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ABSTRACT

E N
The electrical conductivity.( ¢ ) has been measured as function of sample

diameter at different low temperatures for potassium, sodium and indium. The

wvity of thin potassium wires

increased as the samf)lc diamete\r ( ased for d< 1.5 mm. On the other
hand, it decreased with d for d> 1.5 mm, but ata lower rate. As the temperature
was raised, the initial increase of ¢ witﬁ d was observed only at smaller diameter
values and disappeared altogether for temperatures > 20 K. For d> 1.5 mm the
decrease of ¢ with d(pcrsistcd at higher temperatures, but essentially vanished for
T 2 50 K. The results for sodium wires showed a very similar behavior but the
co‘nductivity maximum occurred at d \= 0.90 mm at 4.2 K instead of d= 1.5mm
for pétassium. The decrease of 6 with d for d> 0.9 mm was measurable for T<
_§O K. The results at 4.2 K for small diameter values ( d< 1.5mm for potassium or
d<0.90 m.m for sodium ) can be expiaincd qualitatively by Sambles er al theory
\.yhich surface scattering of electrons decreases the conductivity of small diameter
specimens. On the other ha‘ﬁd the results for larger diameter values could be
explained by the existence of a high conductivity surface layer that forms at low
temperatures which does not seem to be very plausible. The results for indium are
completely different from those for potassium and sodium. The resistivity
oscillated as a function of the sample diameter for d< 1.0 mm'and the amplitude of

oscillation decreased as d increased. When these results were plotted on a "p ><

1/d" graph, the data points were found to fall on three straight lines of different

n



N
slopes . Linc'gr behavior on this graph is in qualitative agrccmcﬂ‘t with Sambles e/

al theory, but each line corresponds to a different bulk conductivity.

We have also measured the longitudinal magnetoresistance for thc\ above
mentioned elements. For potassium and sodium dR/ dH was negative for low

2

fields and small diameters, that is for d< 1.15 mm, giving rise to a negative
maé\nctoresistancc, but it was positive and constant for high fields and large
diameter values. The negative magnetoresistance was found to also depend on the
thermal history of the sample, the effect becoming stronger for more annealed
samples. This is in a qualitative agreement with Chamber's theory and the more
recent one by Golledge er al.. The results for indium are again quite different from
those for potassium and sodium. The sample resistance increased quite rapidly for
H~ 300 to 600 Oe reaching about 8% relative change then it tended to saturate
with a shallow positive §lope. For some samples the resistance rise showed more
than one step before saturation. This large magnetoresistance, the first step of

which has been observed previously, was attributed to the bulk behaviour of

indium which becomes a compensated metal at H~ 500 Oe.
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INTRODUCTION

Over the last two decades a considerable amount of interest has been
developed in the study of transport properties of normal metals(!.2) at low
temperatures,where size effects are sometimes important. Alkali metals have
received the largest attention because they are very close to free-electron
systems‘¥. The first two elements of ihis group, namely lithium and sodium.
undergo a crystal structure change below room temperature which made the third
element. potassium, a more attractive candidate for such a study. The expenmental
resultst 8) showed large deviations from standard theories at low temperature; for
example Rowlands, Duvvury and Woods® have found the electrical resistivity of
potassium of diameter .79 mm did not follow the well known T2-term due to
electron-electron scattering for (0.5< T < 2 K but rather they found p(T)=A TS
Similar results were also found by Lee et al'®). Also Yu et al® reported p(T)
measdrements for T=0.08 to 1.8K which display a negative dp/dT for sufficiently
small diameters. In order to cxpla]n the experimental results many theoretical ideas
came into being ranging from postulated inhomogeneity within the sample}®) 10 a
charge density wave(11.12) which was applied 1+ explain the results of induced
torque peaks in potassium spheres by Schaefer et al!3) and Holroyd and

Datars(14),
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Recently, 1982, Safnbles et al(15) have done zi theoretical calculation for size
effects on the electrical resistivity at low temperature in thin metal wires of circular
Cross sectlon In their theory they assumed 21at the metal concerned is free-
ilcctron -like wnh A spherical Fermi surface, so one would expect it to apply for
data on alkali metals. However, as they pointed out, many of the measurements

‘Qn_ these metals in the literature have been done for samples encapsulated in

constraining capillaries and.as such suffer from unknown and variable levels of

strain so they ignored these data and compared their calculations with data for

aluminum, indium and mercury thin wires and obtained fairfy good agreement.

L4

~

Also in the past fe/wwmonths Golledge et al(16), using Chambers(!?) kinetic
formulation have ;xtcnded scattering theory to explam the longltudmal
magnetoresistance of thin wires. In their calculation they used an angularly
dependent specularity for scattenng-at the surface, first introduced by Soffer( 18),

which yielded resuits similar to Chambers results for electrons diffusely scattered

by the sample surface. Again the thcory was designed for a metal with a spherical

' Fermi surface, an isotropic bulk mean free )d/h and zero bulk magnetoresistance.
“The first two conditions are very nearly satisfied by alkali metals but the third ofie
1is not(16) as will be discussed later. In comparing their theory with experimental

vtesults Golledge et al did not find enou gh data of longitudinal magnetoresistance

for alkah metals other than the work done in 1950 by MacDonald and Sarginson
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on two wires of sodium whose diameters were approximately equal to the bulk

mean free path.
# .

In the present work we have studied the size effect on the electrical
conductivity for free hanging wires of potassium and sodium metals to compare
with Sambles et al theory and the longitddina] magnetoresistance to test Chambers
theory or the more recent theory of Golledge et al. In addition we did a similar

study for indium wires to further test both theories since it was indicated by the

authors that it is . .  to apply their calculations to indium in spite of the fact

thatits fermi su: - ot as simple as it was assumed to be in the theory. The

results shochZorm Ateresting features which will be discussed in chapter 3.This
thesis consists of three chapters. In chapter 1, relevant ;heoﬁes regarding size
effect on.both electrical resistivity and"niagnetoresistance are discussed in some
details. Chapter 2 contains the description of the experimental set up, sample
preparations éhd measurement techniqués. In the last chapter, the results are

presented and discussed in light of existing theories.
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I.T) Historical Background ;

Since the beginning of this century it had been realized that the apparent
resistivity of a thin metallic film or wire will increase when one of its dimcnsions
becomes‘ comparable with the bulk electronic mean free path. As early as 1901,
Thomson(19) gave the first approximate expression for the increase in resistivity of
a thin film followed by another approximation in 1936 by Lovell(20), The exact
solution for a free-electron conductor was given by FuchsD) in 1938 for thin film
geometry. For wires of circular cross section, Dingle(2) gave a solution in 1950.
These last two theories used a single specularity paraineter, P, which was
assumed to be independent of the angle of incidence of the c duction electron on
the sample boundary. This assumption was questioned by Z#man(23) in 1960 who
suggested that P should be a function of the angle of incidence, 8, of the electron
to tﬁe_ surface normal, having the form

P(8) = Exp[-(47th /Ac)2 cos20 ], '

(l.l.})
~ where Ae is the electronic wavelength and h is a mean-square surf:;ce
roughness(23). This P(8) was used by Soffer(18), in 1967, to get a resistivity
expression for the thin film geometry which was proven by Samples et al () in
1980 and Stesman(25.26) in 1982 and 1983 to give a bsatisfactory agreement with the

experimental results. The interpretation of these results using this theory does not



require the unphysical introduction of temperature dependence for the p_A.. ( p...
A, are the bulk resistivity and mean free path respectively ) and P values as often
required by Fuchs' theoryD). In 1982, Samples et al!5) developed a modclco>\/

thin cylindrical wires incorporating the angular-dependent specularity parameter,

P(6),which we will discuss in more details later in this chapter.

For magnetoresistance, not as many theoretcal calculations are available in
the literature. This could be because of the difficulty in solving the Boltzmann
equation in the presence of magnctié fields. Also according to standard theories it
was expected that the longitudinal magnetoresistance should be zero for a simple
metal with a spherical fermi surface(!727). In 1950, Chambers(!7) gave a theory to
explain the effect of sample size on the resistance of a wire in a parallel magnetic
field. He considered a cylindrical wire geometry and showed that for low fields
the apparent resistance of a sample decreases with increasing field giving rise to a
negative magnetoresistance. In 1972 Way and Kao@® extended Chambers' theory
to the thin film geometry and found similar results apart from an initial rise in the
film resistivity. In 1986, Preist and Samples(2%) developed Way and Kao's
calculations using Soffer's surface scattering model, i.e., using an angularly
dependent specularity. In 1987 Golledge et al(16) did calculations for the
longitudinal magnetoresistance of a thin wire using Chambers'(1?) kinetic
formulation considen’ﬁg both angularly dependent and constant specularities. The

results of their calculations are quite similar to those obtained by Chambers



confirming the low-field negative magnetoresistance behavior without a resistance
maximum as for the case of the thin foils geometry(2®). From this, they concluded
that wires of rectangular cross-section cannot be approximated to cylindrical

wires.

In this cha})tér we are going to discuss Sambles et al(15) theory followed by
a discussion of Chambers“U theory and the more recent theory of Golledge et
al(16) but before that, it may be important to discuss briefly the Boltzmann eguation
which plays the role of a central base for the theoretical calculation of most of the

transport properties. -
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In the absence of magnetic fields and temperature gradients, the Boltzmann
transport equation describing the steady-state distribution of electrons in phase
space, under an externally applied electric field E, has the form:

- (e/R)E. V, N(k,1r) = - (IN(k,1)/ ot )scattering » . (1.2.1)
where e is the electronic charge, fiis Planck's const;nt divided by 2, and
- (ON(k,r)/ ot )scatiering 18 the rate of change of the electronic distribution functioﬁ
N(k,r) due to scattering by phonons, impurities, and other clec.tron's. Nk.r)
measures the number of electrons at position r in the state described by the wave
vector k. In bulk material, N(k,r) is taken to be just N(k), independent of position

within the lattice(30),

To solve equation (1.2.1), one must know the form of ( IN(k,r)/ ot )scattering -
A particularly simple form results under the following aSsumptions:

1) The electronic energy surfaces in k-space are spherical.

i1) The electron scattering is completely elastic, i.e. the electron's energy is
conserved.

1ii) The probability for scattering from state k to state k' depends only upon

the angle between k and k' (isotropic scattering).

In this case one can write(23)



( oN(k)/ ot Jscatering = ( N(k)-Ng )/x(€), (1.2.2)
where Nj is the equilibrium distribution function in the absence of an applicd
electric field and 1(€) is the "isotropic relaxation time" given by :

1/1(e) = | (1-cosB) Q(k,8) dQ, (1.2.3)
where Q(k,0) dQ is the probability that an electron in state k will be scattc}§d

through an angle 8 into the solid angle dQ.

By solving equations (1.2.1) and (1.2.2) for N(k), the current density "J"
can be determined from the equation
J= Je v, Nk) dk, » (1.2.4)
where v, is the velocity of an electron in state k. Then the electrical resistivity can
be calculated by using the relation
p=E/J (12.5)
By doing that one can write(30) ;

P = an35/ [e? tep) | vy dS), (1.2.6)
where g; is the Fermi energy, dS is a differential area on the Fermi surface and
T(€5) = T(xy) is the isotropic relaxation time evaluated at Er..

For a free-electron gas, v= ik/ m and [x ds= 4n3n, where m is the
electron mass and n is the number of conduction electrons per unit volume. With
this information one can write equation (1.2.6) for a simple metal as :

p(T) = m/ ne? 1(gy) (1.2.7)



If we assume that there exist separate and independent isotropic relaxation times

To(€) and t(€) for the scattering of conduction electrons by static lattice defects and

by other mechanisms respectively, then equation (1.2.7) takes the form :
p(e,T) = (n/ ne2)[(1/ 1o(€)) + (1/ 7(e))] | (1.2.8)

which is a form of lhc' well-known "Matthiessen's Rule".
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~ 1.3) Sambles et al Theory(!5) :

Let Ny(r,v) denote the number of electrons per unit volume of ordinary
space and per unit volume of velocity space. In general, this distribution function
depends on the position, given by the vector r, and velocity given by vector v.
When an electric field is applied to the system, Noy(r,v) changes to N(r,v) and one
may write the Boltzmann equation as(22) -

v [d N(r,v)/dr] + (av/d0)[ 9 N(r,v)/dv] = -[ N(r,v)- No(r,V)] / 1, (1.3.1)
where 1 is the relaxation time. Now, assuming that the electric field E is applied
along the wire in the z-direction, this will imply that (dv/at) is zero in x- and y-
directions but (9v/d1),= eE/m in z-direction, where e is the electronic charge and m
1s the electron mass. When stationary state conditions have been established, the
distribution function N=N(x,y,z; VxoVys Vo) Will not vary along the wire in the z-
direction, so equation (1.3.1) becomes :

v, (ON/ox) + vy (dN/dy) - (eE/m)(dNy/dv,)= - (N- NoV/ Tt (1.3.2)
For reasonably small electric fields one can write N- N = n( x, y; VyoVy,V,) and
equation (1.3.2) will read :

v, (On/ox) + vy (0n/dy) +n/ 1= (eE/m)(9Ny/dv,) (1.3.3)
Since we are considering a wire of circular cross-section, it might be useful to
transfer equation (1.3.3) into cylindrical coordinates which gives(22):

Ve (90/9r) + (vo2 / 1)(O0/0 v, ) - (vgv/r)(In/dve) + n/t =(eE/m)(@Ny/dv,),

' (1.3.4)



Where now n = n(r,8; v,, vg, v,) and the term of (0n/d9) is zero due to the
cylindrical symmetry of the wire. The general solution of (1.3.4) was given by
Dingle(?2) as : \
n = (eET/m)ONydv, ) [1- f(rvy, v,2+ ve2,v,) Exp{-rv, /t( vil+ vgd))l,
(1.3.5)

L

where f is an arbitrary function of the variables rvg, v 2+ vg2.v, and is an even

function of radial velocity. The boundary condition at the wire surface will
determine the function f as follows

A) Diffuse Scattering

.
)

When the conduction electrons are diffusely scattered by the sample surface,

the returning electrons must have equal probability of being directed in each

inwardly directed unit solid angle. Thus n(-lv, I, vg, v,, r=a) must possess no
directional properties, where a is the wire radius.Since (8NO/8VZ ) 1s cenairi)ly

directional, therefore from (1.3.5) it follows that :

1- f(rvg, v,2+ vez,vl) Exp{-av, /t( Vr2+ VOZ)} =0
Therefore :

f(a, B, y)=Exp(-(aZ f-a2)05 1B}, (1.3.¢

where 0 =r1vg, B =v,2+vg? andy=v,.
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B) Partially Diffuse Scattering :

If we assume that the probability of an electron to be specularly scattered at
the surface is P # 0, then we can write :

N(-v, vg, v,, r=a) =P N(v,.vg, v, . 1=2) + g, (1.3.7)

where g is the distribution function for the diffusely scattered electrons. Writing

N =N, +n, thenf){.;)can be written as :

\ Tg=(-P)Ng+n(-v,vg v, . r=a)-Pn (v, Vg, v, r=0)
=(1-P)Ny + (eET/m)(INy/av, ) {1- P - f(avg, v,2+ vy, v,)
[Exp(a v, /T (v2+vg?) - P Exp(-a v, /T ( v,.2+ vg2))] ),
(1.3.8)
by using (1.3.5). Since g must have no direction dependence, but dNy/dv, does

;this means that the quantity in the brackets in front of dNy/dv, must vanish i.e. :

(1-P) f1(a,B.y) = Exp{(a2 B-a2)05 /1) -
PExp{ -(a2 B-a2 )05/t ), (1.3.9)

where o , B and y are as defined before.

C) Angular-Dependent Specularity :



Now if we allow the specularity paran'1ctcr to be angularly dependent as
suggested by Ziman 23, equation (1.3.1), then the boundary condition at the wire
surface will be (18) ;

n(-vi. vy v, 1=a) = P(B) n (v, vy, v, , r=a), (1.3.10)
where

P8) = Exp[-(41h /Ae)? cos 0 § = Exp(-(41H)2 cos0 |,
where Hye b/ and cos™d = v /v, 2 + vyie v 0,

From (1.3.10) and (1.3.5) one can write the boundary conditions v

13

/

0 = (eET /m)(IN/dv, ){1- P - favy. ‘\',3+ Vo v {EXpGa v, /T v 2 4vg )
-PEXp-av /t(vi+vy))). (L3110
Theretore,
(L-P)yt o By =Explea’ B-a2)0s/t BI-PExpl-(a’ B-w? WS/t B
(1.3.12)
which is similar to equation (1.3:9), but now :
P = Expl-(4nH)?v /(v 2 +vg i 4y, 2 ),
and since :
ViR (vZ4vgav, ) = [al (v, 24 vg2)-(a ve)? 1/ al(v i +vy24v,2)
therefore P can be written as
P = Exp[-(4nH)? (a°B a2) / a2(B+y)).

From (1.3.5) and (1.3.12), one can write :



n = (¢Et/m)(dNy/dv, )[1 - [(1-P) Exp[-{r v, + (a2 ( v,2+ vg2) - 12 vg2)03})/
T(v2+ veD)IN1 - P Exp[-2(a2 ( ViZ+ vg?) - r2vg2)0S)/ (v 24 ved)] ]
(1.3.13)

Now, introducing the velocity spherical coordinate system...

V; =V sinB sing, vy = v sinf cosd, v, = v cos® with 0<@<n and O<¢<2rm.

Equation (1.3.13) can be written as22
n = (€ET/m)@Nyav,)[1-(1-P)Z,_o™ PYExpl-{r sine +
(2v+1) (a?-r2cos2¢)05) /1y sin@| ]
(1.3.14)
The current density J(r) at a radial distance r from the central axis of the Wire can
be written as :

J(r)=e]vl n{v, r) div, ' (1.3.19)
where d3v is the element of volume in velocity space : d3v = v2sin6 d@ do.
Using (1.3.14) in (1.3.15), therefore(22) :

Jn) = 2B /m) [o™ VONyv) dv [, 46 cos?6 sind [ do [ 1 -

(I-P)Z,6” PY Expl-{rsin® +(2v+1) (a?-17cos? )5/t v sind)| ]

(1.3.16)

In order to have the limits of the three integrations in (1.3.16) independent, we
have to assume that No(v) is isotropic(22) ip velocity space, i.e.that the Fermi

surface is spherical. Now, by recalling that :

Jo=(4n/3) (e2Et/m) [, v3(ONy/dv) dv

then (1.3.16) can be rewritten as

14



I(r)/ Jo = (3/4n) on d@ cos20 sin@ Ioh do [l -(I-PY L, P
Expl-{r sind +( 2v+1) (a2 - r2cos2¢)03)/A sin@] |
(13.17)
where X = tveand v is the Fermi velocity. In actual experimental data one usually
measures the ratio of the apparent overall conductivity o/ 0, defined as
o/ 0, = JOB J(r) rd.r/ f()a Jyrdr = (Z/az)fol(J(r) Iy ) rdr, (1.3.18)
where ais the sample radius. Now by using x = r cos® and v=rs1n¢ and
‘\ substituting (1.3.17) 1n (1.3 1%), one can getdS) -
PP =0/0, = 1- (M/ax) fon/z do cos?8 sin-B fon - sinodo | (1-p)
[1- Expl-Ksino/ sn6 /(1 - p Expl-Ksin¢/ sinB] | |. (1.3.19,
where K = 24/ A_. A_ is the bulk mean free path and P is given by :
P(O) = Exp(-(471)? sin20 sin®o ).
The night-hand-side of equation (1.3.19) has been calculated numerncally by
Sambles et alS) for various values of surface roughness parameter, H. and
different values of w. Their results are summarized in table (1 3.1) and
Fig.-(1.3.1). Besides the numerical table and graphical representation of the final

calculations, Sambles et al deduced the following approximate analytical formulae:

-

D P=Put®(pah./2a), (1.3.20
whebe o is a constant 0.75 at high x for diffuse scattering, H— o or P> ().
W p=pall+a A /2ua177Y, (1.3.21;

for fairly smooth surfaces, P20, and A_> 2a.

15



x

H 001 002- 003 004 006 008 01 -2 03 04 06 08 10

005 4332 3098 2588 2297 1968 1.82 1659 1379 1269° 1209 1.145 1111 1.090
0.1 9126 6.197 499 4300 3517 3069 2773 2079 1.794 1633 1454 1354 1.290
015 1447 9604 7.606 6469 S.178 4442 3956 2814 2343 2076 1775 1.606 1.497
02 2002 1307 1023 8615 6791 5754 S071 3.47S 2822 2452 2038 1806 1.657
&125 25.52 1641 1271 1062 8259 7514 6050 4021 3200 2739 2229 1947 1367
\ 30.08 1954 1498 1242 9547 7931 6876 4453 3487 2951 2363 2042 1.840
04 4048 2500 1884 1540 1160 9489 8125 5054 3865 3219 2524 2153 1.922
05 4877 2943 2184 1766 1309 1058 8973 5424 4085 3368 2608 2209 1.963
06 . 5575 3297 2417 1937 1417 1135 9558 5661 4218 3455 2656 2240 1.985
0.8 6648 3810 2741 2167 1556 1231 1027 $927 4362 3547 2704 2270 2.006
10 7406 4148 2308 1638 1285 10.66 6061 4430 3.589 2725

29.45

2.284

2.016

Table(1.3.1) :

-

(p/ p..) for different H and x values, after sambles et al (15
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Fig.(1.3.1): Lg (p/ p..) as Function of Lgx, after Sampic et al (19,




1.4) Chamber 1le 1 Theory(16.17) .

In this theory, Chambers(17) showed that an exact solution of the thin
conductor problem can be obtained simply by kinetic theory arguments without
solving thc Boltzmann equation. Following the same arguments, lets consider an
arbitrary point a in the sample and consider an electron passing through it towards
the wire surface where it will collide at point b, see Fig.(1.4.1). By definition of
A, the bulk mean free path, the probability that an electron will travel a distance
greater than x is e/ for x< the distance ab and that the electrons which arrive atb
will certainly collide there. Now, the mean distance travelled by an electron
without collision after passing through a can be written as(17) -

A= A(1-eabh), (1.4.1)
For an electric field E#0 in the z-direction, the conduction electrons will gain a
mean drift velocity :

Av,=(eE/mv ) A(1-eab),

=(eEt/m) (1-eabir), (142
where T = A/ v, and v is the electron speed. The change in the number of

electrons travelling in the direction ba due to E can be written as :

n(b) = BNyv, ) v, |
= (eET/m) (ONydv, ) ( 1- e-ab/ ), (1.4.3)

18



Fig.(1.4.1): Cross section normal to the wire axis showing a projection of an

electron trajectory onto the x-y plane, after Golledge et al (16),



where Ng is the equilibrium density of states with E=0. U'sing the cylindrical
coordinates in velocity space, we can wriy: the total drift current at a as :
J@) = [, v2dv fomdtp fou d0 sin@ e v, n(ba).
- (e%Er m fo™v2dv ,%do [, 46 sing v, (ON/AV, ) (1- e-sbir )
= (ET/mfy"v3 @Ng/dv, ) dv " do [, d6 sind cos® ( 1- ewdh ),
| (1.4.4)

where we assumed that Ny(v) is isotropic in velocity space, i.e. the Fermi surface

is spherical. The distance ab in equation (1.4.4)isto be expressed in terms of 0
and ¢. The conductivity of a thin cylindrical wire can be calculated by integrating
(1.4.4) over the cross-sectional area S(17) - ‘

o = (e2t /mS) [,” v3 (ONyv) dv ], ds Iy 7 do fo"d0 sind cos20 (‘.1- eabh ),
Since the bulk conductivity Gy is given by :

Go= (4n/3)(e2t/m) 5 v3 (ONyAv) dv ,
therefore :

o/ Gy = (3/4nS) [, dS [p™ do [o" dO sind cos2 (1. e-sbh )

=1-3/4n8) [;dS Jo do J," d6 sind cos26 e-abh (1.4.5)

20

Now, if we apply a longitudinal magnetic field (H, / E ) the Lorentz force, given

by: F=e(E +vx H, / ¢), will split up into two independent components eE

along the z-axis and e ( v x. H, /¢ ) which is always in the (x,y) plane. The

magnetic field in this case will act as a modifier to the electronic trajectories. _



Electrons travelling at an angle 6 to the z-axis will move in helical paths which will
have circular projections of radius : |

r = (mvc/ eH) sinB =ry sind. ’ (14.6)
If the projection of ab on the (x,y) plane traverses an angle y around that circle,
then this projection is y r; sin@, aQq the distance ab is y ry. Using this in equation
(1.4.3), one can write :

n=(eEt/m) ONydv, ) (1-e- V7o) |

= (eEt/m) (dNy/ov, )( 1-e- v/ n), : (1.4.7)

where 1 =A/ 1. Using the same arguments as before, equation (1.4.5) will take
the following form :

o/ 6o =1 - (3/4xS) J, dS [, do [,"d6 sinf cos26 e v/ (1.4.8)

where y = y(x,y,8,6).

The evaluation of equation (1.4.8) has been done by Chambers(!”) who got
an analﬂftical solution only for large fields, i. e. large 1, but otherwise he used
numerical or graphical methods. In general one should use the last two meth(;ds as
Chambers noticed. Also he found that it is almost impossible to devise a simple
and accurate formula valid in the important region of 1k ~ 1. The results of the
numerical calculations done by Chambers(17) are summarized in table (1.4.1) and

Fig.(1.4.1).

21
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APPENDIX(2)
SWITCHING CIRCUIT

1) FIG.(A2.1) : The main interface circuit with the "IEEE 488" bus,
i
2) FIG.(A2.2) : The latching circuit to activate the selected channel
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APPENDIX(3) |

" LISTING OF THE COMPUTER PROGRAM WRITTEN AND USED DURING

THIS WORK"

10 DEESEG =0

20 CSEG = (256 * PEEK(&H3C7))+PEEK(&H3C6)

30 DEF SEG ' |

40 INIT% = &H5IF :WRSTR% =INIT% + 18:RDSTR% = WRSTR% + 18R
DFILE% = RDSTR% + 18

50 WRFILE% = RDFILE% + 18:ADC% =WRFILE% + 18:GRET% = ADC% +
18:SDL% =GRET% +18 _,

60 LLO% =SDL% + 18:ABORT% = LLO% + 18:PPOLL% = ABORT% + 1§
PPD% = PPOLLS: + 18 &

70 PPU% =PPD% + 18:RBST% = PPU% + 18:SDR% = RBST% + 18:SPO
LL% = SDR% + 18 “ |

80 PPEN% = SPOLL% + 18:ADTL% = PPEN% + 18:ADTR% = ADTL% + 18

90 TRANSFER% = ADTR% + 18:PCNT% = TRANSFER% + 18:RCNT% = PC
NT% + 18

100 SDC% = RCNT% + 18:RDSTRS% = SDC% + 18:SETTO% = RDSTRS% +18

120 PRINT " s o s ok o koo S e

130 PRIN"*THIS PROGRAM IS WRITTEN BY MOUSTAFA A-K. MOHAMED

UNDER THE *" |

k136 ' - L,
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140 PRINT "* SUPERVISION OF PROFF.: S.B. WOODS . THE MAIN

FUNCTION OF THE*"
]

150 PRINT "* PROGRAM IS TO COLLECT DATA AUTOMATICALLY OF
THE ELECTRICAL  *"

160 PRINT "* RESISTIVITY MEASUREi\‘IENTS IT CAN BE USED ALSO FOR
DIFFERENT *"

170 PRINT "* EXPERIMENTS BY DOING THE NESSARY MODIFICATIONS
FOLLOWING THE*"

180 PRINT "* SAME SYNTAX OF CALLING THE REQUIRED SUBROUTINES

PRESS "F5" WHEN READY ... GOOD LUCK! *"

1O0) PRINT " 5 sk st sk ko ok o

200 STOP

2IDMA% =3

220 INTR% = 2

230 TCIMODE% = 1

240 MY.ADDR% =1
250 BD,ADDR% % &H31

260 ER% = 0

270 DEF SEG = CSEG

280CALL INIT% (DMA% INTR%, TCIMODE% MY.ADDR% BD.ADDR % ER%)
290 DEF SEG: IF ER% <> 0 THEN PRINT "ERROR = "ER%": STQP

306 ER%=0 |

310 LAD% (0)=>5 N

320 LAD%(1)=19% ,

2777
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330 DEF SEG = CSEG

340 CALL SDC% (LAD%(0),ER%)

350 DEF SEG: IF ER% <> 0 THEN PRINT "ERROR = "ER% : STOP
360 ER%=0

370 ARRAY %(0)=5

380 ARRAY%(1)=199

390 DEF SEG = CSEG

400 CALL SDR%(ARRAYS: (0),ER%)

410 DEF SEG: IF ER% <> O THEN PRINT "ERROR = "ERG : STOP
420 1=7 :GOSUB 1890

430 COUNT%= 18

440 DEF SEG = CSEG

450 CALL SETTO%(COUNT¢ ) ‘

460 DEF SEG: IF ER% <> 0 THEN Pﬁﬁ"ERROR = "ER% : STOP
470 TERM%=2 :EOS%=10 :ER% =0

480 LAD%(0)=9

. 490 LAIS%(]):IQ‘)

500 FILESPS ="VOLTMC.BAS:A"

510 DEF SEG =CSEG

520 CALL WRFILE%(EOS %,Q)M% LLAD% (0),FILESP$,ER )

530 DEF SEG: IF ER% <> 0 THEN PRINT "ERROR = "ER% : STOP
S40ER% =0

550 LAD%(0)=7

500 LAD%(1)=199 b

57C DEF SEG = CSEG

580 CALL SDC% (LAD%(0),ER%)
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590 DEF SEG: IF ER% <> 0 THEN PRINT "ERROR = "ER% : STOP
600 ER%=0

610 ARRAY %(0)=7

620 ARRAY%(1)=199

630 DEF SEG = CSEG

640 CALL SDR%(ARRAY % (0),ER%)

650 DEF SEG: IF ER% <> () THEN PRINT "ERROR = "ER %

660 COUNT%=18 | /
670 DEF SEG =CSEG

680 CALL SETTO% (COUNTY )

690 DEF SEG: IF ER% <> 0 THEN PRINT "ERROR = "ER% : STOP
700 ER% =0

710 DEF SEG =CSEG ~ *

720 CALL GRET%(LADS (0).ER% )

730 DEF SEG: IF ER% <> 0 THEN PRINT "ERROR = "ER% : STOP
740 1=9 :GOSUB 1670

750 ZNPU"IS"‘FYPE THE SAMPLE QURRENT IN MILLIAMBERS":IC
760 INPUT'TYPE THE RESISTIVITY FACTOR (A/L) IN Cm":F

770 DIM X(100),XY (5000)

780 FOR L=1 TO 4900
790 1=7 :GOSUB 1780

800 'XY(L)=XY

810 IF XY>1000 THEN GOTO 1230
820 R =XY :GOSUB 2480

830 XY(L)=T

840 DT=0.2 : IF T<150 THEN DT=0.1
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850 IF ABS(XY(1)-XY(L))>DT THEN GOTO 1270
860 NEXT L

870 A=5:.FILE$="B:KP(T).337":GOSUB 900
880 A=9:FILE$="B:KP(T).2MM":GOSUB 900
890 GOTO 1220

900 FOR K=0 TO 1

910 MOTOR K

920 FOR J=1TO 6

930 I=A:GOSUB 1780

940 NEXT J

950 X(K)=XY

960 ER% =0

970 STRNUM% =1

980 TAD%(0)= A

990 TAD%(1)=199

1000 DAT.STR$=SPACES(55)

1010 DEF SEG =CSEG

1020 CALL RDSTR%(EOS%,TERM% ,TAD%(0),DAT.STR$,STRNUM% ER%)
1030 DEF SEG: IF ER% <> 0 THEN PRINT "ERROR = "ER% ,TAD%(0): STOP

1040 Y(K)=VAL(MID$(DAT.STRS,5,16))
1050 NEXT K

‘1060 X=(ABS(X(0))+ABS(X(1)))/2

1070 Y=(ABS(Y(0))+ABS(Y(1)))/2

1080 R=Y :GOSUB 2480

1090 R1=(X/(IC*.001))*F

1100 COUNT=COUNT+1

AN
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1110 PRINT TIMES;" * ";Y;T," * ";R1;" * " : COUNT : "*".FILE$
1120 OPEN FILES FOR APPEND AS #2

1130 WRITE #2,TIMES ,Y,T, R1

1140 CLOSE #2

1150 RETURN

1160 TERM%=2 :EOS%=10 :ER%=0

1170 LAD%(0)=I '

1180 LAD%(1)=199 ‘
1190 FILESP$ ="VOLTMC.BAS:A"

1200 DEF SEG =CSEG .

1210 CALL WRFILE% (Eescz,TERMf;,LAi')cz(()),FlLESPs,ERcz>
1220 DEF SEG: IF ER% <> () THEN PRINT "ERROR = "ER% : STOP
1230 RETURN

1240 ER% = 0 :AE=AE+1

1250 STRNUM% =1

1260 TAD%(0)=I :TAD%(1)=199

1270 DAT.STR$=SPACE$(55)

1280 DEF SEG =CSEG, *

1290 CALLRDSTR%(EOS%,TERM%,TAD%(O),DAT.STR$,STRNUM%,ER%)

1300 IF AE>® THEN GOTO 1865

1R 0 DEF SEG: IF ER% <> 0 THEN PRINT "ERROR = "ER% ,I: GOTOQ1240

120 XY= VAL(MID$(DAT.STRS,5,16))
i {0 RETURN

<01 »%=0
1354 AR RAY%(0)=I
1360 ARRAY%(1)=199
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1370 DEF SEG = CSEG
1380 CALL SDR%(ARRAY%(0) ER%)

1390 DEF SEG: IF ER% <> 0 THEN PRINT "ERROR = "ER%
1400 RETURN /
1410 1980 ER% = 0
1420 LAD%(0)=I
1430 LAD%(1)=199
1440 DEF SEG = CSEG
1450 CALL SDC% (LAD(0) ER%)

1460 DEF SEG: IF ER% <>0 THEN PRINT "ERROR = "ER(/
1470 RETURN

1480 FOR 1=1 TO 4

1490 OUT &H310,&HS0

1500 OUT &H310,&H50+N

1510 NEXT 1

1520 RETURN

1530 TERMS%=1 :EOS%=10 :ER% =0
1540 STRNUM %=1

1550 LAD%(0)=15

1560 LAD%(1)=199

1570 DATA.STR$ =CHR$()
1580 DEF SEG =CSEG

142

1590CALLWRSTR% (EOS%,TERM%,LAD%(0),DATA.STRS,STRNUM% ER %)

14
1600 DEF SEG: IQR% <>0 THEN PRINT "ERROR =" ER%

1610'TR/I\5."URN
1620 ER%=0



1630 TERM% =1 :EOS%=0

1640 STRNUM% =2

1650 TAD%(0)=15:TAD%(1)=199

1660 DAT.STR$=SPACE$(55)

1670 DEF SEG =CSEG

1680 CALL RDSTR%(EOS %, TERM%, TAD%(0),DAT.STR$,STRNUM%, ER%)

1690 DEF SEG: IF ER% <> 0 THEN PRINT "ERROR = "ER% :STOP

1700 OUT &H310,&HSF

1710 ZX(1)= ASC(MID$(DAT.STRS,1,1))

1720 ZX(2)= ASC(MIDS(DAT.STR$,2,1)) AND &HF ™

1730 ZX(3)= INT(ASC(MID$(DAT.STRS,2,1))/16)

1740 Z =((ZX(1)+ZX(2)*256)-2048)*5/2048 ‘

1750 PRINT ZX(3),Z

1760 IF ZX(3) <> J THEN N=N+1 :PRINT "ERROR:';N :GOTO 2290

1770 RETURN

1780 T1= 8.99537658# +2.57488346()998535#*R—.17493987083435()6#*(RA2)
+5.273688912391662D-03*(RA3)-1.769589289324358D-04*(RA4)

1790 T2=-2.290635237045535D-08*(R"6)+1.096844420844789D- 10* (RA7)
-2.204603687105955D-13*(R"8)

1800 T=T1+T2

1810 RETURN

1820 R=LOG(R) ;

1830 T1=4.17021179199219#-4.70204162597656#*R+3.7307243347 1 68#*

(R"2)-.453216552734375#*(R"3)+.885518193244934 1#* (R~ 4)

-.1091288924217224#*(RAS)

1840 T2= +.091002702713013D-03*(RA6)-3.292248584330082D-04* (RA7)
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+5.625037374556996D-06*(RA8)
1850 T= T1+T2
1860 T=EXP(T)
1870 RETURN

1880 T= 5.56674194335938# +.52645206451416#*R+.398388043045998D-02*
(R"2)-.612974684685469D-04*(RA3)+.273722308629658D-06*(R*4)

1890 IF T<79.1 GOTO 1910

1900 RETURN

1910 T1= 430778312683 106#+4.456817626953 12#*R-07.9170837402344#
*(RA2)+37.8391723632813#*(R’§3)-12.;1631652832()31#*(R’\4)
+9.40821838378906#* (RM3)

1920 T2=-0.51036071777344#*(R"6)+.587417602539062#* (R 7)-
.6396()84427833557#*(R’\8)+;.047()()42‘)7375()79D—()2*(R’\9)—1.71985
1512461901D-03*(RA10)

1930 T=T1+T2

1940 RETURN



APPENDIX(4)
DATA TABLES o

On the following pages the data are tabulated for the electrical conductivity
or R(300)/ R(T) at different temperature valies as w\ction of sample diameter and
the ratio [ R(4.2, H) - R(4.2, 0) ] / R(4.2, ()f as function of the external app]ied.-
magnetic field parallel to the wire axis. A number of samples were prepared at one
time. as described in chapter 11, and referred to as a set with a set number. For
purposes of clurity, the temperature at which the data were collected and the
sample set number as well as the annealing time at r'oom temperature are Yisted for

.

each data table. The results are organized in the following order :

1) H = 0 measurements :
A) For potassium.
B) For sodium. o -

C) For indium. v

2)H # 0 measurements :
A) For potassium. .
B) For sodium.

C) For indium.
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TablétA4.1) *

Sample Resistivity, Conductivity at 4.2 K and RRR, the residual

’resistance ratio, RRR= [R5,/ Ry 5], as a Function of Diameter For

Potassium.

Set‘#l : .

a) Annealing time = one days at room temperature.

dtmm) . ‘nano-ohmcemy oy »(nano-ohm cm) ! RRR

0.33 23.75 284
(156 15.53 0.064 436
1.15 5.86 0.170 1152
1.47 4.18 0.239 1616
175 . 5.88 0.170 1148
2.02 4.85 0.206 1396
232 6.40 0.156 1060
2.65 7.26 0137 °* 928
3.00 7.98 0.125 848
3.20 9.09 0.110 744
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& ‘
. Table(A4.2)
Sample Resistivity, Conductivity at 4.2 K and RRR, the residual
resistance ratio, RRR= [R300/ Ry 5], as a Function of Diameter For
Potassium.
1) Set #1:
a) Anncaling time = 14 days at room temperature.
dimm) . py ~(nano-ohm cm) G4 ~(nano-ohm ¢m)-1 RRR
0.33 0.007 & b 50
€ m}'

0.56 0 . A 607

- T . * SR 04"";
1.15 e, @255 ST 17487

M.ﬁ‘k ' .g.'{‘:_-,—'?» ,: : t“i;‘
1.47 To 06 TR 9%
175 L0ESTT d L Caep
202 0480 . L. 3266

" ‘S.'; ‘

2.32 0.417 . 2837
2,65 . 0385 2622
3.00 0.376 2560
3.20 0.330 2247




148

Table(A4.3)
.
Sample Resistivity, Conductivity at 4.2 K and RRR, the residual
resistance ratio, RRR=[R4,/ R, 2l as a Function of Diameter For

Potassium.

1) Set#2

O Annealing ume = 30 hours at room temperature.

. .‘~ ]
. &
& ‘cm)- | RRR

R
dimm) Py Anano-ohmem) oy s(nanc
.

(.33 2245 . 0.031 292
(.56 14.24 0.070 160
1.00 817 0.122 K044
1.15 53N 0.186 1220
1.25 5.10 0.196 1258
1.47 4.07 0.246 4616
1.75 5.63 0.177 116%
2.07 4.61 0.217 1424"
23 6,111 0.164 1076
2.65 7.05 0.137 932
3.00 764 0.131 860

3.20 8.79 S 0.114 748



-~ Sample Resistivity, Conductivity at 4.2 K and RRR, the residual

Table(A4.4)y

1. 149

resistance ratio, RRR=[R34y/ Ry 1], as a Function of Diameter For

Potassium.

l)Set#g:

a)‘Annealing time = 14 days at room temperature.

"y

d(mm) Py (nano-ohmcem) o4 s(nano-ohm cm)-1 RRR
433 44.70 0.008 152

0.56 13.60 0.073 500
1.00 5.67 0.176 1200
1.15 4.53 0.220 1500
1.25 3.40 0.294 2000
1.47 2.62 0.382 . 2610
175 ° 2.87 0.350 2370
2.02 3.18 0.310 2140
2.32 3.61 0.280 1880
2.65 ' 3.98 \0.2507 1710
3.00 4.25 \"0.230 1600
3.20 4.47 0.220 1520



Table(A4.5)
. Sample Resistivity; Conductivity at 4.2 K and RRR, the residual

resistance ratio, RRR=[R34¢/ R4 51, as a Function of Diameter For

Potassium.

1) Set #3 ¢ The samples were extruded through dies made of a
michinable ceramic.

a) Annealing time = 30 hours at room temperature.

d(mm) ps4.2(nano-ohmem) oy r(nano-ohm em)-1 | RRR
0.33 21.01 0.047 . 312
0.40 1591 0.063 412
0.52 11.71 ‘ 0.085 »~ 560
092 710 0.141 924
0.97 | 7.13 0.140 920
2.02 4.85 0.206 . 1396

2.75 “5.66 0.176 1160
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Table(A4.6)
Sample Resistivity, Conductivity at 4.2 K and RRR, the residual
resistance ratio, RRR=[R;,/ R, 2], as a Function of Diameter For
Potassium.
1) Set #3 : The samples were extruded through dies made of a
machinable ceramic.

a) Annealing time = 14 days at room temperature.

¢
d(mm) Ps o(nano-ohm cm) 04 »(nano-oklm cm)-1 RRR
0.33. 40.95 0.014 . 166
0.40 19.40 - 0.051 %50
0.52 . 14.80 0.068 460
0.92 5.71 0.175 1190
097 * 570 0.176 " 1195
2.02 3.22 0.310 2110 *

275 4.03 ' 0.248 1690

»



Table(A4.7)
Sample Resistivity at 10 K and [R304/ R;gl, as a Function of Diameter

For Potassium.

1) Set #2 .

Annealing time 2 one month at room temperature.

é,(mrﬁ) plo(mmo-o‘hm cm) [R3p/ Rygl
p

0.33 | 50.70 134
0.56 8.99 " 756
1.00 9.29 730
BRE 9.20 710
1.25 9.29 730
1.47 9.60 710
175, 9.64 | 705
2.02 9.85 = 690
232 . 1030 660
12,65 10.22° 665
3.00 Co106 . T a0

3.20 10.80 630



Sample ﬁesistivity at 10 K'and [R300/ Ryg), as a Function of Diameter

For Potassium.

1) Set #3 ;

Annealing time > one month at room temperature.

Table(A4.8)

d(mm) Po(nano-ohm cm) [Ran/ Ryl
0.33 50.00 136
0.40 30.90 220
0.52 16.95 . 401
0.92 9.20 . 740
0.97 9.20 740
2.02 10.00 680
275 - 10.25 663
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Sambe Resistivity at 15 K and [Rsgy/ Rys), as a Function o

For Potassium.

1) Set #2:

Annealing time 2 one month at room temperature.

Table(A4.9)

5
f Diameter

d(mm) P s(nano-ohm cm) [R300/ Rys]
0.33 52.90 130.0
0.56 50.00 136.0
1.00 50.30 135.0
L.15 51.13 133.0
1.25 51.09 133.1
1.47 51.32 132.5
1.75 51.90 131.0
2.02 52.51 4 129.5
2.32 53.13 128.0
2.65 53.33 e 127.5
3.00 54.34 125.0
3.20 54.34 125.0
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able(A4.10)

Sample Resistivity at and [Ry4y/ Ry;5), as a Function of Diameter

For Potassium.

1) Set #3 :

Annealing time > one month at room temperature.

d(mm) P15 (nino-ohm cm) [Ran/ Rys]
’
“

0.33 52.60 132.0
0.40 4962 - 137.0 .
0.52 49.81 136.5
0.92 50.56 134.5
097 - 50.37 135.0
2.03 52.11 130.5

2.75 53.53 127.0



Table(A4.11)
Sample Resistivity 2020 K and [R5/ Ryol, as a Function of Diameter

For Potassium.

1) Set #2 .

Annealing time 2 one month at room temperature, -

d(mm) Pag{nano-ohm ¢m) [Ran/ R

0.33 1259 54.0

0.56 126.6 53.7

1.00 “ 127.1 53.5 4 ‘
1.15 127.6 53.3 N
1.25 128.3 53.0

1.47 129.5 52.5

1.75 129.3 52.6 .

2.02 130.8 52.0

2.32 132.6 51.3

2.65 134.6 50.5

3.00 135.1 50.3
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.Table(A4.12)
Sample Resistivity at 20 K and [Ry,/ Rap), as a Function of Diameter

For Potassium.

1) Set #3

Annealing time 2 one month at room temperature.

o d(mm) Pap(nano-ohm cm) [R300/ Roy)
0.33 127.5 53.3 -
‘) B . . *
0.40 124.8 dan 515 7
0.52 125.9 1 54.0
o 092 127.6 53.3
097 127.8 53.2
2.02 132.0 51.5
S i
2.75 136 . 50.9
5

1%7
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Table(A4.13)
Sample Resistivity at 30 K and [Ry0y/ Ry, as a Function of Diameter

For Potassium.

1) Set #2
Annealing time 2 one month at room temperature.

d(mm) P1o(10-7 ohm cm) [R3go/ Ragl
0.33 1.91 ~ 355 "y
(.56 1.93 35.2
1.00 1.95 348
1.1S 1.97 34.6
1.25 1.98 34.4
1.47 1.99 342
1.75 2.00 , 339
2.02 2.02 33.7
2.32 2.05 33.1
2.65 2.06 33.0
3.00 2.08 32.6
3.20 2.10 323
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Table(A4.14)
Sample Resistivity at 30 K and [Ri00/ Ragls as a Functionof Didmeter

- . )
For Potassium,.

D) Set#3:
Annealing ime 2 one month at room temperature. 8

~ . . [T e e e

d(mm) Pra( 107 ohm cm) R/ Ry

0.33 1.92 35.4
0.40 1.92 354
.52 1.93 353
0.92 1.96 347
0.97 1.95 348
2.02 2.03 33.5
2.75 2.08 327
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Table(A4.15) \

Sample Resistivity at 40 K and [Rago/ Ryl as a Function of Diameter \

For Potassium. ) \\

\

\]
1) Set #2 :
Anncaling time > one month at room temperature.

d(mm) P10o(10 “ohm ¢m) [Ryo/ Ryl

(.33 5.00 13.6

0.56 5.03 13.5

1.00 5.07 13.4

1.15 5.07 13.4

1.25 5.11 i3.3

1.47 515, 13.2 N v
1.75 5.19 13.1 )

2.02 i 5.23 L3.0

2.32 5.27 12.9 \
2.65 5.31 12.8

3.00 5.40 12.6



Table(A4.16)
Sample Resistivity at 40 K and [R300/ Rygl. as a Function of Diameter

For Potassium. »

1) Set #3 :
Annealing time 2 one month at room temperature.

dimm) /pw( 10 7ohmem) - [Rao/ Ry
0.33 5.03 13.5
0.40 5.03 13.5
0.52 5.03 13.5
0.92 5.07 13.4
.97 5.07 13.4
2.02 5.27 12.9

2.75 5.31 12.%



Table(A4.17)
Sample Resistivity at S0 K and R,/ Rs), as a Function of Diameter
’

-

For Potassium.

1) Set #2
Annealing time 2 one month at room temperature.

dmmy. pea(10 7 ohm cm) [Ran/ Rsql
().33 6.63 10.2%
0.56 6.60 10.30
1.00 6.57 10.35
1.15 6.00 10.30
1.25 6.60) 10.30
147 6.57 C o 103s
.75 6.63 10.25
L ¢~
2.02 6.6( 10.30 6
2.32 6.60 10.30
2.65 6.60 10.30 _{Q
3.00 6.57 10.35

3.20 . 6.63 10.25
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- Table(A4.18)

\ Sample R:Sistivity‘at 50 K and [R30y/ Rspl, as a Function of Diameter

. A

For Potassium.

13 Set #3.:

-

Annealjng time >@ne month at room temperature.

L I
d(n]n]) ‘35(](1() 70hnl Clﬂ) [R3O()/ RS()!
‘ ® Y
0.33 6.63 10.25
. ’ - ' 4
0840 \ 6.60 10.30
0.52 6.57 ) 10.35
0.92 660 10.30
0.97 : 6.60 "10.30
2.02 6.57 10.35

2.75 663 - 10.25 e
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Table(A4.19) ?
Sample Resistivity at 77 K and [R4y0/ R45], as a Function of biamcter
For Potassium.
. -
R AR o
1) Set#1?¢ TP ~..."’-v- .o
Anncaling fime = 14 d‘ll)S at room ‘temperatur.;e’.
, y
~dimm) - pg7(107 ohm em) R3¢/ Ro7]
0.33 12.60 5.40
0.56 1236 5.50
113 ¢ 1236 ¥ 7 ssg
147 1236 . 550 .
175 12.36 5.50 )
2.02 1236 5.8 ’
2.32 12.36 550 .
265 1236 . 5.50 )
3.00 \ 1236 . 5.50 A
320 . 1236 850+ - -

¢
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Table(A4.20) N
Sample Resistivity at 77 K and [R30/ R7;), as a Function of Diameter

4

For Potassium.

1) Set #2 :

Annealing time 2 one month at room temperature.

d(mm) | p77(10-7 ohm cm) [R35/ Ry7]

_ %33 1248 5.45
056 « - 1225 5.55
1.00 12.34. - 5.50 ' .
115 12.36. 5.50 |
125 1236 5.50
1.47 v 1238 - " 5.50
1.75 1236 5.50.
202 ¢ 12.36 5.50 ,
2.32 12.36 5.50 |
265 12.36 5.50 i
3.00 4 1236 . 550 g ‘\
3.20 ©12.48 535,



=275 g 12.36 5,50 v -
. . .

y . 166

- #

Table(A4.21)

4

Sample Resistivity at 77 K and [R300/ R3], as a Function of Diameter

- For Potassium.

1) Set #3 :
Annealing time 2 one month at room temperature.

' .
oy

dmm)*  pyo(1070hmem) [Rygy Ro]

~

>
033 12.36 5.50
0.40 1225 5.55 /
057 12.36 5.50
0.92 1248 5.45 . -
097 1236 5.50

202 " "]) 1225 .. 555 | TN
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Table(A4.22)

167

Sample Resistivity, Conductivity at 4.2 K and RRR, the residual .

Tesistance ratia, RRRE[ijO/ R4 ,], as a Function of Diameter For

Sodium.

1) Set #1 :

a) Annealing time = one days at room temperature.

[ 4

d(mm) P4.2(nano-ohm cm) 04.2ﬂ(;1an0-0hm cm)-1 RRR
& "
. ,
0.33 74.1 0.013 . 180 , '
‘; . i
(§36 46.3 0.022 T 189 ‘ '
- "’ * « -
A . t) ,
0.40 8356 ~ ». 0.028 P - 216
0.53 25.8 Q¥
0.78 172 . 0058 343
L4
1.00 \ 14.8 0.08 401 .
A ) £ ’ y
130, 14.8 0.066 * 394 \
‘ y
)
1.47 15.0 . 0.067. 364 ~
¥ . - i . P
2.03 15.8 -, 0.063 372 ” {
) . B
2.32 16.8 0.059 3§7
2.65 16.7 0.060 363
.A
3.08 18.2! 0.055 . 319
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‘ Table(A4.23) .
Sample Resistivity, Conductivity at 4.2 K and RRR, the residual

é

resistance ratio, RRR= [R34y/ R4 1, as a Function of Diameter For

’ Sodium.
) & ONe day at room temperature. -
Py 2(nano-ohmem) o4 H(nano-ohm cm)-1 RRR
[+ ¥

) 033" ° 323 o.()3i (197

’ 0.40 29.3 0.034 217
0.53 26.5 . 0038 240
 hss 25.1- 0040 - o 253
#0083 195 0081 L 326
& 088 | 19.2 ‘, 0.052 331

. 090 20.2 | 0.050 315°

0.93 20.0 - 0.050 ) Sy
1.48 o 21,1 0 0.048 302
‘ 2.03 15.8 0.063 ‘ 250
| 300 182 . 0.055 ' 205

: ™
N % A
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Table(A4.24)

+

: e

Sample Resistivity, Conductivity at 4.2 K and RRR, the residual

resistance ratio, RRRs[ R300/ Rg2). as a Function of Diameter For
B . . .

. . v S P c
Sodium. | o - |
P e e €0,
1) Set #3 : R *‘?’ '
a) Annealing time = twa days at room temperature. | ) &
: . : oo "V e
. G, ) ~ P4.2(nano-ohmem) 6, ,(nano-ohm cm)-1 RRR
9 e
» 0.33 948 * 0011 65.4
0.36 . ;‘7 - 0.010 59.2
0.40 Y774 0.013 80.1 2
" 053 i 653 0.015 94.9
0.60 519 0.019
0.62 38.5‘: 0.026
0.82 308 . 0032 2011
0.92 28.0 0.360
1.49 303 0.033% 0
2.03 32.4 0031 | %1.5
232 3257 0.031 ©190.8
_ . Lo

2.62 402 Y 0023 1543




\ ',"’w“” |

Table(A4.25)

Sample Resistivity, Conductivity at 4.2 K and RRR, the residual

resistance ratio, RRR=[R;¢/ R4 ,], as a Function of Diameter For

Sodium.

¥

1) Set #4 : The samples were extruded through dies made. of a
#

' “;’ma’hinabl.g ceramic. . oy e

. . o A oo N

a) Annealing time = two days at room temperature. *
ok

d(mm) P4 2(nano-ohmcem) oy »(nano-ohm cm)-1 ‘!{RR .
0.33 101.3 0010 612
040 . 869 0012 713
052 S AN 0014 84.8
0.92 28.2 0036 220.0
4097 28.2 v 0.035 2147
"o Y 55 0.028 " 1748

275 409 0025 151.6

170



< Table(A4.26)
Sahsplc Resistivity, Conductivity at 4.2 K and &R, the residual

resistance mtig, RRR=[R;;,/ R42], as a Function of Diameter For

Sodium. . .

DSe#s: " ¢ » k.

a) Annealing time/= 14 days at room temperature. 7
- L R

d(mm) p4,2(nano-0hm. Qz(nanwohm cn-1 | RRR

, M

0.33 36.2 0.028 171.2

0.36 h 36.3 0.028 170.5

0.40 | 32.4 0.031 1913

0.53 1292 . 0.034 " 2124

0.60 24.9 ., 0.040 2488 -
\_\
0.62 ~ ~t5-6e/ <0.0 398.6

171

0.82 12.4 (mz 501.1
T

L0.92 . - 10.1 . 0.099 . 612.3

1.47 - 117 0.085 529.5

2.03 117 0.085 529.0

2.32 13.5 0.074 459.2

262 11.1 0.090 ' 5563
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Table(A4.27)

..J Ed
Sample Resistivity, Conductivity at 4.2 K and RRR, the residual

: : A ,
resistance ratio, RRR=[R40/ R4 51, as a Functios of Diameter For

Sodium.
r§
Iy Set #4 ¢ The samples were extruded through dies made of a
\
®
machinable ceramic.
(N
@) Anncaling time = 14 days at room tcr11pér§'t9§%:.'
- B _— \
d(mm) Ps.2(nano-ohm cmy ™ 04.3(nano-oh&m)-l . RRR
. . Q )
S ~ . —
0.33 3@‘ 0.026 ©16l6
0.40 : 36.7 ' 0.027 ¢ 169.0
\
052 309 ~ 003 2005
092 10.3 0097 o t013
097 * 103 N 0w7 600.9
2.02 124 « 0.081 498.9
2.75 14.8 " 0.067% . , #4178
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Table(A4.28)
Sample Resistivity at 10 K and [R;,/ Rjol, as a Function of Diameter

For Sodium. -

-

1) Set #37

Annealing time 2 one month at room temperature.

dimm) P o(nano-ohm cm) Ryw/Ryy
0.33 CoLaws 1610
0.36 36 184.7
0.40 30.8 201.5
0.53 : 16.5 374.8

' %
0.60 14.5 / 4273 -
d.62 14.5 428.6 R
0.82 14.6 425.0

L3 [ 4 .
0.92 15.5 400.9
.o/
1.47 16.1 3847 )
2.03 165 M54
) ]

2.32 19.3 321.1

262 20.6 300.2
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Table(A4.29)

Sample Resistivity at 10 K and [R3p¢/ Ryl as a Function of Diameter

1

For Sodium. -
1) Set #4 . '

4 ) =
Annealing time 2 one month at room temperature.

B - J— e R

Cod - ¥
d(mm) P o(nano-bhm cm) Ra/Ry
1
0.33 354 175.3
0.40 248 . 149.7
®
0.52 20.7 ' 299 .8
0.92 ’ 14.6 * 424.9
~
0.97 14.6 4245
2.02 183 4 339.8 -

275 REA T 325.1 TR
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Table(A4. \ /
Sample Resistivity at 15 K andg 1), as a‘l‘Fun\ction of Diameter
For Sodium. '
* y

1) Set #3
Annealing time 2 one month at room temPerature.
d(mm) Py o(nano-ohm cm) Ryw/R s
— ———
?).33 428 1448 ¢
0.36 413 0 1502
0.40 35.4 175.3 R
0.53 20.3 305.0
0.60 21.8 284.7
0.62 . 20.1 304.8
0.82 2187 o 284.5
0.92 21.0 295.1
1.47 243 2549
2.03 ) 25.8 . 240.0
22 s 227.4

2.62 29.6 209.8
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Table(A4.31)
Sample Resistivity at 15 K and [Ryo/ R 5], as a Function of Diameter

For Sodium.

1) Set #4:
Annealing time 2 one month at room temperature.

d(mm) Py sinano ohmcem) Rawy/Ri5 '
0.33 47.5 130.6
0.40 35.4 175.3
0.52 22.4 276.2
0.92 21.7 285.1 .

. N
0.97 218 “284.9 |
2.02 27.4 226.4
275 09, 200.5

. :
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Table(A4.32)
- _— : . &
Sample Resistivity at 20 K and [R5/ Ryg), as zFunctxon of Diameter
For Sodium. '

4

1) Set #3 :

Annealing time 2 one month at room temperature.

dimm)  <p-g(nano-ohm cm) [R3g¢/ Rapl <

0.33 66.6 93.1

0.36 62.1 99.8

0.40 Y413 150.2

0.53 . 428 1449 '

0.60 43.4 142.7

0.62 413 1500

0.82 42.1 147.3

0.92 41.4 149.8 -
147 451 - 137.4 —

2.03 46.6 133.1 /
2.32 42.7 145.1 |

2.62 47.6 130.2
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Table(A4.33)
Sample Resistivity at 20 K and [R3yy/ Ryp), as a Function of Diameter

For Sodium.

1) Set #4 :

Annealing time 2 one month at room temperature.

d(mm) p:’Mnanobhm cm) [R30¢/ Rag]

0.33 638 . 972

0.40 548 1131

0.52 43,6 1423

0.92 - 4‘2.7 145.0

0.97 . 42.8 144.8

2.02 450 137.8 . .

2.75 ] 49 4 125.4
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Table(A4.34)
Sample Ifesistivity at 30 K and [R5y R3¢], as a Function of Diameter

For Sodium.

’

1)Set#3: \

Annealing time 2 one month at room temperature.

d(mm) Pap(nohm cm) [R300/ Rapl

0.33 89.9 ' 68.9
036 90.8 68.3 ' «
040 84.9 73.0 |
- 053 88,3 702

0.60 910 | 68.1

0.62 86.2 \71'.9

0.82 88.8 69.8

0.92 91.1 68.0

1.47 o 90.2 68.7 |
2.03 96.4 64.3 o,
2.32 114.4 54.2

2.62 107.1 57.9



[

Sample Resistivity at 30 K and [R5/ Ry}, as a Function of Diameter

For Sodium.

1) Set #4:

Annealing time 2 one month at room temperature.

Table(A4.35)

d(mm) P3o( n ohm cm) [R300/ Ryg] -
0.33 88.4 70.1
0.40 88.2 70.3
052 91.3 67.9
0.92 88.4 70.1
0.97 90.0 68.9
2.02 100.8 61.5 -
2.75 103.3

60.0

180



Table(A4.36) -

Sample Resistivity at 40 K and [R3yy/ Rygl, as a Function of Diameter

For Sodium.

1) Set #3:

Annealing time 2 one. month at room temperature.

d(mm)’ | P40(10 7 0hm cm) [Rag/ Ryol
0.33 : 2.78 223
0.36 2.64 235
0.40 2.64 . 235
0.53 | 2.82 ' 22.0
0.60 2.81 22.1
0.62 2.69 23.0
0.82 276 : 225
0.92 ' 2.82 220
1.47 2.94 21.1
203 318 195
232 4.00 15.5

2.62 3.54 17.5-

181
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<
Table(A4.37)

Sample Resistivity at 40 K and [R3n9/ Ry4g), as a Function of Diameter

For Sodium. . : ’

1) Set #4 :

Annealing time 2 one month gt room temperature.

d(mm) P1o(10 7ohm ¢m) [Ryg0/ Ryl
"

0.33 277 22.4 )
0.40 ™ 2.76 22.5

0.52 2.69 23.0

0.92 2.82 22.0

0.97 2.81 22.1

2.02 299 20.7

2.75 3.54 17.5

~
. 4



Table(A4.38)
Sample Resistivity at S0 K and [R;/ Rsoj. as a Function of Diameter

For Sodium.

1) Set #3 : -
Annealing time 2 one month at room temperature.

d(mm) Psod10 7ok cm) [Ryo/ Ryl
0.33 3.71 ‘ 16.7
0.36 . 3.46 17.9
0.40 342 . 181
0.53 3.65 17.0
. 0.60 C 376 y 165
0.62 ©o3ss 17.3
0.82 3.54 17.5
092 . 371 16.7
1.47 ; 3.54 17.5
203 . 363 17.1
232 . 4.10 15.5

2.62 3.82 16.2

183



Table(A4.39)

Sample Resistivity at 50 K and [R3q/ Rggl, as a Function of Diameter

For Sodium.

1) Set 44
A

€ month at room temperature.

d(mm) Ps(10 7 0hm ¢m)

3.65
3.63
3.54
3.69
3.69
3.80
3.80

~

IR0/ Ryl

17.0 .

17.1
17.5
16.8
16.8

16.3

16.3

P

184



Sample Resistivity at 60 K and [Ryy/ Regls as a Function of Diameter

For Sodium.

1) Set#3:

Anncaling time 2 one month at room temperature

Table(A4.40)

danm) P10 7 ohm cm)
033 5.63
0.36 5.6
(.40 5..5\\‘ ’
(L)‘53 5.5¥%
0.60) 5.63
0.62 ’ 5.74
(.82 5.63
0.92 5.85
1.47 5.58
203 5.69
2.32 6.02
2.62 /6.08

[Ruod/ Ryl

11.0

10.9

11.0
10.8
11.0

10.6

10.9
10.3

10.2

185



Table(A4.41)

Sample Resisuvity at 60 K and [R;4/ Ry, as a Function of Diameter

/
’

FFor Sodium.

1) Sct #1

Anncaling ime > one month at room temperature,

demomn Deo 10 Tohm cnn [Ry/ R,
(.33 S.649 109
0.40 5.69 10.9
(.52 5.69 109
0.92 S79 107
0.97 579 10.7
202 6.02 10.3

275 ' 6.02 10.3

186
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Table(Ad4.42)
Sample Resistivity at 70 K and [R 0/ Ryg), as a Function of Diameter

For Sodium.

1) Set#3:
Annealing time 2 one rﬂN\xB at room temperature. ‘
N\ )
domm) PO T ohm en iR/ R
.

(33 TS 80

036 747 X3

010 7.56 K2

053 7.56 X2

0.60 785 7.9

062 7.65 81

nyx2 7.56 82

0.92 7.95 7.8

147 747 83

203 ) 785 79

232 7.65 8.1

262 7.85 7.9
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) Tabi‘(A4.43)

» 4

Sample Resistivity at 70 K and [Rqq/ Ry, as a Function of Diameter

-

For Sodium, N
'
1) Set #4
Anncaling time 2 one month at room temperature.
dimny pe 10 T ohm e (R R

0.33 785 70
0.40 771 80
052 7.73 8.0
092 7.74 | 80
0.97 7.73 8.0
20 7,62 8.1 .

to
~J
N
~J
~J
)
>



Sample Resistivity at 77 K and [R i/ R97). as a Function of Diameter

For Sodium

1) Set #3 -

Anncaling time = L4 davs at room temperature

domnm

Table(A4.44)

P10 ohmonn

O.6u
992
10 OO
Y K41
Y.76
992
10 03
10.07
10.2%

10.33

[RUIV R"

6 0

618

620
6 )

6.35

1

189



" Table(A4.45)

Sample Resistivity at 77 K and [Ry09/ R77], as a Function of Diameter

For Sodium.

1) Sée#a f

Annealing time 2 one month at room te;nperaturc.
v ]

d(mm) p77(10-7 ohm cm), [RSOO/ Rq9]
0.33 - 9.98 6.21

.0.40 9.96 6.22
052 - 9.76 6.35
0.92 10.08 615 .
0.97 10.05 6.17
2.02 1029 6.03
2.75 10.32 6.01
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Table(A4,46)
Sample Resistivity at 90 K arfd [R300/ Rgpl, as a Function of Diameter
For Sodium. ! bt

1) Set #3 :

-

Annealing time 2 one month at room temperature.

by -
dmm)  pge(10-7 ohm cm) [Rago/ Roy]
033" 11.70 5.30
036 11.81 5.25 \
0.40 11.69 5.30 J
0.53 11.92 5.20
0.60 11.59 5.35
0.62 11.80 5.25
0.82 11.93 5.20
0.92 11.82 5.25
1.47 11.60 5.35
2.03 11.93 - 5.20
2.32 11.48 5.40

2.62 11.91 5.20
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Table(A4.47)
Sample Resistivity at 90 K and [R 30/ Rgy]. a» a Function of Diameter

For Sodium.

1) Set #4 : ¢

Annealing time > one month at room temperature.

dmm)  pyo(10-7 ohm cm) [Rag0/ Ryl

0.33 A 11.90 5.20

0.40 11.93 5.20
“0.52 11.70 5.30

0.92 11.80 5.25 )

0.97 11.83 5.25 )
2.02 11.68 5.30

.§.75 11.81 5.25
. . :



. Table(A4.48)

Sample Resistivity at 4.2 K as a Function of Diameter for Indium.

1) Set #1 :

No annegling effect has been detected.

d(mm) 4 5(nohm ey,

0.25 4.61 . .
0.33 4.86

0.36 1.66

0.40 1.63

0.45 4.15
" 0.53 0.96

0.61 1.70

0.65 1.01 | ~“~
0.73 3.36

0.82 0.89

0.95 0.84

.2_()() 0.74

0.75* 2.02

0.56* 1.33

0.63* 1.55

*) These samples were measured indevidually.

193



194

Table(A4.49)

Sample Resistivity at 4.2 K as a Function of Diameter for Indipm,

)

(Olsen's(3D) results).

d(mm) A4 2(nohm cm)

0.06 C 316

0.08 263
0.20 1.07
0.30 1.18
0.31 1.24
0.40 136
0.57 072
254 046

2.54 0.50 »
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Table(A4.50)

4

Sample Relative Resistance Change as a Function of Longitudinal

) «
Applied Magnetic Field For Potassium, d= 0.33 mm and T= 4.2 K.

B(KOe) [R(B)-R(0)I/R(0) B(KOe) [R(B)-R(M}/R(0)
1.03 -0.032 ' 20.60 -0.160 .
1.94 -0.087 22.50 -0.143
2.36 -0.109 24.40 -0.115
2.82 0.127 26.30 -0.099
3.28 0.145 - 28.20 -0.082
3.75 0.157 30.00 -0.057
4.22 0171

4.68 -0.181

5.15 -0.189

5.62 -0.199

6.18  _ 0206 , . N RN

6.60 . 0211 o } ~ ";.\.'.

7.03 - 0215 R

7.97 -0.227 - !

8.90 0.227 <‘ e
10.40 -0.237

12.20 -0.235

14.10 -0.219

15.90 -0.198
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Table(A4.51)
Sample Relative Resistance Change as a Function of Longitudinal

Applied Magnetic Field For Potassium, d= 0.36 mm and T=4.2 K.

B(KOe) " [R(B)-R(0)]/R(0) B(KOe) [R(B)-R(0))/R(0)
0.33 -0.006 21.57 0.182
0.51 -0.017 24.37 0.219
0.90 -0.042 2720 0.252
1.20 -0.061 30.02 0.286
1.44 -0.074 =

1.89 -0.094

2.36 -0.108

2.81 -0.115

3.29 -0.118

3.75 -0.118

4.22 -0.115

4.69 -0.108

5.64 -0.098

7.03 -0.074

8.50 -0.042

10.36 -6.006

12.22 0.028

14.09 0.064

16.00 0.098
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Table(A4.52) ‘
Sample Relative Resistance Change as a Functior%ﬁnngitudinal
Applied Magnetic Field For Potassium, d= 0.40 mm and T=4.2 K.

(I

B(KOe) [R(B)-R(0)I/R(0) l B(KOe) [R(B)-R(0)I/R(0)

0.51 -0.006 1689, " 0.040
0.90 -0.018 18.81 0.056
1.18 -0.028 21.59 0.081
1.44 -0.037 24.40 0.101
1,72 -0.050 27.18 0.121
2.16 -0.061 ©30.05 0.140~
2.82 0.072 ”

330 -0.076

3.54 -0.076

3.76 -0.076

4.22 -0.076

4.69 -0.074

5.16 -0.073

5.64 -0.070

6.56 -0.061

7.52 -0.054 N

9.40 -0.034

11.25 -0.014

13.15 0.005

~-_
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Table(A4.53)
Sample Relative Resistance Change as a Function of Longitudinal

Applied Magnetic Field For Potassium, d= 0.52 mm and T=4.2 K.

B(KOe) [R(B)-R(O)/R(0) B(KOe) [R(B)-RO)/R(0)
0.48 -0.006 C27.19 0.131
1.0Q 0012 - 30,02 0.149

1.42 -0.013

1.90 -0.021

2.36 -0.024

2.84 -0.028 J

3.28 -0.030

392 ¢+ 0,030 )

4.72 -0.028

5.63 -0.024 ,
7.51 0.014

9.43 -0.002

11.29 0.010 p

13.14 0.027 °
15.04 0.044

16.89 0.055

18.76 0.072

22.26 0.097

24.40 0.112
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Table(A4.54)
Sample Relative Resistance Change as a Function of Longitudinal

Applied Magnetic Field For Potassium, d= 0.60 mm and T= 4.2 K.

B(KOe) [R(B)-ROI/R(0) B(KOe) [R(B)-R(O)/RO)

\

- [ -~

. 0.51 0004 27.22 0.247
0.94 -0.013 3002 0.270-
1.44 -0.021
1.89 -0.020
2.4] -0.029 )
A J
2.85 -0.029 N
3.30 -0.029
381 -0.026
429 0,026
) 175 -0.017
5.65 -0.008
7.50 0.016
9.40 0.040
11.25 0.070
13.19 0.898
15.00 0.118 .
16.92 0.143
18.77 0.161 )
21.57 0195
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Table(A4.55)

Sample Relative Resistance Change ay , Function of Longitudinal

Applied Magnetic Field For Po!3SSium, dw 1.15 mm and T= 4.2 K.

[R(B)-R(0)]/R(0)

B(KOe)

0.11
0.25
0.51
0.95

145

0.000
0.001
0.00%
0017
0.020
0.024
().()2‘).
0.037
0.046
0.065

0.086

0.108 .

0.150
0.230
0.269

E.

B(KO¢) |R(B)-R(0))/R(0)
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Table(A4.56)
Sample Relative Resistance Change as a Function of Longitudinal
Applied Magneuc Field For Potassium, d= 0.56 mmand T=4.2 K.

Aanealing ume at room temperagure = One day.

B(KOc) [R(B)-R()]/R((h B(KQe) [RIBI-RN])/R(Oy

094 -0.044

L.a8  -0.08N

281 -0.106

375 -0.125
468 -0.133
562 -0.141
7.49  -0.152
9.3% —().1@2

11.27 -0.148
1312 -0.133
18.00 -0.106

24.00  -0.056
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Table(A4.57)
Sample Relative Resistance Change as a Function of Longitudinal
Applied Magnetic Field For Potassium, d= 0.56 mm and T=4.2 K.

Annealing time at room temperature = 11 days.

B(KOc¢) [R(B) RO)}/R(M) B(KQe) [R(B)-R()}/R(0)
047 0033 IRTY 0136 .
0.9.4 0,101 20.71 0106

112 0129 2250 0,089

141 0.165 T 2137 0,068

1.65 0.185 26.25 0048

1.87 -0.204 28.12 0028

236 -0.231 29.98 0.005

281 -0.252

3.29 0.266

375 0.275 \z
4.23 0.282

4.68 0.282

5.62 -0.282

7.50 0.274

9.37 0.252

11.25  -0.225



Table(A4.58)
Sample Relative Resistance Change as a Function of Longitudinal

Applied Magnetic Field For Potassium, d= 0.S6 mmand T= 42 K.

Annealing tme at room temperature = 19 df?

B(KO¢)  [RiBY-ReOy)/R()y

0.2X 00]2
048 007
0.93 0124
1.42 0207
1.87 0213
RRE (1272
282 -0.301
3.2% 0312
3.75 0320
422 032X
4.69 032X
S 18 . -(.32%
5.63 -(0.328
6.56 ().32~
7.50 -0.320
8.45 -0.304
0 38 -0.304

11.27 -00.280

B(KOe)

15 00
16 N7
I8 76
20062

ANRIE

IR(B) Rty 'Rty

(Y 16N

O 1A

Mo

SREIY

0 06N

02

o

203
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~Table(A4.59)
Percentage Resistance Change as a Function of Longitudinal

Applied Magnetig Field For Sodium, d=0.36 mm and T= 42 K.
&

B(KOe) ([R(B)-R(0)] x 100} /R(0)

4.76 -0.041 i
7.15 0124
o
9.40 -0.165
12.19 -0.186
14.08 -0.206
16.41. -0.206 "
18.78 -0.165
21.09 -0.124
2351 A0 *
25.79 . 0.000

28.15 0.083



Table(A4.60)

Percentage Resistance Change as a Function of Longitudinal

Applied Magnetic Field For Sodium, d= 0.52 mm and T=4.2 K.

B(KOe)  {|R(B)-R(0)] x 100} /R(0)

0.000

0.000
-0.153
-0.229
-0.306
-0.459
-0.535
-0.612
-0.575
-0.459
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Percentage Resistance Change as a Function of Longitudinal

Applied Magnetic Field For Sodium, d= 3.00 mm and T= 4.2 K.

=

Table(A4.61)

B(KOe)  {[R(B)-R(0)] x 100} /R(0)
\

0.00 10.000

9.55 1.429

14.09 2.143

18.93 2.857

28.23 3.902"
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~

Table(A4.62)

’

Percentage Resistance Change as a Function of Longitudinal "
' !
Applied Magnetic Field For Sodium, d=0.33 mm and T= 4.2 K.

3

B(KOe) ({[R(B) Rih]x 100} /R(0)

0.00 0.000 /\

1.58 -0.06”
3.82 0132
5.65 -0.26%
7.53 -0.402
9.40 -0.536
1125 © 0,603
13.14 -0.737 | )
14.99 -0.804
16.89 -0.804
22.56 -0.804
25.32 0.737
28.15 -0.603
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Table(A4.63)
Percentage Resistance Change as a Function of Longitudinal

Applied Magnetic Field For Sodium, d= 0.65 mm and T= 4.2 K.

B(KOe) {[R(B)-R(0)] x 100} /R(0)

0.00 0:000

1.93 -0.271
4.67 -0.542
9.10 -0.620
15.06 -0.542
23.55 -0.271

28.14 -0.136
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Table(A4.64)
Percentage Resistance Change as a Function of Longitudinal

Applied Magnetic Field For Sodium, d= 3.00 mm and T=4.2K,) .

4
T w

B(KQOe) {[R(B)-R(D)] x 100} /R(0)

0.00 0.000
6.66 1.364
© 14.96 2.272
22.1 3.560
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Table(A4.65)
Sample Resistance as a Function of Longitudinal Applied Magnetic .
Field For Indium, d= 0.36 mm and T= 4.2 K.

B(KOe) R(B)[ 108 Ohm] B(KOe)  R(B)[ 10# Ohm]
0.0018 860 ' 0.3569 1420. '
0.0487 870. 0.3644 1470.
0.0749 880. - 0.3766 1560.
0.0946 890. 0.3860 1620.
0.1124 900. - 0.3944 1690.

0.1311 910. 0.4029 1750.

0.1414 920. 0.4085 - 1790.
0.1602 930. 0.4132 1820.

0.1799 940. 0.4216 1880.
0.2061 970. 0.4357 1940.

0.2258 1000. 0.4413 2010.
0.2436 1030, 0.4497 2070.

0.2670 1080. 0.4628 2190,
0.2876 1130. 04694  2260.
0.3017 1180. 0.4797 2420.

0.3270 1280. 0.4863 2530,

0.3382 : 1330/‘\ 0.4975 2810.

0.3476 1370. 0.5059 3120.



Table(A4.65)( Continued )
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Sample Resistance as a Function of Lc\mgirudinal Applied Magnetic

Field For Indium, d=0.36 mm and T= 4.2 K.

B(KOe) . ~ R(B)[ 10-8 Ohm]

B(KOe) R(B)[ 108 Ohm]

0.5162 3680. 0.9416 6340.
0.5247 4140, 1.4064 6450.
0.5340 . 4700. 1.8824 6520.
0.5462 5110, 2.3987 6570.
0.5537 5300. 2.8737 6630.
0.5640 5460. 3.7470 6850.
0.5771 5580. 4.6878 7370.
0.5828 5610. 5.1984 7470.
0.5931 5660. 5.6435 7480.
0.6090 5720. 6.5889 7490.
0.6296 5800. 8.4498 7520.
0.6474 5880. 11.2618 7530
0.6643 5990. 15.0088 7560.
G h060. 18.8168 7590.
0" 10. 22.6688 7620, "
0. ). 26.2519 7650.
0.5 Po.

0.800‘ 6240.

0.8451 6280.
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«\{n 0 10-% 1 10% 100 10
10 0-925 0-933 | 0-946 0-963 0-979 0-98¢8
5 0853 | o869 (0893 | 0-928 6‘0’? 0-979
2 0-678 0-693 | 0-748 0-826 0-899 0-947
1 0-489 0-504 | 0-555 0-8674 0-805 0-806
0-5 0-318 0-324 | 0-340 0-440 0-635 0-7909
0-2 0-158 — 0-1863 0-186 0-295 0-549
01 0-0873 — 0-0899 | 0-0960 | 0-1266 0-272
0-0510-0464 | _— | — | 00482 |0.0556 | 0-0968
0-02 { 0-0192 —_— — — 0-:0201 0-0281
0-01 { 0-00976] _ | — — — 0-0109 |

100 100 10t
0-0948 | 09975 | 0-0988
09806 | 0-9950 | 0-9977
0-9741 0-0876 0-99
0-948¢4 | 09753 | 0-9884
0-8984 0-9509 0-9768
0758 0-8801 0-9425
0:56586 0-7691 0-8872
0-272 0-5746 0-7821
0-0612 0-1992 0-5140
0-:0200 0-0598 0-228

Table(1.4.1) :

(o/ ©¢) for different values of k and 1, after Chambers(17).
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The above discussion was for the diffuse scattering case, i. €., P=0. For
Pz (), equation (1.4.1) has to be replaced by a slightly more complicath one as :
A=Al 1-(1-P)esdA |/ [ |- pPeber ] (1.4.9)
where ab and be are defined by Fig.(1.4.2). In this case equation (1.4.5) will take

the form :

o . )
o/ op= 1 - (3/47S) JdS fo" d0fy" dB sin® cosiO [[(1-P) e s},
/"‘-» {1-Peboiyy (1.4.10)

Now, from Fig.(1.4.1), the projections ot ab and bc on the (x. v) plane are
WV RgsinB and ( y; + )R, sinB respectively. So the actual distances ab and be are
given by y|R, and ( y; + y;)R, respectively'®. Replacing P by P(8) and

substituting for ab and be, equation (1.4.10) will read16) -

o/cy =1-(32na?) fo“rdrjoz" dpfo" dO sin® cos?6 [{(1-P()) ¢ VIM}/

{I_P(e)e»(\N*\\lz)/W}]‘ (1.4.11)

where 1 is defined as before. To carry out the integration on the right hand side of

equation (1.4.11), @ne has to express y, and y, in terms of R, r, 8 and ¢ and
perform the integration numerically. Details of such a calculation are described by
Golledge et al(1®) who did it for P=0 and confirmed the results of Chambers(17).

Also they considered the two cases of P= P(), given by equation (1.1.1), and P

A)
Al

«- N
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independent of 6, with 0 S P < 1, to extend Chambers calculations. To their
surprise, Golledge et al() found an almost total lack of distinguishability between
these two cases for the longitudinal magnetoresistance of a cylindrical wire unlike

the situation for all other surface-modified transport properties they considered.



L.5) Qther Models : \

In 1958, Olsen3)) measured the electrical resistivity of fine indium wires in
the temperature range between 1.5 and 4.2 K. He analyzed his data according to

the following gcncrz;] expression :

plc, T, d) = pylc) + p,(T.=) + Ac, T, d), (1.5.1)
where ¢ is the concentration of physical defects and chemical impurities.d is the
sample diameter, py(c) is the residual resistivity, p,(T,eo) is the bulk resistivity and
Afc, T, d) is a deviation from Matthiessen's Rule (DMR), mentioned before. He
1oupd that his results gave size-dependent DMR which were several times larger
than those predicted by Dingle(22). In order to explain that, Olsen pointed out that
one has to take into account the effect of small angle scattering of conduction
electrons by phonons at low temperatures. Although these processes make a
negligible contribution to the resistivity in a bulk metal, they may cause the
electrons to strike the surface of thin specimens where diffuse scattering may take
place’ In this process the phonons will create more temperature depemdent
resistivity in thin samples than they do in thick ones.

In 1960, Luthi and Wyder(32) made a Monte Carlo calculation of the motion
of free-electrons in a fine wire to test Olsen's model. With this technique they
were able to reproduce the form of Olsen's experimental results and concluded that

this model was correct. Also Blatt and Satz(®3) carried out theoretical calculations

26



based on the same model. For A_ >> a they obtained the following expression for
the temperature dependent part of the surface scattering contribution to the sample
resistivity :

Ap(dT)=p(dTh - p(d) - Ap(T)

S AT Ap D at, . - (1.5.2)
where a=d/2, B is a fituing parameter to be determined from expenimental results
and Ap.(T) = pT) - ptO s the temperature dependent part of. the bulk
resistivity. For a given temperature this expression gives the same thickness

dependence as equation (1.3.21 ) obtained by Sambles et al'!™

v
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2.1)'] he Cryostat :

To measure the temperature dependence of the samples electrical resistivity
) ;\'e used the cryostat s};o;vp in Fig.(2.1.1). This cryostat has been described by
White and Woods(34-35)"ahd in more detaiis by Adler36), Rogers®3”) and Seth(3’3_‘39)j.
It was modified and réwired for the purpose of the prcsefn work. In this cryostat
the-specimens and the thermometers were enclosed in a copper vessel C1, 11 in.
long and 2.5 in. m diameter. This vessel and the pumping chamber P.C. were
entirely surrounded By a shield S kept,at the same temperature as the’ vessel C1.
These were mounted by thin-walled stainless steel tubes in a copper vacuum
enclosure C2, 17 in. long and 3.5 in. jn diameter. This provided thei‘mal isolation
of thc.spccimen chamber C1 from the refrigerant bath. Helium exchange gas at a |
pressure of a few torrs in C1 was used to keep the samples and thcnnometers at
the same temperatﬁre. The electrical leads were brought in through the pumping
tube P1 and then thermally anchored to the copper post t so as to minimize the heat
conduction to the inner chamber. A radiation trap cpnsisting of blackened copper
wool between two loose fitting of styrofoam was inscrte(.i at A in the pumping -

tube P1. The specimen chamber was cooled below the temperature of the bath by



\

pumping through P2 over the refrigerant which could be let into the pumping

L

chamber P.C. through a needle valve V.

- For magnetoresistance measurements a simpler cryostat was used which has
been descrijby Ali0)_ A different insert was designed to suit the purpose of the
present wdl® see Fig.(2.1.2). In this cryostat the sample can was in direct

contact with the refrigerant liquid. A superconducting solenoid, of 8 in. in length

-

- \

and 2 in. inner diameter, was used to producé magnetic fields up to 30 KG at
liquid helium temperature. The sample can was dfsigned to slip-fit into that

solenoid to achieve the longitudinal magnetoresistance geometry.

29



. Figure (2.1.1) : The Cryostat Used For

The Electrical Resistivity Measurements

P,P,,P; Pumping tubes.

\Y Needle valve.

v.p. Vapor pressure li.nc.

0 Orifice.

P.C. Pumping chamber.

l Post for thermal anchoring of the leads.
P Post for mounting the sample can.

Cy, G, Inner and outer vessels.
§ Shield,
S.C. Sample can.

T Thermometers.

30




LD _, . O.D .
o
ah

. ¥

Fig.(2.1.2) : Simple cryostat used for magnetoresistance measurements.
S : is a superconducting solenoid.
'1.D., O.D. : inner and outer dewar respectively.

-

S.C. : Sample can.
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2.2)_Sample Holders :

)

In the present work, three similar sample holders have been designed and
used, one for ea'c‘h metal to avoid any possible contamination. FiJg.(2.2.l) shows a
schematic diagram for 6ne of these holders which was made of a teflon cylinder.
Twelve grooves, each greater in.width than the diumctér of the corresponding
specimgn, were machined lengthwise into the periphery of that cylinder. Copper
contacts were presged into holes near the ends of.the grooves to facilitate making
four-terminal measurement connections. Holes were drilled in these contacts at
right angles to the grooves and copper wires were soldered into them. the
specimen holder was mounted on the inside of one end of a brass can sealed with
an indium o-ring coated with grease. For potassium and sodium sample holders,
the electrical leads were soldered to oxford connectors sealed through the top of
the can, but for the indium sample holder these leads were run through a vacuum
tube connected to the lid. This tube facilitated pumping air out of the sample can

and replacing it by helium exchange gas.
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Fig.(2.2.1): The Sample Holder, Designed to Accommodate 12 Samplg

With®our Contacts Each.



2.3)_Sample Preparations :

2.3.1) Potassium and Sodium Samples Preparation :

Samples were prepared from pure potassium ( purity 99.9% supplied by
MSA Research Corporation) or sodium (purity 99.95% supplied by CERAC
Inc.). In order to overcome the problem of oxidation, a dry box with helium
atmosphere was used in which all necessary tools were placed. A mixture of
helium and 5% hydrogen was circulated through a furnace containing a catalyst to
remove oxygen and then through a dryer to clean up the helium z:tmosphere. A
naked-filament light bulb was illuminated for at least 30 minutes in the dry box to
test this oxygen-free atmosphere. Also a piece of potassium or sodium was|
scratched and left for a similar period of time to see if there was any possible
ch'ange in surface color. After all of these precaoutions, samples were extruded in a
wire form using a hydraulic press with' dies of different hole diameters. The
diameters used for the present work were between 0.33 and 3 mm. The samples
were melted to the copper contacts in the specimen holder after "tinning" the
contacts with the same metal, potassium or sodium. The electrical continuity was
then tested. The sample holder was sealed in a brass can by using an indium o-
ring. A sheet of "Kapton" insulation was used around the inner surface of that can
to prevent any accidental contact to the samples. The sample can wgs taken out of

the dry box and leak-tested at room temperature then mounted in one of the

cryostats for measurements.
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2.3.2)_Indium Samples Preparation :

Indium samples were extruded in the ambient atmosphere by using a
hydraulic press with dies of different diameters similar to those used for the
preparation of the polasslium and sodium samples. All samples were made out of
the same ingot of pure indium ( purity 99.999 % supplied by A.D.Mackay Inc.).
The treatment and mounting of the indium specimens beyond this point did not

differ significantly from that of the potassium and sodium specimens.



2.4)_Experimental Arrangement :

During the present work two differént experimental arran'gements were
used; namely, an automatic data acquisition system and a current comparator
bridge system. These two set ups are described in fair details in the following two

sections.

2.4.1)_ Automatic Data Acquisition System :

This system has been developed by the author using an IBM personal
computer as a controller, see Fig.(2.4.1). An interface card made by "TECMAR"
Inc. employing the standard IEEE488 bus protocol was‘installed to enable two-
way communications between the computer and different devices. A digital nano-

voltmeter, Keithley model #181, was used to measure the voltage drop on the
AN

sample with a measured precesion of £10 nano-volts. A constant current source,

Lake Shore model #120, was used to suﬂply sample currents which were stable
and accurate within 0.1% of the current value. A simple circuit was constructed by
the author to enable the computer to switch the sample current back and forth
automatically in order to cancel out any possible thermal E&. in the sample
circuit; see appendix (1) for details. Another more complicated switching circunt,
which was designed and constructed to meet the IEEE488 standard ( see appendix

(2)) was used to control different equipment by computer, e.g. a voltage ramp
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' DMM s.C

_—
IEEE488 Bus To Other Instruments

DD P

Fig.(2.4.1) : The computer system constructed and usg\td during the present work.
C : IBM-PC Computer.
D.nV.: Digital nano-Voltmeter.
D.M.M.: Digital Multi Meter.
S.C. : Switching Circuit.
I.S. : Sample cunen£ Switch.
" P Printér.

D.D. : Disk Drive. -



generator, heaters, ... etc. The thermometer resistance wz;s measured by a digital
multimeter, Keithley model #i97, using four-terminal configuration with an
resolution of 103 Ohm. The system was programmed to collect data every 0.2 K
for 3002 T 220 K and every 0.1 K for T<20 K. The raw data was stored on a
diskette for later analysis. The program algorithm is shown in Fig.(2.4.2) and the

actual list 1s in appendix (3).

2.4.2) Current Comparator Svstem

PEEES
y

In this system the sample resistance was measured manually by a current
comparator bridge, Guildline model'#992(). A photocell galvanometer amplificr,
Guildline type 5214 /9460, was used as a null detector with a Guildline type 9461

galvanometer. This arrangement guveﬁ‘{nsilivity of £3 nano-volts. The basic
\
circuit*™ is shown in Fig.(2.4.3). The sam}ﬂe was connected as one arm to the

bridge by four wires. The snple current was supplied by a Built-in adjustable

a

current source. When the bridge is balanced (i.e. G reads zero) the voltage drop

across‘R; 1s equal to that across R&"w ere R 1s a standard resistance and R, is the

sample resistance. This means thdt :
ISRS = IX RX. ’

ie. (1/1)=(R, /R,). (2.4.1)
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) Print error
1 Initialize All if error>
and stop
Select All Clear
2 If error> 0 L o
and Remote
3 Program the It errors N
nano-voltemeter
Read Ther-Resis.
4 if error> >
. and get Temp.
If Not | If Temp.change
< If error> SEEE——
5 > DT.
Read sample Vol.
6 If error> >
and Get Temp.
Reverse Ix and
7 If error> SEE——
Repeat #6
Calculate Average
———] If error> SEE———

Rx and T Then store

Fig.(2.4.2) : The Algorithm of The Computer Program Written and Used

for Automatic Data Acquisition.
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Fig.(2.4.3) : The Basic Circuit for The Current Comparator System.
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The ratio of ( 1/ 1, ) was directly determined fromy the scyﬂr Gial( ‘goi'i'.thc
comparator. The sample resistance was determined by balancimﬁ ;hé bnd;e while
the sample current was switched back and forth several tir‘m&‘i'(') eliminate the
effect of possible thermal EM F. The standard resistanee used in this work was
0.1 ohm kept at ambicnt temperature tn an otl bath to minimize any possible

thermal fluctuations.
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2.5) Temperature Control and Measurement :

For the cryostat described in Fig.(2.1.1), samples were brnght to the
refrigerant, hitrogen_or helium, boiling point by introducin ghelium exchanée gas
in the outer can C2. Temperatures below those of the coolant bath were obtained
by pumping on the liquid in the pumping chamber, P.C., with the outer vessel

ur fer vacuum’( =10-¢:orr ). The pressure in P.C. was controlled and maintained

at a steady value by pumping through a manostat. Temperatures above those of the

rfrigerant bath were obtained by evacuating the P.C. and passing an electric

curr>nt through a carbon resistor (1000 ohm, 0.5 watt) mounted-in a copper sleeve

-

soldered to the top of the specimen chamber. An additional heat"e‘r could be used if
the power was not sufficient to achie\//e the desiren temperature. This. heater was
an 8 watt 1500 ohm wire-wound re51stor whxch was mounteg on a copper rod
soldered to the top of the specimen chamber: The temperature was measured by

using an N.B.S. calibrated germamum thermometer for2 < T < 20 K and by an,

S

o
N.R.C. calibrated platinum resistan¢e thermometer for 20 T < 300 K. Another

>
platinum thermometer was cahbrated agamst the N.R.C. calibrated-one and used

.

for some mreasurernents during this work. The resolution of temperaturs
R

measurements was i-20mK~i for the platinum-thermometers aqaiZ’mK for the
.
germampm thermometer. Each thermometer was 1nserted it well drilled in a

small copper block which could be attaehed to the sample can. Silicon grease was
ST :
used to improve thermal con)tact betweeq the wells and thermometers.

L

““.
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As mentioned before, thbe four;tcrrninal resistance of the platinum thermometers
was measured directly by a digital multimeter, Keithley model #197, with an
resolution of +10-3 ohm. The resistance of the germanium thermometer was
measured by passing a 10 A constant current through the thermorfeter and
measuring the voltage drop across it with a digital nlicro;voltn eter. The
thermometer resistance was converted to the corresponding temperature using a

computer subroutine. The system was also programmed to switch thermometers at

T = 20 K automatically.

For the simple cryostat shown in Fig.(2.1.2), the sample can was in direct
contact with the refrigerant bath. This provided a very gable temperature over a
sufficient period of time required foggsothermal measurements of size effects on
the sample resistance with and without magnetic fields. Temperatures below the
coolant bath was achieved by reducing the pressure over thit bath and
temperatures values was measured by using the appropriate thermometer. The
temperﬁture wés controlled and maintained at a steady value by purhping through a

manostat that maintained the pressure at a pre-determined value.
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2.6)_A Typical Run :

After a set of twelve samples was prepared, the sample can was attached to
the insert designed for the simple cryostat, cryostat I1. The can was then fitted into
the superconducting solenoid for the longitudinal magnetoresistance geometry.
The samples were kept at room temperature for a period of time between 10 and
24 hours before measurements were carried out. The sample resistivity was then
measured as a function of sample diameter at three different temperatures; namely
room templerature, liquid nitrogen and liquid helium boiling points. At 4.2 K the

magnetic field was switched on and the resistance of each sample was measured as

6

a function of the applied magnetic field B. This field wsgelé 'TIed by varying the

magnet current using an automatic voltage ramp ge
was better that 1% across each sample. A co , f with an algoril}‘m],
similar to that shown in Fig.(2i4.2), was use Nt f“ﬁ;;m automatically. The
measurements for some sumpnles were repeated ﬁsi‘ng the current comparator
system and good agreemeﬁt.. was found between the two results within
experimental errors( 10-7 ohm). The samples were warmed up to room
temperature where they were kept for about two weeks or so before the same

measurements were repeated for different annealing conditions. ‘

\

After about one month of annealing time at ambient temperature, the

electrical resistivity of each sample was measured as a function of temperature.
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A computer program, with the algorithnt described in Fig.(2.4.2), was used for
data acquisitions while temperature was allowed to vary slowly with an average
rate of one degree/ 10 minutes. The data were collected during, both\’éooling and

heating and no thermal hysteresis were found within the experimental errors. The

L3
raw data for each sample were collected in a separate computer file for later
g
analysis.
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CHAPTER NI y
R LTS AND DI ION
i
3.1)_General : -
The IOL&I electrical resistivity of a metal ¢an be generally written asGD -
Proc (dieT) = pylc) + py(T,e0) + A, T.d), ~ (3.1.1)

where ¢ is the concentration of physical defects and chemical impurities,d is the
~ sample diameter, po(c) is the residual resistivity at absolute zero, p](;lféo) 1s the
temperature- dc\fpendent bulk resistivity of an ideally pure sample and A(c,T,d) are
deviations frgm "Matthiessen's Rule” (MR), mentioned before. There are different
mechanisms that could produce deviations from MR. These mechanisms are
discussed in detail in the comprehensive review article by Bass® and in a more
recent o\n@ published by Cimberle et al®D. The residual resistivity is due to
scattering of the conduction electrons by static lattice defects such as impurities,
vacancies, dislocations and strains in the metal lattice, while the ideal resistivity is
caused by intrinsic scattering mechanisms of the bulk material such as electron-
phonon and electron- electron scattering. So p;(T,ee) can be written as®2):

Pi(T.o0) = Pee(T) + pp(T), (3.1.2)
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where p.(T) is the electron-electron scatterin g term and p.,(T) is the term due to
electron-phonon scattering. The electron-electron interaction part, p..(T), can be
written as :

Pee(T) = A T2, (3.1.3)
where A is a coefficient giving the nﬁgnitude of p,. and T is the absolute
temperature. The electron-phonon imcruc‘lion resistivity can be approﬁimulcd by

,
the Gruneisen-Bloch relationt) :

Pep(T) =1 C/ (M O] (T/ 65 OOR'T 27 dZ/ [(e?-1)(1-¢ 7)), " (3149
where C is a constant. M is the atomic weight; T is the temperiture in Kelvin, 6
is a characteristic temperature of the metal, 83~ 6 the Debye temperature and
Z=R 0/ KT, w is the phonon frequency. Fortemperatures lower than about (.16,

=~

this relaton reduces to -

Pep(T) = 1244 (C/ N [ T5/ 648]. . (3.1.5)
On the other hand for T 2 B it gives: v
Pep(T) =(C/4M) [ T/ 82, (3.1.6)

The Gruneisén-Bloch relation was derived for a free-electron-like metal with a
spherical Fermi surface and Debye phonon spectrufn, neglecting the effect of
possible Umklapp processes. The published experimental results do not
agree(42.44.45) in detail with equation (3.1.4), but in general it gives a good

approximation at low and high temperatures.
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3.2)_Analysis of Results :

In the present work the size effect on the electrical resistivity has been
measured for three different metals; namely potassiufn, sodium and indium. The
resistivity data for each metal were calculated from resistance measurements by
using the equation : | .

p(T,d)= F R(T.d), (3.2.1)

where F is a geomgtrical factor which depends on the shape of the specimen. For 4

R . “w . . . ‘
‘smught unifornt. Wire of length L between the potential contacts and of cross-

sectional area A, F= A/ L. It is common to use the room temperature values for A
and L to calculate F, but since F has the dimensions of length it is temperature-
dependent. In order to correct for the variations of F with temperature, one has to
multiply the right hand side of equation (3.2.1) by a factor related to the expansion
coefficient3946) a(T), as :

Peorected(Tod)= [1- a(T)] F(293) R(T,d), (3.2.2)
where :

a(T)={ L(293)- L(T))/ L(293). (3.2.3)
Expansion coefficients for different solids are tabulated by Corruccini and

<

Gniewek7), This correction is usually small; for example a(T= 6 K) = 0.014 for
*
sodium and a(T= 10 K) = 0.007 for indium.
The measurements error for p, 8p, can be estimated as follows:

Sincep=(V/I)(A/L), . . 629
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where V is the measured voltage drop across the sample and I is the sample
current. So one can write: ) s .
ap/p=(8,V/V)+(51/1)+(8A//A)+c"5L/L). 623
The measured value of ( 8l/1 ) is 0.001 and for ( 8A/ A ) is 0.002. The largest
contribution to (dp/p) comes from ( 8V/ V ), which has a measured value between
0.01 and 0.05, and ( 8L/ L. ), which has a measured value of < 0.02. At low
temperatures there 1s an additional spurce of error due to the sample annealing

condition, which aftects the residual resistivity (po). This error has a random

nature and hard 1o estmate.

49



A

3.3)_Presentation of The Results ;

A

On the following pages the results are presented, graghically, for the
electrical conductivity or R(300)/ R(T) at different temperature values as function
of sample diameter and the ratio [ R(4.2, H) - R(4.2,0) ] /R(4.2, 0) as function
of the external applied magnetic field parallel to lh;’ wire axis. The actual data are
tabulated in appendix(4). A number of samples were prepared at one time, as
described in chapter II, and refer'd to as a set with a set number. For purposes of
clarity, the temperature at which the data were collected and the sample set number
as well as the annealing time aroom temperature are listed for each data table. ‘The

results are organized in the following order :

1Y H = 0 measurements :
A) For potassium.
B) For sodium.

C) For indium.

2) H # 0 measurements :
A) For potassium. .

B) For sodium.

T~ /.

C) For indiux}l.
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Fig(3.l.a):

The Electrical Conductivity Versus Diameter For

Potassiumat 4.2 K, Set # 1. The annealing time’

at room gemperature 1s indicated on each curve.
NN
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Figed. 2y

RRR Versus Diameser For Potassium ab 4.2 K

) -8
CSet# 24 E&vdASet # 3 (x, 0).Theannealing

tme at room temperature is indicated on each curve.

55

- &

™.



RRR

3000

2000

1000

R

14 days
™~
30 hours

Diameter (mm)

56



Fig(3.3) :

a

[ R(300)/ R(T) ] Versus Diameter For Potassium at T= 10

and 15K, Set #2 (@ Yand Set# 3 (x ) . The annealing

time at room temperature > one month.
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Fig(3.4) . [ R(300)/ R(T) | Versus Diameter For Potassium at T= 20
and 30 K, Set#2 (@ )and Set #3 (x ). The anhealing .

time at room temperature > one month.
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fal
Fig(3.5) : [ R(300)/ R(T) | Versus Diameter For Potassium at T= 40
and SOK, Set#2 (= )and Set # 3 (x ). The annealing

time at room temperature 2 one month.
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Fig(3.0): [ R(300)/ R(T) | Versus Diameter For Potassiumat T=77 /-

K, Set# 1, Set # 2 and Set # 3 The anncaling time at ‘

-

room temperature 2 one month.,
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Fie3.7)

The Electricat Conductivity Versus Diameter For

Sodiumat 3.2 K. Set# 1 and Set # 2.
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Frg3s . RRR Versus Diameter For Sodium ;VJ.'(LV

CSet# 1 and Set # 2.
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Fig(3.9) :

"

RRR Versus Diameter For Sodium at 42 K
.Set# 3(@.m)and Set #4 ( +, x). The anncaling

time at room temperature 1s indicated on each curve.
L4
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and T=15k, Set #%(@) zdﬂd Set#4 (x).The annealing‘ &

time at room temperature > one month,
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~Fig(3.11) :

R(300)/ R(T) Versus Diameter For Sodium at T=20
and T=30k, Set # 3 (@) and Set # 4 ( x ).The annealing

time at room temperature > one month.
;
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Fig(3.12);

@ | R
"R(300)/ R(T) Versus Diameter For Sodium at T=40
and T=50k, Set # 3 (@) and Set # 4 (x ).The annealing

time at room temperature > one month.
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Fig(3.13) :
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Fig(3.14):  R300y Q(T) Versus Diameter For Sodium at T=77 =*

and T=90 k, Set # 37 @ ).and Set # 4 ( x ) The annealing
I ...
time at room temperature > one month.
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Fig(3.15) 1 R(300)/ R(T) Versus Diampeger For Sodium at

T=77,Sct#2.
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Fig(3.16) :  The Electrical Resistivity Versus Diameter

For Indium at 4.2 l\ (@, x ) The Present

Work and ( 0) Olsen’s Results.



~

d
Resistivity (noh

141

4

mcm)

(ww) JdPRWEI]




Fig(3.17) :

’

Dp [ Dp = p(d)-p(3 mm)] Versus (d/ 2)23, d is

The Sample Diameter in mm, For Sodium at 4.2 K.
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Fig(3.18):  p(d) Versus (1/d), d is The Sample Di‘i@etér in mm

\.
, For Potassium at 4.2 K. Annealing time at room

temperature is as indicated.
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Fig(3.19) :

p(d) Versus (1/d), d is The Sample Diameter in mm

, For Sodium at 4.2 K.
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Fig(3.20) :  p(d) Versus (1/d), d is The Sample Diameter in mm

L 4

, For Indium at 4.2 K, (@. x ) The Present Work and

(o) Olsen's Results.
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Fig3.21) :

Magnetoresistance For Difterent Diameter Wires

of Potassium at 4.2 K. The Diameter Values are

h

as Indicated on Each Curve.
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Fi1g(3.22) 0 Low Field Magmﬁutrcq\‘(;mcc For Different Diameter
Wires of Potassium at 4.2 K. The Diameter Values are

as Indicated on Each Curve.
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Fig(3.23) . Effectof Annealing at Room Temperature on
LY

The Magnetoresistance of Potassium at 4.2 K.
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Fig(3.24) :  Magnetoresistance of a Thin Potassium Wire
Extruded Through a Die Made of a Machinable
;Ceramic.
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Fig(3.25) : Magnet@resistance For Different Diameter wires
of Sodium at 4.2 K, Set # 1. The Diameter Values

Are as Indicated.
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Fig(3.26) : Magmetoresistance For Different Diameter wires

of Sodium at.4.2 K, Set # 2. The Diameter Values

Are as Indicated.
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Fig(3.27):  Magnetoresistance For an Indium wire, d=0.36 mm

at4.2 K.
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Fige3.28) 0 Magnetoresistance For an Indium wire, d=0.75 mm

at4.2 K, An X-Y Plotter Output.
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Fig3.29)0 (p p_) Versus (d/ 2Ry) For a Thin Potassium Wire,

d=033mm. at 42 K.
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Fig(3;30) : (p/p_)-Versus (d/ 2Rp) For a Thin Sodiu

d=0.33 ;m, at 4.2 K.
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3.4) DI ION OF

.

Fig.(3.lé) shows the electrical conductivity (c) at T=4.1 K for potassium

wire versus diameter (d) which shows a fast increase with "d" reaching a
conductivity maximum at 1.47 mm after which o decreases slowly as d increases
further. During the time the specimens were held at room temperature, prior to
cooling for these measurements, annealing occurred which reduced the residual
resistivity p, (cg=1/p increased). Two sets of measurements are shown in fig
- (3.1) carried out after different annealing times..Not only is p, smaller for the
longer annealing time but also the observed size effect is stronger. This long term
decrease in p, was observed before for one sample by Rowlands, devur)j and
Woods™®) and also by Van Kempen et al#®) in contrast to Gughn's®9) observations
which showed that simple physical defects annealed in a few\minutes even much
below room temperature. In order to rule out any possible error in measuring the
geometry factor, F, defined as p=FR, we have plotted the residual resistivity ratio
. RRR, defined as R(300)/R(4.1) versus diameter in Fig.(3.1b) which shows
. essentially the same behavior as 6(4.1) versus d .The RRR is often ysed as an
indication of sample purity but fr_om fig(3.1b) and fig (3.2), one can see that RRR,
is also a function of the sample diameter and thermal history. The results of

RR(T), defined as RR= R(300)/ R(T),. versus ‘the sample diameter for T= 10, 15,



20, 30, 40, 50, and 77 K are shown in figures (3.3) to (3.6). From these results
one can see the following :

1) The conductivity maximum observed at helium temperature shifts
towards smaller diameter values as the temperature is increased and
disapbears at T2 20 K.

2) The RR(T), or G, became independent of the sample diameter for T= 50

K.

3) The over all effect became smaller as the temperature was increased.

Similar measurements have been carried out for - »dium wires which gave
very similar results. These results are summarized in figures (3.7) to (3.15) in
which one can see that for T=4.2 K, the conductivity maximum occurred at d= 0.9
mm as opposed to d= 1.5 mm for potassium. That maximum disappeared at T= 30
K while the observed decrease of RR(T) w‘ith diameter for d2 0.9 mm perswisted
up to higher temperatures, but eventually vanished at T= 90 K. To our surprise,
the observed effect for sodium was not washed ‘out by the structure transformation
at T= 40 K which was classified by Barrett®9 as a. martensitic type. This
transformation can lead to a hysteresis in the electrical resistivity as function of
temperature in pure metals and alloys®!-53) | In order to minimize any possible
effect due to such a transformation for sodium one has to collect all data in only

one direction, either increasing or decreasing the sample temperature; for the

present work data were collected while the specimens were being warmed.



“The results for indium at T= 4.2 K are summarized in Fig.(3.16), which
shows a completely different behavior than those for potassium and sodium. The
clcctric’al‘ resistivity oscillated as a function of the sample diameter \with equally-
spaced peaks while the oscillation amplitude decreased with increasing diameter.
The measurements were repeated after very long annealing times at room

temperature but no change in the results was observed. This indicates that, for

indium, any physical defects introduced due to sample extrusion were annealed

115

out in a short time at ambient temperature. This property for metallic indium

enabled us to obtain more data points, more than 12 points, by preparing more

samples with the intermediate diameter values after analysis of the results for the

first set. It also enabled us to compare our results with Olsen's3!) data, as
indicated on Fig.(3.16). Olsen noticed the resistivity fluctuations for indium
samples of different diam- -5 at 4.2 K but he just tabulated his results without
any further investigations. . ucse results are listed in appendix(4),table (A4.49 ).
In applying their calculations to the experimental results, Sambles et al(!5) did not
consider Olsen's data because of the data scattering is large. According to the
present work one can see that this scattering is not due to just exp.erimcmal error
but rather due to some effect related to the sample size. This effect is easy to
overlook because of the fact that the RRR is very often used as a measure of the
sample purity, as mentioned .before. Having that in mined, most of times an

experimentalist may discard any sample with a poor residual resistivity ratio,
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RRR. Also the absence of a theoretical prediction of such behavior may _

discourage one to belive any oscillation of p as function of d he might see.

Now, according to Sambiles et al(!3) theory, discussed in chapter I, one can
write the size dependent electrical resistivity for a simple metal as:

P = po.+ & (P Ad), | (3.4.1)
where p,, and A, are the bulk resistivity and mean free path respectively and
o=0.75 for diffuse scattering and d>A.., . On the other }}and for délw.and for
fairly smooth surfaces p(d) can be written as:

p(d) = p. (1 +ok27), (3.4.2)
where k=d/A_.This equation is similar to that predicted by Blatt and Satz2D in
1960.

According to our results for potassium, p(3.2 mm)= 9.1 nQQ cm at 4.1 K
after one day annealing at room temperature which corresponds to a resistive mean
free path A_=mv;/p ne2=0.024 mm, where the values for m,v¢ and n were taken
from- Ref.(54). After two weeks of annealing time p(3.2 mm)=3.03 nQ2 cm which
corresponds to A_=0.074 mm. This will put our results for both curves in
fig(3.1a) in the limit of equation (3.4.1). Even if we use the data from p(1.47
mm), A,=0.053 and 0.139 mm for the above two annealing conditions

respectively, the results are still in the limit of equation (3.4.1). In order to show

that equation (3.4.2) does not apply to the present results, we plotted (p-p..)



(N - ) -U.z)

{\ L4
versus (d/2)-23 as shown in Fig.(3.17) which'does not give the straight line

predicted by the equation. According to equation (3.4.1), if we plot p(d) versus
1/d we should get a s&aight line of positive slope, a p.A.., and y-intercept of p...
Fig(3.18) shows that relation which indicates that the theory might explain the
observed resu'lts at 4.2 K for d<1.47 mm but the measurement for p(d>1.47) are
in total disagreement with the theory aside from the fact that it has a linear trend
but with a negative slope. Similar relationships for the/ sodium results, shown in
Fig.(3.19) , revealed that equation (3.4.1) may’cxplain the observed size effect for
d< 0.9 mm but not for d>' 0.9 mm. In Fig.(3.20) we have pl.otted the resistivity of
indium wires versus 1/d. They fall into three sets of data points, each of which can
be fitted to a straight line. This straight line feature is in good agreement with
equation (3.4.1) but now the question is: Why should there be more than one line
fo.r the same material 7. This question can not be answered by Sambles et al(15)
theory which was designed for free electron systems with spherical fermi

surfaces.

In a recent paper, Van Der Mass and Huguenin(5%) have reported a similar

study on a cadmium single crystal. The sample thickness, d, was reduced by

chemical polishing from 1 to 0.04 mm. They found a minimum in (p ~ p_) as
function of the residual resistivity, p, , when d~ the mean free path and offered no
explanation for that feature. They concluded that their results are in qualitative

agreements with the size effect theories by Sambles et al( 15. 56),
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To our khowledge there is no theory which predicts a decrease of the
sample.conduclivity as diameter increases other than "weak localization”
theories(57-59) designed for three dimensional disordered metallic systems. These
theories require a sample resistivity ~10° higher than the resistivity of our samples
and it hardly seems appropriate to apply them for our results at least at this stage

where there is no theoretical calculations for a pure metal limit.

Recently, Rzchowski et al(®Y) have found an indication of a high mobility
surface layer onopper and alun”]inum surfaces at low temperatures in their study
of the microwave surface conductivity of these two metals. This work w;;s
stimulated by the earlier measurement done by Witteborn et al (61.62) and Lockhart
et al (63) who were measuring the effect of gravity on a free-falling electron through
vertical metallic tubes. They found evidence for a shielding electron layer on the
surface of a copper tube they used at low temperatures. As a trial to explain our
observations of the decrease of the electrical conductivity as the sample diameter
increased, one may use Rzchowski et al results as follows:

Assume that there is a surface layer which has a higher conductivity than the bulk
material of thickness t << a, where a is the wire radius. The apparent resistance of
the sample will be the result o* inted resistances Rp aﬁd Rg, the bulk

material and the surface layer resis: ely. In this case , one can write:

1/RApp = I/RB'*’ 1/RS
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or:

Gapp = Gp + G, (3.4.3)
where G is the conductance; G= 1/ R\ Now, since G= 6A/ L, where A is the
cross-sectional area and L is the distance between the potential leads, we may
writ€ (3.4.3) as:

Gapp = 0g [m(a-1)/ L] + 65 [2rat/ L) (3.4.4)
where a is the wire radius and t is the surface layer thickness. For t= 0, equation
(3.4.4) will become: _

Gapp=Gio=0p [m a2/ L] (3.4.5}
From (3.4.4) and (3.4.5), we can write:

[ Gapp(T)/ Gieo I = [ (a-02/a2 | + (0s/0Op ) (2t /a) - (3.4.9)
Neglecting terms of (1/a)2 , one can writé (345 as:

[ Gapp(T)/ Gzo 1 = 1- [ 2t/a ] + (os/ og ) (2t/a)

=1 +[(05/GB)-1](2t/a)
=1+4[(cs/op)-1](t/d) (3.4.5)
This will give a 1/ d dependence of [ Gapp(T) G~y J. but this dependence will
vanish if og=ogort =().‘
\

From these arguments one cap see that at a fixed temperature t/he apparent
conductance of the sample is proportional to 1/ d. This dependence will be
measurable till 4 [ (os/ o ) ;1 ] (t/d) << 1 where Gapp(T) ~ G—(T). Now,

since by definition G= 1/ R, therefore :
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[ Gapp(TV Gi=o(T)] = [ Rio(T)/ Rapp(T) ]
= [ Ruuo(T)/ R(300) | [ R(300)/ Rapp(T) |
= A(T) [ R(300)/ RapptT) I,
where A(T) =[ Ri=o(T)/ R(300) ] isa characteristic of the bulk material. This may
explain the observed decrease of the ratio [ R(300)/ Rapp(T) | as the sample
diameter is increased for both potassium and sodium as shown in figures (3.1)

o (3.15).

It might be interesting to note thuf dpa T = constant, where d,,,.¢ 18 the
diameter value at which [ RE300)/ Rapp, (1) | is maximum at a given temperature T.
This constant ~ 6 mm K for potassium and ~ 4 mm K for sodium. Also :

| dinax (potwssium)/ dayay Godium)| r - 1.5

~ | Bpisodium) / B (pnl.u.\lum)lT~0K .
where 8 1s the Debye temperature. This may indicate that d;, 1s related to some

characteristic length of the phonon syvstems in the two metals. .

-



121

\
Longitudinal magnetoresistance results for potassium are summarized in

fig(3.21) which shows a negative dR/dH for sample diameters less than 1.15 mm
at low fields but for higher fields dR/dH changes sign and becomes almost
constant. In fig(3.22) we have plotted the low field magnetoresistance which
shows that the negative magnetoresistance becomes stronger as the sample
diameter gets smaller this agrees qualitatively with Chambers(1 and Golledge et
al!®) theory. We have studied the effect of annealing at room temperature on the
low field magnetoresistance at 4 K. The results are summarized in fig (3.23)
which indicate that the negative magnetoresistanc® effect becomes stronger as the
annealing time incrgases f;)r the same sample. This agrees with the previous result
because of the folfowing : .
1.\r‘om figures (3.1) and (3.2), we have seen that the effective mean free path
increases with annealing, since O increases, so K=d/A effectively decreases for
fixed d.

2. From fig(3.22) we have seen that the negative dR/dH becomes larger for
smaller diameter (i.e. for small K).

From (1) and (2), one would expect that the negative dR/dH would be larger for

longer annealing time for a given sample as in fig (3.23).

In order to rule out the effect of any possible magnetic impurities due

sample extrusion through stainless steel dies, we have prepared some samples by
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extruding them through dies made of a machinable ceramic, as mentioned before,
and repealed the same measurements. The results, shown in Fig.(3.24), are found
to be\he same which indicates that the observed negative dR/dH are due the

sample size and not due 1o impurities, such as tiny amounts of iron.

.

-

The measurements of the longitudinal magnetoresistance for sodium
showed very similar teatures as those for potassium; see figures (3.25) to (3.26 ).
The only difference one may notice is that the values of dR/dH  for sodium are
about one order of magnitude smaller than those for potassium. This can be
attributed to the difference in the bulk mean free pathst 230 for the two metals as
indicated by the difference in RRR discussed before. A similar negative dR/dH -
wias seen by White and Woods(® for (.35 mm diameter sodium wire caste in ¥
glass tubc}beir result agrees very well with the observed results of this study. ,

~  Forindium, the results are quite different as indicated in figures (3.27) and
(3.28). The sample resistance shows a sudden rise for magnetic fields ~ 300 to
600 Oe giving a large percentage change, ~ 800%, then tends to saturate for higher
fields. This large change in the sample resistance can be attributed to the bulk
property of indium since it is known(65) that it becomes a compensated metal ( i.e.
N. =Ny, where N, and N;, are the electron and hole concentration respectively )
for applied magnetic fields ~ 200 to 400 Oe(®®), This condition of N, =N, gives

rise to the so-called " Static Skin Effect " intro@uced by Azbel(67-70) who predicts



123

just that kind of behavior. Since the discussion of such a theory s beyond the
theme of the present work, we may leave it as this point, where we have
considered some more investigations and the détail discussion will be published

later. -

According to existent theories, as mentioned in chapter I, the longitudinal
magnetoresistance for bulk simple metals should be zero!7.2%27) however linear
11?;1gr1ct()rg‘§‘#stancc has been observed for bulk alkali metals for the last four
decades®: 71 74 and 1n the present work as illustrated in the above-mentioned
figures tor large diameter or high magnetic fields. On the other hand a negative .
dR/dH was predicted for samples with diameters of the same order of magnitude
as the bulk mean free path. Tf’lc theoretical calculation done by Chambeﬁs‘ % for
diffuse surfuce scattering and those done by Golledge et al!®) for more general
cases are discussed in detail in chapter I of thysfhesis. Since the theory does nc;l\
yield an analytical expression, a graphical comparison such s in Fig.(l@.l‘)/
serves our purposes effectively. Since the theory was devised for a zero bulk
magnetoresistance, one would expect best agreement with theory will be for those
samples with large size effect in which case the bulk contribution will be least.
According to the present study this occurs for well annealed samples of smaller

ediameters. In calculating the Larmor radius Ry one obtains for potassium:

Ry=mvi/e H = 0.06/H , ‘



where Ry is in mm and H is in KOe. Therefore d/2Ry= dH/0.12= 2.8 H for
d=0.33 mm. Fig (3.29) shows an example of such graphs for a potassium sample
of diameter 0.33 mm after subtracting a linear term for bulk contribution. The
figure shows a qualitative agreement between experimental results and theory but
quantitatively p/p, was supposed to reach a value of unity when d/2R =10, where
according to Fig (3.29) p/p~2.3 at this value. When d/2R = 30, p/p saturates at
the value of 2.1 Fig.( 3.30 ) shows a simnier graph for sodium wire with d= (.33
mm which indicates that the theory can explain the observed results only

qualitatively. The rauo p/p =~ 3.59 at d/2Ry;= 10 and satrated at the value of
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357 when d/2Ry~ 45 This agrees very well with the cometusion by Chambery' 17

. who measured the longitudinal magnetoresistance tor a thin sodiam wire and
Jcould notfind quantitative agreement between his measurements and his theory
: e . ,
He attributed that to the simple model he used in the theory which deals with the
. - ' r ' . . .
conduction electrons as non-interacung classical particles and neglects the possible
eftects due to non-zero interaction between these electrons and to their quantum

mechanical nature.
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3.5)_Summary and Conclusion :

-
L]

From the present study one may make the following concluding remarks:
£ Q

' ( For pure potassium and sodium p{g1, H=0) is much affected by the sample'

slize as well as the anhealiqg condition.

2. The RRR, v{hich is often used as a measure of sample purity is also affected by
the sample dimensions as well as the thermal history.

3. The Behavior of p(4.1) as a function of the diameter can be explained at least

ualitatively b}; Sambles et al theory(1) for d<1.47 mm ( potassium) and d<0.90

mm ( sodium) but not for larger diameters. For indium the theory does not explain -

why the resistivity should oscillate wit'h the sample diameter although a straight
line can be drawn thr‘oughl; the .maxima or the minima on a graph of p(d) >< 1/d.
The theory predicts a straight line for p(d) as function of 1/d.
4. The results of p(d) for 13rgé diameters and high temperatures may be interpreted
in ‘terms of a high conductivity surface layer at temperatures well below room
temperature, as discussed in sectibn (3.4).‘
5. The hcgative longitudirial magnetoresistance for potassium and sodium at low
fields can be ez(plajned qualitatively by Chambers(17) and Golledge et al(1®) theory
but at high fields or large diameters, where non-zero bulk magnetoresist;ance is

observed, the results remain unexplained by the theory.
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6. The pesitive longitudinal magnetoresistance for bulk indium is so large that it

may screen the negative term predicted byr Chambers(17) and Golledge et al(16)
theory due to the sample size effect.

Finally, we hope that the present study has brought us one step further
towards a better understanding of the transport propenies&of simple metals, which

might be essential to understand the n. complicated systems.



