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ABSTRACT

The Einstein like behaviour of the specific heat and electrical

resistivity of the compound Al V, reported by earlier workers, has been

10
investigated by low temperature measurements,

A well defined Einstein like contribution is observed in the specific
heat of all Al1 0V samples measqred, suggesting the existance of a single
well defined mode having an Einstein temperature of about 23K, Electrical
resistivily data obtained on the same samples substantiates this evidence
for a low frequency oscillator, as do the results of low temperature
inelastic neufron scattering experiments, Data on the low temperature
thermal expansion of one sample is also presented.

Earlier structural evidence suggests that the cubicunit ccll (16 x Al, V)

_ 10
contains one Al site,with very large coordination and spacing, to every
two formula units of Al 1 0V. The low frequeney oscillator is identiiied
with a loosely bound Al atom on this site. Oceupancy of the site is
apparently not essential to the structure, and varied from 10 to 25% for
the samples measured,

Results of caleculations of the atom-~atom pseudopotential for an
Al atom on this site suggest a cenfral maximum on which the Ioc;sely
bound atom moves,

One sémple of AL;(V doped with 0.8% gallium has also been
measurced and results suggest strongly preferential occupancy of the loose

sites by gallium atoms,

To our knowledge this local mcde is unique in metallic systems.



INTRODUCTION

The anomalous behaviour of Al 1 OV, as reported by Dunlop, Griuner
and Caplin (7) has prompted the investigations carried out in this work, Some

low temperature specific heat and electrical resistivity data on Al, V reported

10
in another publication (38) indicates the presence of a well defined local mode of
Einstein character at an energy of about 2mnev,

"The low frequepcy oscillators are identified with very loosely bound
aluminium atcms in anomalous vacant sites in the crystal structure, Occupation
of these sites is aﬁparently not essential t§ the structure, and the composition is
taken to vary [rom A110V to AIlO_.5V across the phase.

A more detailed study of the low temperature specific heat of Al 0V

1
has been carried out, and some low temperature electrical resistivity, thermal
expansion and neutron data has been obtained. The results of calculations of
the interatomic pseudopotential for the loose atom are presented and the
experimental data is considered in the light of this and earlier crystallographic
investigations (40, 41).

A major part of this work cdmprised the design and construction of
a specific heat cryostat to measure samples of a few grammes mass to ahout
five percent accuracy.

The first chapter outlines some of the major aspects of the low
temperaturc heat capacity of metals, A brief historical review of methods of
low temperami'e specific heat measurement is then given., The design of the

apparatus and methods of measurement are reported in Chapters II and III, with

particular attention being given to frequency restraints in the A,C. method.
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THE SPECIFIC HEAT OF METALS AT LOW TEMPERATURES

INTRODUCTION

The specific heat of a materialvunder constraint x is defined by the
relationship;
G = dt (89)
where &T is the change in temperature for a change in heat input & Q.
Provided that no external work isdone, &Q 1is egual to the change in internal

energy, U , of the system,and then;
Cy = @_L_}..
JTlx
The measurement of specific heat therefore entails measuring the resultant
temperature change after the application of a known amount of heat to an
isolated s;rsten}. |
| Experimental determinations of specific heaf: are normally carried out
at constant pressure, Cp, (especially for metals) whereés thermodynamic
calculations generally yield the specific heat at constant volume, C,,. Cp and
Cy are rclated by the thermodynamic identity;
Co-C, =B*NVT (see Ref.1)
where B is the volume compreséibility and 7? the Bulk modulus. Cp—CV
is quite small at low temperatures but becomes progressively more important
at higher temperatures, when a correction must be made. E.g. for copper,
Cp_é& has the following values := 11% at 1,000K, 2.6% at 300K, 0.6% at
P .
100K and falls even more rapidly as T is further decreased.
If the total energy, U, of an assembly varies with temperature, T, over

the entire range of temperatures, there will be a specific heat at all values of T,

as is the case with the crystal lattice and conduction electrons, However, if

U varies only over a limited temperature range a specific heat contribution is



only observablc over a restricted temperature range. This occurs when

there is oﬁly a finite number of energy levels in the system. No further
change in U with T will be observable once all the levels have been occupied.
If the spacing of the energy levels is kT’ , & contribution to the specific heat
will be observed only for temperatures of the order of T'. This behaviour

is normally detected as a pronounced hump superimposed on the ordinary
specific heat. One example of such an anomaly is the Schottky anomaly, which
is important in the study of paramagnetic crystals at low temperatures.

The first measurements at low tenﬁperature were made by Nernst's
school (see Chapter II, Section 1) in order to derive 'chemical constants™ used
in the determination of equilibrium condftions for chemical reactions. Work
carried out at that time was important in the development and acceptance of the
third law of thermodynamics. Nowadays measurements of specific heat are
often ﬁsed to check ideas on the energy states of a system. The spectrum of
lattice vibrations and its variation with temperature may be studied and to a
certain extent the spectrum of electron energies may be investigated. Although
the free electron picture is known to be unrealistic for real metals it is useful
to describe their behaviour in terms of deviations from this simple model. In
metals some information about the distribution of the electrons at the Fermi
surface may be obtained from the specific heat, Recent theoretical advances,
in general,many-body corrections to the siﬁgle particle density of states, have
proved important in the understanding of low tempc;rature heat capacities.

A knowledge of the structure of electron energy bands is fundamental

to an understanding of electrounic heat capacity and a number of relevent band

©o

structure calculations have been made. The B, C,S, theory of superconductivity (2)

provides a basis for the understanding of the superconducting state heat capacity
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and shows superconductivity to be a consequence of the indirect attraction
between electrons produced by electron-phonon coupling. From the realisat-
ion of the existance of a relation between electron phonon inferaction and the
critical temperature, McMillan (3) has derived information concerning the
enhancement of normal state heat capacity.

The concept of the virtual bound state (VBS), (references 4 and 5), has
been of great importance in the understanding of dilute alloys of transition metals
in simple metal solvents. The hybridization of d states with the conduction
band forms a virtual bound state, .wlﬁch has the nature of a resonance at the
Fermi level (since it is expected to he narrow (= 1eV) compared to the width
of the conduction hand (= 10 ¢V) ). The relative populations of spin-up and
spin—dm\}n d states depends critically on the coulomb interaction between

“localised d electrons, U, the s-d admixture mafrix element Vsd» and the
density of states of the conduction electrons ng. The width of the d state

D is given by :- .
A = T Vgyq g

The condition that the impurity be magnetic is approximately A &£ U, In

the non-magnetic limit, U < A , the spin-up and spin-down states are equally
populated but there is an additional contribution to the density of states from the
d states that enhances the heat capacity.

‘The additional states per atom at the Fermi level is given by :-

na(E;) = 10 sin( T Na) (1.1)
WA 10

for a Lorentzian V.B.S. of width /A containing Nd d clectrons,

The contribution to the molar specific heat is then given by :-

Cyos, = ?;"N“'ak z"‘d(Es)T =Vyps. 1 (1.2)

where N is Avogadro's number,



Equations (1.1) and (1.2) ignore any many-body corrections and have
not allowed for any splitling of the spin degeneracy of the V. B.S., hut for small
sialittings the density of states is little affected. Caplin et al. have applied
the V. B.S. description of the transition metal afom, (developed for dilute alloy
systems), to the case of 'dilute'" compounds in their work on the Zinc transition

Mn; an Fe and Zn13 Co, reference 6) and also

13

metal 5 phases (Zn 5

the alumiAnium rich aluminium-transition metal phases (reference 7).

Theoretical work on the Kondo cffect (reviewed by Kondo (8) and Heeger (9) )
shows the existence of a magnetic impurity-conduction electron quasibound state.
The related heat capacily associated with single magnetic impurities seems to
be the additional contribution needed fo understand the heat capacity of certain
magnetié alloys.

The hasic theories of the lattice and elecironic contributions to the heat
capacity of metals will be outlined in this chapter; detailed discussion of the
variety of contributions found in metals and their alloys is outside the scope of
this work,

The low temperature heat capacities of transition metals and their alloys
has been reviewed by Heiniger, Bucher and Muller (10) ; and nuclear contributions
to heat capacities by Lounasamaa (11); N. E, Phillips'(12) review ' Low
Temperature Heat Capacities of Metals" provides an excellent picture of recent
work and deals with contributions of magnetic origin in alloys in some detail.

1.1.(i) LATTICE HEAT CAPACITY

Classically each atom in a crystal may be considered as an independent
harmonic oscillator which will have an energy 3 kT on the equipartition theorem.
The tofal internal energy of one mole of material is therefore, 3 NkT or 3RT,

where N is Avogadro's number, and R is the gas constant per mole.



The lattice specific heat on this model is then given by Cv = ol
oT iy
= 3R = 24.94 Joules mole"l K"l . This value of 3R is only observed at
high temperatures and it was found that C, is less than 3R for some
substances at room temperature and, for all substances, tended towards zero
as T approached zero., This behaviour of specific heat on lowering temperature

could only be explained at the heginning of this century with the advent of quantum

theory.

1.1.¢1) RECENT WCRK ON LATTICE DYNAMICS THECRY

The results of recent work on lattice dynamics i’heory have been
summarized in N, E, Phillips review article (veference 12), and references are
given to many comprchensive reviews on the subj ect,

The lattice heat capacity, CL, is obtained by sumaming the heat
capacities of N harmonic oscillators over the freqtlén§3r spectrum of the
lattice, If g(w) is the number of modes with angular frequency hetween 2

and W+ dW then -

C =k X dua.q(w) (Fa/k ’T)a exp (‘Fbor/k',‘i‘} (1.2)
ST (exp(FofK T)=1)7

where k  is Boltzman's constant, and ¥ = is Planck's constant divided by 27,
Although in a real lattice g(w) is a complicated function of w

at low temperatures Cy is dependent only on the low frequency part of the

spectrum and important results may he obtained from quite simple and general

considerations. If may be shown that g (L) may be eXpréssed as a power

s 2
series in W~ |

gw) = baw?‘ -\—bq_wé".‘..‘.. - (1.4)
3 AN
whese be " MsE, || smgges
Ry =1 v.°(&,%)

O o



where © and ¢ are the usual angular coordinates, —\L--s represents
, (21)

the normal mode density per unit volume in k space for a macroscopic

crystal of volume V and the subscript L corresponds to the three possible

directions in the lattice.

- The resultant expression for Cp, is then;
) 5 7
CL. = ABT '}‘ AST + A7T con @
where Pioasg = Tk (2;1;_}5 )2.n+1 Basa ban

and B, are the Bernoulli numbers By = 1/6, B, = 1/30, ete. The first
term gives the Debye T3 law; terms beyond T3 for Cy, are a consequence
of dispersion in the U3 -k relation for phonons. In general dispersion causes
W to decrease from linecarity for a given k value and hence g(uw) rises
faster than \.0'2, giving 2 T dependence of CyL, greater than T3,

The information on dispersion available from Cy, is limited by the
accuracy to which Ay and higher order terms can be evaluated. However
a useful qualitative picture of the effects of phonon dispersion may be obtained
from CL in the region above that accessible by sound velocity measurements

in.
and at which,elastic neutron scattering data is not very accurate.

1.1.(¢iii) THE EINSTEIN THEORY

Einstein put forward a simple theory based on the assumption that
all atoms within a crystal vibrate at the same frequency, W £’ totally

independent of each other, The vibrational energy levels of such an atom
are given by; Ens (n+ ‘z)'ﬁb_)E

where h is Planck's constant and n is zero or an integer, 3fiuwd E gives
the zero point energy,

On applying Maxwell Beltzman statistics to evaluate the average energy

13

(1.5)



of such atoms, one obtains,

£ =% €, exp(=€n/KT) = 1Hw, 4 Ruog
= ﬁ&xp(mﬁnr}k'\") 2 erp(ReTKT-1)

The specific heat per molc of substance is then;

C = aLE] =3R(11u_>_a)2' exp (hwz /kT) (1.6)
3T T/ (explhuwe/kt)-1)*

where the characteristic temperature, (T\\;Jalk)-,. of such a system is
called the Einstein temperature, &) ok Considering this expression for the
specific heat one finds that in the limit of high temperature the classical limit

3R is obtained, whereas at low T, (T« eg) , the expression becomes ;-

C = 3R( ;;)?‘ GXP(-—@E /T) _ (1.7)

e
=
This expression does not give the experimentally observed dependence of

Coc TS ag T approaches zero, but is proportional to exp (——QE/T).

That is, the Einstein specific heat falls off too rapidly. The reason for this
discrepancy is found in the oversimplified model of Einstein since the vibraticnal

spectrum of a solid in fact covers a wide range of frequencies due fo the strong

coupling between atomic vibrations.

1.1.(iv) TIE DEBYE THEORY
In Debye's theory for low temperature heat capacity the atomic system
is assumed to be an elastic continuum, since only long wavelengths are excited
and so far as these medes are concerned the material is essentially continuous,
(A D lattice spacing, a a;ld as for elastic waves (Jec wavevector),
For each allowed frequency there will lSe two transverse and one
longitudinal mode, and in general the velocity of propagation of these ( < and

and ct respectively) will not be the same.,

The number of allewed modes of vibration in the frequency interval



W to w + duw will be given by ;-

glwdw = 4:“'\/(}:, v 2 )w?-c‘sw
3 3
L &
( cl and c ¢ are assumed to be independent of wavelength)., To limit

the number of allowed modes to 3N a cut off frequency, W3¢ , is introduced

which is defined by; Wy

S(w) dw = 3N
The frequency specira for the Debye and Einstein models are shown in Fig.(1.1)

below;
a o
9(w - S(u)f

gea wt; wewy

gl = O 53 wPWp

—_—r ) ! o (]
. . We . bJD

Associated with each vibrational mode is a harmonic oscillator of the same

frequency and so the total energy is given by :-

Wy L'JD‘
E = glwd) (g) dw =f T’u.aggw) duwd
. o (exphw/KT)=-1) .

where (6) = the average energy of an oscillator at temperature T.
Putting, x = f{w /KT and x = th/kT, and defining the Debye
temperature, Oy :hwb/k

3 Ko
one has :- E = SN(Jé‘_) ka %3 alx
b o (¢=-1)

In the high temperature limit T > 5

C, = 2E = 3Nk giving the classical limit for C_.
aT v
In the low temperature limit T <L @45 , the upper limit of integration

may be taken as infinity and since

OO-ZL:’) d'}( — lda‘
Vs -1 15

15

(1.8)
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one obtains :-

C, = 1?52.'11'4‘ N ('_éa)‘"" = 1344 (](;_‘)3 Tomale™'K™ 1.9)

w

which gives the well known T dependence observed at low temperatures.

The coefficient of T3 is related to sound velocities and elastic
constants; comparisons of &, and ©.,(. made on the basis of &, (T = 0)
usually agree within the combined probable experimental error. (The frequency

at which ©,  is measured, say 10 MHz, corresponds to a temperature of = 5«07k

O,y denotes Oy derived from elastic constant measurements,
ec eLdenotes Oy derived from calorimetric measurements .

According to the Debye theory this T3 dependence should hold for
T &L 63/10 but is found in general to hold only for  &¢/50. This is because
@ should be temperature independent, but is however found to be constant
for temperatures up to approximately ©,/50 when it falls and passes through
a mihimum risi.ng again to a constant value above ©,/2 ., This deviation is
due to the departure from tﬁe true density of states curve for the lattice

vibrational modes from the simple quadratic form of the Debye model.

1.1.(v) MODIFICATIONS TODEBYE THEORY

Born proposed a different cut-off procedure having a common minimum

wavelength, )\m, in the transverse and longitudinal modes, which leads to two

Wy
distinct values of Wy, as Am = (4TV/3N)"  and hence:
Wy = 21 ¢, Ape and Wy = 2T A

This gives an expression for the specific heat :

C, =RIF@IT)+2E, (o I'f)_l | | (1.10)

where ea and @t are the Debye temperatures corresponding to the

longitudinal and transverse modes respectively,

Born, von Karman and Blackman were the first workers to attempt to
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climinate the weakest point of Debye's theory, i.e. the assumption that the
continuum representation of a lattice holds for all possible elastic waves,
The minimum allowed wavelength is of the same order of magnitude as the
interatomic distances, and hence a more rigorous treatment should give
differeﬁt results, especially in the high frequency region, Calculations were
therefore carried out to determine the possible modes of vibration of atomic
lattices.

Vibrational mode calculations for one dimensional lattices may be
extended to two and three dimensions; Blackman first calculated the spectrum
for the two dimensional and also the cubic lattice (13) and thus evaluated the
specific heat. 1In the low temperature region the specific heat thus obtained
may be equated with the Debye formula (1.9), and &, calculated for different
temperatures. - Figure (1.2) shows &g asa function of T for a simple cubic
lattice (after Blackman, Ref.13). It is apparent that ©g is by no means
constant, indicating the possibility of appreciable deviations from the Debye

theory in actual crystals,

&, vof
30T
FIGURE (1.2)
120+
1o U
20 40 € go  telY
Kellerman (14) investigated Na Cl using ionic and repulsive

forces between particles, Figure (1,32) shows Kellerman's result for the
frequency spectrum which is vastly different to the continuum spectrum used
in the Debye theory; Fig.(1.3b) shows the behaviour of ©g with T, as

calculated by Kellerman, and compared with experimental results .,
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FIGURE (1.3a) FIGURE (1.3b)
.‘|\ g * KELLERMANS caLcuLaTIONS.
2‘; |~ EXPERMMENTAL REZULTS,
=

9t s00}
280

2, 1. i ' . | 2'60. A A L a. i
o 2 24 T6 4% GO o 20 40 60 80 0O
W % 103 (Ha) To(K)

1.1.(vi) LOCALISED PHONON MODES

The presence of heavy impurity atoms in a lattice has been shown
to establish low frequency modes in the vicinity of the impurity atoin (15).
These modes may make a considerable contribution to CL , 28 shown in
calculations by Kagan and Josilevskii (16) based on the use of a Debye spectrum
for the host metal and neglecting effects associated with the modification of
force constants, The maximum in the frequency distribution of localized
~modes occurs at :- |

Wo = Wy (3 5)—}‘5‘ (1.11)

where & = M/(M-1)
and, M and M' are the masses of host and impurity atoms respectively.
For T LT, (Toa‘ﬁmo/k ), the lattice heat capacity of the host Cy, is
increased by an amount proportional to Cp, such that AC_ /CL=5cb
where c¢ = fractiona1> cdncentration of the impurity, & can be fairly large,
for example 7.5 for Pb in Mg, and hence the effect should be readily observable,

At higher temperatures, AC_ [ C‘_ , increases to a maximum about
three times as great as the low temperature value and then drops. Cape et al (17)
report results on 1% Pb and 1% Cd in Mg which are in good qualitative
agreement with the above theory, and using a more realistic frequency spectrum
for Magnesium (but still ignoring changes in the force constants) the data is

in good quantitative agreement. However, for Ag Al alloys, Hartman et al. (18)

report that a discrepancy between theory and experiment is still apparent on the
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latter treatment, which may be accounted for by considering the changes in
force constants. Hence, the role of force constants is not clear, as it
| appears they may be neglected in Pb Mg and Cd Mg but not in Ag Al
The excess confribution to the lattice specific heat duc to a low
concentration of Ag in Al is well pronounced but small in comparison to
the excess observed in AIlOV, the compound investigated in this work,
TFor example, for 0.95 atomic percent Ag in Al ACL is 4% of CL
at 10K and 8% at 20K; wherc_aa; in AllOV the excess contribution is
approximately 350% of CL at 10K and 60% at 20K,

The subject of local phonon modes will be discussed in further

detail in Chapter VI.
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1.2.() THE ELECTRONIC HEAT CAPACITY, (C,)

Clasically electrons would be considered as small particles moving
freely and hence contributing a specific heat of _g. k which would mean that
at high temperatures the elecfronic heat capacity should be of the same order
as the lattice confribution, However, the conduction electrons in a metal
consis‘t of a highly degenerate Fermi gas. On heating from absolute zero not
every electron gains an energy = kT as expected classically, but only those
electrons within an energy range kT  of the Fermi level (Eg) Aare excited
thermally, For N elcctrons only a fract:ion«:\T/TF can be excited thermally
at temperature T as only these lie within kT of E

T

At temperatures much less than the Fermi temperature TF’ (where
T. = Eg/k, and for a typical metal is <= 104 to 10° K) the heat capacity R

.can be expanded in a power series in T (see Ref.(19) ):-

Co =1T2KAN(ENT _17r? k“'{grxz’(egj-_z N"CE,:)}T?’_,_ s (1.12)
3 & NE) B
0(3 stakes
where N(&) is the total electron density ( including spin degeneracy) and

the primes denote derivatives with respect to & evaluated at EF'

The derivation outlined helow will deal only with the lowest order
terms as experimental da-ta are usually analysed using only the first term,

The calculation of the specific heat of elcetrons in a metal does not
require a complete knowledge of energy levels. Only electrons within approximaiely
kT of the Fermi surface are excited at room température, and consequently
a knowledge of the number of states in the vicinity of the Fermi surface is
sufficient to evaluate, Cg .

The energy per mole of the electronic system is given by :-

E = f CSEN(E) de .__-_.Q<T)T'/.Ngk'rx)xdx
o © (e’(PQ“‘U")"-'l)
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where f(£) is the Fermi Dirac distribution function

£(&) = 1 %= £ and =& .
exp( E~Ex/KTIF L ’ KT K—?

It may be shown that the energy per mole is then given by ;-

E =E, + g_s._vz(w)zs\!(er.)

where E0 gives the zero point energy, and hence:-

Ce—_- %Tl'z' kZN(E-F)T =387T. (1.13)

The electronic specific heat at temperature T, is thus determined

solely by the density of states at the Fermi surface.

1.2.(ii) ELECTRONIC HEAT CAPACITY AND THE BAND STRUCTURE
In the absence of the periodic poténtiél of the lattice and all inter-
actions,
= 2
NEER) = Smel ()™ (1.14)
Ce =Yo7V
where z = conduction electron per atom ratio
m = free electron mass
The differences hetwecn ‘IS and- 4. (the free electron value),which arises
from the periodic potential of the lattice anci from direct and indirect electron-
electron interactions,is represented by the effective mass ratio:-
m® — ¥
oMY,
Thedensity of states is given by the integral over a constant energy surface
in k space: N(_&) =2V [/ 4S5 __ where dS is the element of area.
@7y VarelEl
The density of states of electrons moving in the periodic potential of the lattice
but without interacting with each other is called the band structure (or s.ingle
particle) deﬂsity of smtes)i\'&).Several differcnt methods of calculation have been

used to evaluate the band structure which is basic to finding Nh(E), (e.g.Ref.20).
D .

Electronic heat capacitics of alloys arc occasionally discussed in



22

terms of the "rigid band" approximation, where it is assumed that changing z

by alloying changes & but not the form of Nbs (€.). In this approximation

T
variations of ¥ with =z reilects the structure of Ny. (€£). The transition
metal series has been interpreted in terms of thié model using a single universal
band structure for the whole series, The Fermi level is then moved within this
rigid band according to the changing electron to atom ratio. Calculations of

the b.c.c. metal band structures of the series Ti to Cu were made by Snow
and Waber (21) using the APW method and their results show the widths and
shapes of the bands to change considerably from metal to metal. Inthe case

of alloys of simple metals with transition metals one would expcct the Fermi
levels of the alloy to shift to progressively higher energies, but Snow

and Waber showed the Fermi levels of all the T3 b.c.c. métals to lie within

one electron volt of each other. Howevelyit was also found that the bottom of

the 3d (4s) band dropped in energy at approximatel;;r the same rate as the Fermi
level rose, and thus the relationship between N( EF) and z was found fo be

in géod qualitative agreement with the calculated band structure. Hence, although
the rigid band model is not adequate for a complete discription of the zlloy series,
specific heat results interpreted within this framework do give an important

guide to the form of the bhand,

N(E F) differs from Ny ( E_F). hecause interactions modify the
spectrum of single particle excitations at £ P Tor example interactions with
spin waves and spin fluctuations in nearly magnetic materials, The effects of
direct coulomb interactions and indirect phonovn interactions are customarily
included in C, and assumed to be additive, such that

NCEe) = (1 +Ae +A) Nyg (€7 (1.15)
where A c and A respectively are the coulomb and phonon enhancement
factors,

Caleulations suggest that )‘c is small for non-transition mctals
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and a comparison of theory and experiment suggests it to be smaller than or
of the same order as the uncertainties in /\ ; hence the expression may be
reduced to:

N(Ep) = (A4+N) Ny (€) (1.16)

A may be obtained in a number of ways, for example by calculating Nhs'(&)
and using Equations 1.13 and 1.16 to evaluate A from ¥ which is determined
experimentallysor, by integration of the electron phonon matrix elements over
the Fermi surface. It has however been recognised for some time that the
electron-phonon interaction may he more complicated than is described by a
constant A (12). Results suggest effccts of the order of 0.1 to 1% of the

lattice heat capacity might be common,

1.2.(iii THE SCHOTTKY EFFECT

In a system consisting of m discrete energy lévels the spacing of
these quantized levels is reflected in the specific heat. If we consider a two
level system /A apart then at temperatures T < A/k transitions from one
level to the other occur. This gives rise to a large specific heat contribution
which tends to zero at both high and low temperaturcs,

If we consider m levels, separated from the ground state by energics
€ y&,--- €, and with degeneracies G992 S then the probability of
a particle occupying the rth level is: g_ éxp(—&r/kT)/};‘ g.exp (€. /KT
and for N independent particles the mecan energy at temperature T is;

Y g:’i‘q €.gc exp(—E/KT)
T O exp(~£c /KT

For the simple case of a two level system then;

Coy= dE =R(EV g. e (8/T) (1.18)
AT (T) %‘ L1 +H8olg) exp(8/T)3*

where 6=8/k is the energy separation in degrees Kelvin,



FIGURE (1.4)

The Schottky heat capacity of a two-level system
for several values of g,/g,
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It may be seen that for T<< &3 Cgy =R g, (é_ )Z exp (__ 5‘/1-)
- AN

°
TH 85 Con =R go9.(9et3) " (Sl
Paramagnctic salts, in which magnetic dipoles have énérgy levels with spacings
of approximately 1 to IOOK form the natural examples of simple systems
exhibiting Schottky peaks., Nuclear Schottky effects may also arise where the
nucleus of an ion has a spin and hence a magnctic moment, Then,due to the
mutual interaction of the nuclear and electron dipoles theré will be an extra
splitting of the ionic levels,(above that causéd by the crystalline electric field),
the hyperfine splitting. The energy spread of these levels is between 10_3 and
10—1 K. 1If the nucleus has a quadrupole moment its interaction with the field
gradients produced by neighbouring atoms will cause small level splittings.

Nuclear anomalies usually occur well below 10K.
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CHAPTER II

METIHODS OF MEASURING HEAT CAPACITY AT LOW TEMPERATURES

2.1. TRADITIONAI, METIIODS OF MEASUREMENT

In 1910, Nernst (23) devised the original vacuum calorimeter for use
at liquid air or hydrogen temperatures, a similar arrangement was later used
by Keesom at liquid helium temperatures,

A cylindrical bloqk of the sample itself, or a silvered canister containing
the sample, is provided with a heating coil of platinum wire, which also serves
as a temperature sensor, The block or canister is suspended by fine wires
inside a glass vessel. Whilst the sample is. initially being cooled a small amount
of exchange pas is uscd él}d once the sample has reachgd its lowest temperature
the vessel is evacuated in order to minimise stray heat leaks,

Measurements are made by applying a known quantity of heat, AG ,
and measuring the resulting temperature rise, /A T. The heat capacity, C,
of the sample plus addenda is then given by;

s

An accuracy of .5 to 1% has been reported using the above arrange-
ment, after making corrections for stray heat inputs via lead wires.

In 1930 the adiabatic calorimeter_was improved by the incorporation
of an adiabatic shield with a heating coil, outside the sample chamber, The
temperature of the shield may he varied so that it follows that of the inner
container., Keesom further improved the design by attaching the sample heating
coil to a separate metal core onto which the specimen is screwed.

In present day adiabatic calorimetry the specimen is usually suspended

in the inner container by some thermally insulating material (e.g. nylon thread)



such that it is thermally isolated from the container,

It is not possible to achieve absolute adiabatic conditions and so
corrections must be made to account for stray heat inpufs, To minimise
these corrections the temperature of the enclosure must be kept as close
as possible to that of the specimen, and care must be taken in the choice of
materials to reduce stray heat leaks by conduction, radiation and Joule heating,

-The use of helium as an exchange gas during the initial cooling of
the sample has proved to have two méjor disadvantages, It can take several
hours to pump the gas out to a sufficiently low pressure, and a film of helium
may be adsorbed onto the surface of the sample at low temperatures. Although
this film cannot be removed by pumping, heiium gas boils off on warming the
specimen and this leads fo anomalously high specific hqats due to the heat
required for the desorption of the helium. These problems have led to the
use oflmechanical heat switches (24). A mechanical connection is made
between the specimen and shield during cooling and then the connection is
broken to give thermal isolation whilst measurements are made. However,
with the usual methods of sample suspension in adiabatic calorimeters, the
system is very sensitive to vibrational heating and so any mechanical action
on the sample is undesirable,

C. Luengo (25) describes a system where the mechanical switch
is jaw shaped and makes thermal contaét on a metallic contact attached
to the sample (seec Fig.2.1.a.). Luéngo also describes an alternative
arrangement. where the sample is rigidly suspended by a thermally ir}sulating
material (see Fig.2.1.b.). This semi-adiabatic system is less sensitive
to vibrational heating and a more simple design of heat switch may

be used as the force required for cifective thermal contact may
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be directly applied to the sample.
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FIGURE (2,1.a) FIGURE (2.1.h)

The major disadvantages of this semi-adiabatic arrangement
are drifts in temperature,which Luengo reports to be of thc order of

10% of AT per minute at 5K and 1% of A T per minute at ,5K.
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2.2 METHODS OF SPECIFIC HEAT MEASUREMENT ON SMALT,
SAMPLES AT LOW TEMPERATURES

In the previous sectioh some traditional calorimetric methods have
heen discussed. These required large samples (of the order of hundreds of
grammes) in order to minimise the effects of stray heat leaks. Exchange gas
or complicated mechanical devices were required to obtain sufficient isolation
during the measurement and yet allqw the sample to initially cool down in a
reasonable length of time,

There have been many recent advances which have increased the
reliability of calorimetiric data, for example,the use of superconducting switches,
the development of stable germanium thermometers, the availability of cryostats
enabling measurements below one degree Kelvin, and improvements in sample
purity and analytical techniques,

Duril'lg recent years a number of methods of measurement have been
devised which allow the meﬁsmemeﬁ of small samples (from a few grammes
down to as little as one milligramme in some cases) to a few percent, All the
methods to be described use a deliberate 'heat leak' from the cold bath to the
sample, The time constant for thermal relaxation to the constant temperature

heat reservoir (To) is given by,

T = € (2.1)
K
where C 1is the heat capacity of the sample plus addenda and k is the thermal

conductance of the weak thermal link. Hence for a given system a suitable

value for ‘Tl may be obtained by the use of an appropriate heat link,

2.2.()) PULSE TECHNIQUES

(@) MORIN AND MAITA

A pulse technique was used by Morin and Maita (26) on small samples

(of mass down to 200 milligrammes). The sample is contained in an evacuated



can filled with aluminium oxide llaowder following the procedure of Kunzler (27).
This arrangement minimises radiation losses and vibration heating, whilst the
powder provides a thermal link with the cold bath. The time constant for
thermal relaxation to the bath temperature, ‘1 , may be adjusted by variation

must be greater than the internal time

of the powder composition, 'T‘

constant of the sample, but short enough to allow cooling from 20K to 1,5K
in a few hours.

The meaSurements are made by applying square current pulsés of
about two seconds in length to a wire wound heater in ordeAr to give a rise in
temperature, AT, of the sample of approximately a few tenths of a percent
of the ambient temperature. The heat capacity is evaluated using the basic
equation C = AQ

oY .
The heater and silicon chip thermometer are attached to the sample

using- Ge 7301 varnish as shown in Fig.( 2.2.) below,

SiLcoi

+001" MANGANIN WIRE .00‘" FAARGANIN VIVRE

HEATER

Sticen ,
THERMOMETER 7‘—0

(\
MYyLAR SHEET "'
( OO:..G’) |
|
i
l

(b) DUNLOP

|
|
| FIGURE (2.2)

An alternative pulse technique is described by Dunlop (28) for '
measurements on samples of about 2 gms, The specimen is mounted on
Mpylar sheet using Ge 7301 varnish, and the heater, a thin film of nichrome,

is evaporated onto the underside of the Mylar sheet which is suspended in the .



sample chamber by nylon thread,
A small amount of exchange gas is admitted to the inner chamber
and the pressure adjusted until €T, is of the order of thirty seconds.

Corrections must be made fo the observed temperature rise depending on the

ratio between the length of the heat pulse ( At) and T, ; since from
Dunlop's calculations, C = AQ (\— _5_\_,,\_;) . This correction factor
LY m

is reported as being of the order of 7%.

2.2.(iiy STEP TECHNIQUE

One of the methods described by Bachmann et al (29) is based on

the measurement of the thermal relaxation time constant, <y defined

[
earlier, by stepping the heater voltage either up or down and measuring the
tinte constant of the resulting'exponential change in temperature,

Using the arrangement described by Bachmann .measurem ents may
be made on samples of mass 1 to 100 mgm. The sample holder consists of
a silicon chip bolometer which is insulating at low temperatures. A active
layer of silicon is doped onto one side of the bolometer, and this layer is
divided info two providing a resistance thermometer and Joule heater. The
sample is secured to the opposite side of the bolometer using grease or indium
solder. ILead wires from the healer and thermometer provide the mechanical
support and thermal connection to the constant temperature heat reservoir,
witich in this arrangenient is a copper block, the temperature of which may
be varied using a bifilar wound raanganin heater driven by a Zener regulated
voltage supply. When the sample temperature, T1 , 1is raised above the
block temperature, Ty, itis imporiant to keep T, fixed. (The change in
T, upon heating is given by,

) . bolometer to block thermal conductance \
« Y ’
o block to bath thermal conductance

AT = (T, - T
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This arrangement takes advantage of the adjustability of k, the thermal
conductance linking the sample and heat reservoir, It is reported that with
this system it is possible to control the heat link over several decades of k,
by a suitable choice of lead wires. (The other fnethods of measurement
described in this section may all be employed using a similar arrangement),

As shown in section 3 of this chapter, if the power input to the sample
is switched to zero at time t= 0, the resultant change in temperature is

given by : o
ATE) = AT(e=0) expl~t/T})

and 'T' = C
k
Hence measuring k and T, constitutes a measurement of C. Details
. of the theory of this method will be included in the next section,
The major advantage of this method over the A, C, method to be

described below is that internal thermal relaxation effects are more easily

recognised and accounted for,

2.2.(iii)) A, C. METHOD

A steady state ‘method of measurement is described by Sullivan and
Siedel (30) for samples of mass greater than 1 mgm, to an accuracy of one
percent. The sample is coupled thermally to the cold bath using a fairly rigid
suspension system, and schematically the arrangement may be represented by
Tigure (2.3) below,

If heat is generated at a rate é = ('Qo (cos vt )2 , and provided
the heater and thermometer are coupled to the sample with very short relaxation
times (i.e. W* (Tg* -\-—’T\,‘z)« 1 ) then the resultant a.c. temperature

variation, T2 ,(which will be at a frequency 2D ) of a sample of finite thermal
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diffusivity is given by ;

T, =(% (L dn + AP+ 2K
?. (MC) l 41.‘32;]4'2 ’ [ 2 ™~
where C represents the heat capacity of the sample plus addenda, ’T" is the

sample to bath time constant for thermal relaxation, and 'Y?_ represents the

internal thermal time constants such that, "\"g_?‘ = ‘Tez ’\'(THZ' ""'Ys?'

K K_, KH refer respectively

S ' B
T AOME »
HERMOMETER to the sample toythermometer, bath
-‘E))C‘G ) ) ’
and heater thermal conductances.
-1 i./l’\g
el | H 3
= The same subscripts are used to
-
-
= :
BATH = ANAMA— \\\\\\ _?.{"‘*“(‘;"-E denote the heat capacities, temperatures
Ta = 1/KB S5
E and thermal relaxation times of the
1k,
various components,
HEATER
Ty Cni KS is the internal thermal conduciance

of the sample.

If the sample thermal conductance (KS) is low, (i..e. 'T's large),
there will be a temperature gradient in the éample and the measured signal
will not give an accurate measurement of the heat capacity. Provided the
applied heater voltage frequency, O , lies within the limitalions set by the
time constants T, and T, (see section3.(ii)(a) and (b)),

i.e, u_g-_‘;_‘; >1 )157;_&3 , the heat capacity m:Ei.y be evaluated to one

percent from the expression :

Using this technique small changes in heat capacity with some

experimentally variable parameter may be recorded directly. A continuous



readout of heat capacity may be obtained whereas the pulse technique gives
strictly point to point measurements,
A detailed cxplanation of the theory may be found in Ref. (30) and

section 3 of this chapter gives further information on frequency limitations.

2.2.(iv) SWEEP METHOD

This method gives a continuous readout of heat capacity which is
especially advantageous for the examination of sharp structurcs in heat
capacity, e.g. order-disorder phenomena and other cooperative effects.
Considering a system where T, & T, , ‘so that a one dimensional model
for heat flow in the systcm may be employed (see scction 3.1 of this chapter),
the heat balance cquation for the system may be written as .

Power into sample = power oul + J_(heat in sample)
P = AK QT c(r) 9T
eZ ot

where P is the power puf info the sample, A is the cross-sectional area
of the thermal link between the sample and constant temperature heat reservoir,
K is its thermal conductivity, and heat flows along the Z axis.

In the steady statc i.e, sample temperature T = T1 = constant

then we have:
Ay

P(T) =/ k()4
To

where TO is the ﬁemperatmlre of the he'at reservoir.

If the power is measured as a function of T1 a smooth curve is
obtained (which is parabolic if k(T) is lincar in Ty. Ifat T1 the power is
suddenly reduced to zero, then measuring dT/dt enablés the heat capacity

to bc obtained from the expression :-

AN
(T =(4Ty" de'—.z(cw)"‘P(T.)-

— Ceamne

db dt
To

(2.4)

(2.5)
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The thermal time constants 71, and T, are again of vital
importance in this method. 7,. must be long enough to facilitate accurate
measurement of (dT/dt) and 7Y, must be short. T, elfects can distort
the data especially when measuring a peak in the heat capacity with this method.

Arisein C causes a corresponding rise in “T, and if;

dT n PEAKWIDTH

then the sample temperature will significantly lag behind the bolometer
temperature, The application of brief heat pulses throughout the peak region
enables easy detection of this effect, an overshoot in the bolometer temperature
implies a lag in the sample temperature. To avoid such eflects the following

condition must be satisfied ;

(—ri "To) >> él
2 (ranx) dk

(A comparison of the methods described in this section is given in Table 2,1).



TABLE 2,1 - COMPARISON OF METHODS
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TR jol < 4
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PULSE oweR,PH). TEMPERRTURE, T
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: I3 AATE
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‘. 'I N, Te- “ 'l |‘ ‘l A ‘,
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2.3 METIODS OF MEASUREMENT USED IN THIS WORK

A system was required for this work that would enable the measure-
ment of the heat capacity of samples of a2 few grammes mass to about five
percent accuracy., Details of the apparatus arnd experimental procedure are
given in. the next chapter; in this section the theory of the methods of measure-
ment chosen will be given,

Both the step and a.c. teéhlliclues have heen used, although the a.c.
method was found to be preferable in terms of ease of data analysis. Problems
were encountered with the accurate evaluation of T, using the step technique
due to drifts in the base line. The initial use of the step technique proved
invaluable however in terms of rigorously investigating the system for ‘Yz effects

which, as stated previously, are readily recognisable in this method.

2.3.(i THEORY OF STEP METHOD

The basic system may be illustrated by the use of a simple electrical -

analogue : -
CURRENT, L. P
] TOWER), S a-HEATER
SAMPLE. KEAT
VOLTTAGE,V=IR, CAPACITY, Cg -
TEMPERATORE, T,
L THEZRMAL
CA?AC\-MNC%,C-——— %'RE&STANCE,R- g ResisTANCE, 1K
5 .
VO'...'TF*&C“E,\I?-O. TEMPERATURE OF

. HEAT RESERVOIR,
= ' lo.

(a) - (b)

In the steady state in (a) current, I, and in (b) power, P, flows
through the system, When in (a) the current, and in (b) the power is switched

off the voltage in (a) decays to V =0 with time constant T = RC and in
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(by the temperature decaysto T = To with time constant 'T‘ = Cs/k

Provided "i"?_ effects are negligible (and this includes the
assumption that all lateral diffusion times are much shorter than the longitudinal
diffusion down the thermal link), then we may consider a very simple one
dimensional model for heat flow in the system.

The heat balance equation for heat flowing along the z axis may be
expressed as :-

Power into sample = Power out of sample + g_t(heat in sample)

P = AKT) 3T 4 &T) aT (2.6)
é= 6‘t
where A = Cross sectional area of the thermal link
K = Thermal conductivity of the link.

Integrating over the length, £, of the thermal link;

p ¢ ' 4
fp dz =/ AK( AT dz + [ cN)dT d=.
- dz dk
° o

and hence .
T
Ph. =-./ AKCT) a1 + L 4T
i dt
_| T
M = (4Ty [P / k(T dT")
T

where k(T‘) = AK(T‘) = Thermal conductance of the link, The assumption

is made that the link has no thermal capacity, a more detailed analysis (see
Ref.29) shows that one thi.rd tﬁe heat capacity of the link should be inciuded
in the addenda. |

Provided the temperature change Ty - T0 = AT is small enough,
(and for 1% accuracy AT muét be such that T, changes by less than 1%),

then / Tk ATV = ktﬂv) AT ‘
© YT

[



1 .
here T = (T + T
W AV 2 ( o)

and provided the reservoir temperature, To is stablized so that

?

dTo/dt <L dT/dt we may say;

a7 — (AT
ak e

therefore
CT) = c‘u(d&"!‘))" \‘_P—\((TAV)AT]
de

ifat t = 0 the power is switched off, and assuming C(T) to be constant

over the temperature change (T - TO):-

CL d(AT) = —
= = A
AT 4 & {Tw)
C = -k {&(&(m})}“‘
T dk
AT () = AT __ exp _t)
w0 Pk
Since | = C , measurement of the heat capacity involves
measuring k and "T"’ . If the internal time constants are not negligihle

compared to ¥, the decay curve shows non exponential behaviour as
p \ cay p

depicted in Fig. (2.5)

~—~-—- “Ta EFFECT.

NORMAL.

FIGURE 2.5
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2.3.(li) A.C. METHOD AND FREQUENCY LIMITATIONS

As stated in section 2(iii) of this chapter if heat is supplied to a
sample, thermally coupled to the bath, heater and thermometer as shown in
Fig.(2.3), at a rate Q = é;o(c,os wk)? 2((30/2)(1+ cos2Wi) then thea.c,
temperature variation, at frequency 2 , is given by equation (2.2), i.e.

i
1 AWETE L 2K 12
i 2+ &R

Tl =4%c [+
'The last term in this expression is a geometric term, in the sense
that its magnitude depends on the position at which the temperature is measured.
In Sullivan and Scidel's calculation the thermometer position is such that this
correction is @ maximum (i.e. thermometer and heater at opposite ends of the
sample). Considering a typical copper éample and brass heat link at 10K
then ZK&/SKS*""" 10'“"'and hence this term may be safely ignored,

The heat capacity may be evaluated to 1% from equation (2.3),

i'e' |Ta\ = (.Q_O_
4wC

provided the applied heater frequency, w , lies within the limits set by Y,
and T, . TFor 1% accuracy we require,

0-99& (L+ 1/4*T2 + 40 2) R L 1-01

if this condition is not satisfied equation (2.3) becomes invalid, i.e. |7,
will not be proportional to (w)"' . The upper and lower frequency limitations

are evaluated in the following sections.

(@) LOW FREQUENCY LIMIT

If the applied heater signal is at too low a frequency, compared to
T\ . then the sample temperature will not follow a sinusoidal response,
i.e, linearity (eqn.2.3) will be lost,
Assuming the thermometer and heater o be coupled by infinite thermal

conductances to the sample also of infinite thermal conductance (i.e. Vo= QO )

?
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and supplying the heater (resistance R H) with a voltage V=V A C(COS b—_,\-_),

then the thermal equation for the system is given by :-

L{A_gf (i+cos Zwt) =PM)+ CedT (2.8)
2R, dk

where P(T) represents the rate of heat lost via the thermal link,

Letting the temperature variation be of the form,
T =T, + T, ¥ : (2.9)

then P(T) may he expressed in a Taylor expansion as :-

P(T)= P(TO)J.-c_i_‘__Pl (=T)=P(T) +Tze"?“°“ QE\ |
dTly dT i
o
for- [Tl K T,. : —
. This gives for the steady state,

ME = P(T) (2.10)
LRy

and for the transient state,

P(To)cos 2wk =T, glevt elig
- dv

+ iawC5]

o
Defining the thermal resistance at TO as

' -1
Ul K

then we have -

1Tl =PRI+ 4-L,3?-'r‘21‘1/2.

== 'ELIJ 1 .__1: ~e.
A E +4m'5"ﬁ2] 2.11)

as; (Tt (To)':.gi__ = CSQ(-B)
Kg(Te)

which is identical to Sullivan and Seidel's expression assuming infinite, Ke , KH



and KS ; and where P(TO) = QO/Z in their expression,
If we assume that at low temperatures the thermal conductance of

the link is proportional to T4 that is,

Ka(T)=XT
To
then:- ‘P('TD = [ XTdT = ‘li‘x (TOZ_sz.)
, -

where T\3 is the bath temperature

and R(To) =‘ (XTO).-l

Then provided 2w, 27 , 1i.e. te £27,, to 1% wehave:

\'\;_\ — l(l I'b )(TW‘T

where tP = 2T/w = time period of the heater voltage.
Considering sample temperatures much greater than the bath

temperature  Equation (2.12) further simplifies to give :

1Tl o
£ 2 g

However, to ensure that the assumption of constant Cs over I‘Ta\
is valid we must have 1T\ /To{t 0.:05 which gives the following conditions

for t«p -

tp-é '.\..2.5(‘). dowr\‘éo o '-‘—-'SK.
tp £ 2.'00.'\". down to T = 4K,

te & 1-B07T, downtoe Ty = 4K
’cP.{ 2:007, dowato To =2K.
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(b) HIGH FREQUENCY LIMIT

Now considering the situation where K I Ke and Ks are
finite, at "high" frequencies one must take care that the internal time constants
of the system are short enough compared to the frequency of the heater voltage
in order to avoid thermal gradients in the system. Measurement of the
internal time constants (embodied in ¥, ) must therefore be made in order
to establish the upper frequency limit for a given sample anci thermal link.

In order to measure  T,(T) @ d.c. heater voltage is used to
stablise the sample temperature at TOK, A small "low" frequéncy a.c.
signal, capacitively coupled to the operational amplifier in the heater supply
circuit (see chapter 3, section 2) is then superimposed on the D,C, signal,
As may be seen from equations A,1.3 and A.1.4 in Appendix 1, if the a.c.
signal is small, so that VAC <L VDC the temperature response is at the
applied {requency, «w» ; the second harmonic term Eeing negligible.

| Provided the condition from the previous section is obeyed so that

the term in ‘WJ' may be neglected, then the amplitude of the temperature

response |T,| , asexplained in Appendix 1 is given by :-

\—r|\ = Z‘RQa C\‘/Dc\/#\c [ 1+ u_)‘z.mrag_]—uz

H'Ra S
( the terms are defined in the appendix).
To evaluate T, , the frequency of the a.c. signal is increased
until the amplitude ,| 1,1, | has. been reduced by a factor of two.

if w;i,_ is the frequency for half amplitude response we have ;-
2 241
(1+ Wi, WA)2 =2
Wisa (T)?» = \Eﬁ-

I th;- 27/ Wyy , then tﬂ,a=3-6"l’a
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To obtain 1% accuracy we require that:-

c.)?"Tz?* é 0.-02
ie. tp ¥ 125%p,

Since this effectively measures the fastest response time of the system for

equation (2,3) to be valid, we must use the condition
’CP > 2_6tP'/2.

since when making measurements with the resistively coupled pure A, C
signal, the temperaturé responds at twice the frequency of the input
signal,

(N. B, tP must always be gre'ater than 2secs as the response
time of the circuitry restricts the time period of the temperature response fo

> 1sec. for good linearity),
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CHAPTER 11

APPARATUS AND EXPERIMENTAI PROCEDURE

3.1 DESIGN OF CALORIMETER

The calorimeter is designed to measure the heat capacity of smalil
samples (approximately a few grammes) in the temperature range 2 to 40 K
to about 5%,

In the choice of materials to be used the main considerations are
those of avoiding stray heat inpufs to the helium bath and sampte chamber, and
minimising the heat capacity of the addenda.

In the methods of measurem ents used in this work it is necesSary to
have a single well defined time constant for thermal relaxation from sample to
cold path. In ofder to avoid spurious thermal time constants care must he faken
to ensure that the thermal diffusivity (D cm2 sec—I) of materials used in the

sample chamber are sufficiently large.

3.1.(1 He; CRYOSTAT

The hqlium dewar is a standard metal double dewar in which the
calorimeter is suspended. The helium level detector consists of an Allen
Bradley carbon resistor supported on a steel tube of adjustable height.  The
resistor is supplied with a constant voltage and resistance changes are monitored
by variations in th-e current registered dn a milli—ammeter.,

Fig.(3.1.1) shows an overall picture of the specific heat cryostat,

3.1.(ii) THE SAMPLE CHAMBER

The sample chamber shown in Figs.(3.1.1. and 3.1.2) is suspended
in the helium space by the pumping tube, which is secured to the fop flange of
the cryostat using Genevac couplings, The pumping tube is thin walled (0.02')

stainless stecl tubing (O.D. 0.5"), stainless steel being used to reduce heat
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FIG (3.1.1) SCHEMATIC DIAGRAM OF SPECIFIC HEAT CRYOSTAT,
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F16. 3.1.2. SCHEMATIC TIAGEAT OF SAMPLE CHAMBER  INDICATING

SAPAPLE MOUMTING AND HEAT SINKING CF WIRTS.
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leaks by conduction down the tube, In order to reduce radiation leaks from
room temperature to the helium bath two radiation baffles are secured to the
pumping tube. A radiation shield in the form of a spiral of copper foil is
incorporated in the pumping tube and a radiation haffle is formed at the base
of the pﬁmping tube by means of a "T'" hole.

The lower end of the pumping tube is connected to the brass flange
of the sample chamber by means of 4 counter sunk copper collar, The stainless
steel to copper, and copper to brass joints are all soft soldered. The brass
flange is secured to the inner can by means of an indium 'O'-ring, providing
a demountable vacuum tight seal.

In order to achieve good temperature uniformity of the sampie
chamber thin walled copper tubing (O, D. 234R") is used. A .5" diameter Cu rod
is threaded into the flange of the sample chamber using a little vacuum grease
to provide good thermal contact and a copper tab is éoldered fo the bottom of
this rod to provide a suitable soldering point for the weak thermal link.

The heat link from the sample mounting fo the constant temperature
b_ath is provided by a strip of brass (or other metal) of appropriate dimensions

Y
to give the required Y, for a given sample and method of measurement;

where ‘T: w C/k = Time constant for thermal relaxation to bath
and C = Heat capacity of sample plus addenda
k = Thermal conductance of link x cross sectional area
: Length

3.1.(iii) THE SAMPLE MOUNTING

The sample mounting is designed to have low thermal mass and fo
facilitate the ease with which the sample and the weak thermal link can he

changed,

The mounting consists of two copper plates of 0,01" foil, one of
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which is supported horizontally by soldering to the lower end of the heat link.
This plate, on which the sample rests, is cut to provide two coils (which
house the thermometers) and soldering tabs, - for the heat link and heat
gsinking rods for the thermometer leads,
The thermometers used are a nominal 100 , 1/10.Walt Allen
Bradley carbon résistance thermometer and a calibrated germanium thermo-
meter from Cryocal. These are tightly enclosed in the copper coils with a
small amount of vacuum grease to provide good thermal contact. Leads from.
the two thermometers are heat sunk to the sample temperature. The sample
mounting is shown in Fig.(3.1.2.).
The samplc heater, a thin film 1 K€ heater is attached to a copper
tab using Ge 7031 varnish and soldered to the second, upper,plate of the
'mounting_ Radio Spares heat sink compound is used to provide the thermal
contact between the sample and its mounting. To ensure that the same quantity
of grease is used for each measurement a small quantity is measured from the
nozzle of a éyringe (= 25 mgms) and then spread evenly over the mating
surfaces. TFirm pressure is applied to remove any trapped air and ensure
good contact,
The total thermal mass of the addenda is found to be approximately

equivalent to 3 gms of copper (see section 5 of this chapter),

3.1.(iv) HEAT SINKING OF WIRES

The. wires taken from room temperature to the sample chamber are
soldered to three ten-pin vacuum-tight connectors at the top of the pumping
tube, and afe taken down the pumping tube to the sample chamber. 30 gauge
manganin wire is used, as a material with low thermal conductivity is required.

On reaching the sample chamber these wires are varnished to an
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aluminium ring which is securely bolted and greased to the brass flange of
the inner can to provide the initial low temperature heat sinking point, The
same wires are further Heat sunk by soldering to a pin board which is also
bolted to the flange of the sample chamber.

In the initial form of this rig, 40 gauge manganin wires were taken
from this pin board, directly to the thermometers and heater on the sample
mounting, Problems were encountered with this arrangement in the form of
an cxcessively long cool down time (approximately 4 hours from 77K to 4.2K
after transferring liquid helium) and an additional very long time constant (of
the order of 100 secs at 10K) was found, superimposed on T ( v 10 secs)
(see Fig.(3.1.3)) when analysing data using the step method.

Calculations showed the thermal diffusion times for these leads,
which were abqut 10 cms. length, to be very long; and further calculations
on th;a Joule heating effect in the current carrying leads showed that, at 10K
the centre of such a lead carrying 1 mA could heat up bvy as much as 20K.
The time to reach thermal equilibrium in this case would be of the order of
102 to 103 seconds.

To eliminate this problem it was decided that the length of unheat
sunk wire should be reduced to about 1 em. A further heat sinking post (see
Fig.3.1.2) was therefore incorporated. Copper leads (38 g) are taken from
the pin—board-men'tioned ahove to the second low temperature heat sinking post
lying close to the sample rhounfing . 40 gauge man;ganin wires are then
similarly heat sunk to this post before heing taken to yet more heat sinking

points on the actual sample mounting.
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3.2 CIRCUITRY
(Block diagrams of the circuitry for both the step and a.c. methods

are shown in Fig.3.2.1).

3.2.(i) HEATER POWER SUPPLY AND MEASURING CURCUIT
To facilitate the use of either the step or a.c. methoc.ls of measure-
ment a heater power supply was designed which would allow either an a.c.
and/or d.c. signal to be applied to the sample heater. (See Fig.(3.2.2)).
The 130K Dekastat incorporated in the circuit as a potential
divider, is used to step the d.c. heater vbltage up or down as required.
For the a.c. signal a Brookdeal signal source type 9471 is used
to provide a sine wave of frequencies from approximately 1 Hz to ,005 Hz
and of r.m.s. amplimdé 1mV to 3.2V. The signa'l may he a.c. only,
or an a.c. signal superimposed ona d.c. signal, The a.c. component
may'b;e coupled capacitively or resistively to the operational amplifier.
Appendix 1 explains the derivation of the output voltages and resulting
temperature responses listed in Table (3.1) for the four possible singals input
to the simplified form of the heater circuit shown below, and supplying heat

to an isolated system,

FIGURE (3.2.3)

R
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To determine the power dissipated by the heater a standard four
terminal medsurement technique is used, reading the voltage drop across the
heater and across the standard 1K .. resistor in the supply circuit, ona

six figure D.V.M.
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FIG(3.2.2) HEATER POWER SUPPLY,
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TABLE 3.1

Table to show the form of the temperature response in an isolated system for heater voltéges Vi

as obtained for four different signal inputs to the heater supply circuit shown in Fig.(3.2.3.)

Input Signal

Output Signal

( VH)

Resultant  Temperaiure

Response of Sample

D.C. Component

1st Harmonic component

2nd Harmonic component

A.C, Only 2
Capacitively coupled - WR,C VAC sinwt Rg C.w.VAC) t (RO.C.VAC)Q
—————— sin 2wt
R 4 R

VAC cos Wt 2 Cgq H Cg H

A.C. Only ) 2
Resistively coupled Ro. (Rg.Vaca t R .V

t () (B,. )
VACcoswt -.,T-'VACCOS‘.J RZR c o‘ AC sin 2wt
A.C., + D.C. .
A.C. Capacitively 2 2 2 2
- 2R _.C. R _.C.
coupled. % b~ WER,.C. VX (RO';bC) t, By-CaVag) t 0-C-¥c Vac cos Wt -.(._O_QVA*C)‘"_ sin 2 {
D.C. Resistively 2 sinw t R, R . Cg 2R Co . Ry By C4 8y O
: coupled,
t

VDC + VAC cosw

A.C. + D.C, 2 2 2 2

Both Rosistively Ry v +Poy  coswt] o Yol t, Bo Vao)t 2R e VAC ginw ¢ By Vad) nowt

coupled. R, 2¢ R AC R°R_c. 2RZR_C WR. R R_C TR R
Vo * Vag €05 Wt ! 27H s 17H s 172 0 s L WORG

The terms used are as defined in Appendix 1.
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The time period of the applied a.c. signal is measured using an AMF Venner,
digital counter, which is friggered by a pulse generated from a square wave

output on the signal source via the pulse shaping circuit shown below,

) 4}2'2#"" NI

* ——
INCUT FRONM I/] é
* o= .0\uf 10K, [{s}74 OUTrLT TO
GNAL SOURCE e % R I G
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3.2.(ii) GERMANIUM TIHERMOMETER CIRCUITRY

A standard d.c. constant current power supply is used for the
germanium thermometer. To prevent Joule heating effects the currents

given in Table 3.2 below are used in the quoted temperature ranges.

TABLE 3.2
Temp. Range Current Approx. Ge. Resistance
(K) (A (LX)

40— 30 230 18— 26

30— 20 70 26— 45

20— 13 28 45 88

13— 8 9 88— 245

8— b 3 245 —-——581

5—m— 4.2 1 581—1010

The germanium resistance is determined by a standard four ferminal

measurement using a six figure D. V.M., the current being reversed for each

measurement to eliminate thermal e.m.f's.

3.2.(iii) CARBON THERMOMETER CIRCUITRY

The resistance of the carbon thermometer is measured using a
standard wheatstone bridge arrangement, The output from the bridge is then
fed to a Bryan's 2700 chart recorder, via a high gain d.c. amplifier, which

traces out the temperature response of the sample.



Tig.(3.2.4) shows the circuit diagram for the wheatstone hridge;
the dummy leads in arm 2 of the bridge (which are leads taken down to the
sample chamber of the same length and materials as those to the carbon
thermometer) may be shorted out when initially zeroing the bridge using the
same resistance settings on the variable resistances in each arm of the bridge.

The thermometer resistance may be read to 0,1.Q., using the
variable resistance box (Dekastat D, S,1463, 12k£ ) in arm 2 of the bridge,

The d,c, amplifier consists of an Ancom 15C -3 with an intrinsic
gain of 104 (but arranged fo give variable gain), Since the response is linear
only for output voltages of less than 5V care must be taken to ensure that the
input voltages from the wheatstone bridge are always less than 500 auV

The gain adjustment is a potential divider on the output of the

amplifier, The zero offset adjustment on the amplifier is time and temperature

dependent and must be checked from time to time during use,

A variable time constant facility is incorporated in the amplifier
circuit to reduce noise, the handwidth iz hence also variable, TFor the a.c.
method we require that 2 w RC < -1 where w= 2u/ep and
tp = time pcriod of the applied heater voltage,

When using the step method the out of balance signal from the
wheatstone bridge is printed out at suitable time intervals (compared to T} )
by an A, M.F, digital printer connected to the BCD output of a DVM. The
time constant of the exponéntiai temperéture rise or fali may then be more
accurately determined (from the outf of balancelvoltage readings) than by

measuring from the chart trace.
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3.3 THERMOMETRY

Germanium Thermometer

The thermometer was calibrated by Cryocal between 4.2 and
100K at 46 points to a quoted accuracy of .1%. Interpolation of the
calibration data was carried out by computer using a cubic spline routine,
The difference between the calibration values and fitted values was found to
be good to ,1% throughout the calibration range,

This thermometer is used as a standard against which the carbon
thermometer is calibrated (above 4.2K) during each run,

Carbon Thermometer

(1/8th watt, nominal 10052 , Allen Bradley).
It was not found possible to fit the behaviour of this thermometer
over the complete range of temperature used (2K fo 35K) using the usual

three parameter equation due to Clement and Quinnell (31)4~

Qo_gm'R +9J<;<§:°1? = A +,-'_!i_« 3 --1)
where R = Resistance of thermometer ()
T = Temperaturc (OK) |
and A, B and K are constants,

With the A, C, method of measurement for heat capacity it is necessary
to not only know the temperature accurately but also the sensitivity. In order
to achieve 1%- rep'roducibility in the sen'sitivity it is necessary to achieve .59
in the absolute temperature,

The carbon thermometer is calibrated during ¢ach experiment, below

4,2 K against the vapour pressure of He and above 4.2 against the

4 1
calibrated germanium thermometer,

From 2K to 4,2K the thermometer is calibrated during the pufnp down,
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The pressure,which is controlled by a manostat, ismeasured to 0.5 mm Hg.

Measuring the vapour pressure to 0.5 mm should give an accuracy
c;f + .5% 1in temperature at 2K and of at least pal 1% at 3K. However with
the arrangement used (see Fig.(3.1.1)) tenlpefature inhomogeneitics in the
liquid may make the recorded vapour pressure a poor indication of the frue
iiquid temperature, Trom calibration data obtained on a copper sample,
however, it appears that any uncertainties in the temperature or thermometer
sensitivity lie well within the overgll experimental error of the system,

The calibration data is fitted to the three parameter equation (3.1)
and the constants A, B and K evaluated.

Froin 4,2K to approximately 16K the thermometer is cqlibrated
against the germanium thermometer and again {itted fo the above equation,

Teniperatures calculated from resistance values using the above
equation were found to be within t 29, of the measured temperatures. Both
temperatures and sensitivities were evaluated for given resistance values using
a programmable Hewlett Packard (9820A) desk calculator,

Above 16K no reasonable fit could he obtained to the above equation
and a different method of calibration was adopted,

approximalely
It was found that/\linear plots could be obtained, for both thermometers,

of the form :-

fog o (RAW) = X+ X ' (3.2)
where W, X and Y are constants, and R is the thermometer resistance,
By evaluating the constants for each thermomecter, a smooth function,
(Z), of the carbon resistance (R e and germanium resistance (R, ) against

Ge

temperature was obtained :-
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Z(R.,Ry,) = [S+log (R, +40)~2:6kc3,,(R:+200] 10° (3.3)

Fig.(3.3.1) shows a typical plot of Z versus T.
For a given value of RC , and estimated temperature, T (estimated

from previous data), the value of Rqe may be evaluated from :-

Jog,, (Ree+40)= [2:6 Jog,, (R, +200)-5+Z.10™°] (3.4)

d\o

The femperature, T, may then be found from the germanium

Ge

calibration and the sensitivity of the carbon thermometer at T is given by:-

()T

Using this technique for temperature evaluation at the higher

VR +2co) 2.305.10" (R +200)/AZ ]“l (3.5)
'Qq&-r‘f‘r() 26 K

tempe‘ratures one is relying on an estimation of temperature from the carbon
resistance using a previous calibration. The maximum shift in the calibration
data from any one run to the next was found to correspond to a change of 1.8
in Rc' At 30K this correcsponds to a temperature change of approximately
.5 K., 1Itis found that an error of ha O..5 K -in the estimated temperature 7'
at 30K gives a resultant error in temperatureof less than ,1% and in
aT/d Rc of less than .2%,

A comparison of the overlap regipns for the three different calibrations
used for any given experiment shows the temperatures to agree to within t .5%
for extrapolated values up to loK beyond the range of a given fit, Comparing
the calibration data for a given temperature range for different runs shows the

+
temperatures to agree to within - 0,5 %,
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3.4 EXPERIMENTAI PROCEDURE

An estimate of the heat capacity of the sample plus addenda must
be made in order to choose a suitable thermal link, to give appropriate values
of T, (the sample to bath thermal relaxation time) for the method to be used,
 Tor the step method the minimum value of ‘T, that can be accurately
measured is about 5 seconds, one therefore requires that at the minimum
temperature of measurement, T . :- T (Trn) & C{Tiwin), 2 > Ssecs.

K Tean) A
where K is the thermal conductance of the link, £ its length and A is cross-

sectional area,

This also provides a suitable guideline for the a.c. method where
at the lowest temperatures we have the condition -tp_g 2T, (see Chap.TI,
section (3 .v(ii)), A lower limit is set on tp (apart from the previously stipulated
condition of t?> Z‘Stpva due to the internal thermal time constants of the
system (Chapter II, Section (3) ), by the response time of the circuitry . The
shortest time period for the input singal that may be used is 2'secs. , which
gives a time period for the thermometer response of 1 sec.

The link and sample are mounted as described in section (1.3) of this
chapter and the can sealed using an indium 'O'-ring., After checking the
circuitry, evacuating and leak testing the system the nifrogen space is filled
and the cryostat left to cool down to 77K overnight, before transferring liquid
helium (three and a half litres of liquid helium are adequate for at least twelve

hours measurements),

3.4.(1) EXPERIMENTAL PROCEDURE FOR STEP METHOD

As shown in Chapter TI, Section (3.1) the defining relation for the
step method is, C(T)=k(T)T, 3 for cach data point therefore,accurate

measurement is required of T, T, , ard K(T)= AP/AT, where AT is

the temperature change for a change in heater power of AP,
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The absolute temperature is measured at the beginning (temperature '1‘1)
and end (femperature TO) of each data point, by measuring the carbon resistance
on the wheatstone bridge. The cpange in temperature is given by A7 =T, - o}
and the mean temperature ,T -:-(T;-&-T‘) /?. , is defined as the absolute temperature
of measurement,

When for a given heater voltage, V

the temperature, Tl , is seen

17
from the trace on the chart recorder to be steady, then V1 is reduced ﬁo Vo
(let this be at time t=0). _ The exponential response of the sample temperature
is monitored on the chart recorder and the out of balance signal from the bridge
( VR(t) ) is simultaneously printed out every (§t) secs. (where &t ,\<_~"q'/j_o ).
The change in power input, AP =(\/‘?'--V°z)/ﬂN must be such as to
give a temperature change;_ AT £ 01T,
The condition used to ensure that the system has reached the steady
state (‘i.e, that there is no further change in T with time) is that T = T(J
after time t =7 xT,-

The time constant, "T" , may then be evaluated from the expression

derived in Chapter II, Scction (3);

AT () = AT, e>:p(~t:/"ﬁ)

=0

or in terms of the voltage readings from the printer :

AVp(e)= A Vra(-toc) exi:(—&:/‘ﬁ)
A graph of On. (A\/R(L:)) against -time therefore gives a
straight line of gradient (—4 [T} ) )
Thé thermal conductivity of weak thermal link, (k), is read from the
smoothed curve of(A’P/AT\versus T plotted from values taken at each data
point,

The main problem encountered with this method was in the evaluation



of 'T; . A drift in the baseline (i.c. of To) corresponding to only 1 mK/

minute at 7K was found to intvoduce a 6% uncertainty in ‘T,

3.4.(i) EXPERIMENTAL PROCEDUEE FOR A.C. TECHNIQUE

2
TFor a sample heated at a rate (\/‘Z/R“)(wsm‘@ the heat capacity

may be evaluated to 1% by the expression :~
CT) =V, £ /&R, T, (See Chapter TI, Sect.(3))
provided the conditions stipulated in Chapter II, Sect.(3) are obeyed.

T, ITZI Y RHand tp must therefore all be accurately
measured. V1 and tp are measured as described in section (2) of this
chapter, and RH is 1000 to .3% throughout the temperature range of
measurement, The absolute temperature for each data point is evalnated
from the null pqint carbon resistance reading on Athe wheatstone hridge,

| In order to ensure that "allowed" values of w areused; T,
and ‘Té , the internal time constant of the system, must be known.

Hence the initial stage of an experiment on a new sample involves
an investigation of “¥; and °T, . The step technique is used to evaluate

‘Ti , and a capacitively coupled (AC + DC) vcltage signal used to evaluate

‘“\’a (or rather tp 1/2 = 3.6"\’2) as described in Chapter II . By applying
the conditions evaluated in Cb.étpter T, Section (3) one thus has a definite
guideline for the allowed values of tv

Data is taken at fhreé different frequencies for each temperature
and provided the frequencies lie within the limitations stated, then (from
Eqn.(2.3)) a plot of 1T2| versus tp gives a straiéht line wifh ZEYrOo
intercept,

Fig.(é .4.1) shows a plot of tp versus |T2| for values of ¢

p

from 500 secs. to 1.5 secs. The time constant investigation for the system
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gave the range of allowed time periods as 170 secs. to 45 secs. The graph
shows that these frequencies do indeed lie well within the region of good
linearity.

The sinu soidal form of the temperature response is traced by the
chart recorder and the peak to peak amplitude (proportional to 2% ‘ Tz\ )
is measured from the chart paper, These fraces of ‘ T2 | are found to be
assymefiric, due to a small d.c. level inthe a.c., signal from the signal
source, Hence, rather-than the purely second harmonic response which would
be expected from an a.c. signal only, resistively coupled to the operational
amplifier (as given in Table (3.1)) there is an additional first harmonic
component,

The presence 6f this first harmonic componqnt results in a phase
shift in the resultant compared to the second harmonic. TFor the maximun d.c.
level 6bserved, of .05 Vo this phase shift is only of the order of 40, The
resulting change in amplitude is found to be of the order of 4% and may be
accounted for in the measqring procedure, TFig.(3.4.2) shows the two components
and their resultant, in order fo measure the true amplitude (i.e. the 2nd
harmonic) peak to peak measurements arc taken as shown in the diagram from
A to B or C to D,

If the peak to peak amplitude as measured from the chart paper is
Y cms, then a graph of Y versus tp givés a straight linc of gradient o¢ cms/sec.

By switching from the sample thefmometer to the variable resistance
box in arm (1) of the bridge and changing the resistance of one of the vax:iable

resistances by a known amount the chart paper may bc calibrated to give X /cm

2
Then the heat capacity is evaluated from; C{T)= Vic /(ArTffoi-XfRH. dT/dR]-r)

where dT/dR is evaluated as described in section 3 of this chapter.

T
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3.5.(1) THE HEAT CAPACITY OF THE ADDENDA

In measuring specific heat one necessarily measures the heat
capacity of the sample plus addenda. The latter must therefore be measured
in a separate experiment.

For the arrangement described the addenda consists of approximately
one gram of copper, the heater, two thermometers, heat sink compound etc.
and was estimated to have a thermal mass approximately equivalent to three
grammes of copper. The results of the measurement of the addenda alone
are presented in Figs. (3.5.1 and 3.5.2) and are compared to the heat

capacity of three grammes of copper,

3.5.(if) CALIBRATION OF THE APPARATUS

The error on the measurement of C(T) is estimated at I 4% and
to check the accuracy of the apparatus measurements were made on a sample
of pure copper (mass 4 gms.). The uncertainty in measurement is increased
at the high temperature end of the data due to the reduced sensitivity of the
thermometry, The results on copper are presented in Figs.(3.5.3) and (3.5.4)
compared to those of Holste (32). The value of the coefficient of the electronic
term (¥ ) disagrees with Holste's value by 8% and the coefficient of the lattice

term (3 ) disagrees by 6%.
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CHAPTER 1V

PREVIOUS WORK ON AllO v

4.1 INTRODUCTION

In their paper entitled "Properties of aluminium rich, aluminium

transition metal phases'" (7), Dunlop, Gruner and Caplin report the results
of low temperature measurements of the spceifie heat and of some magnetic
and transport properties of nine aluminium compounds involving the 3 ~.d
transition elements (T3). .For all except the three Al-V .compounds (AISV,
A17V and AllOV) the specific heat and electrical resistivity data suggest a
V.B.S. model for the d electrouns having a widfh of about 2 eV,

Previously (6) the same authors used the V, B, S, description in

their work on the compounds an3 Mn, Zn__ Fe and anSCo. The

13
experimental evidence on the Al-T3 compounds however, forces consideration
of questions of charge transfer and bonding that were absent fromthe zinc based
5 .phases. The Al-V compounds were found to be anomalous in every

respect, perhaps because of the particular importance of bonding effects,

The crystal structures of the AI—"I‘S compounds are usually complex
and based on large unit cells, and in most cases (except A17V and AI7 Cr)
the T3 atoms are separated from ecach other by Al atoms. Many compounds
have anomﬁlously short Al-T3 distances in the first coordination shell of T3

atoms, whilst for all except the Al-V compounds the Al-Al distances are

similar to those in metallic aluminium.

4.1.(3) CHARGE TRANSTER AND BONDING IN THE Al-T3 COMPOUNDS

Consideration has been given to the particular question of bonding in
the Al-transition metal compounds for many years,

Raynor (1549 (33)) noted the steady decrease in aluminium content
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down the series of Al-T3 compounds from vanadium to nickel and suggested
the d-shells on the T3 atoms to be completcly filled by charge transfer.
This gives an approximately constant number of conduction electrons per atom
for all the compounds. Hence, Raynor's view was one of electron compounds
in which the overall clectron to atom ratio is the controlling factor determining
the crystal sfructure,

. However,in contrast to this picture, the specific heat and electrical
resistivity results of Dunlop et al (7), show a definite adcli_l:ional contribution
to the density of states at the Fermi level consistant witha V,B.S, picture in
which the number of d electrons rises steadily along the T3 series.
Measurements by Taylor (34) show these cdmpounds to have a small, weakly
temperature dependent magnetic susceptibility, but no well defined magnetic
moment on the T3 atoms. The absence of a well def:med magunetic moment
is consistant with non-magnetic part filled d shells rather than the full d shells
suggested by Raynor,

Pauling (35) considered the anomalously short AI—TS distances
to be indicative of covalent bonding in these compounds. The absence of a
magnetic moment would follow naturally from the pairing of spins on this
model, where T3 d electrons would be involved in covalent bonding with
the surrounding aluminium atoms. However, this would give no d-like
contribution to the specific heat,

Neither viewpoint gives the whole truth, both charge transfer and
bonding must be considered in dealing with these compounds.

Evidence from soft X-ray spectroscopy by Wenger, Blirri and
Steinemann (36) indicates that charge transfers of the order of one electron
or less do occur in the Al-T3 series of compounds, Figure (4.1.1) below

shows  Ang =rny-ny/ where ng- and ny’ are the number of
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d electrons pér T3 atom in the intermetallic compound and pure metal

respectively. 1In the first half of the serics the d shell tends to empty

slightly and in the second half to fill slightly.
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In every case except the Al-V compounds the magnitude of the

charge transfer increases with increasing aluminium content,

4. 1(ii) THE ALUMINIUM ~- VANADIUM COMPOUNDS

The V.B.S. approach used by Dunlop et al, which gave an adequate
description of the electronic specific heat and electrical resistivity of the ofher
Al-T3 compounds, is inappropriate for the Al-V _compounds. The structural
evidence shows that directional bonding fnust be important and the large specific
heat indicates the V,B.S. model to be unsuitable., Not only are the Al-T3
distances unusually short in these compéunds, but simultaneously there are
anomalously long Al-Al distances elsewhere in the unit cell, In the particular
case of AllOV there is one site where the aluminium atom, (if present), is
virtually uncoupled from the r:est of the structure,

The electronic specific heat of all the Al-V compounds lies
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above the gencral trend across the T3 series, as shown in Fig.(4.1.2) below,
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The electrical resistivities of the Al-V compounds also exemplifies
their unusual b?haviour, In A13V and A17V a well defined T2 hehaviour
is ob.served below 20K (probably indicative of an electron-electron scattering
mechanism (see Baber scaLtcring, Ref.(37)) rather than one involving phonons)
as compared to the T4 hehaviour found in the other Al-T3 compounds. In
Al1 0V however the low temper_ature resistivity is found to be dominated by
scattering from the loose atom.

It is the extremely unusual behaviour of Al1 OV , that has prompted
the investigations described in this work. 1In section (2.2) of this chapter
the specific heat and resistivity data of Caplin et al (38) are reported in further
detail and it.is seen that their results are reasonal.aly well fitted by an Einstein

model.

4.2, (1) THE STRUCTURE OF AllOV

Early work by Carlson, Kenney and Wilhelm (39) on the V-Al system

showed the existance of threce peritectic phases o , 3 , and ¥ , on the



aluminium rich end of the phase .(see phase diagram, Chapter V.1), The
most Al-rich of these phases, et , was found to have space group Fd 3m
and was given the formula V Alll. The structure of this phase was determined
by P.J. Brown (40) from single crystal X—i‘ay data by a comparison of a
complete rotation photograph about [_001] , with a similar photograph of the
compound Mg3 Crz Al18 (structure given by Samson (1954)). The two were
found to be almost identical and the o2 (V Al) to have space group symmetry
O:] - Fd 3m. with vanadium atoms in the 16(c) positions and aluminium atom_é
in the 96(g), 48(f) and 16(d) positions, The most interésting feature of the
structure is the large volume available at the §(b) positions. DBrown's
investigations showed that 10% or less of the S(b) sites were occupied hy
Al atoms, fvhereas later work by Ray and Smith (41) indicated that their
crystals had approximately 50% occupancy of the S(bj sites. If was inferred
that the composition ranges from A110 V to A110.5V across the phase,

The cubic unit cell of AIlOV is found to contain sixteen formula
urﬁts (160 Al, and 16 V atoms) and the lattice parameter, a, was found to
he 14,492 R for Brown's' sample and 14,516 R for Ray aﬁd Smith's, the
difference heing due to the difference in theA Al occupancy of the 8(b) positions,

Each vanadium atom is surrounded by six AI1 and six Al2 neighb‘ours
in nearly regular icosahedra (where Al1 and AI2 indicate the lattice sites
as given in Table (4.1) below), The icosahedra are linked in the [110]
direction sharing Alz atoms. Fig.(4.2.1) below simws four icosahedra

linked in this way,

FIGURE (4.2.1)

The Vanadium atoms aré at the centre
of the icosehedra which are drawn as
though solid. (After Ref.(40) ).
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TABLE (4.1)
Atoms Sites
Al1 96 (g)
A12 48 (1)
Al3 6 (d)
Y 16 (c)
'.'Hole" 8 (b)

The next diagram (4.2.2) shows how four of these groupsare

arranged in the unit cell to form a tetrahedral framework. The Al

3

atoms occupy the midpoints of thé faces of the tetrahedra and the

empty 8(b) position is at the centre,

vanadium atoms are omitted).

FIGURE (4.2.2)

(Aluminium atoms in contact with

O Als
eV
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The interatomic distances are listed below (in Table (4.2)); there it
is seen that each vanadium atom has twelve neighbours, six of which are at a
distance of 2.57 R, this is considerably shorfer than the sum of the twelve

coordinated radii for vanadium and aluminium, of 2,77 X

TABLE (4.2) Intératomie Distances
&)
V. ... .64L 2.826
. 6 AL 2.572
Al L .12'A11 3,083
Al LLzAL | 2,943
. 2 AL 2.740
. 1AL 2.679 -
. 2 Al 2.880.
L 1AL 2,679
. 2 Al 3.083
1V 2.826
Al . . . .44l 2,882
.2 AL 2.676
L4 AL 2. 880
L2V 2.572
"Hole"™ ., . .12 Al1 3.181
. 4 Al 3,137

Similar contractions have been found in other aluminium-rich trancition metal
compounds and are thought possibly to he due to electron transfer to the transition

metal atom. There is no direct evidence for this in AllOV. (see Fig.(4.1.1.)).
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The mean distance between Al atoms in contact with vanadium is
about 2.8 X which is normal for this type of compound. The Al3 atom which
hasno V neighbours has twelve aluminium neighbours at 3.08 X, and for an
aluminium atom at the 8§(b) site there would be sixteen neighbours at unusually
large distances, 12 AL at 3.181 £ and 4 AL at 3.137 R.

Due to the loose packing of atoms which are not in contact with
vanadium atoms the average atomic volume of this structure is very large;

3
17 X per atom, as compared to 15.1 X 3 for Al Co2, 15.5 R 3 for Al6 Mn

9
and 16.4 X 3 for pure aluminium. Brown concludes that it is a strong Al-V
interaction giving rise to the framework of linked icosahedra which is important
in the formation of this structure.

Aluminium atoms in sites not in contact with vanadium atoms cannot

take part in this interaction, and are either dropped out or show an abnormally

large radius.

4.2.(i1) PREVIOUS WORK ON AllOV

Low temperature measurements of the specific heat and clectrical
resistivity of AllOV reported by Caplin et al (38) indicate the existance of a
local soft mode in AllOV, with a characteristic temperature of about 22 K.
They associate this local mode with the presence of loosely bound aluminium
atoms on the 8(b) site described above, The results are well described by

an Einstein model (42),

(a) SPECIFIC HEAT

Measurements on two different samples are reported, both show the
same functional temperature dependence in their vibrational specific heats, but
onc¢ is 15% smaller in magnitude.

The heat capacity was measured from 2 to 4.5 K and the resul'.ts

for one of the samples are shown in Fig.(4.2.3) below, compared to those for



Al9 Co2, a typical Al-T3 compound.
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FIGURE (4,2.3)

The specific heat of Al;3V_as compared to thaf of Alggoz
(After Ref, (38)).

The very rapid increase with temperature is indicative of a very low

lying vibrational mode; and the data is reported to bhe well fitted by the Einstein

formula for specific heat (CEIN) (See Chapter I, section 1(iii)).
where Cem= BN Npkg (O exp (&u/T)

| T) (explee/T)-1)*

T exp\ee/ 1)

with an EFinstein temperature 95-—— 22 t 2K and a density of local
(3-dimensional) oscillators NR. , equivalent to ,11 t .03 per AllOV formula
unit.
(b) - ELECTRICAL RESISTIVITY

In the same paper measurements of the electrical resistivity are also

reported. The form of the resistivity is immediately seen to be unusual in both

magnitude and shape when compared to that for Alg Coz (sce Fig.(4.2.4) at
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the end of this chapter),
The resistivity eontributed by a set of Einstein oscillators to a frec

electron gas is given by :-

(1- - (O) = G',_j:. Nﬂ.
A - e, (exp(®c/T)-1)

where G= 2,06 (mz/nez‘ﬁ MkB) with n = conduction electron density and
M the oscillator mass,

An attempt to fit this simple Einstein expression to the fesistivity
data proved successful in a very limited region only, clear deviations being
apparent from 5K upwards,

In a later publication however, J,R. Cooper (43) calculates, using
Ziman's variational method, an upper bound to the electrical resistivity (AR ) -
- of an Einstein solid;. /e is shown to be pfoportional .to the product of the
local mode specific heat and the temperature, This theory gives a greatly
improved fit to the data of Caplin et al.

In their calculation of the electrical resistivity Caplin and Dunlop
used the formula for an Einstein solid : 0 ec (exp(ea[ﬂ—l)-,l that is, the
resistivity is proportional to the mean square oscillation amplitude, or total
energy of the oscillators ‘(excluding the zero point energy). This formula,
based on the treahﬁent of Mott and Jones (44) should not be used at low
tempefatures as it does not properly account for the inelastic scattering of

which may be

electrons from the aluminium atoms with an energy kB e,

greater than kB T,
The expression for the resistivity is egsentially a simplified form
of the one given for electron-phonon resistivity in Ziman's book (45). The

final expression is :
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o) = KN[ MT (exploe/T)—1) (A= exp(-0e/T) ™ (4.3)

where N is the number of oscillators / unit volume
and K is a constant, independent of the local mode parameters but dependent
on the electron density of the metal, and the local mode coupling strength. In

terms of the Einstein heat capacity for one-dimensional oscillators,

i CAT) = Nk —_6xp(Q2/T) E -
i.e. E( ) E(,_\__z) (exp(éslT)—l)?- qn.(4.‘3) becomes :

Pe(T) = KT CemN. | (4.4)
Mk .

which, as for the Mott and Jones formula, gives in the high temperature limit ;-
£ = KNT,

N. B, For the more realistic case of 3-dimensional oscillators, Cr and
the inelastic part of the resistivity should be multiplied by 3.

As may be seen in the figure below, the above expression gives an
excellent fit fo the déta of Caplin and Dunlop, using GE and N g as evaluated
from their specific heat data, and treating K as an adjustable parameter, The

deviations which are seen to occur above 20 are consistent with normal

phonon resistivity as measured in other aluminium intermetallics.,

log o 3t
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A . 4 . FIGURE (4.2.4)
. Jou The temperature dependent part of the
_ AV = E r'esistivity of Allov, Experimental
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CHAPTER V

SAMPLE PREPARATION AND EXPERIMENTAL RESULTS

5.1.(J) METALLURGY

The»phase diagram for the aluminium end of the Al-V system is
shown in Fig.(5.1.1.). The work of Carlson, Kenney and Wilhelm (39) showed
the existence of the three aluminium rich phases A111V, A16V and A13V;
these are formed peritectically and decompose at 66800, _73500 and 136000
respectively. Evidence for the existence of another phase, A17V, having a
peritectic horizontal very close to A111V (at approximately 7OOOC) is reported
by Elliot and Mondolfo (46) in the published discussion of Carlson et al's paper.
As described in Chapter iV, the subsequent investigations of Brown (40) and
of Ray and Smith (41) suggest that the composition of the compound richest in’

.o ¢ .
aluminium .extends from AllOV 0 Allo rV‘

.9

5.1.(ii)) SAMPLE PREPARATION

Five samples of AllOV were used in this work and they are labelled
3, 5, 6, 7Tand 8 respectively. A sixth sample, No.9, was made, which is

V doped with 0. 8% gallium (0.8% by atomic replacement

nominally A110.5

of aluminium). An attempt was made to form samples of different compositions

across the phase field from AllOV to Al1 V, but this proved unsuccessiul,

0.5
as may be seen from Table (5.1.1), where the compositions are quoted for each
sample, (a) as made up and (b) as evaluated from the specific heat data (see
section 2 of this chapter). A possible explanation for this lack of success is
divorcement of traces of residual aluminium solid solution and the other inter-

metallic compound (presumably A17V) in the course of the peritectic heat

treatment.
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TABLLL 5,11

Sample Desired Apparent Composition from
_No, _ Composition Specific Heat Data

3 10.75 : 1 ' 10.10 1

5 10.36:1 10.05 1

6 10.15 : 1 10,10 : 1

7 10,02 : 1 10,07 1

8 10,51 :1 10.12 1

.The samples were prepared by two different methods, the weights
of the materials being cﬁecked before and after melting and annealing to check
for any undue weight loss. The materials used were as given in Table (5.1.2)
below .

TABLE 5.1.2

Sample No, Metal - Source

3,5,6, 7. Al COMINCO.

_ A Goodiellow, 4N,

8, 9. Al Johnson-Mathcy SPECPURE,
v Koch-Light, 3N,

9. - Ga Koch-Light, 4N,

(1)  SAMPLES3, 5, 6 AND 7.

These samples were melted and solidified in a tapered graphite crucible
lined with alumina (as the aluminium-transition metal (Al-T) preparations are
reported to wet graphite more easily than alumina apd Al-T carbides form
easily). The aluminium,in the form of pellets,was placed in the crucible with
vanadium foil on top. The crucible was then fired to 9OOOC in vacuo, at which
temperature the aluminium wets the vanadium and drags it down, After‘ the
admission of approximately 0,25 of an atmosphere of argon the_ temperature

o) . .
was raised and held above 1200 C for about five minutes before cooling. To

increase the rate of cooling an atmosphere of argon was admitted.
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(2) SAMPLES 8 AND 9,

These were prepared by a standard arc-melting technique using a
tungsten electrodc and water cooled copper hearth. Due to the relatively
high melting point of vanadium compared to that of aluminium care was taken
to enSur'e macroscopically uniform samples by remelting at least four times
and inverting the sample between melts, The loss of vanadium as vapour
was minimised by placing this metalh at the bottom of the hearth depression
and covering with pieces of the aluminium charge; the vanadium was thus
sheltered from direct arc heat during the initial melting together,

The heat treatment for all the samples followed the same basic
procedure., The weighed samples were placed on an alumina boat in a‘silica
tube which was sealed, under a vacuum of approximately 3 x 10_5 Torr, at
about 300°C (to drive off any water vapour and adsorbed gases). The samples
were then placed in a resistance-type tube-furnace and the temperature gradually
increased to abouf GGOOC, care being taken to ensure that the temperature did
not exceed 66800, the decomposition point of A110V. The température was
thermostatically controlled and checked periodically against a chromel/alumel
reference thermocouple, The samples were annealed for not less than two
and a half days at the end of which they were air-cooled, exfracted from their
capsules and small fragments taken for metallographic examination,

Microhardness c]_eter_minations and electron-microprobe checks
confirmed that in all cases the samples consisted of a matfix of the desired
compound, AllOV. A variahle amount (from no frace up to.about 20%) of a
second phase (A17V), was pre_sent in cach sample; this was identified by the
techniques mentioned above, The A17V areas appeared as discrete rounded

masses. In no case was a structure typical of incomplete peritectic solidification

observed and this was substantiated by the fact that only traces of (bright)
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aluminium solid solution were seen under the microscope.

The samples were prepared for use in the specific heat cryostat
by planing two approximately parallel faces on the spark machine, which
were subsequently polished to give good thermal contaét with the copper

mounting plates.
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5.2 THE SPECIFIC HEAT DATA

INTRODUCTION

Specific heat measurements werc made in the temperaturec range
1.8K to 35K on the five samples of AllOV. The sample of AllOV doped
with 0,8% gallivin was also measured (sample No,9), |

Measurements were made using the A, C, technique except in the
case of sample No.3, for which results using hoth the A.C. and D.C. (step)
methods are presented,

All the Al 1 OV samples exhibit an anomalously large heat capacity
corresponding in general shape and magnitude to that obtained by Caplin et al
(38). Fig.(5.2.1) below shows the heat cbapacity for sample No.7 together

with that for AI9 Co,, a typical Al-T3 compound.

2!

Fza. (5.2.1)
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The excess heat capacity which is readily distinguishable above the
electronic and lattice terms is found to be of Einstein form over the whole

range of measurement.,



The results are4presented for each sample in the form of C/T

2
versus T ‘plots :-

(1) for the low temperature data 1,8K € T < 10K from which the
electronic term, C_ = ¥ T, is estimated;
(iiy ~ for the overall range of measurement, to show the excess heat

capacity over the electronic and lattice contributions;
(iii) for the excess heat capacity as compared with theoretical Einstein
values,

The results for sample No.7 are shown in detail to explain the

procedure used in the data analysis.

- PRESENTATION OF RESULTS

Results for Sample No.7

(i) The Electronic Contribution

Figure (5 .2.2) shows the low temperature data for sample No.7
extrapolated to T = 0K to give the estimated value of ¥ , the coefficient of
the electronic contribution to the heat capacity., TFor all the AllOV samples
measured ¥ is found tobe 17.0 t 1.4 mj/mole(f.u)Kz.

(i) The Lattice Contribution

The estimatijon of the lattice contribution involves a large uncertainty
since tﬁe excess contribution is unknown, .The assumption is made that at the
high temperature end (T > 20K, where the excess contribution is small) the
lattice contribution is proportional to T 3, i.e. CL = P T3. Plotting
(C-¥T) against T3 for T 7 20K gives a straight line of gradient 3 and
the intercept gives an indication of the number of oscillators contributing to the
excess heat capacity., For large T the Einstein heat capacity gives the

classical value of CFIN = 3R, and in this case we have NQ oscillators per

89



90

formula unit, hence C___ = 3RN2. Figure (5.2.3) shows the plot of

EIN
(C-§T) versus T° for sample No.7. Tor this sample {3 = 0.404 * 044

mj/mole(fu)K4 which gives © D= 381°KE12-6°K
The intercept (1.6 j/mole(fu)K) gives a rough éstimate of .06/fu for Ny,
which is in good agreement with the value found from the more detailed analysis
of the excess contribution (of 0,067/fu).

From the good fit obtained to the excess heat capacity at high
temperatures (see for example Fig.(5.2.7)) the method used for estimating

3 is felt to be well justified.

(iii) The Excess Confributfion

Figure (5.2.4) shows C/T versus T2 together with the electronic
and lattice terms which when subtracted off leave the excess heat capacitly C'.

c' is fitted to the Einstein expression for specific heat (for three dimensional

_ _ 2 i
oscillators):- C. = 3N°Ng‘(&(§fz) exp (Ce/T) 5.1y
EIN T ) (Cexploe/T-1)*

by evaluating Ny , the number of oscillators per formula unit, and the
Einstein temperature, o £ from the low temperature data, since for

T< GE/3, to 1% Eqn.(5.1) becomes :~

CF.\N= ESNON& kB( _Gr;;)z GKP (— eng) . (5.2)
Hence in this temperature region plotting Ln. (CE T2) against 1/T gives
a straight line of gradient ~ € g and N.? may then be evaluated from
Eqn.(5.1).

Figure (5.2.5) shows the graph of (C' Tz) against 1/T for
sample No.,7,

The dashed lines (1) and (2) on this graph show the lines of maximum
and minimum slope fitted to the data points, which indicate an error of 11%

in ND and 3% in eE. Figuve (5.2,6) shows the theoretical curves
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(CEIN/T versus Tz) evaluated for the extreme values of Nﬂ and © B
These curves are seen to lie well within the estimated error on C' evaluated
from the uncertainties in estimating ¥ , \3 and in the measurement of C,
Tigure (5.2.7) shows the theoretical curve from the best fit to the
data points in TFig.(5.2.5). The low temperature part of this fit is shown on

an expanded scale in Fig.(5.2.8).

The low temperature data for samples 5, 6 and 7 are shown in
Tigure (5.2.9) and for samples 3, 8 and 9 in TFig.(5.2.10), The obvious
difference in the low temperature heat capacities indicates how the Einstein
contribution varies from sample to sample.

Plots of C/T »versus T and the excess heat capacity for the
entire range of measurement are shown in diagrams (5.2.11) to (5.2.18)
for salmples 3,5, 6 and 8, The electronic and lattice contributions, and the
theoretical Einstein curves are also shown,

The results for the five A110V samples are tabulated below, ard
it may be seen that for the samples me‘aéured the occupancy of the loose atom

site varies from 10% to 25%, (assuming three dimensional harmonic motion).

TABLY 5.2.1,

L 8 9 I -1
Sample mj/mole(fy)K mj/mole(fu)K (K) (K) (fu)
No. t 8% T 10% © +339 ©rsq N *ug
. D 5 2

3 17.0 £.504 354 23.5 .103

5 17.0 0.386 386 22.7 .051
6 17.0 0.481 359 22,6 .103

7 17.0 0,404 381 22.7 .067

8 17.0 0.531 348 23.4 .119




5.2.(ii) RESULTS FOR GALLIUM DOPED SAMPLE No.9.

The low temperature data for the gallium doped sample is shown in
f‘igure (5.2.10) together with that for samples 3 and 8. It is apparent from
the greally enhanced heat capacity at low tempefatures, that there is an additional
term in the excess heat capacity. This is consistent with an additional Einstein
contribution of lower characteristic temperature than that for the aluminium
atoms; suggesting the occupancy of some of the vacant sites by gallium, (whose
atomic mass is 2.5 times greater than that of aluminium),

The assumption is madé that the electronic contribution for this

2
sample is the same as for 'pure' Al1 vV samples, i.e. § = 17mj/mole(fu)K

0
and the lattice contribution was estimated from the high temperature data és
described above for the other samples, |

Figure (5.2.19) depicts the total heat capacity together with the
electronic and lattice contributions. The excess contribution to the heat
capacity, C', plotted as ﬂn (C'TZ) against (1/T) for the low temperature
data is shown in Iigure (5.2.5). It is seen that rather than the linear behaviour

of sample No,7, the data for this sample gives a curve, consistent in general

form with the sum of two'exponentials; i.e,
1] r Z 2 .
C'T = BkNyx (M&7 erp = 0T+ N8 exp (-2 /7)) (5.3)

where subscript 1 refers to the contribution from aluminiuin atoms and 2 fo
that from gallium atoms.

Reliable analysis of this data is difficult since the characteristic
temperature for the contribution from the gallium atoms is of the order of 10K
and data was only obtained down to 1,5K. The low temperaturec approximation

for CEIN (Eqn, (5.2)) is only valid for this contribution below about 3 K.



The best fit obtained is shown in Figure (5.3.20),

0.096/fu

Il
Il

where :- =)

23.0K, N
X 0K

1

Il
If

o, 9.6K, N 0.018/fu

2
and Figure (5.2.21) shows the low temperature part on an expanded scale,
Although fits could be obtained well within the estimated error on
1 R .
c' with a range of 19 to 24K for © L+ 7 to 10K for @2, the choice
of the above values as the most likely is felt to be well justified as 91 is
well known from previous data.

This contribution from the gallium atoms shows a strongly

preferential occupancy of the loose atom sites‘by gallium,

The specific heat data for all six samples is tabulated in Appendix 2.
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GRAPH TO SHOW COMPARISON BETWEEM THEORETICAL EINSTEIN
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5.3 ELECTRICAL RESISTIVITY

INTRODUCTION

The electrical resistivity of four of the samples used in the specific
heat work was measured in the temperature range 4K to 50K. Although there
is large uncertainty in the absolute values due to the poor geometrical factor
of the samples, the general form of the results shov;r the resistivity to be highly
anomalous and to fit well the expression given for the low temperature resistivity
of an FEinstein oscillator (see Chapter 1V, 2(ii)b ).

In Figure (5.3.1) the anomalous behaviour of the temperature
dependent part of the electrical resistivity of A110V is shown by comparing

the results for sample No.7 with those for A19 002 (after Ref.7).

1 -1
O
10 Fig (5.3 ‘ . :1
N v -
= (/”'ﬁo)/u"g‘m ..‘. -
L K
sl PhoV N87— {10
E (Twis wWorK) 3
C S LH.GCALE) -
I _
| “+—— AlgCop -
4
T, (rc{.’. 7)
s - (RH.SCAL By -t o~3
- & u
N N ]
- » T
1.02 11 13 gl ottt 10'4'
b 10 100

5.3.(1) METHOD OF MEASUREMENT

The standard four probe technique was employed using a conventional

glass double dewar system. The sample current was supplied by a Tinsley



Current Stabiliser of stability of order one part in 106, and the potential
readings taken using a Tinsley Galvanometer Amplifier and a secondairy
galvanometer, This arrangement is able to read voltages to 1 nV,

Details of the apparatus and experimental procedure may be found
in reference (47).

Attachment of Leads

"To achieve uniform current distribution throughout the samples,
~(which are of the order of 1 cm indiameter), the current leads were attac hed
to copper plates soldered over the ends of the samples, The potenfial leads
(27 gauge Eureka) were spot welded to the sides of the samples a few millimetres
from the ends. Eureka was used as this was the only material found that could

be successfully spotwelded to the samples.

The Geomeirical Factor

The geometrical factor is givenby A/f , where A isthe mean
cross-sectional areé and £ the distance between the potential leads.

To evaluate A/f , the density (d) of the samples was measured
using Archimedes principle and A th.en calculated from -

A = m/dL
where m = sample mass
L = sample length,
{ was measured using Vernier calipers.
The geomeftrical factors for the four samples measured are listed

/R

below togethér with their resistance ratios (R = Room Temperature

300" 4.2

Resistance / 4.2 K Resistance ) and residual resistivities,
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TABLE 5.3.1

Sample No. A R300 o
cm R4.2 /u__Q..cm
6 1.04 12,02 5.83
7 1.33 11.60 6.09
8 3.57 4,94 44,80
9 2.08 4.58 15,76

5.3.(i)) ANALYSIS OF DATA

As stated in Chapter 1V, the low temperature, temperature dependent

part of the resistivity for an Einstein oscillator is given by :-

AT = KTl = ATC
MBIk,
- At low temperatuves this term will dominate and so ignoring the
phonon confribution the measured resistivily may be expressed as :-
o = R + ATC,

To evaluate the residual resistivity, ,o, , therefore, CE T is
plotted against o to givé a sfraight l_ine of gradient A aﬁd intercept o,
CE is calculated using the parameters NE' , and SE as evaluated from
the specific heat data,

To estimate the residual resistivity of the gallium doped sample (No.9)

it is assumed that the scattering strengths of the loosely bound aluminium and

gallium atoms are the same. The resistivity may then be expressed as
V& = Pe ¥ © (CE(:\.)T -+ C;_(g_)_\-).
The temperature dependent part of the resistivities are shown in
Figures (5.3.2) to (5.3.5) together with the theoretical curves,

5.3.({iii)) ESTIMATED ACCURACY OF RISISTIVITY DATA

Due to the bad geometrical factor the resistance of the samples is

very small (of the order of 10,402 at 4I), with a measuring current of 500 m4,

(5.4)

(5.6)
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and reading the voltage to 10 nvV there is an uncertainty of the order 4 in 103
in the measured resistance R, . The large uncertainties in the values of /0,

evaluated from the C,, T against o plots are quoted below in Table (5.3.2).

E

TABLE 5.3.2

Sample No, 6 7 8 9

o (i Dem) 5.8t 05 6.09 ¥.06 44,8 1t.40 15.76 T21
Po (o _

The error bars shown in Figures (5.3.2.to 5) show the resultant
large uncertainty in , (T) at low temperatures.

The absolute resistivity is highly uncertain as is indicated by the
apparently spurious results from Sample No.é, (where the results are higher
than those for the other samples by a factor of at least 3), The suspected
causeé of this is bad current distribution due to poor contact between the copper

plates and sample ends.
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F&(832.) ELECTRICAL RESISTIVITY 0F SAMPLE N2 6
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ELECTRICAL RESISTIVITY OF SAMPLE N2 7,

IO' F1&(5.33.)
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FIG(5.3.4) ELECTRICAL RESISTIVITY OF SAMPLE N2 8
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F16 (5.5, ERECTRICAL RESISTIVITY OF SAMPLE N2 9: Al V+0-8% Ga.
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5.4 INELASTIC NEUTRON SCATTERING FROM AllOV

INTRODUCTION

Neutron experiments are the most valuable sources of data available
on phonon energies, Neutrons may be collimated into beams having hoth
momeﬁtum and energy comparahle with the corresponding phonon values. This |
is in contrast with photons; in the infra-red region the photon energies are
comparable with phonon energies but their momenta are negligible compared
to that of phonons, whel.',eas X-rays carry momenta comparable to phonon
momenta but have energies six orders of magnitude larger.

In the case of A110V the local mode energy (2 meV) is of the order
of thermal neufron energies, and therefore the energy change on scattering
should be relatively large and easily detectable. A high flux reactor was
required for the investigation of Al1 0V as the concentration of loose atoms in
the compound is low (of the order of 1% of the total), aluminium has a small
scattering cross-section and the size of thé sample available was small
(appr_oximately 5 cm3).

The condition for energy conservation to be satisfied for the scattering

process (considering energy loss since we are working at low temperature) is

given by :-

Ei-Ep = ®%k& _hke* = Wwoge
2 m am

where Ei and k. are the incident neutron energy and wave vector respectively,
i

and, E, and l«:f the final energy and wave vector, w o0sc is the local mode

f
frequency, and from the specific heat data 'F\wosc = 2meV, For this work .
an incident neutron energy of 10 meV was used.

Although aluminium is primarily a coherent scatterer the loose

aluminium atoms giving rise to the local excitations are '"randomly" distributed,

which gives a scattering cross-section effectively like an incoherent one, i.e. no

momentunm conservation,
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5.4.() ROTATING CRYSTAL TIME OF FLIGHT SPECTROMETER, IN4.

The neutron work on AllOV was carried out on the high flux reactor
at ILL, Grenoble, using IN4, a rotating crystal time-of-flight (TQOT")
spectrometer which is shown in Fig.(5.4.1). The variable temperature, He4
cryostat used for low temperature measurements is not shown in the diagram,
This apparatus is useful for scattering measurements over a large range of
energy and momentum transfers, with typical values of 2 and 4% for the
momentum and energy resolution respectively, |

The use of the déuble monochromator (primary spectrometer) reduces
the background of epithermal neutrons to give a good peak to background ratio.
When used with both the single crystals (pyfolytic graphite) rotating, order
contamination is eliminated. The resultant monochromatic beam, which is
pulsed in time, thus determines the incident energy (E;) and wave veclor (ki) .
The ﬁonochromator frequency is variable and was set at 120 Hz for this work,
giving a tiﬁae interval between consecutive pulses of 4.2 msecs.

The secondary spectrometer consists of an alum.inium housing of
radius 4m., at the end of which there are 67 positions for the detector boxes.
The 35 detector boxes (each of which contains six He3 detectors, six pre-
amplifiers, and a high voltage supply) may be distributed as required over the
periphery of the aluminium housing. The smallest scattering angle measured
in these experiments was 52° and the largest 158?.

The TOF distribution of the scattered neutrons is measured with a
TOF analyser with 128 input channels. Data is collected and summed by the
data acquisition system Nicole (Telefunken TR 86) in order to obtain ‘;he
TOI distribution,

Five samples (numbers 3,5,6,7 and 8) were used giving a total

3 )
sample mass of 9 grammes and volume approximately 5 cm | The samples
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were secured in an aluminium sample holder and the neutron beam was masked

down to sample size using cadmium sheeting.

5.4.(ii) RESULTS

Experiments were carried out at 4.8K, 31K, and 49K for an
average counﬁng time of about 24 hours. TFigure (5.4.2) shows the corrected
neutron counts (YC) against energy transfer for these three temperatures, at
the mean scattering angles ( @-) indicated on the diagram. YC are the neutron
counts normalised for instrumental effects to an absolute scale using vanadium.,
The units of Y are those of A /AT where AT is the channel width in
p.sec/m.

The 4.8K data shows a well defined peak at 2,05 meV = 23.8K,
in good agreement with the characteristic temperature (23 £ 1K) of the first
excited state fdr the local mode as evaluated from the specific heat data, There
is some indicatioln also of a second léval at an energy of 4 mev, At 31K the .

first level is much less well defined and at 49K no peak is visible,

The differential scattering cross-section per loose aluminium atom

has been estimated from the 4,8K data, from the expression :-

do = ..tlj.c'sc.._.é-S AT, Z-mk\(c . - (.7
dsx Ng 4T P |
where Nosc , NS., and & 5 are : the number of oscillators, the total
number of atoms and the scattering cross-section for the sample respectively,
The estimated background subtracted before summing the counts over
the peaks is indicated by the dashed line in Fig.(5.4.1), and is only good to
about 25%.

The following values of do/d2 have been determined from the 4,8K

: -2 -1
data 1st peak do/d = 1077 parns steradian — per oscillator,

- -1
2nd peak d,cr/d,.S?_-.o-_ .2x10 2 barns steradian ~ per oscillator,
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5.9 THERMAL EXPANSION

The thermal expansion of sample number 3 has been measured by
Dr. P. Lanchester of Southampton University. Figure (5.5.1) shows the
linear coefficient of thermal expansion (oo =1 df ) against temperature,
LdaT
as compared to that of aluminium. The expansion is seen to be anomalously

large,

The Gruneisen parameter, ¥g , is given by :-

¥o = 3BV ‘ (5.8)
Cy

where B is the bulk modulus (which is unknown for Al 1

OV) and V -the volume. *
" In Figure (5.5.2), ( ¥q /B ) 1is shown as a function of te,mperatufe, as
evaluated from the smoothed thermal expansion and specific heat data, The
scale on the right-hand side of this graph indicates 753. evaluated using the
bulk modulus for aluminium of 0.79 x 1012 dynes cm_3. Tor comparison ZSG:

for aluminium is also shown; this was evaluated from the laftice ( ?SR ) and

electronic ( }Se ) contributions given on the diagram; from the equation :-

Up to about 10K the lattice and electronic contributions to the expansion of
All()v’ if taken as those of aluminium, are negligible, On this basis the local

mode contribution to Xc,, , le, may be expressed as :-

8o = oLB‘BV/CE.N, (5.10

and is found to be constant up to about 8K. TFigure (5.5.3) shows <

plotted against C in the linear region Kﬂm is found to be 84.

EIN’



-1d8
* LatT

Fi1E-5-1)

4
5.0} %107 o versvs T ror Al V, savere N3,
iy ALY

SMOOTH CURVE THROLGH

AO} KXCERIMENTAL RESLLTS.
3.0
3:0 -
1.0

(ALomiuium,)
oo I M s J. L

120 o 150 12-0

v >
201K

8¢T



Yo 2 5.
-p?‘lo F_IG_—(S 5-2.) (.X_S) VERSUSJ) oo A‘QIOY XS
gof 3 (BAMPLE N235)
/ (L H.8cALE) 160
6° -
440
40
For ALUMINIUM:
120 xe‘cc\-mﬁ\c =18t
20f . S = 2-65% 15
‘63 For. ALLMINIUAL lattice
‘[ (2n.Scare)
° ette S S
° 5 10 16 20 TeK)
s FIG(55.3.)
-6 - —_—
x107| (Y of VERBUS ThE EincTEN CanTmauTiaN
TO THE SPECIFIC WEAT, Foz GAmets N33, | ¢ * °
Tei7°K
4-0r
. .
/
/
30 T
// T=8°K.
/
/
’
20pF /
/
/
/
v
/
-/
t-of /
/
7.
/
/
7/
o N ' i ) liEN
° 06 10 5 20 &5 J/molelay.



CHAPTER VI

DISCUSSION AND CONCILUSIONS

INTRODUCTION

As stated in an earlier chapter the low temperature heat capacity

and electrical resistivity measurements of Caplin et al (38) indicate the

presence of a very low frequency local mode, of Einstein character, in AllOV.

The aim- of this work was to further investigate this local mode. 1In this
chapter the implications of the experimental results presented in Chapter Vv
will be discussed and the results of calculations of the interatomic pseudo-
potential seen by the low frequency oscillator are presented. One section of
the chapter is devoted to a consideration of certain local mode systems which
exhibit some similar characteristics to those of AllOV, although no truly

analogous system has been found.

6.1 DISCUSSION OF EXPERIMENTAL RESULTS

6.1.(1) Specific Heat Data

The coefficienf of the electronic contribution to the heat capacity,
for all the samples of A110V measured, wés found to be (17,0 t 1.4)
mj/mole(fu)k2, which gives a value of (1.55) mj.K 2 per mole of average
atom. Although this is high compared to the values reported (7) for the other
aluminiufn-rich Al-T3 compounds (where ¥ lies in the range 0,96 to
1.3 mj .K"2 per mole of average atom) it is consistent with the values for

the other Al-V compounds of 1.5 mj.K™2 for ALV and 1.6 mj.K 2 for

3
A17V. (See Fig.(4.1.2)).

The vibrational contribution to the heat capacity is highly anomalous.

The excess heat capacity over the "normal" lattice term ( {3 T3) is seen to
fit the Einstein expression very well, The Einstein temperature, GE , 18

found tobe 23.0 £ 1.3 °K Jor all the AllOV samples measured, whereas
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the number of oscillators (NQ / formula unit) varies from sample to sample;
ranging from 0.051/fu (approximately 10% filling of the vacant sites,
assuming three dimensional oscillators) in sample No.5 to 0.119/fu
(approximately 24% filling) in sample No.8. There appears to be a
correlation between the "normal' lattice contribution to the specific heat and
the number of oscillators present in a given sample, Even accounting for the
large uncertainty in \?) , there is a significant trend as Nf. increases

for [3 toincrease (see Table (6.1.1)).

TABLE (6.1.1)

Comparison of the coefficient of the lattice contribution
( ﬁ ) to specific heat and number of oscillators per
formula unit (Ny ) for each sample

Sample No. B % 10% CONy T 1%
5 .386 .051
7 .404 067
6 481 .103
3 | 504 103
8 .531 .119

The increase in [3 with Ny is thought to be explicable in terms

2

of hybridization of the local modes with the band phonon modes. TFig.(6.1.1a)

shows the dispersion curve for a system having Einstein modes at w3 E and

2 W and lattice modes represented by the Debye approximation. Fig.(6.1.1b)

shows the proposed dispersion curve for Al _V with some hybridization

10

between the local and band modes. This effectively increases the number

of modes at frequencies just greater than W _, ( = 23 K), which corresponds

E

to the temperature region in which Yb is evaluated.
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6.1.(ii) ELECTRICAL RESISTIVITY

As shown in the previous chapter the electrical resistivity of
Al1 OV is highly anomalous both in magnitude and in the form of its
temperature dependence (see Chapter VvV, Figure (5.2'.1)). Although as stated,
the uncertainty in the absolute value of the resistivity is large, the values
for samples 6, 7 and 9 are in reasonable agreement with the results of Caplin,
Griner and Dunlop (38). The poor quality of the samples used for these
resistivity measurements is reflected in Table (5.3.1) where their geometrical
factors, resistance ratios and residual reéistivities are given.

For all four samples measured the temperature dependent part of
the resistivity is well fitted (up to about 40K) by the expression given by
Cooper (43) for the low temperature behaviour of an Einstein oscillator (see
Chapter IV, (4.2(ii)). These results thus Iurther' substantiate the evidence
for Einsteip type oscillators in Allov, and the fact that the Einsfein contribution
is well pronounced up to at least 40 °K suggests the mode to have at least
three levels above the ground state. |

A convenient measure of the scattering strength of the transition

metal atoms in the AI-T3 compounds is the high temperature gradicnt of the



temperature dependent part of the electrical resistivity (dp/dT) divided by
the fraction, f , of T3 atoms in the compound. Figure (6.1.2) below
shows this quantity across the series of aluminium-rich Al-T3 compounds,
It is seen that the value for AllOV obtained from this work agrees in general

magnitude with the results for AISV reported by Dunlop et al (7).

2.0
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FIGURE (6.1.2)
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This is indicative that at high temperature the local mode is no

longer well defined. If there was still a well defiﬁed local mode then there

would be a large contribution to %(ij%) from the loose atoms, given hy

the high temperature limit of Equalion (4.3).

i.e. for T 7 eE - /;)E‘N(—r) — KNT/M eé

To give ;-
1 ( d9>= _3;_\'_(_ ::-SMQ.cm/K
£ \dT £ me®

Hence if present, this additional confribution would nearly double the value

expected on the basis of the reported results for A13V.

6.1.(iii) NEUTRON DATA

Although the scattering cross-section for the loose atoms is small,
there is definite evidence from the low temperature (4. 8K) data of a local
mode at 2 meV and possibly some indication of a second level at twice this

energy. The first level is no longer visible by 50 K.



The magnitude of thé scattering cross-section for the second level
(although highly uncertain) gives an indication that the local mode is behaving
more like a harmonic oscillator than a rigid rotator. The experimental valucs
of the low temperature differential scattering cross-section for the two levels
have becn compared with calculations of (do/3L) for (a) a harmonic
oscillator and (b) a rigid rotator.

(@ - (do/dSL) for a harmonic oscillator

Marshall and Lovesey (48) give an expression for (do’/o’.-Q-) 6f a
gas of isotropic harmonic oscillators, which simplifies for the case of the

loose aluminium atom in Al |V (consider‘mg two levels) to :-

10
d*c  — A? ke exp( ) Z '\'\K 38(’“@—"?’\\9&
dRdE k-L ZM\D =\ 2 WA,
where :-
A = Coherent scattering ‘length
K = Scattering vector

ki and kf are the initial and final waveveclors respectively
M = Oscillator mass

’k\.oo = Oscillator energy.

(b) de-/dg_ y for a rigid rotator

Zemach et al (49) derive an expression for (dofd) for the scattering
of neutrons by a single point scatterer constrained to move on the surface of
a sphere. The energy loss part of Zemach et al's expression simplifies to

give :-

do 2 A (kb)‘ (1 cOse)a
asy 3

where b is the radius of the sphere,
Marshall and Lovesey (48) derive an expression for the ratio of

the differential scattering cross sections for the first and second excited

134
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states of a rigid rotator. Tor the case of the loose aluminium atom in

AllOV the expression reduces to :-

Sdcr/d_ﬂ_)ls-r\o_va\ — (5_\«_2_-\4. 2-:*‘-_ A.00

(dU/ d‘&) 2up \eve) L 3lKb
The calculated cross sections for the local mode in AIlOV are listed in
Table (6.1.1) below together with the experimentally determined values,
It is seen that the magnitude of (d&/dﬁ.) for the second level, as evaluated

from the experimental results, is indicative that the local mode is not a

rotator.
TABLE (6.1.1)
Approximate Scatfering Cross-Sections for the I.oose
Al atoms in AlyyV, inunits of barns steradian-1 per
loose atom
(dor/d ) (do/dL.)
(1st Level) (2nd Level)
Experimental :- 10-2 A 0.2 x 1072
Theoretical :-
. -2 -2
(a) Harmonic 3x10 0.3x10
Oscillator -
(b) Rigid Rotator - 1072 ,003 x 1072

6.1.(iv) THERMAIL EXPANSION DATA
The results of mea_surement' of the thermal expansion presented
in Chapter V, show an anomalously large contribution at iow temperatures.
Thermal expansion data are often presented in terms of the Gruneisen
approximation, which can be written as :~
o= fﬂ:’h = CB\/)-lzi\tSLCvL

assuming that independent contributions to the thermal expansion (3 =3ex )
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and to the heat capacity can be identified. In the simplest case the thermo-

dynamic properties of cach contribution depend only on a volume dependent

characteristic energy ( 1/\3@-L ) and then; ¥ =_dWn& | ¥, s
dinVy
typically' 1 to 5 for most thermal properties, whereas in the case of AllOV,

we have a value of 84 for ¥ ( kae.\‘ here corresponds to

local mode’
the oscillator energy ksezm ).
This anomalously large contribution to the thermal expansion is

hence taken to be indicative of a strong volume dependence of the structure

of the local mode energy levels,

6.1.(v) DISCUSSION OF RESULTS ON DOPED SAMPLES OF AllOV

The results of low temperature specific heat and electrical resistivity

measurements on one doped sample of Al 0V are presented in the previous

1

chapter (sample No.9, Al 0V +-8% gallium).

1

The specific heat data shows twvo Einstein terms contributing to the
excess specific heat, consistent with a 19% filling of vacant sites by aluminium
atoms and a 4% filling by gallium atoms. Tﬁis shows a-preferential occupancy
of the vacant sites by the gallium atoins. . The contribution from the gallium
atoms gives an Einstein temperature of about 9,6 K, distinctly lower than for
the aluminium atoms, as would be expected from the larger atomic mass of
gallium. .

Further investigations are being carried out, by Miss J. Turner at
Imperial College, into samples doped with other elements and preliminary data
on the electrical resistivity of a thallium doped sample (AllOV ++8% thallium)

is indicative of a second Einstein term of characteristic temperature obviously

lower than that for gallium and probably around 6K.
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6.2 INTERATOMIC PSEUDOPOTENTIAL FOR THE "LOOSE"

Al ATOM IN AIIOV

The low frequency local mode in AllOV, identified from the specific
heat data, is attributed to the occupancy of sofne of the 8(b)- sites by aluminium
atoms, which are very loosely bound and may be envisaged as being situated in
cages of aluminium atoms. These loose atoms are well spaced from the
surrounding atoms, having twelve neighbours at 3.18 R and four at 3 14 R
(compared to the nearest neighbour distance in metallic aluminium of 2.86 X) .

The interatomic pseudopotential has been calc:ulatecik in three

directions
crystallographic,\for the "loose" atom in its cage of aluminiwm atoms, using

two different values for the Fermi wavevector (kI‘ ).

The values used were ;-

(1) k 0.9256 a.u, = kI‘ for metallic aluminium.

I

(2) k 0.8723 a.u. = 0.94 kF for metallic aluminium,

F
The values of kF were chosen by estimating the possible eleetron density
of the relevant neighbouring Al atoms (16(d) and 96(g) ) with respect to
their neighbours,

Both calculations gave the same form for the pseudopotential, i.e.
steep sided with a high central maximum having minima approximately 0.4 R
off-centre. The validity of the model may be further checked by estimating
the Debye temperature for aluminium from the second derivative of the

‘potential ( a* /dz_?-) at the nearest neighbour distance for metallic

aluminivm (2.86 X),

* The pseudopotential calculations were carried out by
Dr. M.W, Finnis of A E R E, Harwell. Tor details
of the model used see reference (50), the model potential
parameters used were those of Appapillai, reference (51).



i.e. by evaluating the harmonic oscillator frequency :-

Let; oL = A a:\u
2 oz

then the tofal energy, £, is given by :-
E = _;i M= &+ az®

where M is the mass of an aluminium atom.

. \
Hence MZ = - Xz, and w = CoL/Mj/?-

Evaluated using Cd?‘\)./dz?' for the calculated pseudopotential at z = 2.8 &,

this gives a value of @ _ = 330K; which is in reasonable agreement with

D
@D (OOK) for aluminium (430K).

TFigure (6.2.1) depicts the interatomic pseudopotential for
kF =(1<F for metallic aluminiumbin three crystallographic directions, as
a function of distance from the centre of the site.

The central maximum is of the order of 1600K high and the off-
cenfre minima are at a distance of about 2.8 R from the surrounding atoms,
which is approximately the ncarest neighbour distance in métallic aluminium.
The potential is not quite spherically symmetrical, variations occurring
around the sphere of the order of a few tens of degrees Kelvin.

On this model the aluminium atom is considered to be moving, in
some way, on the surface of this nearly spherical central region. If the
potential were iéotropic the motion woﬁld be that of a rigid rotator. The
experimental evidence however, is indicative of the atom behaving as a

harmonic oscillator. This atom is therefore visualised as being trapped

by depressions on the sphere and executing one or two dimensional harmonic

motion». (Three dimensional motion is thought to be improbable as calculations

show radial motion of the atom to be unfavourable).
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6.3 OTHER LOCAL MODE SYSTEMS

INTRCDUCTION

There are numerous different local mode systems which have
_received much attention in recent years.

The literature on local modes is exhaustive and only a few examples
will be discussed in this section. The first part will be concerned with
localised modes associated with off-centre atoms. Specifically one of the
doped alkali halides, K Cl: Li is described where the behaviour of impurity
ions sited in 1-D double potential wells is explained in terms of a tunneling
model. Similar tunneling states have been found in amorphous materials;
in this case however the tunneling states appear to be an inherent proberty
of the material, rather than being associated with impurities,

Materials of the cubic P - tungsten strugture are described, where
soft phonons give rise to second order phase transitions to a structure of
lower symmeftry.

The last part of this section deals with certéin hexagonal-tungsten-
bronzes and the argon quinel clathrates; in both these classes of material local

modes give rise to an excess specific heat of Einstein character,

6.3.(i) TUNNELING MODES

Various localised excitations (funnel, rotation, and inband resonant
modes) have beén identified in many d(;[)ed alkali-halide crystals, (e.g. see
reference (52)). In this section one example, the case of potassium chloride
doped with lithium (K-Cl: Li) will be described, which gives rise to a
tunneling mode.

It has been established that small impurity ions such as L'1+

incorporated into K-Cl do not simply substitute for K+ but occupy off-centre
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positions (53), and that this is a direct consequence of a potential well with
a shallow maximum at the conventional lattice site, together with the small
size of the Li+ ion, The low frequency impurity mode has been observed
in K-Cl: Li through phonon resonance scattering in thcrmal conductivity
measurements (52), and by low temperature specific heat measurement (54),
in which a Schoftky anomaly is observed., The mode ‘is explained through

tunneling states associated with a quasi-rotational motion of the small Li"

ion between its eight equilibrium positions located in the [111] crystallo-
graphic directions, (55). A tunneling model using a simple one-dimensional
double harmonic potential indicated a potential barrier of 96 cm — (138°K)
and a tunnel splitting of 9 cm_1 for the first excited state of the harmonic
oscillator.

The.z pseudopotential calculations for the oscillators in AIlOV
indicate that the three-dimensional-potential seen by a loose aluminium atom
has a central maximum of approximate height (\600K). The potential minimum
is at about 0.4 K from the centre of the site, and the loose atom is visualised
as moving in @ harmonic fashion on this central region. The first excited
state is at 23 K above the ground state.

The tunnel-split ground state has been used, as mentioned above,
to explain anomalies in the thermal conductivity and heat capacity of the doped
alkali-halides. _ These phenomena depend on the magnitude of the splitting

whereas the thermal expansion involves the volume dependance of the splitting

l:thermal expansion coefficient, [5 , is given by :-

= (Y (ﬂ, )
® (6 ) )1) o 63 T
Measurements of I?) (T) for K-Cl: Li (and other doped alkali-halides) have

been made (56) and show low temperature anomalies which are ascribed.to



tunnel splitting of the impurity ground states. The barrier height is expected
to vary with volume in a "normal' fashion, whereas the tunnel splitting (and
hence the entropy associated with it) is relatively sensitive to volume change,
Expressed in terms of Gruneisen parameters.the effect correspouds to a
value of 300 for 7:)& in K-Cl: Li.

The low temperature thermal expansion data so far obtained on

Al V, indicates a very large contribution from the local mode. . \6

10 local mode

is approximately 84 at low temper_‘atures and is similarly attributed to high
sensitivity of the structure of the local mode energy levels to volume change.
The tunneling states described above in the doped alkali-halide
K-Cl : Li are due to the presence of impurity atoms; in amorphous crystals
llowevér, tunneling states are suggested to be an inherent property of the materiz;l.
The specific heat of vitreous silica and of silica and germania based
glasses has been measured in the temperature range 70 mK to 1K (57). The
results confirmed earlier studies (58 and 59) indicating a linear term in the
specific heat, of the order of 10—G T J/gm K. for all three materials. Phillips
(60) and Anderson et al (61) proposed models in which the glasses are
described as containing a statistical distribution of localised tunneling states
each of which may be represented by a particle in an assymetric one-dimensional
double well. Each tunneling state gives rise to a Schottky anomaly in the
specific heat, and the observed linear temperature dependence arises from the
uniform energy distribution of these states.
These tunneling states are not identified with any specific molecular
vibration in the amorphous materials as their low frequency modes are not
well characterized, These materié.ls differ fundamentally from perfect

crystals in that finite displacements do not necessarily increase the internal
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energy. It is considered that tunneling states corresponding to two neigh-

bouring positions could occur naturally in some amorphous solids.

6.3.(i) COMPOUNDS OF THE CUBIC B -TUNGSTEN STRUCTURE

In the search for high temperature superconductors interest arose in
many transition metal compounds and alloys, and in particular in superconducting

materials having the cubic [3 -tungsten structure, e.g. V,_ Si and Nb_ Sn,

3 3
which héve superconducting transition temperature, Tc , of 171 and 18-0K '
respectively. It beca.me apparent that high Tc materials are often unstable
and that possibly this instability is actually necessary in some way to maintain
high temperature superconductivity.

Low temperature X-ray investigations (62) revealed that both V3 Si

and Nb3 Sn undergo structural transformation to tetragonal symmetry above

T.. Testardi (63) observed marked relaxations involving the (C

¢ 11~ %12

elastic constants giving further evidence of an overall softening of the structure.
The P -tungsten structure is unusual in that the atoms of the

transition elements are arranged along three mutually perpendicular systems

of chains, whilst the non-transition éleme’nts are contained in icosehedral

cages that are relatively too large for them (see Fig.(6.3) below)  This

might well account for the intrinsic hydrostatic instability of the structure,

as is indicated by the low temperature anharmonicity found by Shier and Taylor

(64) in their Mossbauer investigations on Nb, Sn.

FIGURE (6.3)

The Nb3 Sn Structure,

® .

@ Nb.




Investigations by Kunzler et al (65) showed a pronounced decrease
ip the low temperature heat capacity of V3 Si with stress at temperatures
helow TC and a large incrcase of the heat capacity above 25 K. The effect
appeared not to be directly related to structufal transformation as it was
observed in samples that transformed and in those that did not. They
suggested that the effect could be a consequence of the "softness' of the
crystal with respect to shear (which in turn provides conditions leading to
structural changes), The changes in heat capacity appeared too large however
to be attributable to changes in léttice heat capacity alone and Kunzler et al
concluded that a large change in the density of states at the Fermi surface
may be involved,

Measurements héve been made by Smith et al (66) of the thermal
expanéion and heat capacity'of two transforming and one-noﬂ—transforming
' sample of Nb3 Sn. An anomalous positive contribution to the expansion of
the two transforming samplcs was found ( ﬁGﬁ 5 at 20K in these, as
opposed fo a value of Kq, ¥~ 1,7 in the non-transforming compounds).
There was no sign of any extra contribution to the heat capacity due to the
lattice contribution in these measurements, although earlier data on two

high purity single crystals of Nb,_ Sn (67) had exhibited small anomalies

3
at about Tm.
The extent to which the presence of the soft mode is a decisive

factor in the production of the high T, in Nb, Sn is still under debate,

3
Allen (68) has estimated that the total contribution from electron coupling
to the soft modes is only effective in raising T, from 16K fo 18K. It

appears that there is no appreciable dependence of Tc upon lattice instahbility,

Smith et al (66) concluded that the anomalous expansion behaviour

144
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is not associated with the soft mode but is electronic in origin, and possibly
related to changes in the density of states at the Fermi level due to interband
" charge transfer (as suggested for the V3 Si compounds). In Al 1 OV the

anomalous expansion behaviour is thought to be attributable to the local mode.

6.3.(iii) OTHER EXAMPLES OF EINSTEIN MODLS

@) Hexagonal-Tungsten-Bronzes

Bevola et al (69) have measured the heat capacity of four tungsten

bronzes Kx WO

s Rb_ WO, Cs‘xW_O3 and Tl,.WO,_, which are non-

3

stoichiometric superconducting compounds with the general formula M xWOB,
where M is ametaland O < o< 1. Inall cases an excess heat capacity
of Einstein form was observed .-

The structure of these bronzes comprises cornerbonded WO6
octehedra with metal ions occupying the interstitial sites, It has been shown
' by Magnali (70), that if M is analkali mefal, the hexagonal sfructure consists
of six member rings forming channels. The Einstein mode observed by
Bevola is attributed to the ﬁetal ions vibrating in these channels.

The Einstein temperatures (81.3) of three of the compounds are

listed in Table (6.3.1) below together with their atomic masses, ionic radii

-
and the force constants (k) associated with the restoring forces on the M ions.

TABLE (6.3.1)

Rby WO, Csx WO, Tl WO,
6,(K) " 58 * 2 70 2 38 ¥ 2
Atomic Mass (amu) 86 133 204
Jonic Radius (R) 1.49 1.65 1.49

k (N/m) 8 19 8
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The respective Einstein temperatures are explained semi-quantatively
in terms of the masses (m), and ionic radii of the metal ions. Considering

: . . - . + R .
simple harmonic motion of the ion M , the Einstein frequency =) E is given

: y
\“)E = \(BeE :{k )?“ E_TT
" (an)

Hence the force constant, k, may be evaluated from ;

o = h E(J&)V?-

by :

kA m

The volume of the channel site cqntaining the metal ions does not change
appreciably from one bronze ‘to another, and hence the ovgrlap of the M* ion
orbitals, which presumably produces the restoring force‘, will depend primarily
on the ionic radius. This conclusion helps to account for the quoted values

of the force constants, e.g, Rb+ and 1" have the same ionic radius and
the calculated values of k are the same. Considering .eE for beWO

3

' +
and Cs, WO, it may be seen that the heavier Cs jon has the greater e

3 E

which is explicable in terms of its larger ionie radius, and, hence, k,

Using the same semi-quantitative argument to compare the doped
and undoped AllOV samples one obtains the values given in Table (6.3.2)
for k. 1In the cases so.far investigated GE decreases with increasing mass,

The force constants are much lower than those found in the tungsten-bronzes.

TABLE (6.3.2)

Oscillator Al Ga - T1
Mass (a.mn.u.) 27 70 204
Radius (8) 1.26  1.26 1.49
O 23 9.6 6

k (N/m) | A4 2 .2
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(b) Inert Gas Clathrates

The weakest kind of bonding is that involving inert gases and soft
- local modes have been found in inert gas clathrates, e.g. in thc argon ﬁ -quinol
clathrate,

The existance of the ]3 -quinol clathrates depends on the occﬁrrance
in pure 13 -quinol of regularly spaced cavities, These cavities are approximately
spherical and of 3.9 R radius, this permits them to accommodate a variety
of small molecules.

Parsonage and Staveley (71)report the results of measurements of
the heat capacity from 13K to 273K on five clathrates of argon and 3> -quinol,
(3C 6 H4 (OH) 9 oc A), of different compbsitions, the argon content ranging from
20% to about 80% of the maximum possible amount, ' R

The argén atoms (radius 1.7 X) trapped in the cavities of the

\?) -quinol give rise to an excess low temperature heat capacity. Regarding
the low temperamré motion as three dimensional simple-harmonic motion, the
vibrational frequency corresponds to an Einstein temperature of about 480K.
The very weak bonding of the inert gas atoms trapped in these cavities is
evidently still stronger thaq that of the "loose' atoms in the anomalous sites
in AllOV, as indicated ioy the Einstein temperatures recorded so far ranging

from about 6 K for thallium to 23K for aluminium.

CONCLUSION

The low temperature specific heat, electrical resistivity and inelastic
neutron scattering data presented in this work, substantiate the earlier
evidence (38) for a well defined local mode in AllOV. All the results indicate
a characteristic cnergy of 2 meV for the first excited state. From the neutron

data there is an indication of a second level at 4 meV, and the well pronounced

o}
Einstein contribution to the electrical resistivity up to at least 40 K is
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indicative of at least tliree levels above the ground state,

The identification of the low frequency "oscillator' with very
loosely bound aluminium atoms on some of the vacant 8(b) is well justified
in terms of earlier crystallographic evidence @0). The AllOV structure
may be visualised as a strongly bonded AI3V framework, the voids of
which are filled by aluminium atoms (72). A17V is found to be based on the
same body centred tetragonal A13V framework, but there are no vacant
sites and no such anomalous beh?.viour is seen in the heat capacity. 1In these
Al-V compounds (A13V, A17V and AllOV) not only are the Al-V distances
~anomalously short, but simultaneously there are unusually long Al-Al
distances elsewhere in the unit cell. Tt has been suggested by Brown (40)
that it .is a strong Al-V inferaction giving rise to the framework of linked
icosehedra which is important in the formation of this structure, and that
aluminium atoms that are not in contact with vanadium can take little part
in this interaction. These atoms are either not present or show an anomalously
large radius. The bonding of the loose aluminium atoms is surprisingly weak,
weaker even than that involving the inert gases in the inert gas clathrates
which exhibit local modes. The loca1 modes found in the doped alkali halides
(e.g. K~Cl : Li) are due to Li  ions sited in double potential wells with
shallow maxima giving rise to tunneling,  1In the case of Al1 OV the experimental
results indicate the loose atoms to be behaving as harmonic oscillators,
presumably trapped in some way on the winimum energyy Surtoce of
the potential. The thermal expansion data reported on AllOV indicates the

structure of the energy levels of the local mode to be highly sensitive to

changes in volume as is thought fo be the case in the doped alkali-halides.



There is no indication of any structural transformation in this

Sn and V_ Si; nor is

compound as is found in the Al5 compounds Nb3 3

AllOV a high temperature superconductor,
The work presented here has led to a better understanding of this
unusual compound but there is still much to he clarified, It is not clear
why the local mode is so weakly coupled to the bulk phonon modes, nor why
covalent bonding should apparently play such an important role in the Al 1 OV
compounds. Turther experimental work into the electrical resistivity and
thermal expansion of some more doped samples is being carried out,

Investigations planned by other workers on the elastic constants and pressure

dependent resistivity and specific heat should prove informative.
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APPENDIX I

Derivation of the temperature response of the sample for
the four possible input heater signals

As shown in Chapter TII (Section 2), the heater supply circuit enables
the a.c. input vo.ltages to be either resistively .or capacitively coupled to the
operational amplifier, and accordingly the amplitude of the output voltage to
the heater will be either frequency independent or frequency dependent,

For simplicity we shall consider the heater as supplying heat to a
totally isolated system, i.e. T, = @0 4 ‘Y, = O . The derivation of the
form of the temperature response of such a system is explained for the four

possible signals input to the simplified circuit shown below in I'ig.A.1.

FIGURE A.1,
A.CANPUT: V,v———”—c——. __N:E&,.._...
AcCANPUT: W, ‘\IV\:&l
. ad
R, Vy OVTPLT TOo
P.C.ANPLT Va-—'vww»—- 3  HEATER.

w

With this arrangement the four possible input signals are :-

1) a capacitively coupled a.c. signal : V0 = VAC cos wi
(2) a resistively coupled a.c. signal : Vi = VAC cos wt
3) a capacitively coupled a.c., signal plus
a resistively coupled d.c. signal : V0 + V2 = VAC cos wt + VDC
(4) a resistively coupled a.c. and d.c.
: . . + = A Wt o+
signal : V1 V2 VAC cos VDC

If the heater voltage is V__ and the heater resistance is R__, then

H H

the temperature response is given hy :



Tee) = [ Vi® ok
’}HCS

where CS is the heat capacity of the system. Hence for case :-

(1) the heater voltage is given by,

VH :ROC q‘_\lg = —'ROCwVACsin wt.
dt

and the temperature response is :

TE)= 'Ro:._gcgz.%fvx\é (1— cos2wt) de
H

= RZEC*2Vac* (&~

1 sin2wk)
2 CsRy Zo

and in (2) for the resistively coupled a.c, signal,

VH = ° V‘ == & VAC, ces wk
R

and
) =f_1£%l§ Vaew (L= cos2wt)de

= ReZ Vo ( -\éz_sh 2wk)
w

Hence for an a.c. signal only, the a.c. pért of the temperature response is
at twice the applied frequency and its amplitude is frequency dependent,
For case (3) where the a.c. part is capacitively coupled, the heater

voltage is given by :

Vi = R C dg\/?) 4 %;Va_ .-:E.;Vnc_ —ROC‘DVAC. Siouatc

(A.1.1

(A.1.2



and the temperature response is ;

2
Ty = i (%o\f@c_ —ReCuVac sinmb) d

L[\ Ry

=__§ /‘( By Vp:- Z.(Po C-LO\&VAC sinukt .}.'R C gv,tn,c sm we )c\t
R

= A (’RQ V’\C. = e 2, ?;{'\‘/_,_\/;\C CC\Sk}t-'\-haL—Lé VACEC_S n?__@_&]) (A1.5

'Rn 2w

and in case (4) the heater voltage is ;

VH == RO VAC coswt -\-'Ro V@C.
R, Ry

and :

T(t) 'P\o V. o "C - Z'RO \/MV;«,C Sinst .;‘.'R,, V»\Cz%_\“‘! 5‘_‘&‘_3\:1 (A.1.
&R

'Rac—e ( RyR,

As may be seen by equations (A.1.3) and (A.1.4) the temperature
response for an (a.c. + d,c .) input signal comprises both first and second
harmonic components, the relative magnitudes of which depend on Rl’ Rz, C,
VAC and VDC' Tor case (3) the first harmonic term is independent of

frequency, which is the condition used in the determination of 'T;_ as explained

in Chapter II, Section (3.b).



APPENDIX 2

TABULATION OF SPECIFIC HEAT DATA

The specific heat, C, of the six samples measured is fabulated
at 0.51.{ intervals for the temperature range 2K to 10 K and at 2K intervals
for thé range 10K to 30K. The coefficient of the electronic contribution (¥ ),
the lattic contribution ( (3 ), and the sample mass are quoted for each sample.

The values given for the Einstein confribution, C are the theoretical values

EIN’

evaluated from the following equation :

~
Cen = 3R NQ(QE) exp (o</T)
= T/ (exgloelm)-1)%

where NQ and B £ are the number of oscillators per formula unit and the
Einstein temperature respectively. Nl and GE have been evaluated for

each sample from the experimental results as explained in Chapter V,
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TABULATION OF THE SPECIFIC HEAT FOR SAMPLE NO. 3

= (17.0 t1.4) mj / mole (fu) K>
B = (0.504 ¥ ,050) mj / mole(fu) K*
Ng = (0.103 * ,001) / fu
©.= (23.50 T 1) K

Sample mass = 1.650 gms,

o¢
1

T(K) C(J/mole(fu)K) C EIN(J/mole(fu)K) T(K) C(J/mole(fu)K) C EIN(J/mole(fu)K)
2.0 .042 .003 8.5 1.970 1,412
2.5 .071 .019 9.0 2.133 1.502
3.0 .129 .063 9.5 2.296 1,584
3.5 .219 .41 10.0 2.450 1.657
4.0 - .340 .251 12,0 3.156 1.889
4.5 - .504 .383 14.0 3.850 2.047
5.0 .680 .527 16.0 4,672 2.158
5.5 .861 .674 . 18.0 - 5.652 2.238
6.0 1,044 .819 20,0 6.760 2.298
6.5 1,231 .956 22,0 8.118 2.344
7.0 1,414 1.085 24.0 9.720 2.379
7.5 1.601 1.204 26.0 11,622 2.407
8.0 1.766 1,313 28.0 13.776 2.429
8.5 1.970 1.412 30.0 16.350 2.447

61



TABULATION OF THE SPECIFIC HEAT FOR SAMPLE NO. 5

¥ = (17.0 £ 1.4) mj / mole (fu) K?
B = (0.386 t .039) mj / mole (fu) K*
Ng= (0.051 % ,005) / fu

©c= (22.67 .71 K

‘Sample mass = 2.324 gms.

T(K) C(J/mole(fu)K) 'CEIN(J/mole(fu)K) T(K) C(J/mole(fu)K) C EIN(J/moIe(fu)K)
2.0 .039 .002 8.5 1,132 727
2.5 .063 .012 9.0 1.245 - 771
3.0 .098 .038 9.5 1.366 .810

3.5 .151 .083 10.0 1.490 . 845
4.0 .221 .143 12.0 1,908 .955
4.5 .304 .213 14.0 2.308 1.029
5.0 .395 .288 16.0 2.960 1.082
5.5 .495 .363 18.0 3.672 1.119
6.0 .599 .436 20.0 4,540 1,147
6.5 .706 .505 22.0 5.566 1.168
7.0 .811 . .568 24.0 6.816 1,184
7.5 .916 .626 26.0 8.268 1.197
8.0 1.022 .679 28.0 9.996 1.207
8.5 1.132 .727 30.0 12.000 1.216
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TABULATION OF THE SPECIFIC HEAT FOR SAMPLE NO, 6

¥ = (17.0 *1.4) mj/ mole(fu) K>
R = (0.481 ¥ .048) mj / mole (fu)
Ng= (0.103 ¥ .001) / fu

©= (22.57 £ .T1) K

Sample mass = 2.544 gms.
T(K) C(J/mole(fu)K) CEIN(J/mole(fu)K) T(K) C(J/mole(fu)K) CEIN(J/mole(fu)K)
2.0 .045 .004 8.5 1.9296 1.476
2.5 076 .025 9.0 2,151 1,563
3.0 .138 - .079 9.5 2.299 1.642
3.5 .238 .170 10.0 2,450 1.718
4.0 .378 : .293 12.0 3.060 1,933
4.5 .539 .436 14,0 3.752 2.083
5.0 .718 .588 16.0 4,560 2.187
5.5 . 897 .740 18.0 5,562 2,263
6.0 1.065 .888 20,0 6.760 2,318
6.5 1.258 1,027 22.0 8.096 2.361
7.0 1.449 1.155 24.0 9.456 2,393
7.5 1.643 1,273 26,0 11.492 2.419
8.0 1.824 1.380 28.0 13.580 2.440
8.5 1,996 - 1,476 30.0 15.960 2,457

9¢1



TABULATION OF THE SPECIFIC HEAT FOR SAMPLE NO, 7

i

= (17.0 % 1.4) mj/ mole (fu) K2
t ,040) mj / mole (fu) K4

*+.001) / fu
0.7 K
Sample mass 2.395 gms.

T(K) C(J/mole(fu)K) (3/mole(fu)K) T(K) C(J/mole(fu)K) CEIN(J/mole(fu)K)
2.0 .040 .003 8.5 1.309 .955
2.5 .065 .016 9.0 1.422 1.012
3.0 111 .049 9.5 1.539 1.063
3.5 177 .108 10.0 1.665 1.109
4.0 .264 .187 12.0 2.148 1.254
4.5 .365 .279 14.0 2.688 1.352
5.0 .480 377 16.0 3.312 1.420
5.5 .605 .476 18.0 4,068 1.470
6.0 .732 572 20.0 5.000 1.506
6.5 .852 .662 22,0 6.138 1.534
7.0 .968 .745 24.0 7.512 1.556
7.5 1.082 .822 26.0 9.100 1,573
8.0 1.194 .892 28.0 10,920 1.586
8.5 1.309 .955 30.0 13 1.597

.050
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TABULATION OF THE SPECIFIC HEAT FOR SAMPLE NO, 8

¥ = (7.0 *1.4) mj / mole(fu) K2
P = (0.531  .053) mj / mole (fu) i
Np= (0.119 * .001) / fu
.= (23.38 £0.71)K
Sample mass = 2,485 gms.

T(K) C(J/mole(fu)K) C EIN(J/mole(fu)K) T(K) C(J/mole(fu)K) CEIN(J/mole(fu)K)
2.0 .042 .003 8.5 2.098 1.641
2.5 .075 .023 9.0 2.273 1.745
3.0 .138 .075 9.5 2.470 1.838
3.5 .249 .167 10.0 2.650 1.923
4.0 .391 .296 12.0 3.456 2,189
4.5 .554 .450 14,0 4,116 2.370
5.0 744 .618 16.0 4,992 2.498
5.5 .960 .789 18.0 5.994 2,590
6.0 1,171 .956 20.0 7.240 2.658
6.5 1.368 1.115 -22.,0 8.756 2.710
7.0 1.554 1.264 24.0 10.536 2.751
7.5 1.738 1.401 26.0 12,558 2,782
8.0 1.920 1.527 28.0 15,120 2.808
8.5 2.098 1.641 30.0 17,940 2.829
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TABULATION OF THE SPECIFIC- HEAT FOR SAMPLE NO, 9

¥ = 17.0 mj / mole (fu) K2

3 = 0.498 mj / mole (fu) K%

Nows (0.096)/ fu Naey (0.018) / fu

©.= (23.0)K we (9.6)K

SampleE“r)naEss =) 2.636 gms. 9,,_12.)‘ ( )_
T(K) C(J/mole(fu)K) CEIN(J/mole(fu)K) T(K) C(J/mole(fu)K) CEIN(J/mole(fu)K)
2.0 127 .090 8.5 2.140 1.753
2.5 .213 o169 9.0 2.288 1.840
3.0 .344 .270 9.5 2.437 1,919
3.5 .503 : .395 10.0 2,600 1.989
1 4.0 .662 .539 12.0 3.384 2.210

4.5 .824 .695 14.0 4.158 2.359
5.0 .992 .855 16.0 5.024 2.463
5.5 1.166 1,012 18.0 6.012 2.538
6.0 1.344 1.162 20.0 7.160. 2.594
6.5 1.515 1.303 22.0 8.536 2.636
7.0 1.681 1.432 24.0 10.152 2.686
7.5 1.839 1.550 26.0 11,960 2.695
8.0 1.990 1.657 28,0 14.000 2.715
8.5 2.140 1,753 30.0 16.260 2.732
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