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Introduction.

An important aim in solid state physics is the understanding
of lattice dynamics, which may be revealed by measurements of such
lattice properties as specific heat, elastic constants and thermal
expansion. Alkali halide crystals have a simple structure and to
a firét approximation relatively simple interatomic forces. As a
consequence their measurable properties are particularly suitable

for direct comparison with the predictions of lattice theory.

P v
. cvxT
where P is the volume coefficient of expansion, V is the molar volume,

crineisent1??) (1912, 1926) introduced the quantity ¥ =

C, the molar heat, and7§r the isothermal compressibility. ¥ ecan be
expressed as the variation with volume of the single characteristic
lattice frequency used by Einstein in his theory of the specific
heat of solids., In Debye's(3’4) (1912, 1913) work, where a spectrum
of lattice vibrations with frequencies Y is assumed, the corres—

ponding Griineisen parameters ‘5} - _ddlinvbr

d(1n OD) by
equal to }{ = ETEE_?_T s where GD =-—§f—,§)n ie the maximum frequency

are all taken to be

of the Debye distribution, h is Planck's constant, and K, Boltzmann's
constant. Experiments have shown that ¥ is temperature independent
only over restricted temperature ranges.

Although there is no reason to believe that in a real crystal
the ¥| are even approximately equal to one another, Born(5) (1923)
has shown that in general there are high and low temperature limiting
values, Y, and ¥, respectively, of ¥ and rigorous treatments have

been given recently by a number of authors, Dayal(s) (1944), Barron(?)
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(1955), and Blackman(s) (1957). An outline of the theoretical back-
ground is given in Chapter 1.

In order to obtain data for some alkali halide crystals, which
could be considered in the light of some of these ideas, an investigation
was initiated in 1959 which led to the determination of the expansion
coefficients of LiF, NaCl, KCl, KBr, and KI in the temperature range
20%K to ZTOOK by Yates and Panter(g) (1962), One conclusion from this
work was that more accurate determinations of expansion coefficients
were desirabley particularly at the lower temperatures, in order that
more relisble comparisons between experimental observations and
theoretical predictions could be made. To achieve this end attention has
been directed towards an improvement of the accuracy with which the
two observables might be measured, i.e., temperature and small changes
of length. The experimental method used is described in Chapters 3 to 5%
Other experimental methods are reviewed in Chapter 2 and the relative
merits of each are discussed.

The expansion coefficients for Cu, Nal, RbBr, and Csl have been
measured from 20°k to 270°K; these results are given in Chapter 6.

A search of the literature for associated thermodynamic data recuired
for calculations of the Grlineisen parameter revealed specific heat
measurements at low temperatures only for RbBr, and elasticity data at
low temperatures only for Csl. Thus it has been possible to test the
predictions of theory only for RbBr, using estimated elasticity data.
Moments of the frequency distribution for RbBr have been calculated

following the procedure outlined by Barron, Berg, znd Morrison(ze)(19$Tl
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Recently Barron, Leadbetter, Morrison, and Salter(lo) (1963) have pointed
out that the calculation of Debye~Waller factors from thermodynamic

data gives more accurate values for the Debye-Waller characteristic
temperature Og than may be obtained by direct measurements from X-ray,

electron, or neutron diffraction. GM has been calculated for RbBr.
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Chapter 1.
The Theory of Heat Capacity of Solids,

The heat capacity of a solid is measured experimentally as Cpa(%%)p
where Cp is the heat capacity at constant pressure, AQ is the heat inputy
and AT is the temperature change. The heat capacity which is required
for comparison with most theoretical calculations is Cv, the heat
capacity at constant volume. This arises from the thermodynamic relation
Cv =E§%}v where U is the internal energy. Using this relation, theoretical
values for Cv may be obtained from the internal energy calculated on

the basis of statistical mechanics.

The thermodynamic equation

x C
cp-cvucg/(l ﬁ) PR IIPRE P & 5
where E is the volume expansion coefficient and Qfs the adiabatic
compressibility, can be used to obtain values of Cv from experimental
results of Cp. In equation (1) it is seen that a knowledge of the
expansion coefficient is necessary for any proper comparison between
theory and experiment, but later it is shown how the expansion coefficient
is more intimately invelved in the theory of the solid state.

As Zemansky(13) (1957) has pointed out, in general the calculation
of U is extremely complicated since the total internal energy of a
crystalline so0lid may be due to:
1) Translational motions of the free electrons.
2) Vibrations of the molecules about their equilibrium positions, called

briefly lattice vibrations.

3)Vibrations of the atoms within each molecule.



4) Partial rotations of the molecules.

5) Excitations of the upper energy levels of the molecules.

6) Possible anomalous effects.

Portunately all these effects do not take place in all solids, and sonme
effects are only significant in particular temperature ranges.

Dulong and Petit's Law,

The simplest assumptions that can be made are that solids are
isotropic, that the internal energy depends only on the lattice vibrations,
and that these vibrations are simple harmonic vibrations. Now using
these assumptions and the laws of classical physics it is found that
the internal energy,

U = 34KT sessseserssessascsassesvssassesenansl(l)

where K is Boltzmann's conetant, /X iz the number of atoms per mole,
and T is the ébsolute temperature; hence

c, wkg—g) , = JAK sosssessersssseasossrssssssssesasessfd)
In the nineteenth century Dulong and Petit stated the principle that
the product of the specifiec heat and atomic weight of each solid element
is 2 constants The Dulong and Petit constant is found to be =2pproximately
numerically equal to 3AKy thus suggesting that thq value of the specific
heat of a2 solid depends on the lattice vibrations.

Whilat Dulong and Petit's law was found to hold for all sclids at

£(12)

sufficiently high temperatures, Nerns (1906) in bis measurements

found that a2t low temperatures many substancec had values of Cvésj/vk.



Binstein Theory of Specific Heats.

Einstein(lz) (1907), 2pplying cuantum theory to the problem, made
the simple assumptions that the atoms in a solid are all independent,
and that each atom acts as 2 simple harmonic oscillator with a commom
frequency ¥ . Thus the energy of each oscillator is given by € = nhV
where Y is the natural frequency, h is Planck's constant, and n can
take integral values. This gives a system of non-degenerate energy
levels. The probability that an oscillator will have an energy

€;=n;hy Mo e nweniisce sy sensws Q)

ig given by .
o &/ (KT)

PL =WT) ’*l-o.....-..noaoo-o-nuo--(5)

in sccordance with the Boltzmann distribution lawy where the summation

is to be carried out over all the levels. This gives
p. = o ihY/(KT) (1 - o—hV/(KT) )

-

I....l.l..li..(6)
The mean energy of an oscillator is given by
g: é_Plé;_ Ill...lll.ll.Il.O!.l.l..U.....UCIO(T)

which leads to "
— h
€= .............'........II..(S}
(eh)V(KT) - 1)

It follows that the molar heat is given by

| ] (h}?kT )2 th/(KT)
¢, = 2= (3N€) = 3NK (BT )2

v
At high temperatures this equation for Cv approaches the Dulong and

esssess(9)

Petit value of 3AK. It is convenient to discuss this theory in terms

of the Einstein characteristic temperature QE’ defined by

Q’E = h)//K .n.-.-oooa.u.a--ln-.-looq‘ooonotaooo(lc)



Plotting Cv against KT/(hV) = T/bE as in figure 1, shows how Cv

varies with T/bE. At low temperatures experimental results show C;Q T3

whereas Einstein's theory gives
c, = INK (hv/m )2 e-hv/(zfr).

Nernst and Lindemann modified Einstein's theory to include
oscillations of V/2 as well as Y. The function they obtained for Cv
gave a better fit with experimental observations but still failed at
the lowest temperatures. The failure of his theory at low temperatures,
which he thought to be 2 result of the use of a single frecuency for the
oscillations, led Einstein to suggest that a whole band of frequencies

be employed in the theory.

The Specific Heat for a System of Oscillators with s Spectrum of FPrequencies.

The evaluation of E, the mean energy of A oscillators of
different frecuencies Y. was performed almost simultaneously by Born
and von Kirman'*4) (1912, 1913) and Debye'3) (1912).
In gll, there will be three modes of oscillation per atom and
this can be used to fix the range of the frecquency distribution., If
there is such a distribution of frequeﬂcies, then the mean energy of the

system of /N oscillators is given by

h V.
- %L;(th;/(KT) e PO SO R PSP : |

where the summation is to be carried out over all the 3 A“possible

=

frequencies:s When the distribution of wave numbers or of frequencies
can be represented by an integrable function, this sum can be replaced

by an integral.
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Figure 2. Plot of v against o.

Figure 3. Plot of g(v) against w
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Thus F = Jo eh’/(;ry)-l glY) &V eesssansaiea (12

where g(»’)d)’ ig the number of modes with frequencies which lie between

Y and ¥+ 4V, The corresponding expression for the specific heat is

Yo (hV/KT)Q hV/(KT)
c, = L g(V)[(eW/(m)e_l 2 EY  reewreee (T3]

where Ywm =0 €y Vwis the meximum frequency, ow. the maximum wave number,

and ¢ the wave velocity.

The Choice of the Spectrum of Frequencies.

In his theory Debye(3) (1912) assumed a solid to be a dispersionless
continuous medium and suggested that the total number of modes of
~vibration should be used to specify a cut-off (or maximum) frequency V.
Born and von Kéiméh(14) (1912, 1913) suggested that the total number
of modes of vibration should be used to specify a cut-off wave number.
This concept follows necessarily from their idea that the distribution
function should be determined by a detailed examination of the dynamics
of the crystal lattice atoms. These two approaches to the determination
of g(V )&V are not in general identical. Consider the graph of Y
against o in figure 2, the full lines represent the two kinds of wave,
transverse and longitudinal, that occur in solids. Dehye selected 3N
possible modes of vibration by choosing all the waves which have a
frecuency less than ), + Thus transverse modes with wave numbers ¢, to
o, are excluded, whereas corresponding longitudinal modes are included.
This constitutes a serious objection to the Debye theory. The Born and
von Karmén theory is more firmly based on the rigorous principles of

lattice dynamics and is to be greatly'prefefred t6 the Debye treatment.



However the Born and von Kdrmén theory leads to expressions which are
complicated, and make the evaluation of CV very difficult. Because

of these difficulties the Debye theory has hecn used more frequently as
a criterion in interpreting specific heat data.

The Debye Theory of Specific Heats.

In Debye's theory the distribution function g(y ) is obtained by
considering the number of independent vibrations of a continuous medium.
The equation obtained is

2 2
g(V)dy = 4TTV ( 'ég"'- + c'i' )V dy 0-!0!000.-0.(14)
t ' L

where V is the molar volume, ¢, the velocity of transverse waves, and
¢ | the velocity of longitudinal waves. Now the condition for the cut-

off frecuency \% is

Yy
Eog()f’)d}) =3N o-co.---.cot-n-co..-.oo-otoo.o-(15)
From equations (14) and (15) it can be shown that

g(yla V= %/v"dv seveseRREy ses srss saver (16

iees g(V) & V" upto a cut-off frequency Yy . Figure 3 shows a
graph of g( V) against V. If equation (16) for g( )V )dV is substituted

in equation (13) for Cv then

N o T (Y 2 hv/(KT)
c, =%§ i Y, [tehﬁ’)ﬁe—l )Q}dv sesvsuons LEL)

It is convenient to express ), in terms of the Debye characteristic

temperature QD defined by .KGb = hj)D. The values of C calculated
v

on the basis of this ecuation have been found to give fair agreement

with experimental results. However the parameter QD has not been

found to have a constant value for a given substance, but is found
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to be a function of temperature., Using the Born and von Karmsn theory
Blackman(23) (1937) has had some success in explaining the variation
of QD for a simple cubic lattice using the interactions of the nearest
and the next nearest neighbours, the latter being assumed to be one

twentieth of the former,

Equation of State of Solids.

It is now necessary to see how a more general theory of solids
is evolved, since so far only the specific heat at constant volume has

been considered. Starting with the well known thermodynamic relation

U = F - 7( %%} )v = &%{%é%%)v R e T 1)

where U is the internal energy and F the Helmholtz free energy, the

pressure is given by

OF
P L e .-............---..........-(19)
(BV)T :
NO‘W F = UO(V) + FD(T,V) .l..t.lll.....lll.'.(zo)

where U_ (V) is the internal energy at 0°k, and F (TyV) is the contribution
of the lattice vibrations to the free energy, calculated on the Debye
theory. If it is assumed that the dependence of FD on the volume at

temperature T, V_, is adequately described by specifying the dependence

T
of the Debye temperature 6  on V., then from (19) and (20)

¢
on) bFD '593
P = Vo - rxar - L N R N 21
\ﬁT henL v, L)
In the Debye theory the internal energy,UD,due'to lattice vibrations
involves T times a function of GD/T.

o = P, a s w00 . “
PD T‘[( GD/T) 2P S EB0BBBCNOBEENEEIBENRDS (?2,
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so that 5
F F U
D 1 > D D
R, R E o E;[zs‘(ﬂﬂ L‘“T'H R

Thus from equation (21) we have the Debye equation of state

P = -%%—)+ X’I‘ k—;—i—) A A 14 §

d(log &, )
where XT =2 - aﬁ—)- = .- f_‘ll d-gD cn-oocc--oooua-.a-.(25)
B &, av

X‘l‘ is known as the Grineisen parameter at temperature T, Note that

d(log V;
Wt _é_g_‘% where V. is a frequency. On differentiating
¥
3 d(log VT

equation (24), AP\ X Cv Now the linear expansion
BT\V e '

coefficient at temperature T, p is éF’I’ the volume expansion coefficient
]

at temperature T, so that for an isotropic solid

< -2pD, - Loy *prye Ko 2 = 2 SRR )
v

T 3VT oT ('E\P /BV)T 3VT 27T 3V,I,
where X T is the isothermal compressibility. Hence
ItV
XT = = CM ..............................(27)
XpCy

which may be evaluated from experimental data. For an ideal substance
with a Debye spectrum X‘I‘ would have a constant value, assuming that
D(Td:» Cv, and that ’XT is independent of temperature. On the basis of
the point charge ion model, Blackman(a) (1957) predicted that the high
temperature value of 'b/T, j.e. Yoy would lie between Yoo = 1.50 and
¥
Y

(o]

1.76, and that at low temperatures b’T =b/° would lie between

1.15 and b/o = 1l.46. Sheard(gd) (1958), using the anisotropic

continuum model and third order elastic constants, has found values
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tor ¥ and ¥y « In particular ¥ = 0.525 and ¥ =1.57 for KC1,
and x’o = 1,23 and ¥p = 1,60 for NaCl,

Moments of the Frequency Distributions.

Although the Debye theory has been found very useful in describing
the specific heat of solids in terms of the frequency distribution g(V ),
it is known that this distribution is only approximately true. It is
therefore important to obtain more information about real frequency
spectra so that a more accurate theory of the equation of state may
be evolved, It is, however, convenient to use the Debye theory as
the starting point.

Let )/n be the nth moment of the real frecuency spectrum; then

if VD(n) is the maximum frecuency of a Debye spectrum with the same

nth moment Y then

Vo) = {dm + 3) 3;5i} B, orn>-3andn e 0 veerea(28)
Now if the reazl spectrum were az Debye 'spectru.m the values of Vn(n)
would all be the samej thus variations of V.D(n) with n give some
idea of the real frecuency spectrum compared with the Debye spectrum.
Thirring(lT) (1913) derived an expression for (‘:“r at high temperatures

in terms of Vn, namely

2l

c_ = 3NK(1- ¥ & ? SR

U p— »*
_.){.E B, p4 5B NE
2 4t A -

P s
where Y = (h/K)® Y® and B, B4, B, are Bernoulli numbers,
32 = 1/6, B4 = 1/30, 36 = 1/42. Barron, Berg and Morrison(l6) (1957)

have used the expression



2 = o5 [ 1 - a0./m)% + Blo/m* - .. ] R

(18)

obtained by Domb and Salter (1952) from the Thirring expansion

for C_, to find the positive even moments Vz, V4, and VG which

are given by o, = %{E%.__VQJ%

s - B [VYGRR -

B = '1':?0' [{;Z/(FP - %} -~ 100 A:]
where ©,, is the theoretical limiting value of @ as T —w, Equation
(30) has been used to obtain the positive even moments in preference
to equation (29) since its convergence is much more rapid.
Hwan,g(19) (1954) has pointed out that the moments F and -V__Z

can be obtained from

T
where [-‘(n+1) is the gamma function, and 3(1’1) is the Riemann Zeta

COC — *
J'_n"' dT = 3}{Kr'(n+1)|((n) Vl_n, 1‘(1144 .....il.'...(Bl)

function. Barron, Berg,and Horrison(ls) (1957) have pointed out that
VD(O) may ba obtained from the geometric mean frecuency Ve, 0
| 3
V.D(O) = e v% 'n...o-t0-...--00..0....00(32)

where Vaﬁ is obtained from the ecuation

— —f —
]32 v2 _ 3134 V4 N 536 v6

S=3/K (1 - 1%3+ Z = eeee ) eenensa(33)

2, 287 4481t 6. 6vm
obtained by Salter(zo) (1955). A plot of exp (S = 3/\/K)/3/(K against

T has a limiting slope at high temperatures of h‘Vo‘ /K. Thus the values

of \/aa can be found and hence \)D(O).
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Finally VD(-B) = Kgo/h .l..l.n.t.-l.oclt.....t......(34)
The positive odd values of \)D(n) for n = 1,3,5, may be found by

interpolation. The value "VD(I) gives us a value for the zero point

.-an-o..o-ooo-oocoooucoo-(35)

energy,Ez,since Ez = %/V'h‘Vl

The calculation of the moments, the maximum frecuencies of the
equivalent Debye spectrum, and the zero point energy are dealt with
in more detail in Chapter 6.

Barron and Morrison(el) (1960) have used the moments of the real
frequency spectra for some alkali halides to determine frequency
spectra with the same moments and the same gpecific heats. The spectra
obtained will not be identical to the real =spectra but are better
approximations than the Debye spectrum. It is problematical whether
it is worth proceeding to this analysis for the present results since
their data were more extensive.

Debye-Waller Factor.

Recently Barron, Leadbetter, Morrison, and Salter(lo) (1963) have
pointed out that QM(T), the characteristic temperature for the Debye-
Waller effect, may be calculated from thermodynamic data. They have

shown that at low temperatures, i.e. T/6 < about 0.04
M3

(=
M I o ; » ywen §30)
e (T) = o 1 + 6,560 41 = =
° [ % (é‘*; ]

o) ) \
c M hVyp(-1)
where Go = 90 from specific heat data, and OO G e wswsss L 3T)

and that, 2t high temperatures,

“or - o [ Fomf(4 - ] 2 —4;_;,360{{;1;{;;}4_IH.;?F...

(38)

4



= 18w

bV (=2)
where Qm = X

.o.l-oo..v.olcclqo-e.-.-oo.c.ot..llnlo..t..-(39)

The results at high temperatures are corrected for thermal expansion by

the equation QK(T,VT) vo X
_-ﬁ_'_ = X D o.-a-...-.uo-...-......(40)
e (1,V,) Vo

where ¥ = ¥ (~2) which was obtained from
e e mt ar
n)

J«mc Tn—]_ ar (_3‘{‘“40 ) o----.-....(41)
e V

as is shown by Barron, Leadbetter, and Morrison(22) ( to be published).

These results should be of use in the analysis of complex scattering

processes.



o 16 «
Chapter 2.

Methods of Measuring the Linear Thermal Expansion Coefficient.

In devising a method of measuring any physical property of a
substance it is necessary to keep certain minimum requirements in
mind, namely sensitivity, accuracy, and working range. Several methods
have been used in the past for the measurement of thermal expansion.
Each method bas particular limitations, such as lack of sensitivity or
a limited range of temperatures over which the experiment may be carried
out,.

If the so0lid can be obtained in the form of a bar, the simplest
method is to make two scrztches on the bar and place it horizontally
in a temperature bath. The scratches are viewed through separate
microscopes, which are mounted on a rigid stand kept at constant

temperature., If a change in length Ll—L2 is produced by a change

in temperature T14P2 then X = _l{lﬁ_LQ) « The sensitivity of this
L \T -T
131 2
method is limited to the fineness of vernier available but will not

-4

be much better than 10 "ecm, This accuracy can be adequate if long
specimens are used., Larger temperature intervals increase the percent-
age accuracy with which T,-T, and L,-L, may be foundbut if X is
varying rapidly with temperature this is not very satisfactory.

The Optical Lever.

In the optical lever method a beam of light falls =lmost perpend-
icularly on to a mirror and is reflected from it on to 2 scale., If
the mirror rotates through a small angle the spot of light moves slong

the scale through twice the angle of rotation of the mirror. The
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distance moved zlong the scale by the spot depends on how far the scale
is from the mirror. Figure 4 illustrates a simple application of this
principle to the measurement of thermal expansion. The mirror is
supported on two pillars which stand on a firm base. One pillar is
kept at a constant temperature ( the reference pillar ) whilst the
other is heated up and expands ( the specimen ) thus causing the mirror
to rotate through a small angle a. Let the specimen length be x and
increase by dx, L is the distance between mirror support points,

S the shift along the scale, and t the distance from the mirror to

the scale. Then S/t k. tan_l oa

S 8/t = 24ax /L

LS
2t

0.01 cm, (probable limit of visual

o.l dx =

Thus if t = 100cmy L = 1 cmy S
detection) then dx = 5O><10-6cm.which is the sensitivity of the method.
Huzan, Abbis and Jones(sg) (1961), using an autocollimator with

a 5 cm. long specimen,have obtained a sensitivity of O.3><10-6radians.

JOnes(33) (1960) has developed an optical lever with a semsitivity of

10 10raians. This very high sensitivity is obtained using the

optical system shown in figure 5. A source S is focussed by the

lens L1 on to the optical lever mirror M. The image of the source on

the mirror is focussed by lens L2 on to the double photo-cell xlxz.

The lens L., forms an image of the grid Gl on the grid G2. The grid G2

3
is arranged so that one half will pass light from G1 when the other half

will not pass light from G This is done by having two clear strips

1.
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in the middle of 02 and alternate dark and clear strips on either =ide
of the middle. The narrow angled priem P deflects light from one half

of G, to fall on the lower section of the photocell., There is thus an

2
image of S falling on each half of the photocell; as M rotates the
intensity changes due to the varying degrees of overlap between the

image of G, and the two halves of G2. This variation in intensity can

1
be fed to a pen recorder via a suitable amplifier to indicate the change
in angle of M.

One common drawback to the optical lever methods for measuring
is that they require a reference pillar at constant temperature close
to the specimen whose temperature is varied. If it were possible to
heat the specimen uniformly without heating the reference pillar this
could be used as an absolute method. However it is not often possible
to heat the specimen uniformly without heating the reference pillar
uniformly too, and then the method is no longer absolute. The high
sensitivity has made the method attractive for some work despite these
difficulties. The high sensitivity of Jones' optical lever would limit
the range since only that angle between Xl fully illuminated and X2
fully illuminated can be used. For larger angles coarser grids must

be used which have lower sensitivity.

Optical Photometer.

Andres(34) (1961) has developed a method in which length changes
are transformed into changes of light intensity without using an

optical lever. The working principle is the same as that involved
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in Jones' optical lever. Light is passed through two closely spaced
grids one of which is held fixed and the other is attached to the free
end of the specimen whose expansion is to be measured. The first grid

is like Jones' grid G, and the second like Jones' grid G,. Two photo-

1
cells are placed behind the second grid, one behind each half, The output
of the differentially connected nhotocells is a2 linear function of grid
displacement for low intensities of illumination. The signal from the
photocells is fed to a pen recorder. In the actual apparatus, which is
used at helium temperatures, perspex light pipes are used to take the
light down to the grids and bring it out from each half of the grids

to the photocells. Length changes of about longcm.can be detected with
this apparatus. Difficulty is experienced, however, in heating only

the specimen and not the framework relsative to which it is to expand.

It is also difficult to heat the specimen uniformly. In Andres' method
the range is limited to changes of length corresponding to one grid
spacing.

Optical Interference.

FMizeau was the firet to apply the phenomenon of interference to
the measurement of small changes in length; he did this about 100 years
ago. The Fizeau interferometer is shown in figure 6. Parallel mono-
chromatic light illuminates the interferometer flats I1 and 12. The
lower surface of I, is rough ground. The upper surface of I, is polished
and the specimens stand on this surface, The two surfaces of I1 are

polished, the upper one being at an angle of about 20' to the lower
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surface. The upper flat rests on the specimens, The specimens are in
the form of small pyramids with three feet, and are about 1 cm. high.
The length of the specimens is adjusted until interference is obtained
between the beam reflected from the lower surface of the upper flat
and the beam reflected from the upper surface of the lower flat.

Since the upper surface of the upper flat is at an angle of 20', the
beam reflected from this surface does not spoil the interference
pattern.

If the separation of the optical flats of the interferometer
increases because of thermal expansion and if wedge fringeg are being
formed then the fringe pattern will move across the field of view.

Por each increase of separation of )VQ, where XN is the wavelength of

the light being used, the pattern will shift by one whole fringe width,

It is possibley using a2 simple telescope and crosswire, to detect movements
of }40 of a fringe width, thus giving a sensitivity of 1.5 X 10_6cm.

Rubin, Altman, and Johnston(35) (1954) using circular fringes were
able to measure fringe shifts to within }éOO of a fringe width, thus

8

their sensitivity was 15 X 10° cmes The fractional fringe shift was

found from the relation

1
(rj+1)2 o g "
> J§- = fraction of */2 increase in flat separation
(r4,0) - =y
where v, is the initial radius of the jth ring and r' is the new

J J
radius of the jth ring. Whole fringe shifts were observed visually

with reference to a fiduciary mark.
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The Fizeau interferometer has the advantage of being a fairly
gsensitive method which is also an absolute method, It is possible to
obtain results of high accuracy since the specimens and optical flats
can be contained in a thermostatically controlled chamber remote from
the observer, The experiment can be carried out over a wide range of
temperatures, from near the absolute zero up to about 6c0°c, if the
specimens will stand this range. Above 600°C the optical flats will
soften if made of glass and there will be too much black body radiation.

Meincke and Graham(36) (1962), using a tubular 5 cm.specimen as
a spacer for a Fabry Perot etalon, have obtained a sensitivity of
10 x lo_acm using a photomultiplier to detect the change in central
fringe intensity as the specimen expands. The signal from the photo-
multiplier together with that from a thermocouple are fed to an
X-Y plqtter. The record of fringe intensity against temperature is
used to'determine the thermal expansion coefficient. This method has the
advantage of being an absolute method but the disadvantage that
readings are recorded during temperature changes with the risk of
temperaturé gradients in the specimen. Also the electronics associated
with the photomultiplier add a further complication.

Blectriczl Capacitor Methods.

i kA
The capacity C of a parallel plate capacitor is given by C = Zrd

where A is the area of the plates, k is a constant, and d is the
gseparation of the plates. If the separation of the plates varies, the

capacity of the capacitor varies, and thus if one plate is fixed to a
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specimen which expands we can measure the amount of expansion by the
change in capacity.

Hhite(38> (1961) has made the most sensitive apparatus to use
this principle. He has used a three terminal capacitor in a bridge
circuit with transformer ratio arms, Figure 7 shows a2 block diagram
of the tronsformer bridge and figure €, the differential expansion
cell he used, tThe experimental cell being mounted in a2 thermostatically
controlled specimen chamber, He has measured the expansion of materials
relative to copper. Figure 9 shows the absolute cell made of copper
used by White to measure the thermal expansion coefficient of copper.
In operation this cell was immersed in liquid helium or liquid oxygen
with helium exchange gas around the inner cylinder. The exchange gas
was pumped away when the inner cylinder had cooled and the inner
cylinder was then heated to the required temperature. The expansion
of the cylinder C on heating changes the capacity between it and the
ring R This change in capacity was measured with the bridge described
above. Hence the thermal expansion coefficient of copper was found.
The advantage of this method is the high sensitivity possible, about
0.5 X 10_8cm. The disadvantages are that apart from the measurements
on copper it has been a relative method and that the operating range
is often restricted to about 40°K for a given specimen, although a
new specimen of slightly different length enables 2 new range of about

40°K to be covered.
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X-ray Methods.

For a crystalline substance, X-ray crystallography techniques may
be used to determine +the lattice constants., If this is done at various
temperatures, the change in the lattice constant may be determined.

FProm this the coefficient of expansion may be found. Figgins, Jones,

and Riley(37) (1956) have used Debye Scherrer photographs of a wire of
aluninium at various temperatures to determine the expansion coefficient.
The wire was mounted on a small copper block to which it was thermally
anchored with silicone grease. A reservoir in the block could be filled
with liquid hydrogen by condensation. The specimen temperature was
measured with a copper-constantan thermocouple. They have been able to
measure expansion coefficients down to 5 X 10_6deg-1K. Their sensitivity
of about 1 in 106 is of the same order as that obtained with direct
visual observations of Fizeau fringes. The X-ray method is an absolute
one and it is particularly suitable if only very small specimens are
available., The temperature range that can be covered is that during
which the specimen has a crystalline structure,

Another advantage of the X-ray method is that the size of the unit
cell is given directly and therefore the thermal expansion coefficient
found is that for the unit cell. The other methods described give the
thermal expansion coefficient of the bulk material. Pathak and Pandya(47)
(1960) have suggested that differences between X-ray and macroscopic
determinations of expansion coefficients are caused by the migration of

the ions forming Schottky defects to the surface, where they form a
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fresh extension to the lattice and thus increase the apparent macro-
scopic expansion. They further suggest that more accurate measurements
would enable an estimate to be made of the extent of this migration of
ions,.

Reguirements for the Present System.

The sim of the present investigation was tc measure the expansion
coefficients of NaF, RbBr, and Csl between 20%K and ETOOK. Measurements
of expansion coefficients by Yates and Psntar(g) (1962) sugrested that
the value of °¢ (the linear expansion coefficient) would be likely to

1¥ ana 50 x 10 %aeg" k.

vary between approximately 0.5 X lo-sdeg—
Yates and Panter had used a Filzeau interferometer with vicual estimation
of the fractional fringe shifts, 2 sensitivity of }&0 of a fringe

width being obtained. Their resulis indicated thet if this sensitivity
could be increased by a factor of 10 then it would be possible to
measure linear expansion coefficients as srall as 0.9 X loﬁsdegulx.

If the sensitivity could be increased by a larger factor them it would
mean that the Fizeau interferometer could be used for still smaller
expansion coefficients, and it would be worth going deowym to lower
temperntures, Although some of the methods outlined zbove have large
sensitivities they could not cover the whole range recuired in the
present work, Rubin, Altmen, and Johnston(35} (1954) had cleimed a
gensitivity 10 times that of Yates and Pantertg) (1962) but they hed

used circular fringes whkich are difficult to obtain with soft specimens

like =lkali hkalides. It wae decided to keep to wedge fringes.
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If the variation of intensity across the fringes of s Fizeau
interferometer is examined it is found that the intensity varies smoothly
and regularly. If a photograph of a Fizeau interferometer and an index
mark were taken at some steady temperature and a second photograph at
some new steédy temperature, then these photographs might be analysed
on a2 microphotometer. The microphotometer traces would then show the
variation in intensity across the fringes and the index mark. Thus it
would be possible to find the position of the fringes relative to the
index mark, and hence the fractional fringe shift beween the two pictures,
This is the method that has been used in the present investigation

and is described in more detail in Chapters 3 and 5.
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Chapter 3.

The Fizeau Interferometer.

Consider two plane reflecting surfaces, not necessarily parallel,
illuminated by a point source S of quasi-monochromatic light as shown
in figure 10. It can be shown (see Born and Wolf(39) (1959) for
instance) that the phase difference at P between a ray reflected at A
and one reflected at C is
& = ££; nd cosé T DT T PRI (01
where X is the wavelength of the light, n the refractive index,
d the separation of the surfaces, and & the angle of incidence at the
lower surface,
In general, for a given point P, both d and @ vary with the
position of 5, and a small extension of the source makes the range of
& at P so large that no fringes appear., Fringes may be seen in
practice by observing near normal incidence with a restricted entrance
pupil to limit the area of the source used. This procedure keeps the
range of d and cos & emall, Taking into account the phase change of
T on reflection at one of the surfaces there are maxima of intensity
for normal incidence when
2nda ¥ M2 = ) o D5 Xy B nens sninslAS)
and minima of intensity when

2nd i‘_ ;\/2 = (m+'%)}\ '0009001(44)

m = 0’1'2,00000

Thus we see that, since 2nd is the path difference for the two rays,

the fringes seen are loci of points at which the two surfaces sre at



Figure 10.

Figure 11.




constant optical path difference, and for this reason they are often
called "fringes of ecual thickness." The fringes seen are contours
of film thickness at intervals of A/2,

The conditions for distinet fringes can be satisfied simultaneously
over a large area of film with the Fizeau Interferometer(40) (1862).
Light from a quasi-monochromatic source S. (see figure 11), after
reflection 2t a small mirror, is cpllimated by the lens L and falls
on the film F at nearly normal incidence. The light reflected from
the surfaces of the film returns through L and converges to an aperture
P in the focal plane of L. To an eye placed immediately behind P, and
accommodated for the film, fringes are visible over the whole area
illuminated by L, following lines of ecual optical thickness.

1t can be shown mathematically and experimentally, that when fringes
are viewed at normal incidence for non-parallel surfaces, the fringes are
localized between the surfaces of the interferometer. TFurther it may
be shown that the approximate tolerable angular radius of the source
for distinct fringes is

e 0 PO WP NI S SR LT O (SR AR (' %

where n' is the refractive index of the surrounding media, n is the
refractive index of the matter between the surfaces of the interferometer,
d iz the separation of the surfaces, and A\ is the wavelength of the
light being used.

The Optical System.

Pigure 12 shows the optical system used during the present
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investigation. Light from an Osira Cadmium Lamp pasced through the
filter,initially 2 green combination gelatin filter (Wratten No.45 and
No.48 ), and later an interference filter and a No.3 Wratten filter.
Both filters passed only the cadmium green line of 5085.8223. This
line was chosen as a compromise between short wavelengths for maximum
sensitivity and wavelengths for which the eye has a high sensitivity.
The 5085,822 % line has also the advantage of being a single line, The
change to an interference filter was made because of the higher light
transmission that could be obtained using it. Kext the light passed
through an aperture. The diameter of the aperture was chosen for a
particular specimen length by using equation (45) as a guide. For a

1 cm long specimen an aperture of 1.4 mm diameter was uséq. The light
emerging from the aperture acts as a source for the collimading lens,
with the diameter of the aperture limiting the angle subtendéd;hy the
source at the lens. After the collimating lens, the parallel ULeams

of light were reflected by a fully aluminized glass optical flat down
into the specimen chamber, first passing through a partially asluminized
mirror at 90o to the first (to deflect the outcoming light to the
observer). So that the outer can was an air tight container, the

light next passed through the outer can window which sat on an "O" ring
and then down & 1 inch diameter stainless steel pipe to the specimen
chamber, The specimen chamber was a2lso an air tight container, but since
it was cooled to low temperatures the window could not be sealed by an

"0O" ring but instead it was araldited to a truncated copper cone,
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0,008 inches thick. This design was based on that for a window for
Nediva Yempertures By Rovexkail) (1g8aY. “atver. Abe Iignt Eud pussed
through these two windows, both of which were angled so that reflections
from them were thrown off-axis, it fell on the interferometer. The
upper optical flat of the interferometer was made with one surface at
an angle of 40' to the other, so that there would be no unwanted
reflections from the upper surface in the interference pattern. The
upper flat was supported by the specimens, which stood on the upper
surface of the lower optical flat. Light was reflected from both the
partially aluminized lower surface of the upper flat and the fully
aluminized upper surface of the lower flat. The optical flats of the
interferometer were aluminized as described in order to increase the
light reflected from the interfercmeter, meanwhile improving fringe
visibility, so that the fringes could be seen more clearly, and so
that the exposure time for photographs of the fringe pattern should

be as short as possible. The specimen lengths were adjusted before
the apparatus was sealed up so that about 6 - 8 fringes were formed
acrose the 2,7 cm diameter of the upper optical flat. The specimen
chamber was supported in the outer can by three 2 mm. dizmeter german
silver tubes, which had levelling screws at one end. The light coming
out from the interferometer was reflected by the half aluminized
mirror outside the outer can,towards the camera lens, which formed

an image of the interferometer,and thus the interference pattern, in

the camera. The inside of the one inch diameter stainless steel tube
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was lined with matt black paper, otherwise some light would have been
reflected from it into the camera and would have spoilt the image of

the interference pattern. The whole system from the aperture to the outer
can window, and then to the camera, was contained in a light tight box
which had stops after'the collimating lens anc the camera lens. The
inside of this box was painted matt black.

The Index Mark.

As mentioned in chapter 2, it is necessary to have an index mark
in the system against which fringe shifts may be measured. Yates and
Panter(g) (1962) used the crosswires in their telescope as the index.
This suggested the idea that was tried first. An illuminated slit was
placed ©below the level of the collimsting lens so that the camera lens
formed an image of the slit in the camera outside the area of the fringe
pattern. The slit could be rotated so that it was parallel to the
fringes, This arrsngement gave photographs that could be conveniently
analysed on the microphotometer, But later it was found that on changing
the temperature of the specimen chamber there were small movements of the
specimen chamber, and thus of the fringes relative to the index mark.
This made an index mark which was remote from the specimen chamber
unsatisfactory for the accurate measurements of expansion coefficients.
Therefore an index mark actually in the specimen chamber was required.
It was found impossible to adjust the lengths of the specimens so that
the fringes would a2lways lie in one direction, and therefore it was

realised that the index mark should be available for use, regardless
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of fringe orientation. This could have been arranged by having =
rotatable index line in the specimen chamber, but this would have
raised difficulties with vacuum seals,

It was then decided to use a circular index mark which would not
need to be aligned with the fringe pattern. A 1 mm, diameter, fully
aluminized spot was therefore deposited by vacuum evaporation in the
centre of the lower surface of the upper optical flat, whilst the upper
surface of the lower optical flat had a 3 mm., diameter piece of black
insulating tape put on it, at the centre. Thus,when scanning with the
microphotometer, the central aluminized spot was always entered from
the same background. The absence of such a background would have given
rise to difficulty in locating the centre of the index mark for some
possible fringe positions. The fringes could still be analysed by the
microphotometer outside the 3 mm., diameter, matt 6 black spot. Thus the
fringe position could be measured to a fiduciary mark.

Flatness of the Optical Flats.

Ideally the surfaces of the optical flats of the interferometer
would not deviate from plane surfaces. It is impossible to attain
this ideal in practice. Any variation from a plane surface for the
flats will alter the spacing of the fringes, and varistions in fringe
spacing lead to inaccuracies in determining the fractional fringe
shifts. The manufacturers of optical flats usually specify the flatness
of their optical flats in terms of the fraction of 2 wavelength that

the surface is different from a plane. The wavelength of light
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referred to is usually about 6000 i. The interferometer flats were
flat to A/20 and all the other windows and mirrors were flat to -A/B.
The interferometer flats were 0.5 cm, thick.

A calculation for the bending of the interferometer flate under

(42) (1959)

their own weight was made. Timoshenko and Woinowsky-Krieger

have shown that for a disc of radius a, supported at three points 120°
2

apart the deflection at the centre is w = 0,0362 21$_

when the load is uniformly distributed, where P =‘ﬂ'32q, q is the
E h3

12(1-1 )*

Young's modulus of elasticity, h is the thickness of the flat, and'q is

intensity of the load at any point, and D = s Where E is

Poisson's ratio. For the quartz plates of the interferometer, 2.7 cm.
in diameter and 0.5 cm. thick,the deflection, wyis 0.627 X 10 *%cm,
The windows and mirrors used were about 1 cm. thick and 5 em. in diameter
and would deflect under their cwn weight by 1.54 X lo-locm. These
deflections are several orders of magnitude smaller than the best
flatness obtainable so the deflection of the flats from a plane under
their own weight can be neglected.

The interferometer flates must be free to expand and contract on
heating and cooling because any restraint would distort the surfaces
temporarily. The index system described above however requires that
the two flats be concentric within about 1 mm.j 2 restraint with this
freedom does not conflict with the above recuirement for space to

expand., The flats were initially located relative to each other by a

tubular basket in which they were free to slide up 2nd down during the
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expansion of the specimen, The basket allowed sufficient clearance
round the flats for the differential contraction on cooling.

The Variastion of Path Difference with Gas Density.

Equation (44) for a maximum of intensity in the fringe pattern
involves on the L.H.S. the path between the two optical flats. This
isg equivalent to twice the separation of the flats times the refractive
index of the gas between the flats, i.e. A = 2nd., Now in order to
measure the thermsl expansion for a temperature interval ‘I'l--T2 the

change in length d.-d, is needed, since £ = d1"d2

2
1 d295(T1-T25 J

where d ig the specimen length a2t room temperature. The observations

295

of the fringe pattern as the temperature changes from T1 to Ty give

the change in path difference A = 2(n,d.-n_d,). If the refractive
1,2 Ak RR

index was that for a vacuum, i.e. unity, the change in path difference
would be exactly twice the change in length. However in the present
apparatus helium exchange gas was used in the specimen chamber to ensure
thermal equilibrium between the specimens and the resistance thermometer.
Therefore corrections were made for the presence of this gas.

The Lorenz-Lorentz Law, (see Longhurst(43) (1957) for instance)
2
states that -%"-1
(n“+2) ¢
and n the refractive index. This may be rewritten

n-l - g+1 = a constant.
Q n +2

Now for a gas the refractive index does not differ widely from unity,

= a constant , where ¢ is the density

so that the second factor is a2lmost constant. Hence for = gas

n-1

R

= a constant.
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This is known as the law of Gladstone and Dale, Thus if the refractive
index for some particular density is known, the refractive index at some
other density may be found. It is simple to find the density of gas
present at any temperature by noting the temperature and pressure of
the exchange gas., The resistance thermometer gave the temperature, and
a butyl phthalate manometer was connected to the specimen chamber to
measure the pressure. The value of n, 1.0000350 at o°c for a standard
atmosphere, used in the calculations, was obtained by using the Cauchy
equation (n-1) = A(1 + ?;2 ) where A is the wavelength
used, and A and B are constants. The values of A and B were found in
Kaye and Laby(44) (2947).

Experimental Difficulties Experienced with the Optical System,

The apparatus used was that described by Yates and Panter(g) (1962)
except for modifications made to the system to incorporste the camers
and the specimen chamber manometer, The first material for which the
expansion coefficient was measured was copper, which was done as a
check on the apparatus. The results are discussed in the next chapter.
The copper specimen was made from a 1 inch diameter cylinder, the inside
of which was turned away until there was a %{6 inch walled tube.

A section 1 cm. long was cut off and this was filed until there were
three feet 120o apart at each end, This specimen was then vacuum
annealed at TOOOC for 10 minutes. The finszl adjustments of length were
made with very fine emery paper., The fringe system obtained with this

specimen stayed in the same direction and had the same fringe spacing
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throughout the measurements.

After the measurements on copper, three rectangular shaped specimens
of CsI about 1 cms long and 0.4 cm. square were put into the interfer-
ometer. Each of these specimens had three feet ground from their
beses which stood on the lower optical flat. The upper optical flat
was supported by the slightly spherical top of each specimen. Difficulties
were experienced immediately measurements began. The fringe pattern
obtained did not remain in the same direction, and the number of fringes
changed when the temperature changed, thus making it impossible to use
the sensitive photographic technique to measure the thermal expansion,

At first it was thought that these difficulties were caused by vibration.

The vacuum lines were therefore re-arranged to transmit less vibration,

and the electrical egquipment was taken off the framework which supported

the interferometer, This however did not cure the difficulties.

The following observations on the fringe system were mades
1) At a constant temperature the fringe pattern stayed exactly the same

over a period of hours.

2) If the temperature was raised or lowered from one equilibrium
temperature to another equilibrium temperature there was almost
invariably a changeiin fringe spacing or a change of orientation of
3G° = 150, or both, for a 10°%k change in temperature.

3) When the temperature was increased the change in orientation observed
was usually clockwise but on some occasions, for no apparent reason,
there would either be no rotation or the rotation would be anti-

clockwise.
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4) If the temperature was raised to a new equilibrium temperature and
then allowed to return to the initial equilibrium condition, a
rotation of the pattern or change in fringe spacing might occur
during warming up but not reverse on cooling down.

5) A sharp knock with a small hammer on the specimen chamber support
would sometimes return the fringe pattern to the form it had before
the temperature was raised.

If any systematic effect had been noted in the changes of the
fringe pattern it would have suggested that there was some difference
in the expansion coefficients of the three specimens. This seemed
unlikely since the impurities were of the order of parts per million.
The variation in impurities was confirmed not to be the cause of the
changes of the fringe pattern by the random nature of these changes.

It was thought that these changes in fringe pattern might be caused

by the upper optical flat, or by the small brass tube which was on top

of the flat (for stability) rubbing or even catching on the cage (which

limited the movement of the flat and tube horizontally to 1 mm,). The
cage was necessary to ensure that the fully aluminized mark on the
upper optical flat was over the matt black area on the lower optical
flat.

It was decided to ensure the location of the optical flats
another way which would eliminate any possibility of rubbing. Figure 13
shows the modified specimen chamber., The lower optical flat was placed

between two rings which were connected by three thin foil stripss this
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restricted the lateral movement of the flat to 1 mm. (enough to allow
for differential contraction on cooling). The lower ring was then
located in the specimen chamber by a circular groove. Thus the lower
flat was fixed to within about 1 mm, relative to the specimen chamber.
The specimens were then placed on the optical flat, in three U shaped
wires which were attached horizontally to the perimeter of the upper
ring. The wire U's allowed the crystals a clearance of 1 mm., but fixed
them sufficiently to form a roughly equilateral triangle. The upper
optical flat was then jlaced on the specimens and a grooved ring ( 1 mm,
larger in diameter than the optical flat to allow for differential
contraction on cooling) was put on top of the flat. The grooved ring
or collar was connected to the lower end of a helical spring. The
upper end of the helical spring was fixed to another ring which had
three projections which were connected by spring loaded levelling screws
to the specimen chamber. Thus the upper optical flat was also fixed,
within 1 mm., relative to the specimen chamber. Since the two flats
were aligned the index mark on the top flat fell over the matt black
area on the lower flat.

This modified specimen chamber, shown in figure 13, was first used
with three specimens of RbBr which took the form shown. The RbBr crystals
had been kindly grown by Dr. R.W.H.Stevenson of Aberdeen University,
after considerable difficulty, using very pure RbBr powder which was
obtained from L.Light 2nd Co. The same changes in fringe pattern
described above were again experienced. These changes in fringe pattern

had not been noticed with the tubular copper specimens, and so tubular
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specimens of the alkali halides NaF, RbBr, and Csl were obtained. The
use of tubular specimens of the alkali halides resolved all the diffic-
ulties with changes in fringe pattern, and it was at last possible to
use the photographic technique to obtain more accurate results for
the expansion coefficients., It was inferred that the changes in fringe
pattern were due to smell movements of the crystals from the vertical,
caused by the lateral expansion or contraction of the optical flats.
The tubular specimens of the alkali halides were about 1 cm. long
and had one end polished flat and the other filed so that three feet
projected about } mm., at 120° to each other; the final adjustments of
length were made with very fine emery paper on these feet. The inside
diameter of the specimens was about 1.8 cm., and the outside diameter
wage about 2.7 cm,.

Further details of the experimental procedure, the photographing
of the fringe pattern, and the analysis of the photographs are given

in Chapter 5.
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Chapter 4.

Temperature Measurement.

In investigations concerned with the temperature dependent properties
of solids, the temperature measurement is of prime importance., The
accuracy and sensitivity required depend on the rate of change with
temperature of the property being studied. Consideration must also be
given to the time taken to obtain a temperature reading, the space
taken up by the thermometer, the repeatability of the readings, and the
ease with which readings can be taken, In order to determine the expansion

coefficient of a solid it is necessary to know its length 4. at a

1

]‘and.its new length d2 at some other temperature TQ, the
d,-d
linear expansion coefficient being defined by K = E———%E—gi—y, where
295311272

temperature T

6295 is the specimen length at room temperature,

There are several methods by which one may measure temperatures
between 20°K and 270°K. The constant volume gas thermometer is an
absolute instrument that can be both sensitive and accurate, but which
is rather slow in operation. Vapour pressure thermometers can be used
for parts of the temperature range where suitable substances exists
however the whole range cannot be covered in this way. Thermocouples
have been developed that will cover the range 20°K to QTCOK, but the
thermal em.fs are usually rather small and the final accuracy obtained
for 2 temperature interval of 10°K is rather low. Resistance thermometers,
which depend on the variation of resistance of a conductor with

temperature,are well suited to temperature measurement. The variation

of resistance with temperature is usually found first by using a gas
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thermometer against which the resistance thermometer is calibrated.
Resistance thermometers are fairly rapid in use and more sensitive and
reproducible than thermocouples. The reproducibility of a resistance
thermometer is usually very good if care is taken to mount the wire so
that it is not strained during cooling dowm or warming up. Another
feature of resistance thermometers is that they give the average
temperature over the space that they occupy.

Choice of Resistance Thermometer Material.

Platinum is frequently used for resistance thermometers, but it
requires high temperature annealing after it has been wound. White
and Woods(25) (1957) have suggested the use of indium for low temperature

dR,
thermometry., At low temperatures indium has a2 higher value of ﬁJL—LEEE)
273

than platinum, where R is the ice point resistance and RT is the

273
resistance at temperature T. Another advantage of indium is that it

self anneals at room temperature. The indium thermometer of Yates and
Panter(g’ 26) (1962, 1961) had shown a systematic drift in ice point
resistance, which was attributed to mechanical shocks. A new thermometer
mount was designed by James and Yates(27) (1963) to provide a completely
strain free and shockproof support for the indium wire., A copy of this
paper is attached at the end of the thesis., Plate 1 shows the perspex
mount made for the indium thermometer., The resistance of the thermometer
was found by measuring the drop in potential across it when a current of

10 mA. was passing through it. The current was adjusted so that the

potential drop across a standard obhm was 10 millivolts. The



Plate 1. The Indium Thermometer Mount.



< 4Y,

potentiometer circuit and associated resistance thermometer circuit are
shown in figure 14, The results of Yates and Panter(zé) (1961) showed
that for different specimens individual calibration was desirable. It
was decided therefore to calibrate the indium resistance thermometer
against a constant volume helium gas thermometer.

The Gas Thermometer.

A constant volume helium gas thermometer was chosen because it
provided the most convenient means of calibrating the indium resistance
thermometer., Also there were sufficient data of the virial coefficients
of helium available, and it was realised that there would be no
difficulties with the helium liquefying in the thermometer bulb as
there would be with hydrogen. The thermometer bulb, volume approximately
11 cc., was made from sterling silver, so that there should be no
difficulties with adsorption of the thermometer gas. As a preliminary,
the thermal expansion of an adjacent piece of sterling silver was
measured, using the technique of Yates and Panter(g) (1962)y= i.e. the
unmodified apparatus. The results for sterling silver are shown in
graph l,and the smoothed values for the thermal expansion given in table 2,

Care was taken in making the thermometer bulb to use the minimum
of flux and after it was made the inside was thoroughly clesned of
flux. Figure 15 shows s section through the bulb, The gas thermometer
bulb was mounted in the specimen chamber of the apparatus of Yates and
Panter(g) (1962), the specimen chamber window being replaced by a
copper disc during the thermometer calibrations. The thermometer bulb

was supported by the 4 inch dismeter silver tube projecting out of it,
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from the copper disec., The specimen chamber was filled with exchange

gas during the thermometer calibration, in order to ensure good thermal
equilibrium between the gas thermometer and the resistance thermometer,
which was concentric with the gas thermometer. The specimen chamber was
hung inside an evacuated chamber, referred to as the outer can, which
was surrounded by the refrigerant, either liquid nitrogen or licuid
hydrogen. The temperature of the specimen chamber could be adjusted by
the thermostatic temperature controller of Yates and Panter which held
temperatures steady teo within 0.01°K,

The thermometer bulb was connected to the manometer by a german
silver capillary tube, 0.02 cm. bore and 0.0l cim, wall thickness, (see
figure 15 for a diagram of the manometer). An iron plug was araldited
1o the glass of the manometer with a small eccentric hole drilled for
the capillary tube, and an iron spike projecting from the centreinto the
manometer tube so that the mercury could always be brought back to the
same level, Since helium gas diffuses through pyrex glass it was
necesgary to use soda glass in the construction of the manometer,
Pressures between 0 and 50 cm. Hg were measured with a cathetometer
and pressures above 50 cm. Hg were measured with the aid of a mirror
backed scale., Plates 2 and 3 show the assembled gas thermometer after
it had been filled with helium,

The mercury for the manometer was freshly distilled in a vacuum
distillation column., The soda glass of the manometer was cleaned with

chromic acid, nitric acid, and the washed out thoFoushly with distilled
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Plate 3. The Gas Thermometer - +the Telescope and the lManometer.
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water. After the manometer had dried out the thermometer buld was
connected up as described above, The various glass taps were then
greased and put in place. The whole system was then pumped out over

48 hours., The mercury was put into the reservoir, care being taken not
to trap any air., Small quantities of mercury were then admitted to the
system while it was still being pumped, the reservoir being at its
lowest levels The mercury level was allowed to reach half way up the
metre long thermometer bulb arm of the manometer by adjusting the level
of the reservoir.

Meanwhile a helium cylinder was connected up to a specizl
purification system consisting of two copper coils, containing activated
charcoal,and immersed in liquid nitrogen. These purifiers had
previously been evacuated and baked for 12 hours. The helium was
.admitted to the gas thermometer by the side limb marked 'helium reservoir'
on the diagram. The thermometer was filled with hélium vgas |
and it was then pumped out for half an hour. This procedure was
repeated a second time. During the final filling the mercury level was
adjusted so that, when the mercury was brought up to the index point
later, the pressure in the gas thermometer was approximately one
atmosphere.

After filling the gas thermometer, the glass side arm of the
manometer was sealed off by melting the glass above the taps on the side
army thus making the gas thermometer a completely sealed system, That

it was completely sealed was confirmed by the constancy of the ice
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point pressure of the gas thermometer, which did not vary by more than
the experimental error in the four monthe of use. The experimental
error in the ice point reading was + 0,02 cm. Tﬁe ice point values
for pressure and resistance were found by surrounding the outer can
with melting ice and putting helium exchange gas between the outer can
and the specimen chamber., The readings were only taken when two
successive readings, taken 15 minutes apart, agreed. This method gave
consistently reproducible ice point pressures for the gas thermometer,
and ice point resistances for the resistance thermometer.

The procedure for obtaining a calibration point was to immerse
the outer can in licuid hydrogen or nitrogen, with the space between
it and the specimen chamber evacuated, then to set the temperature
controller for the desired temperature. Readings were taken every
cuarter of an hour on the resistance thermometer potentiometer until
two readings were the same. The gas thermometer pressure was then
determined by raising the mercury until the level in the bulb arm of
the manometer reached the index point. The level in the other arm was
then read and the potentiometer was also read at the same time. The
mercury level was lowered and the temperature controller set to a new
temperature. About two hours elapsed between calibration readings
which were taken a2t intervals of approximately lOOK.

The Gas Thermometer Calculations.

For a real gas the ecuation of state may be written

PV = n(RT+BP+CP£+...... )
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where P is the pressure, V is the volume, n is the number of moles of
gas, R is the molar gas constant, T is the temperature in oK, B is the
second virial coefficient, and C the third virial coefficient.
Preliminary calculations (see table below) showed that the term in P2
could be neglected and thus the eguation of state becomes

PV = n (RT + BP).

Tsble 1. The Magnitude of the Terms RT, BP, and CP2 for Various Values of T .

7°k} Approx.P | P° B e RT BP cp’
f -1 -1 ' -1
atmosphere | (2tmos.) |cc.mole cc.mol e, cc., atmosphere mole
atmos,
300 1,099 1,208 11.99 -0.000 |[24,617.0|13.177 0
273| 1,000 1.000 12,08 -0,000 [22,401.0|12,08 0
200 | 0.7T33 0e537 12,23 -0,000 |164,411,0| 8,965 0
100 | 0.366 0.134 11,85 +0.0009 | 8,206,0| 44337 0.00012
20| 0,073 0.0053| =2.62 +0.,230 1,641.0| 0.191 0400012

Data for B and C were taken from a paper by White, Rubin, Camky, and
Johnston(za) (1960).

An ideal constant volume gas thermometer would consist of a bulb,
which had a zero expansion coefficient, as the temperature sensing
element connected to a pressure measuring device of negligible volume
by a capillary of negligible volume. Fowever in any practical system
the thermometer bulb expands, the manometer has a small dead space, and
the capillary will also have a smell volume. The capillary volume will

not all be at the same temperature. The diameter of the capillary tube



was chogen as 0.02 cm., since thermomolecular pressure corrections for
this diameter of tube would only be necessary at the lowest temperatures
and even then would be very small. The corrections were based on the
data of Roberts and Sydoriak(zg) (1956).

Pigure 16 shows the gas thermometer system diagramatically. The
contents of any volume for a gas thermometer can be described by the
equation of state for a gas,

PV = n(RT+ BP ).
In the following calculation subscripts are used with the above symbols
to den&te the respective values for the different parts of the gas
thermometer, and a second subscript is used to denote values taken =t
different times under different sets of conditions. The subscripts used
are AE for bulb variables, ¥ for manometer dead space, and i for
capillary volumes. The capillary tube is treated as 2 number of separate

i=
sections and therefore it is usual to sum over i, 1i,e. é? esee where

m is the number of capillary sections considered. <
Consider a set of external conditions 1.
PFI VFl - nFl (RTM + B?’ngl)
P Vyqg = Dy (R'I'Z,/1 + BMPX]_) T e 7. 1.3
‘Z" Pelan™ Zm n;y (RTy) + By Pyy)
i=1 1=l

These mizht in practice be the conditions at a 'fixed point'. Now it

will be recuired to find the bulb temperature ‘I'F under a new set of

2

conditions 2.
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se PF? VF‘? - ( RT %2 Pe)
Pa,a V-Kz = nw ( RTXE + BXQPXQ) ..oo..-o't..-...t.(d?)
i=m i=m
121 P Vo = i o BT, +3,,0,,)

Now the total quantity of gas has remained constant during this change,

therefore the number of moles of gas before and after are the sanme,

i=m i=m
e !1‘5 + nzﬁ + iél n = nr’a -+ nK? + i%' nia oon-oooaon--.(48)
Rewriting ecuation (48) and substituting from (46) and (47), thens
i=m
P,.Y
PeoVpy 1 Vp1 Py Vs 3 E’-:L 11741
(RT . +B_.P..) +B__P ) (RT_.+B_.P__) & i=m
B2 g2 p2 F1 FL Bl XN & (R'ri1 11 11)
i=m
L Paa¥
PY Vy i=1 i2"i2
= {RT. .+B P Y ~ iem
B2T Y27 ¥2 5‘1 (RT, ,+B, P, )
therefore, .
= 1 B
i i 5™ —“Eg o
F I’ ‘Yﬂ' V{]‘ P fﬁg i=m . PC
v 31 &N . : PV P..V
B2 & 3 2 e + 1 éi = b ok 2 08 iz 12
L ' e ByPy| . szpw Rial A Tee
[31 R ot . J
.I.....'....O.(ﬁg)

The terms in the second virizl coefficient for tho capillary have been
neglected since the cnnill"“J cerrectione are small and the second
virial terms even smaller. A program was written for the Institute

computer to calculste TFP from equation (49). The P,, were set ecual to

;| = - A1 %
PKI’ and the Pi? ecual to PK2’ the vil were assumed eacuzl to the vi?,

and similarly ?Ki wag set equal to VK?' Corrections were made for the



variation of VFQ and the appropriate values of B were used,

The Results of the Calibration.

The initial calculations of the gas thermometer results were made

uging the ice point as a fixed point. However it was found that when

‘.\

nitrogen was being used as a refrigerant the smooth curve of RT/B273 16
aginst Ty did not pass through the ice point, where RT is the resistance

at temperature Ty and R is the ice point resistance. The curve

273.15
missed the ice point by about 2°k, Transferring the fixed point from
the ice point to the normal boiling point of nitrogen removed this
discontinuity and the smooth curve of RT/R2T3.15 against T then passed
through the ice point when nitrogen was used as a refrigerant. The
normal boiling point values of pressure and resistance were found with
liguid nitrogen round the outer can and helium exchange gas between it
and the specimen chamber. A vapour pressure bulb was soldered to the
side of the specimen chamber, for the condensation of pure nitrogen, in
order to determine the boiling point of the commercial ligquid nitrogen

used, and hence the specimen chamber temperature.

On two occasions during hydrogen runs it was found that the

capillary from the thermometer bulb was blocked. This, together with
the discontinuity which was found when the ice point was used as a fixed
point, suggested that despite the care taken in purifying the gas used
in the gas thermometer some impurity was present, but was frozen out
when the system was used with ligquid nitrogen or hydrogen.

Two indium resistance thermometers were calibrated against the
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gas thermometer., Because of space restrictions it was not possible to
accommodate both simultaneously, but precautions were taken to reproduce
conditions as far as possible during the two calibrations, The first
specimen of indium wire, 0,010 inches in diameter, was obtained from
Johnson, Matthey, and Co, Ltd, and contained impurities of less than

8 parts per million, This thermometer is referred to as J.M.,2, The

other specimen of indium wire, also 0,010 inches in diameter, was obtained
from the Consolidated Mining and Smelting Co., of Canada Ltd, and it

was Cominco brand 59 grade of purity 99.999%. This thermometer is
referred to as C.M.S.1.

Graph 2 shows the results for RT/R273 from this calibration
.

15
compared with the values obtained by White, Woods, and Anglin(30) (1958)

(31) (1955)« The results for J,M.2 and C.M,S,1 agree well

and Swenson
with each other in the ranges 190°K to 270°K and T0°K to 110%K; the
agreement is fair below TOOK, but bad between 120°K and 180°K, The
results for J.M.,2 in the range 120°K to 180°K were found to have rather
larger scatter than in other regions and this is probably the cause of
the lack of agreement in this region. The agreement of the two
calibrations made during this investigation sugrests that indium from
different sources may be used for thermometry without the necessity of
individual calibrations. The present resulte lie between those of
White, Woods, and Anglin(30) (1958) and those of Swenson(Bl) (1955),

for temperatures between TOOK and QOOOK. The difference between the

results of this calibration gng those of White et al., for temperatures
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above 200°K, is surprisingly large.

Cas Thermometer Failure,

Later, after the linear expansion coefficient of copper had been
mearured using the C.M.S.1 thermometer, using the calibration just
described, it was found that the graph of the lineer expansion coefficient
against temperature, see graph 3, did not agree with other experimental
results at the high temperature end, These differences in measured
expansion coefficients at high temperatures could not be attributed to
differences in specimens, and it was clear that the expansion measuring
technique was not at fault, because good agreement was obtained at low
temperatures. Therefore the fault was attributed to the thermometry,
and it was found that the differences between the C.M.S.l1 results and
White et al's results were in the right direction to account for the
errors in the expansiocn coefficients. This confirmed the earlier
irdication that some impurity was present in the gas thermometer.

Having found that the agreement between calibrations of indium from
different sources wse on the whole good it was decided, in view of the

long time that would be necessary to repeat the gas thermometer
calibration of the indium resistance thermometer, that using the results

of White, Woods, and Anglin's(BO) (1958) calibration for indium would

be appropriate. Graph 4 shows the expansion coefficient of copper that

was found ueing the C.M.S8.1 indium thermometer with the results of White

et aley linear interpolation of their results being used to find the
temperature from a2 resistance value, The agreement of the expansion coeff-
icient of copper calculated in this way with the results of other workers

is good.
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Chapter 5.

The Vacuum System.

Figure 17 is a diagram of the vacuum system. It really consists
of two systems which operate independently, but, by means of taps, may
be connected together to suit the experimenter's purpose. One of these
systems is for high vacuum purposes; it pumps the outer can in order to
provide thermal isolation for the specimen chamber, and it also pumps
the high vacuum side of the two manometers, one for the specimen chamber
and one for the vapour pressure bulb, This high vacuum system is
pumped by an Edwards type 102 A diffusion pump backed by a Metrovac
type DRI-K rotary pump. The other system is used to evacuate the
specimen chamber and the vapour pressure bulb. Provision is also made
to pump the outer bath to produce cooling of the refrigerant. This system
can be pumped either by an N.G.N. type PSR 6 rotary pump or an Edwards
type 2SC 20 A rotary pump. To this latter system there are also
connected sources of helium gas and gas for the vapour pressure bulb,
The helium gas may be admitted to the specimen chamber. after evacuation,
the resulting pressure being indicated by a Bourdon gauge and
accurately measured with a butyl phthalate manometer, The helium gas
may also be admitted to the outer can by means of a tap connecting
the outer can to the specimen chamber. The pressure of gas admitted
to the vapour pressure bulb may be meagured with a2 mercury manometer,
The helium exchange gos and vapour pressure bulb gas are stored in two

glass reservoirs with manometers to indicate the pressure in the
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regervoirs. These are filled with gas from high pressure cylinders
via gilica gel drying towers.

Temperature Variation.

In low temperature work requiring a2 range of steady temperatures,
the most convenient method of adjusting the temperatures of the
specimens in question is to cool them first below the required temperature,
-and to a2pply a sufficient amount of controllable heat to obtain the
required temperature. The most obvious way of cooling is to surround
the specimen chamber by a refrigerant and then, after cooling, to
thermally isolate the specimen chamber. Heat may then be applied by
means of a heater attached to the specimen chamber. When heating is
carried out it may be done either so that the temperature rises
continuously, or so that the temperature is changed from some initial
steady temperature to some new steady temperature, at which the specimens
may be held until there is thermal ecuilibrium. The continuous heating
method, resulting in a uniform rise of temperature throughout the
experiment, has the disadvantage that it may be difficult to determine
whether the temperature of the thermometer is the same as that of the
specimens, though with manually controlled heating it may be the
easier method, When observations are made at a steady temperature, the
thermometer will be in thermal equilibrium with the specimens, and a
reliasble reading will be obtained. For the present experiment
involving the photography of the fringe pattern, an exposure of about

five minutes was reguired, and therefore a steady temperature was
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was needed for each reading taken. A thermostatic heater controller
built by C.H.Panter based on a design by Parkinson and Quarrington(45) (1954)
was used throughout these measurements,

Procedure for Measuring Thermal Expansion.

When the apparatus was set up with a specimen in the interferometer
in the specimen chamber, and when the specimen chamber and the outer can
were airtight, and the various vacuum lines and electrical leads had
been connected, +the apparatus was ready to begin =z series of measurements,
(Plate 4 shows the specimen chamber.,) Whenever the apparatus was taken
apart to make some change in the specimen chamber there was the risk
that some mechanical shock might alter the ice point resistance, even
with the improved support for the indium wiresy therefore an ice point
was taken at the beginning of each run as a check. The procedure for
an ice point determination has been described in the previous chapter.
The ice point was also checked each time the apparatus was brought
back to room temperature after any period at nitrogen or hydrogen
temperatures. Over the eighteen months of use, involving considerable
handling, the resistance changed by 20 parts in 30,000. During any one
run however no change greater than experimental error was detectable,
i,e. 1 part in 30,000,

After the ice point resistance had been determined, a thin walled
Dewar was placed round the outer can and held in position by means of
a ring below the Dewar. This ring, in turn, was supported by 4" iron

rods fixed to the framework of the apparatus. Plate 5 shows a general



Flate 4. The Specimen Chamber.
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view of the apparatus. The specimen chamber, outer can and vapour
pressure bulb were then evacuated. Liguid nitrogen was poured into the
outer bath (or Dewar) until the outer can was completely immersed.

With the vacuum inside the cryostat, the rate of cooling was slow,

thus avoiding undue stresses on the specimen chamber window. It
usually took about twelve hours for the specimen chamber to cool to about
the temperature of the liquid nitrogen. This cooling was arranged to
to take place overnight. If measurements were to be taken below
nitrogen temperatures, hydrogen was used as the refrigerant. In this
case the apparatus was cooled as aliove to about the temperature of
liquid nitrogen and when sufficient hydrogen had been obtained from

an adjacent hydrogen liquifier, Yates and Hoare(46) (1961), the ligquid
nitrogen was emptied from the Dewar, and the hydrogen was syphoned
into the Dewar, A trace of helium exchange gas was admitted to the
outer can and the specimen chamber reached the refrigerant temperature
within one hour. There was usually sufficient liquid hydrogen for the
time taken to moke measurements of the thermal expansion over the

range 20°K to 80°K.

The procedure for taking measurements was to start from the
temperature of the liquified gas being used. Equilibrium and stability
of the specimen chamber at the refrigerant temperature were obtained
by putting helium exchange gas in the outer can. Successive readings of
the resistance of the thermometer were taken at intervals of a cuarter

of an hour. When two successive readings agreed to within the limits
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of experimental error, the reading was noted, a photograph of the fringe
pattern was taken, the specimen chamber pressure was measured, and

the fringe position was noted. The outer can was evacuated after the
observations had been made. The thermostatic temperature controller
was switched on and set for a temperature about 10°K above the first
reading. As the specimen chamber warmed up a count was taken of the
whole number of fringes crossing the index mark, After between one and
two hours, when two succesive readings of the resistance thermometer
again agreed, indicating that equilibrium had been attained, the value
was noted, a new photograph of the fringe pattern taken, the specimen
chamber pressure measured, and the fringe position noted. The specimen
chamber was warmed up in intervals of approximately 10°K. The above
pfocedure was repeated for each set of observations. If hydrogen was
the refrigerant, a temperature of about 80°K would be reached before
all the hydrogen was used. If nitrogen was the refrigerant the whole
range from TTOK to 270°K could not be covered in one day, and the outer
can was kept immersed in nitrogen for several days. Each day
measurements would commence where measurements on the previous day
finished., The warming up for the first reading of a day ususlly took
about four hours, since the thermostatic temperature controller was

not left on overnight. On some occasions messurements were taken

with the temperature of the specimen chamber falling, in which case the
temperature controller was set for a temperature 10°K less than the

previous setting, otherwise the procedure was the same. Measurements



& 86

from room temperature downwards were often taken when it was not
convenient to cocl the apparatus over the previous night. The whole
temperature range 20°K to 270°K was covered twice for each of the
alkali halides, the readings taken being arranged so that the values
for the thermal expansion coefficient would fall alternately from easch
series of measurements when plotted on a graph.

Photography.

As described earlier this technique of accurate measurement of
thermal expansion depends upon taking photographs of the fringe pattern
and later analysing the photographs on a microphctometer, The camera
used was a 35mm. single lens reflex camera. Thie was chosen so that
the fringe pattern could be viewed when a photograph was not being
taken., Initial photographs using panchromatic film required an exposure
of about ten minutes. Kodak Limited suggested that their special green
sensitive film 'Flurodak® would help to reduce this exposure time, the
illumination being the Cd 5085,822 i green line., Photographs using the
'Flurodsk' film required exposures of about six minutes. These exposures
were taken with a Wratten combination filter (No. 45+ No. 48), but later
the exposure required was halved by using an interference filter with 2
No. 3 Wratten filter. The photographs were developed in Kodak D19b
developer and fixed in Unifix., All the processing was carried out at
20°C and all the rinsing water used was brought to this temperature.
All solutions were filtered before use and the films were dried

carefully away from dust.



- 57 -

The Use of the Microphotometer for Fractional Fringe Shifts.

At the end of each set of measurements on a specimen, when the
temperature range 20°K to QTOOK had been covered twice, 2ll the photographs
were analysed on a Hilger Recording Microphotometer type H.670. The
microphotometer was adjusted to give a trace across the full width of
the chart on the Honeywell Brown chart recorder attached to it. The
speed of the microphotometer was selected to give about ten feet of chart
for one photograph; this "yas most convenient for easy analysis. This
method usually gave the intensity wvariation across two or three fringes,
and then acrcoss the index mark and two additional fringes, The
variation of intensity across the fringes was a sinusoidal shape, and
across the index mark the intensity variation was an inverted U shape.
These maxima of intensity were symmetrical but the tops were rather flat.
In order to find the centres of the maxima, the mid = points of several
chords parallel to the x- axis were used., The distances between the
fringe maxima, and from the fringe maxima to the centre of the index

mark, were noted. From these distanceg the fractional fringe position

relative to the index mark wes found accurately. When the fractional
fringe positions for all the readings were known, the fractional
fringe shift between two readings could be determined and hence the

thermal expansion coefficient could be accurately calculated,
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Chapter 6.

The Results, and the Specimen Purities.

l. Copper. The modified apparatus was first used to measure the

linear expansion coefficient ol = -I-:-l—- % of copper. This measurement
295

was done as an overall check on the apparatus. The discrepancy which
this check revealed in the thermometery, and how this discrepancy was
overcome,have been discussed in chapter 4. The graph 4 in chapter 4
shows the present results compared with those of other workers. The
smoothed results are given in table 2. The copper specimen was made
from a cylinder of spectrographically standardised copper obtained from
Johnson, Matthey and Co. Ltd. The following is an extract from a test

report by Johnson, Matthey, and Co. Ltd.

Impurity Content. Fe 2 DPeDels
Si 1l pepem.
A.g 1 PeDellle
Mg 2 PeDellle

Not detected: Al, As, Au, Ba, Bi, Ca, Cd, Co, Cr, Cs, CGa, Ge, Hf, Hg,
In, Ir, XK, Li, Mn, Mo, ¥a, Nb, ¥i, Os, P, Pb, Pd, Pt, Re, Ru, Sb, Se,
Sn, 8r, Ta, Te, Ti, Tly, V, W, Zn, Zr.

For the thermal expansion measurements on the alkali healides, the
crystals chosen were NaF, RbBr, and CsI. These are the crystals in
which the constituent ions of the molecules are of approximately ecual
mass. KCl was omitted as its thermal expangion coefficient had already
been measured by Hhite(Gl) (1961), Rubin, Johnston and Altman(62) (1962)

and Yates and Panter(g) (1962).
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2, Caesium Iodide, Like all the alkali halides this crystallizes into

a cubic crystal, but not one like NaCl but like CsCl i.e. a 'body

centred cubic structure'. The experimental results of A = -L—]-'—- %

295
are given in table 3 and plotted in graph 5. The results of other

workers shown on the graph around 300%k agree fairly well with the
present results except for the isolated value found by Johnson, Argon
and Bredig(54) (1955)s The results of Pathak and Pandya(55) (1960),
who use@ an X- ray method, fall systematically below the extrapolation
of the present: results. Whether this is a real difference between bulk
measurements and X- ray measurements could only be clarified by
measurenents on the same specimen. The CsIl specimen was obtained from

Hilger and Watts Ltd. The following is an extract from their test report:

Impurities S0, 0,005% K 0.002%
Pb  0.,0003¢% Al 0.,001%
Cu 0.0003% Mg 0.0005%
Zn  0,0003% Ii  0.00004%
Fe 0.0003¢% Na 0.008%

3, Rubidium Bromide. This alkali halide crystallizes into a cubic

crystal with an NaCl structure, i.e. a 'face centred cubic structure'.

The experimental results of o = Elh—-%% are given in table 4 and plotted
295

in graph 6. The results of other workers, shown around BCOOK, agree
fairly well with the present results. The RbBr specimen w2s obtained
from L.Light and Co. Ltd. The following is an extract from their
test report.

Impurities Cs 30 pep.m. Na 20 p.p.m

No other detectable impurities.
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4, Sodium Fluoride. This alkali halide crystallizes into a cubic crystal

with an NaCl structure, i.e., a 'face centred cubic structure'. The

experimental results of oL = EEL-'%% are given in table 5 and plotted
295

in grzph T. The results of other workers agree fairly well around
300°K, but the results of Riano and Amoros(as) (1960), who used an
X~-ray method, are in poor agreement with the present results below
200°k. The NaF specimen wos obtained from Harshaw Chemicals Ltd., The
following is an extract from their test report:

Impurities Fe
Ca
Al
Cu
g
Mn less than 0,001% each.
Ni
Si

Ag J

} between 0,001% and 0.01% each

-

Sought but not found: As, Au, B, Bz, Be, Bi, Cd, Co, Cr, Ga, Ge, In,
La, Li, Hg, Mo, P, Pb, Pi, Sb, Sn, Sr, Tl. Graph 8 shows the thermal
expansion on an enlarged scale at low temperatures for NaF. Table 2
gives smoothed values for the linear thermal expansion coefficient

oL = ~i_db at 10°K intervals for all the materials examined.

L295 aT

Analysis of the Results.

As pointed out in the introduction, it has only been possible to
make a reliable analysis of the results in the case of RbBr, since

this is the only material for which enough of the necessary associated
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data are available. Even for RbBr ther are no experimental elasticity
data below room temperature, and no specific heat data below IOOK.
Smoothed values of the specific heat at constant pressure, Cp, were
obtained from a graph of C_ against temperature T drawn from the results
of Clusius, Goldmann, and Perlick(56) (1949). These smoothed values are
given in table 6. The adiabatic compressibility kfa of RbBr at 295°K
was found from the experimental results of Reinitz(57) (1961). The
theoretical predictions of Krishnan and Roy(sa) (1952) were used to find
j{é at 0°K. Values of:l(s at temgfratures between 0°K and 295°k were
obtained by linear interpolationizngaare given in table 6. The density
at 295°K was taken as 3.353 gm, ols2 and. bhe weiesuiay weight was
teken as 165.40 gm.

The Griuneisen Parameter and the Debye Characteristic Temperature.

In chapter 1, equation (27) relates the Crineisen parameter at

temperature T, ?ﬂT

linear expansion coefficient at temperature T, &

s to the specific heat 2t constant volume Cv’ the

T the molar volume

at temperature T, VT, and the isothermal compressibility“){T thuss
-b/ =30(TvT
T QﬁTCv

Now the experimentally measured quantities are):s and Cp, and the

thermodynamic relation ;l:st = QfTCv enables the equation for'B% to

be rewritten as
3,V

s il |
i ®
i Qfscp

....".......l..lll...'...'.'...l(se)

In this equation the linear expansion coefficient is defined as



A

ale

& = where L, is the length at the temperature T, and V_ is
T Ly i T

1 4av
the molar volume at temperature T, Fow 304,1, = F’T = A 57 Where F’T
is the volume expansion coefficient at temperature T. The measured

linear expansion coefficient is in terms of the length at 29501(,

ieey oL 1 4L  and similarly f=36(= _1 4V

L ar Y. a2 *

295 "y 295
. r3_222
e %T = v
=
v
.3y = 3522
. @ T
Vv 05
3 V2 VT
..XT = T
e, x .
and finally X 3L ‘%25
T = c:z ‘i..l..".‘..l!.‘.l............'...(51)
P S

Thus the values of X’I" the Grilneisen parameter at temperature T, may
be evaluated in terms of the measured cuantities. The values of b/'l‘
calculated using equation (51) are given in table 6 and plotted in
graph 9.

As pointed out in chapter 1 the specific heat at constant volume
cv may be found from experimentally measured ou@ntitias by using the

thermodynamic relation c

c -C = P ......-....--....(52)
. v 1 + ——%g—c-L
VP T

vhere ? = 3ole. Equation (52) hes been used to calculate the values

of Cv given in table 6,
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C has Dbeen used in conjunction with a table of values of C for
v v

various values of ©, /T, Roberts and #i11er(1%) (1951), to obtain o5

the Debye characteristic temperatures, The values of GD are given in

table 6 and plotted on graph 10. The theoreticsl high temperature value
of the Debye characteristic temperature, Om? was obtained by plotting

a graph of 992 against %/52 in the region where QD wae increasing
with temperature, and extrapolating to ]./'I‘2 = 0, as shown in graph 11l.

This follows the procedure which Barron, Berg, and Morrison(ls} (1957)
found gave the least ambiguity in determining €. .

As de Launay(59) (1959) has pointed out the Debye characteristic
temperature at OOK, 90, may be obtained from the elastic constants

09 and c,, at 0°K by computation of the following equation

b b 1L | 44

ad L M(£}3(14)y2[_5_97?:] £(8,1t) (53)
' T k) \e o ’ LR SR

where Qis the density, V the molar volume,

S = (011 - 044)/(012 + 044)

t o= (egp mey)/eyy,

and the function f(S,t) is an anisotropy factor. The theoretical

predictions for the elastic constants at 0°K of Krishnan and Roy(ss)

(1952) have been used to evaluate S and t. The anisotropy factor £(S,t)

has been found by using the interpolation formula given by de Launay(sg)

(1959) for use with his tables of S and t. The thermal expansion
coefficients found in this investigation have been used together with

the factor £(S,t) and ¢, to calculate 6 = 147°K from equation (53).

44
Following the procedure described by Barron, Leadbetter, =nd
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(

Morrison 22) (to be published) a parameter Tr = 0,20 ,was chosen in
plotting XT against t = [1 +(I‘/*I‘I)2]-1 and extrapolating to t = O

to give ?ﬂv. Although the variations of Cv and o with temperature
displayed no obvious peculiarities, the graph of X’T against T turned
upwards at the higher temperature end. This behaviour may not be

unique, since the less precise results for KI, Yates and Panter(g) (1962)
suggest a2 similar trend. Analysis of graph 12 Dbetween the values of

t corresponding to 30°K and 180°k gives a value of ¥,= 1.40, whilst
for t corresponding to temperatures between 230°K and 270°K a value of
}g3= 1.55 is given. Extrapolation of graph 9 of }(T against T to T =0
yields a value of 3; = 0,569 but smooth curves could be drawn to

give 3; between 0.56 and 0,60,

The value for K;,lies within the range 1.50 to 1.76 predicted by
Blackman(a) (1957) on the basis of the point charge ion model, in which
equality of the masses of the ions was assumed. The value of 'XB is
well below the values predicted by the point charge ion model, namely
XB = 1,15 to 1.46. Following a suggestion of Blackman(GB) (1958),
Meincke and Graham(36) (l963>,'have shown that by using a value of n>?8
in the repulsive force term a/rn, the weighting factor in the
expression for E; may be altered in such a way that the predicted
value of 3; is reduced. The anisotropic continuum model of Sheard(24)(1958)
has given values of 5; in decidedly better agreement with the experimental

results for KCl. In the absence of experimental data on the pressure

variation of the elastic moduli of RbBr, predictions of X; using the
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anisotropic continuum model cannot be made. The maximum variation of
¥p is in the region T/bD == 0.2, which is the region which Barron(T)
(1955) predicted, whereas Blackman(s) (1959) predicted that the maximum
chenge in ¥y would be in the region T/GD == 0.14.

Moments of the Freguency Distribution.

The nth moment Sf the frequency distribution function g(V) is

D
defined by yn = -[0 Vnﬁ(l))d\)
v L
LD g(V)ay

In chapter 1 equation (30), the Thirring expansion is used to relate

the positive even moments of the frequency spectrum to the Debye
charscteristic temperature. Using this relation (i.e. equation (30),
chapter 1) the positive even moments of the real frequency distribution

function could be found. The values of A and B in equation (30), viz.,

oy = ecf [1 - A(Gm/‘l‘)2 + B(Q._,,/T)4 - ey W ] sadevesenlI4)
where ____)%

vV

P T%[T/WZJ? -—gli] RIS oy,

¥ ﬁ[{?/{?}a‘ _%—%) -100{] PO OR S ()

have been found from the intercept and slope of a graph of

D
3

n
Ll =2
whon

[1 - (Q.D/Om)z] (T/Gm)2 against (Qm/T)Q, the range 2.5< 6, /T < 6
being chosen when drawing the tangent, the region in which Barron,
Berg, and Morrison(lé) (1957) conclude that the anharmonicity of the
vibrations is still small, The plot of [1 - (QD/GOD)2:| (T/Om)'2 . against

(GQ/T)2 is shown in graph 133 +the values of A and B are given on this

.l.l_.........l......‘...-.l'.(55)



graph., The even moments calculated from equations (54), (55), and (56)
are given in table T.

Equation (31),chapter 1, has been used to find the moments ;;:T
ag? ;ng of the frequency spectrum. The evaluation of the integrel
So(cv/@n)dT (1<n<4) between 0°K and 10.5°K involved some
estimation of cv, in the absence of experimental specific heat data in
this region. After observing that the temperatures of the maxima in
graphs of CV/T3 againet T for KI, Wal, KBr, and KCl, Berg and Morrison(60)
(1957), were closely similar to the temperatures of the minima, T
in the corresponding graphs of QD against T, the temperature of this
maximum in the case of RbBr was obtained by interpolation on graph 14

of Tm against 90 for these salts. The corresponding value of €_ was

D
then estimated by interpolation on graph 15 of & (at Tm)’ against 8,
for these salts, from which Cv/"l‘m3 was calculated. The experimental
evidence suggested a somewhat higher value, and a compromise was made

in the drawing of the curve in the region of the maximum in the plot

of GV/T3 against T for the integration. Cv/‘I'3 at T = O?K was taken
4

as 929/Ci cal.molédﬂeg: The values of }’-1 and 3;:2 are given
in table T.

Equation (28) chapter 1 has been used to get the corresponding
maximum frequencies of Debye spectra with the same nth moment ))D(n),
corresponding to ;rﬁ, as the actual crystal. The values of \)D(n) are
given in table T. 3)9(-3) was calculated from ecustion (34) chapter 1.

\)D(O) was obtained from the geometric mean frequency \/g of the



spectrum using the relation \¢D(O) = eé“vg. (Equation (32) chapter 1)
The geometric mean frequency ‘Vg of the frequency distribution function

= 3/\’3
Y ) is defined b )
SLV0 SRAMARE b A v T Vys(9) 75

As mentioned in chapter 1, Salter(Qo) (1955) has pointed out that the
slope of a graph of exp(3/(K - 1) against T at high temperafures is
equal to h\)g/‘K. Values of S have been calculated from S S (c /mar!

where T' represents the temperature on a graph of C /T' against T', which

is integrated numerically. Graph 16 shows a plot of e;xp(M(K 1)
against T, The sleope in the region T = 8, has been used to calculate‘yé.
The value of \JD(I) has been found by interpolation and is given in
table 7. Now the zero point energy is given by

E. - 2NV
from equation (35) chapter 1. Hence the zero point energy has been
calculated, EZ = 587 + 6 cal.moléd} which is some 6% lower than the
value calculated from the approximation Ez = 9AKe,/8 of Domb and
Salter(la) (1952).

Debye~Waller Factior.

As pointed out in chapter 1 the Debye~Waller factor may be calculated
from thermodynamic deta. Bauation (37) has been used to calculate
GE = 128,8°K, and equation (39) to calculate Gﬁ = 132,3°K. Equation (36)
has been used to find the initial curvature on a graph of Gg against T.
The variation of Qg above about Ot3q) has been corrected for thermal
expansion by using ecuation (40), i.e. OM(T,VT) ¥, ¥

M
[2) (T,Vo) %
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where ¥ = }{(-2) which was obtained from evaluation of equation (41),

1 e Vit f ,cvvr(n )an

0 when n = =2,

P p{n=1) 4
o v

The variation of Ggsgiven in table 6, i® plotted against T on graph 18,

The value of X(~1) was also calculated using equation (41).
Graph 19 shows a plot of ¥(n) ageinst n, where Y(=3) = K; and ¥(0) = Yoo
The values of Y(n) are given in tabdle 7.

Errors_in Thermal Expansion Measurements,

1). Temperature Errors. White, Woods, and ﬂnglin(3o) (1958) have stated
that their resistance values were reproducible to within the limits of
their experimental error which corresponded to about # 0.01°¢ at most
temperatures, This will introduce an error of + 0,2¥ in 2 measurement
of a temperature interval of 10°K. The use of the present potentiometer
will introduce a further error into the measurement of 10°K intervals,
this error amounting to + 0.25$ at ESOK and‘i_O.Q% at 270°K.

2). Pringe Shift Errors. The measurement of the fringe shifts over a
10°k intervel will be subject to a ceriain error, which depends on the
accuracy with which the fractional fringe rosition at each temperature
may be determined. The fringe widths were noticed to vary as the fringe
pattern moved across the interferometer., The difference between the
maximum and the minimum fringe widths was 1/50 of a fringe width,
Therefore the probable errcr on a single fractional fringe position is
estimated to be 1/10C of a fringe width. For an expansion measurement

two fractional fringe positions are used, and it is therefore estimated
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that the fringe shifts may be measured to within + 1/50 of a fringe
width. This will give rise to various percentage errors depending on

the magnitude of the thermal expansion being measured and the temperature
intervals used.

The total error in an expansion measurement is the sum of the
temperature error and the fringe shift error., Table 8 gives the estimated
errors in the temperature measurements and in the fringe shift
measurements over a 10°K interval, and also the total error in an

expansion coefficient measurement over this temperature interval.

Table 8. Errors of Measurement Expressed as Percentages.

7°k 1Temperature Fringe shift error for iTotaloerror in « for
errors., 107K interval. 10K interval.
(a) (b) Cu CsI RbBr NalF Cu Csl RbBr NaF
25 (0.2 0.25 |10 0.5 0.7 15 10 1.0 1.5 15
35 |0.2 - 0,23 3.5 0.2 0.4 6 4 063 0.83 6e5
45 0.2 0.22 | 2 0.2 0.3 3 2.5 0,62 0.72 3.5
55 |0+2 0.21 1 0.17 0.2 1 1.5 0,58 0,61 1D
150 (0.2 0.2 0.5 0.12 0.17 0.25 0.9 0.52 0.57 0.65
270 [C.2 0.2 C.d 0.1 0.15 042 0.8 OeH 0.55 0.6

(2) EBrrors arieing from White et al's calibration.

(b) Errors arising from the present potentiometer measurements.

The plotted results of & against T, however, indicate a greater

devistion from the smooth variation, 2nd it is found that the maximum
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deviation is nowhere less than about i_2$. This larger deviation may be
due to a lack of thermal equilibrium when the readings were taken, or
to inaccuracies in the results used for the thermometry. The third

differences of RT/R from White, Woods, and Anglin's(3o) (1958) results,

273
where RT is the resistance at temperature T, showed large random
variations, some of which could account for an error of + 2%, Also it
was noted that the values of the expansion coefficients of the various
materials deviated from a smooth curve in the same direction in the same
temperature ranges, indicating that the thermometer calibration was

likely to be the cause of the larger deviations,.

Estimeted Errors in Associated Data.

The errors discussed asbove are those present in the present
experimental investigation. In analysing the results it is necessary to
use the results of other workers and to 2llow for their experimental
errors so that errors in the results of the analysis may be quoted.

The experimental results for Cp were plotted on a graph so that smoothed
values at 10°K intervals could be used in the analysis. From this

graph the errors in Cp are estimated to be + 1% over the range 10°k

to 270°K. The error in X g at 295°K is + 0.7% according to the author
of the elasticity measurements. )ﬁs at 0°K was taken from a theoretical
prediction, the error being estimated to be + 6%.

Errors in the Results of the Analysis.

The error in the Grilneisen parameter E’T , defined by”X& = ?V/(Cp}%g

is estimated to be + 9% at 20°K, and + 4% at 270°K. The error in 6 is
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estimated to be # 14 and the error in 90, calculated from theoretical
predictions of the elastic constants,is estimated to be + 5%. The
estimated errors of '\g(n) and ¥(n) are given in table 7. The error
in the zero point energy obtained from -;/T, which was found by inter-
polation for Vn(l) on the graph of Vn(n) ageinst n, is estimnted to
be + 1%, The error in 0; is estimated to vary between + 1% at 0°K

and + 24 at 270°K.
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Table 2. Smoothed Values of the Linear Expansion Coefficient.
1°K Thermal Expansion Coefficient olx 108 6.9gret=.u§'1 K.
Sterling Copper NaF RbBr CsI
Silver.
0 0 0
10 (0.1) (0.7)
20  (0.73) (0.23) (0.25) (3.48) (15.1)
30 2.88 1.00 0.51 9.48 22,92
40 5013 2,15 1.33 15.72 29.80
50 T-16 3.71 2.90 20.23 33.65
60 8.92 5. 30 44,92 23.15 36.00
70 10.48 6.83 T.20 25.41 37.65
80 11,11 8.30 9.65 27420 38.85
90 12,90 9.40 12.05 28,59 39.83
100 13.86 10,40 14,32 29.67 40,70
110 14.65 11.20 16.24 30.53 41,40
120 15.33 11.92 18,08 31.23 42,01
130 15.94 12,60 19.81 31.82 42,55
140 16.45 13.15 21.30 32433 43,02
150 16.81 13,60 22,60 32.81 43,45
160 17412 14,05 23,75 33.23 43,85
170 1735 14.35 24,84 33.61 44,23
160 17.50 14,70 25.80 33.99 44,62
190 17.62 15,00 26,68 34436 45.01
200 17.78 15.20 27.44 34.72 45.40
210 17.91 15.40 28,12 35.08 45.79
220 18.05 15.55 28,72 35.42 46,18
230 18.20 15.70 29.25 35.68 46.55
240. 18,31 15.80 29,78 36,10 46.95
250 18.49 15.95 30430 36441 47433
260 18.64 16.10 30,81 36,70 47.72
270 18.79 16,21 31.35 36.98 48,09
280  18.91 (37.32)
290 19.09 (37.60)
300 (19.22)
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Key to Column Headings for Tables 3, 4, and 5.

Column 1. Reading number.
2. Reduced resistance, RT/R273.15'
3. Specimen chamber tamperature,ToK.
4. Mean temperature for the thermal expansion coefficient, TmOK.
5. Approximate fringe shift, A F,
6. Fractional fringe position, A f.
Te Specimen chamber pressure, P, cm. of butyl phthalate.
8« Room temperature, 1%,
9. Accurate fringe shift.

10, Linear thermal expansion coefficiento(x'lo6 degree-lK.



Table 3. Linear Thermal Expansion of CsI.

- Tl -

Specimen Length = 0,9850+0.0010 cm.

at 220¢C,
1 2 3 4 5 6 7 8 9 10
R /R 1°k T %k AF Af P en. t°C Fringe «£x10°
/R273 m shift  deg.= k.
69 97.768 2684357 1,530 T77.03 21,30
70 93,173 258,482 263,419 18,3 1.867 T76.77 21.45 18.340 47.95
71 88,554 248,381 253,431 18.4 1.420 76,70 21.70 18.557 47.43
72 214350 77.891 24303  T7.59 20.80
173 25,285 89.122 83,506 16.7 2.383 T7.52 21,15 16.967 39.00
74 28,609 98,519 93.820 14.8 1,783 T6.77T 21.10 14.614 40.15
75 29,043 99.739 1.944 76.50 21.70
76 32,329 108.938 104.338 14.7 1.343 716,14 21,47 14.8)7 #41.02
77  36.144 119.530 114,234 16.9 1.379 76,94 21.35 16,984 41.40
78  36.595 120,765 1.426 77.51 21,35
T9 40,462 131.286 126,025 1T.1 2,177 TT.13 21,30 17.270 42.38
80 44.198 141,297 136.291 16.6 1.673 T7+45 21.07 16.519 42,60
81 44.342 141.682 2,032 77.40 20.85
82 48,085 151.588 146,635 16.4 1.508 77.00 21.00 16.538  43.10
83 51,706 160,906 1564247 15,9 1,637 T6.47 21,30 15,884 44.01
84 52,082 161,865 2,069 T6.91 22,65
85 55.436 1T70.369 166,117 14.9 1.469 7T6.29 22,67 14.610 44.35
86 59.285 180,039 175.204 16.4 1.827 T6.T7T 22.72 16.650 44.45
87 63,197 189.677 184.858 16,7 2,123 76,58 22,72 16.T710 44.76
88 63.333 190,012 1.585 T76.97 22,65
89 6T7.306 199.613 194.812 16.8 1.727 176.46 22,15 16.867 45.35
90 T1.532 209,658 204,635 17.7 2.020 T76.17 21.70 17.714 45.53
91 2,137 20.498 1,806 T6.40 20.87
92 5.761 324711 26,604 9.1 1,767 T4.4T7 20.34 9.582 20.25
93 9.333 43,339 38:025 11.5 2.130 T5.92 20.00 11.835 28.75
94 12,735 53.175 48,257 12.5 1.650 T5.61 20,60 12.604 33.08
95