was 0°0126, and for rubidium sulphate 0°0111. The latter value is extraordinarily
near the truth according to the results now presented, the value for 0° to 100° being
actually 0°01108. But the impossibility of trusting this method, equally with all the
relatively coarser density methods, to afford correct differences between the values
for different salts, is clearly demonstrated by the fact that the difference shown
between the values for the potassium and rubidium salts, namely 0°00150, is seventeen
times as great as the real difference (-01117-0°01108 == 0°00009), which is now shown
to exist.

SuMMARY OF CONCLUSIONS.

The principal results of the investigation are presented in the following summary.

1. The coefficients of cubical expansion of the orthorhombic crystals of the normal
sulphates of potassium, rubidium and casium exhibit a progression, corresponding to
the progression of the atomic weights of the three respective metals. This is true of
both the constants ¢ and b in the general expression for the coefficient of cubical
expansion, a = a -+ 2bt, for any temperature ¢. '

2. The order of progression of the two constants is inverted ; a, the coefficient for
0°, diminishes with increasing atomic weight of the metal, while b, half the increment
of the coefficient per degree of temperature, increases.

3. In consequence of rule 2 the coefficients of cubical expansion of the three
salts converge, with rise of temperature, and attain equality, within the limits of
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experimental error, at 136°. Beyond the temperature of identity divergence oecurs
and an increase of atomic weight is now accompanied by an increase in the coeflicient
of cubical expansion.

4. The thermal deformation is of the nature of an expansion in all directions in the
crystals of all three sulphates.

5. The differences between the coeflicients of linear expansion along the three
crystallographical axial directions of any one salt, although only amounting to one-
eighth of the total coefficient, are large compared with the differences between the
values for the same direction of the three salts.

6. The operation of rule 5, together with the fact that the replacement of one
metal by another is accompanied by considerable modifications of the relations of two
of the three values for the original salt, those corresponding to the axes @ and ¢,
prevent the coefficients of linear expansion for any one direction of the three salts
from exhibiting any progression corresponding to that of the atomic weights of the
three metals. These directional perturbations are, however, mutually compensative,
so that the effect of interchange of the metals is clearly exhibited by the solid defor-
mation, the cubical expansion, the coefficients of which and their increments have
been shown to exhibit a progression according to the atomic weight of the metal, as
stated in rule 1.

7. The increment of the linear coefficient of expansion for the direction of the
vertical axis ¢ of each salt, is about twice as large as the increments for the other two
directions & and b, for which latter the increments are nearly equal. This thermal
property is analogous to the optical behaviour, the refractive power being altered
(diminished) by rise of temperature much more in the direction of the axis ¢ than in
the other two directions, in which the lesser amounts of change are nearly equal.

8. The amount of expansion along the direction of the crystallographical axis b is
approximately identical for all three sulphates, indicating that interchange of the
metals is without influence on the thermal behaviour along the macrodiagonal axis of
the crystals. The erystals of all three salts also expand least in this direction, which
is therefore the common minimum axis of the thermal ellipsoid.

9. The chief of the directional perturbations, referred to under 6, consists of a
reversal, for temperatures below 50°, of the directions of the maximum and inter-
mediate axes of the thermal ellipsoid for rubidium sulphate, compared with their
directions in the potassium and ceesium salts. The maximum thermal axis is the
crystallographical axis ¢ for the two latter salts, but @ for the rubidium salt. A
similar reversal of the direction of the first median line, the maximum axis of the
optical ellipsoid (the indicatrix), from ¢ to @ occurs for the same temperatures, in the
case of rubidium sulphate. The maximum thermal axis is identical in all three salts
with the optical first median line.

10. At higher temperatures the same relations still obtain for the potassium and
ceesium salts, both thermally and optically. But owing to the increment of expansion

VOL. CXCIL —A. 38
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along the axis ¢ being so much greater than for the other directions, the intermediate
expansion along ¢ for rubidium sulphate attains equality at 50° with the expansion
along «, and beyond this temperature ¢ becomes the maximum thermal axis for this salt,
as 1t is for the other two sulphates. Consequently, at 50° the crystals of rubidium
sulphate are apparently thermally uniaxial. At temperatures varying 10° each side
of 50° for different wave-lengths of light, they have previously been shown to simulate
uniaxial optical properties. The thermal and optical ellipsoids of revolution are not,
however, identically orientated, the axis of the former being the axis b and of the
latter @.  Further, the change of direction of the maximum thermal axis of rubidium
sulphate from a to ¢ is followed optically at 180° by the change of the first median
line from @ to ¢, rendering the last sentence of rule 9 again valid.

11. A close parallelism between the linear thermal expansion and the directional
optical behaviour is thus shown to exist, and is indicative that the same progressive
effect of variation of the atomic weight of the metal is in operation with regard to the
former, as was clearly demonstrated in a former memoir with respect to the latter,
and that this effect would be manifest in the former were it not masked by the larger
effect indicated under 6.

12. The thermal deformation constants best capable of indicating the effect of the
replacement of one alkali metal by another, in the crystals of the normal alkali
sulphates, have thus been shown to be the cubical coefficients of expansion and their
increments ; and these have been further demonstrated to exhibit a regular progres-
sion, which follows the order of progression of the atomic weights of the metals in
question. Moreover, the linear coefficients and their increments have been shown to
exiiibit variations which present a remarkable analogy to those of the optical con-
stants, for which, the values for the three salts being very much more widely
separated and consequently undisturbed by the modification of the directional differ-
ences for the same salt which are relatively so much more important in the case of
the linear thermal constants, a clear progression according to the atomic weight of
the alkali metals has been proved.

The final conclusion of this investigation, therefore, is that :

The thermal deformation constants of the crystals of the normal sulphates of
potasstum, rubidium, and caesium exhibit variations, which, in common with the
morphological, optical, and other physical propertics previously investigated, follow the
order of progression of the atomic weights of the alkali metals which the salts contain.

This result is, therefore, in perfect agreement with the principle enunciated at the
conclusion of the memoir concerning the alkaline selenates (‘ Journ. Chem. Soc., Trans.,
1897, p. 920), which reads as follows :

The difference in the nature of the elements of the same fumily group which is
manifested in their reqularly varying atomic weights, is also expressed in the similarly
reqular variation of the characters of the crystals of an isomorphous series of salts of
which these elements are the interchangeable constituents.
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