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ly varied helical fluxlines: at the surface of the cylinder migrate

(or from) the sample, oausing a change in the axial magnetic flux
hN

\

threading the sample. The experiments described\here investigate those

' )

flux changes at the quantum level for various magnetic histories of the

The experimental arrangements used in exploring these small

flux cpanges are’ also described in considerable detail

Although these experiments apparently did not detect a single flux

quantum. they did verify known magnetic properties ‘at the quantum level

and an unusual magnetic regime was investigated.
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*I. INTRODUCTION TO THE MAGNETIC PROPERTIES

- OF T¥PE II SUPERCONDUCTORS

A, . Introduction

A brief acquaintance with.the magnetic propenties of type.II Super-
conductors ssrvesétwo purposes.' First, it putshthe goal and approach
of this research 1n_theﬁlight.gf historical context, Second. it permits
a.qualitstive appreciation of mogeis which attempt to explain certain
observed phenomena-reported here, 7

| This chapter will concentrate on properties which are relevant to

the_understanding and interpretation of the experimental work described

in subsequent chapters. In all cases. emphasis will be placed on the

-cyllndrical geometry and applied magnetic fields along the axis of the

cyllnder to facilate relating theory to these experiments. No attempt.-

.'1s' made to describe or apply the detailed microscopic'theory to the treat-

ment of-prOperties of tjpe II superconductors Indeed, such an applioation

‘of microscopio theory to predict observed phenomena has only been success-

ful for very special cases of geometry and magnetic field arrangq;eﬁts

-(1,2,3 ) due to formidable theoretical obstaoles.' Rather, the phenom-
. Vo L4

enological approach of Ginzburg—Landau is adopted which, together with

the equations of londen and Maxwell, give good insight into the physical
processes assoc%gted with type 11 superconductors. Certain models of those
physical'processes which attempt to predict microscopic observations are

also briefly described to complete (the theoretical foundation.
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f One of the principal observed features of a type II superconductor is

B. Magnetic Behaviour '

Jdts magnetization curve, a typical example of which is shown®in Flgure 1.
When a magnetid field, Hy, is applied to a superconducting-sample and its
magnetization. Mz. is measured (by means of pick-up coils or a SQUID mag—
netometer to be discussed later) along the same directicn,i%gg critical

-

fields, Hc| and ch , may be defined.- In the regime below Hc' , the mag-

netization curve is linear of'unify slope or, in cgs units,
- ‘ ~bmlz = ﬁz- |
~ If we compare this equation with the relationship
B = H+bnll, :
it is evident that B = 0, i.e., perfect'diamegnetism, exists within the
sample for Hz < He{ This condition is true regardless of the previous
history of the sample.' For instance, if the sample were cooled through its
'superconducting transition temperature in the presence of any field H< Hc '
all magnetic flux threading the sample would be expelled at transition. The
observed magnetization would abruptly chanée from zero at’'T > T, to a point
on ‘the linear magnetization curve at T g Te. ‘
" Another feature of the magnetization curve is its change in slope

when H; = He As the applied field is increased past Hg . magnetic flux

| §
begins to penetrate the superconductor, glving rise to a Bz(x) profile

.
LI

within the sample and the so-called "mixed state"”. Various critical state
models have been devised to relate these flux gradients to certain forces

acting within the sample in an effort to explain observed effects, It

!

should be remembered thai those flux gradients are inaccessible to measure-
- o
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Fig. 1 Ideal or ‘revgrsib]:e (solid line) and non-ideal or irreversible
(dashed line) magnetization curve of a type II superconductor.
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;ment; thé.phenomena.diréctly observable are the bulk magﬁeéization as
described here and the electric current denéitylthrough voltage probes

‘on the surface of the sample, _

 As the applied field is increaée&. more flux penetrates‘the sémple-
until Hy = He,, at which point flux threads the eﬁtire sample and the bulk
becbmes completely normal, Héwe?er. superconductivity may persist in a
thin surface sheath until a higher critica; field. H°3' re;ulting in a
small }ail on the magnetization curve, In some situations the surface of
the sample may also have a significant influence on its magnetié behgviour
at applied fields below HC;'

X ‘Another-feature evident from an analysis of the magnetization curve

is the sample's hysteretic behaviour. In an "ideal” type II superconductor

the magnetic behaviour is completely reversible, that is, when the applied

field is reducéd or cycled in the regime 0 <« Hz < Hc;; the magnetizatibn

curve is retraced upon itself. With a non-ideal or ifreve&sible type 11

(such as examined %ﬁ the experiments reported here) the curve is not re-

" traced and the magnefization is no longer only a function of applied field
but also of the samplé's magnetic history. As illustrated in Figure 1, an
irreversible sample cycled pgck to zero épplied field will have a net re-
sidual magnetization, even though it may have begun the cycle wiih no mag-
netization. The mechanics and implications of irreversible behaviour is a
large component of the remainder of this chapter.

It should be noted in passing that cycling in the regime 0 < Hgz « Hc‘

;gs completely reversible even in non—idéa%‘superconductors, provided Hc‘ has
not been exceeded. This, howevér. is of no interest for an understanding of

experiments described later.



C. The Mixed State and Flux Vortices

The magnetization curve shows thatlmagnetic flux obviously penetrates
the interior of a type i1 superconductor in an applied field H, between He
and He o But how does’ this penetration occur? Lond?n (4)‘showed in 1935
that the boundary between super;oqducting and normal regions is not infinitely -
sharp, -but rather hagnetic'flux.at the surface, B(0), of a sample decays ex-
ponentially with distance, x, into ﬁhe sample as

| 5(x) = B(0)exp(-x/2)
where ) defines a characteristic penetration depth, typically of the order -
of 10-6cm. Such .a small penetration depth, however, has a negligibly small
~effect on the -magnetization curve, Ieading early workers to search for othef
mechanisés of fiux penetration,

Pipﬁard (5) in 1953 introduced the concepf of‘a coherence length, f
‘which defined the way in which two interpenetrating électronic fluids, each
of a different degree of order, are related, He reasoned.that at a super-
conducting-normal boundary, the order, and hence the &ensity of “superelec-
trons” (ng), was not discontinuous.lbut exponentially varies with a charac-
teristic length §, typically of the ordef of 10‘4cm for a pure supercondu?}or
(reduced ip the presence of impurities).

Abrikosov (6) deduced that energy considerations due to the magnetic )flux
contribution (penetration depth, )) and the electron ordering contribution (co-
herence length, § ) have a prime role to play in explaining macroscopic flux
pengtration in the mixed state, Figure 2 illustrates the energy-related im-
plications. He reasoned that if f< 145; a2 negative surface energy results at

the normal-superconducting boundaiy. The samplé therefore finds it energet-



R . -"'\l _A - /_-,__-.--—— —— - - - '. ' . .'l . °
_-Magnetic S s i ‘
‘flux dansitx_b) - o o Number of superelectrons

Lo
>
- -x ’ (

Pénetr&tipn depth A and coherence length ¥ . 8t superconducting-
- normal boundatry.

. Free

A : ' ' L
SIETEY f but
density Magnetic coniri uliqn‘
3 4HP
Bn > X -
$ MoHe?
. .¢\;;_______ S Eleotron-ordering contrlbution
Contributions to free energy.
Free
energy
density -
+ .
3 X
€n

Total free -energy (sum of both contributionéj

Fig, 2 Negative'surface energy in a.type 11 superconductor.



ically favéurahle to divide into small superconducting regions intersperSed
with normal regions. producing a filamentary structure, as shown in Figure 3.
He further reasoned that in this filamentary picture. magnetic flux can

. indeed penetrate into the bulk of a type II superconductor in the form of
quantized flux filaments, or vortices. Each vortex consists of a’ normal

¢

core surrounded by circulating currents enclosing one quantum of flux,
&5 hc/2e =2 x 10-7 Gauss-t:m2~ . |

Rocher and . Renard (?) however, have raised the theoretical possibility b
that, in.certain instances, seueral-quanta flux lines may .be more stable.
Experimental evidence'for the existence of flux vortices may now be‘con—_-
sideredlconclusive (8, 9; 10,'11). |

The movement of these vortices give riseuio the nagnetic properties of
'type.II_superconductors. and that.moyemenu Hill be explored'briefly in a.
subsequeng section. Suffice it to saytfor now that vortices will move due
to ihe action of various forces, including that due io,their mutual re-
pulsion, thermal gradients. transport currents, local magnetic field and
'"pinning' (which immobilizes vortices due to certain impurities and imper-

fections). Pinning also is apparently the cause of magnetic 1rreversibility,

discussed in more detail in the following section.

D. Magnetic Irreversibility and Flux Flow

Ifreversible magnetic behaviour is attributed to the fact that the
normal cores which thread the superconductor in the mixed state are in-
fluenced by local energy minima near imperfections in the sample, the

vortex therefore finds its energetically favourable to remain in the
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Filamentary structure of a type II superconductor in an applied
magnetic field Ha > He . Also shopn is the variation of the number

of superelectrons, ng, with distance,Xx, and the variation of mag-
netic flux density, B, with x. '
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" each vortex is

-t

© viecinity of the 1npe;fection.‘being constrained from moving freely under

the influence of Lorentsz

‘ and.other forces, until a sufficiently, strong force exceeds the "pinriing"

force. Thus, when an axial magnetic field surrounding a type II supercon-

~ductor is increased to a field He, < Hy < ch and then lowered,‘there.is

a hysteresis since some flux is trapped in the sample

Suppose such an irreversible cylindrical euperconductor of cross—
sectional area A is placed in an ax1a1 magnetic field B, and carrles a

current 1. Due to the induced azimuthal field at the surface Bg o

resulting from the current flow, the resultant field (vector sum) in
the superconductor will be directed at some angle 9{r) to the curfent‘dir—

rection,where 9 is a function of fadial distance from the axis.  If the

average current density J = i/A, the Lorentz force per unit length of

- v
Py, = JB(x)sing(r)/n

where n = number of vortices per unit area.

If the current density J produces a Lorentz force F1, less than the

average pinning force per unit length of core, Fp, the core lattice will

be stable,

Not every core, of course, is directly pinned to an 1mperfection in

the material, The interaction between vortices is sufficient, however,

@

to stabilize the _whole lattice if only relatively few cores are pinned, It

1s therefore appropriate to talk of the average pinning force per core,

since it is that quantity which may be comoared to the Lorentz force (which

works on every core).

Pinned vortices may be set in motion when FL > Fp., The tfansport cur-

by pinning of'vortices."
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rent is therefore doing work on the cores, wﬁich are moving through the

sample and being opposed by a viscous force, Since their motion is impeded,

a voltage drop is noted along the sample, giving rise to the "flux “flow"

state. This flow resistivity has been observed when the transport current \

exceeds a certain critical current in the experiments reported in a 1ater
chapter, and samplé magnetization was also monitored-in this regime. It
was previously'found (12) and verified here t£a£ tﬁo glearly distinguish-
able regiﬁes can exist.r One regime shows magnetically ifreversiﬁle be-
haviour and np potential différence along the sample while the other dis-
plays 2 flux fléw .resistance but the magnetic moment is a reversible func-
tion of applied current and field. .

.In summary, when a magnetically reversible type II superconductor is
placed in'a uniform magnetic field, an Abrikosov fluxline lattice of uni—
form density ‘is estéblishedlin the bulk, If a transport current parallel
to the field is applied,.a Lorentz force free (12, 13, 14 ) flux and cur-
rent structure 1is esiablished;that is, the local current depsity J and
field B are parallel everywhere,

When an irreversible superconductor is plgced in a uniform field, a
'non~uniforé fluxline laitice is established, The distribution of flux
depends on the magnetic history of the sample and the nature of the pinning
céntres. Models, such as the Bean - London critical.state model have been
used to approximate the flux distribution and therefore predict the mag-

netic behaviour of the sample.



‘may be expressed as

=11~

E, Flux pinning . ' ' L

It has been observed that the pinning,force Fp increases iniﬁially as ihe
intérnal magnetic field B is increaeed. somefimes stated as FpXa{T)B". - |
The pinniné_depepdence on B is probably due to the fact that the.number of
vortices increase with B and it is mainly the inﬁeration of vortex cores |
with the pinning sites that causes the vortex lattice to be pinned It,

should be noted that the pinning force depends on the total magnetic field

B = JE*?;b B”2 ' since this quantity determines the vortex core density. -
The Lorentz force, however, depende én B, , the component of B perpen-.
dicular to the eleetric current. Thus, the critical state equation FL = Fp
JeBy = an(BLZ + BHZ)n/Z'

Therefore, ior n >0, jo may be. increased by increasing the component
of magne?ic fiell parallel to the current, B, It follows that the critial
current deneity'may be eneanced in t&pe I1 sﬁperconductors in the presence-
of‘an axial magnetic field. This prediction is experimentally Yerified in
a subseque&t.bhapter. | '

The critical state coneept (i.e., Fp = Eé) implies that a maximum
flux gradient may exist in ehe bulk, determined by the mutual repuleion of
vortices and the strength of the pinning. If the applied external field
is adgusted the internal flux gradient may temporarily exceed the max-
imum value, but a redlstribution of vortex cores occurs on a relatively
short tinpe ecale. That is, a flux wavefront propagates throegh Fhe bulk

with a characteristic 'magnetic diffusivity”. Pinning prevents a homo-

geneous distribution of vortices in these irreversible samples., Flux
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creep (18) may occur.in some samples, increasing the time scale for vortex
redistribution. ~Thus, the criticel state is usually defined only for cases
of negligible flux creep

Flux jumps may also cccur, thai 1s, 'a macroscopic flux change caused

by the sudden movement of many vortices. Since each pinned vortex will be

.:"~immobilized until an applied force causes its movement, "the vortex may be

released from its pinning site and suddenly move to a distant site Due
to the veitex“interactions, an entire section of the flux lattice may‘sud—
denly shift, causinélen-appafent discontinuity in the observed magneti-
zation. Since flux movement causes local heating. a laxge flux Jump may

induce sufficient heating that the sample may be driven normalu‘ These

catastrophic flux jumps have been studied by several workers (16. 17).

F. Surface layer effects . : -

-

Although the critieal current of a type II superconductor falis fapidly
as the applied field exceeds Hc,, some samplés can nevertheless‘carry a
small resistanceless current (experimentally reported in a later chapter) to
a higher field, Hey. The value of"Hc3 depends on the angle whieh the

applied field makes with the surface, reaching a maximum for an applied par-

"allel fleld, when Hey = 1.7 He,.

A theoretical explanation was advanced by St, James and De Gennes (18),
who showed that superconductivity can exlst close to the surface ( a few
Q
hundred - A deep) even when the bulk has been driven normal. It has since

been shown that such a surface sheath exists for all fields 0 < H < Hct
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and may play an important part in determining magnetic and critical current

behaviour of type I superconductors.

A

G. TResponse.to transport current in a longitudinal field
a. Critical current dependence on a longitudinal_field

A well known observed phenomenon in a type’ II cylindrical sample in a
longitudinal magnetic field is the increase in the critiecal transport cur-
rent due to the axial magnetic induction Bz. This phenomenon is easily
understood by the critical state concept, which requires that the total
Ilorentz force. FL, on a vortex be equal to its pinning force, Fp (in
the critiecal steady state, in the absence of flux flow) The "outward”
force on a vortex, Fr(o), considered to be a consequence of the axial
flux and resulting in a paramagnetic azimuthel current, Jy, can be written:

F.(0) = JyB;.
. The "inward" force on a vortex, F(i), considered to be a consequence of
the transport‘current density, J;, and generating an azimuthal magnetic
induction.‘Bg, can be written: .

Fr(i) = JzBp - o
The net Lorentz force is less than or equal to the ﬁinning force in the

steady state, or

|FLle) - (1) |« |y



c=1h-

c

It is onvious that for a constant pinning force density, FL(i) may be
greater when FL(o) is greater, Therefore, the magnetic field |
causes an increase in the critical Jz allowed before the pinning force is
exceeded and flux flow occurs.
Another contribution to the observed increase 1in the critical cur- .
- rent density in the presence of an axial magnetic field is the pinning
force dependence on the total field Since initially Dkan ’ Bz
results in a higher F and hence a higher critical Jg is allowed. {n
the presence of higher fields, however, the pinning force decreases as
- Fp & (1 - (B/Bg,)?), becoming nil at B z B, This contribution to
| the increase‘inrthe'cfitical current density is therefore only impor-
" tant ﬁhén B« éca ;i as B approaches Be, , the critieal Jz is reduced

due to the reduced pinning. . e
b, Current flow and-megnetic moment of a sample in a longitudinal field

When a transport current is applied to a sample in a longitudinal
field, a complex structure of helical fluxlines is established, resulting
from the interaction ef the local maénetic field within the superconductor -
based on its magnetic history.lthe induced locai field from the_transport
current, and the three-dimensional pinning foree dependence on the mag-
nitude and direetien of the local field. It has, in fact, been exper-
imentally establlshed that helical fluxlines result even in the case of

axial current flow in no applied field (20).
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' Magnetization of a sample carrying a treneport current in an axial :
field ‘hds been studied (21) and found to cycle between paramagnetic and
diamagnetic as the current was impressed and removed A simple model was
advanced (21) which requires that the transport current and induced currents

1

flow in helical. paths and that i) the net critical lorentz force density

]

is constant in the sample and directed inward, and ii) the existing flux
configuratio; is preserved oonsistent Wwith the.chahge in the applied cui-:
rent.’ _ |

Walmsley .(14)_hae studied‘the magnetization of sampies‘ae a transport
current is-varied in a constant axial field, the results of which of which
are shown in Rigure 4, . Both the'diamagnetic'and paramagnetic reéiﬁes ere
shownj 1in 2ll cases, an increase in the transport cerrent results in a
_ decrease.in diamagnetisnm oi_an'increase in paramagnetism, _ -

An interesting phenomenon reported b&‘walesley (14) and also in-

vestigated by Nicholson and Slk:§; (22) is the reﬁ?rsible flux flow re-
sistive state as the current reaches a eritical ‘value,. also shown in

Figure 4., This regime was also investigated in the experiments described

in section 4 of this thesis.
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II. SQUIDS: THEORY AND APPLICATION

A. Introduction

SQUIDs (Superconduction GUantum Interference Devices) are magnetic
flux sensors which exploit the concept of £lux quantization and the effect
predicted by Josephson (23) to provide extremé magnetic sensitivity (to |
the level of a fraction of a flu¥ quantum)53643e§cellent noise performanée.
In fact the sensitivity is only limited by the noise either within the
SQUID its electroniecs, or the external world; ;nd these will be discussed
in more detail below, ~

Several types of SQUIDs have been developéd ana each may be paiticu-
larly suited for a variety of applications. There are both single and
double junction SQUIDs, the‘junction of which may comprise one of a num-
bér of weak link configurations. Iﬁ addition, the SQUID may be operated
in either the RF or dc mode. The observed characteristics of the SQUID
is therefore a function of both its weak link(s) and operational mode.

This chapter will be concerned with the theory and application of
the specific;SQUID used in the experiments described later, that is, a
symmetrical single-point-contact RF SQUID. Moreover, tﬁe application of
determining a small change in magnetization of a c;lindrical sample will
be stressed, including_the use ‘of a flux transformer to coup;e an extefnal

flux change to a flux change within the SQUID,



&,. Flux quantization

- =1B-

B. ' Theory

The concept of magnetic flux quantization plays an important part

“in understanding the principle of operation of the SQUID since the heart

of the 3QUID,. a ring containing a Josephson Junction weak link, permits

-only an integral number of flux quanta to thread the ring. It is there- -

fore appropriate to briefly discuss flux quantization and the Josephson
effect (in its application to thg RF SQUID) prior Fo any discussion of
the - application of'the SQUID to magnet%zation heasu;ement;.
Londdn_ (24) first p;é‘oposed that magnetic flux linking a superconductof
/

Has-quantized in an integral number of “flux qugnta“. or §,.. He reasoned

that a macroscopic wavefunction for the superelectrons,¢!. may be charact-

‘erized by a-phase factor, 8, and written

W= expig
i where §=P* 1
C.‘- . ‘ ,i
and P = momentum of superelectrons

1
Now, assume that a current is applied to the superconductor in the presence

of a magnetic. field Then,

P I m*v + e¥A

where m* = effective mass

v

= veloeity of superelectrons
e* = effective charge of superelectrons
B A = magnetic vector potential.



Of course,

= jype*

<
'

where - J = Supercurrent density
P = density of superelectrons (pairs)_
The phase difference around any closed path within-the superconduétor is
due to‘the phase contributions of both the supercurrent and the vector

potential, such that _
¢d9 = % éf » Al e éK - 41
T e R A

Since ¢ is a single—ifalued wavefunction, the phase change A@ around any

q

closed path must be

$ag = 2
where n = any integer,

Therefore,

m* éf- dl +{A - aT = 2nrh
per

a*
Since the left hand side of this equation is obviously a constant and in
units of magnetic flux, the term “fluxoid" or Tlux quantun’was applied to

wie
the lowest quantum level (n = 1) of magnetic flux threading any closed path

'in a superconductor. London computed the value of $oto be 4 x 1077 G - cm2,

but subsequent experimental observations (25, 26)'yielded a value only one-
half as large. We now understand that Cooper pairs carry‘a charge of twice

that of normal electrons, so that e* = 2e.

—)
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b. The Joeephson effect

Much has been written on the ac end dc'Josephson effects anu its .
numerous applicapions. The intentibn in this section is not to quantita-
tiVely derive relevant’ equations from first principles, but to qualita—
tively describe the characteristics of a Josephson Junction required for
an understanding of a SQUID. J | -

A Jeeephson junction is merely a euperconducting "weak link" such
that a phase difference of the macroscopic wavefunction may exlst across
the link., If the Junction is part of a superconducting ring and a current,

i, is induced in the ring in ‘the presence. of a magnetic field, the circula-

ting currenti is a sinuscidal function‘of|the'phase difference; or

- : i = 1xsinas.

where ic = critical current of Jjunction.

As developed above, Ag depends on the magnetic flux threading each side of
the junction-and this is of pfime concern in the RF SQUID.

If the Current'through the junction (and hence its phase difference) is

~ varying with tiEé\ a dc voltage. V, appears across the junction, such that

2eV = A,
T

" This can be considered a quantum of energf—transfer (free of dissipation)

across the junction, where the energy quantum hy = ZeV.

We can also equate an.additional current term due to this induced vol-
t{age and the resistance of the junction, R, to v/R. Of course, V = L$
where L 1s the inductance of the ring and $is the change in flux threading
the ring. In practlce,

| b <« 1,
R
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P

thus thirs current term 1s usuaﬂly not important Rather. the Junction acts

‘as a 1ossless shorted turn in the ring except when A9 = ny, at which'point

- a transition occurs. l.e., the Junction is non-conducting and the ring

changes its quantum state. Only then is an additional flux quantum allcwed-

to thread the ring. :. o -

¢. . The .RF SQUID

Figure 5 illustrates the symmetrical single—point—contact RF 3QUID. The
entire structure is machined from niobium, and the point contact is a pointed
niobium screw. This device has extreme temperature stability and is rela-

tively insensitive to external fields. It is only sensitive to differential

'fields, which shift the trapped flux from one hole to another, 1In effect,

‘ , *

this symmetrical two~hole SQUID functions as a ring with a single Josephson
Flux 1s,ccupled to the holes of the SQUID through two coils; an. in-

put coil couples external flux threading a sample to one side of the

Junction, while an RF coil is used to interrogate the quantum state of the
ring. | ;
The RF eoil produces an ac shielding current in the ring, 1 = i.sinsg,

50 that the flux threadiné-the ring does not change, When, however, ap = m,
the critical ring current is reache&, the junction becaomes non-superconducting,
and the quantum state changes, allowing a fluxoid‘to enter: (or exitj Af'ter

transition, the junction again becomes superconducting and the ac ehielding

current again flows to quantize the flux in the ring, Transition.,however,



8

L, - Pointed niobium screw
cavities )

Niobium cylindrical shell

-~

Solid Niobium

Fig. 5 Schematic diagram of a symmetrical single-point-contact RF SQUID.
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temporarily reduces the level of oscillation in the RF coil, whlch then
builds,to its maximum, If no change occurs in the 1nput coil the transi-
tion recurs‘at the same level of oscillation and no change in the detected
output is‘recorded. If, however, the input coilAcutrent islchanged2 a dc'
shielding-current is superimposed on the ac component in the ring and the
tranSLtion occurs at a different level of oscil ation. The detected ﬁ%
output therefore changes as a functhkn of input flux threading ‘the SQUID
as shown in Figure 6. The voltage driving_the X-Y recorder, however, was

the voltage drop in a feedback circuit from a phase sensitive detector (31).

This technique permitted the time-independent transfer function to be recorded.

C.  Application
a. Description of SQUID.and electronics

A Superconducting Helium Electronics (SHE) Series 330 SQUID’ueasurement
system, ineluding a Mode} 30 SQU1D control unit and permanently adjusted
TSQ senser; were used in the SQUID experiments described later. Specifica-
tions regarding this'apparatus is found in the System 330 Operating Manual.

In general, the following control selections and cabliug configurations
- were used during opetationss
SHE Model 30t |

Output Jack: To X-Y recorder (Y input)'

Detector output: To osciiloscope vertical input

Syne Jack: To oscilloscope externai trigger



Detected output voltage

Input flﬁx

Fié. 6 Triangle SQUID tranéfer function showing detected voltage

Note:

outpu; as a function of flux in the SQUID (on the oseillo-
© scope). '

The transfer function as displayed on the X-Y recorder appeared
similar to the above, except that the output voltage from the
electronic feedback circuit was time independent. The input
flux change in the SQUID between consecutive peaks in this
transfer function was estimated to be 2.8 &, (see page 29).
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INT FB selected
SENS: X100 selected

Notch Filter or 1 Hz selected

" .Function; Set i (transfer function on oscilloscope)

Slow to Fast (transfér function on X-Y recorder)

Model 504 Oscilloscope:
Vertical: 20mV/cm

Sweep ‘time: 0.2 msec/cm

X-Y recorder:
X scale: ,25 V/cm

Y seale: .5 V/em

b.Sensitivity and noise

'In practice, the sensitivity of a SQUID is usually limited by amplifier
noise or external interference entering the dewar and coupled to the flux "
transformer., Some precautions used to shield against external interference
are shown in Figure 7. The Johnson néise is generally negligible, since
the circuit is reéistive for“only a short duration Q:'I'= L/R) requirgd

. for the quantum st#te to change. The fluctuating currents at this time
have'beén eéfimated (27) and yield a limiting sensitivity of

§¢ w2x 1075
g,
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©  Good metallic contact
between shield
and probe

R ]

SQUID probe

Shield —

"' Dewar

1ux transformer
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S R ——

—— EF unit

Transfer port

Niobium cylindrical shield

_ 1th twisted leads

Lead capillary tube for flux
transformer

Fig. 7 Shiel&ing of the SQUID and flux transformer against statdc
discharge 'and RF interference,
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c. The flux transformer -

The magnetization measurements described later requiréd that the mag-

netic flux to be measured be coupled to the SQUID thrqugh a flux tfansfor-

mer (see Figlre 8) The_fransformer was comprised of.10 turns of 2 mil
inéglated niobium wire wound about the sample, as shown in Figure 11. The
leads were twisted andlthréaded‘through a léad shield to two ﬁiobidm sScrew
términals on the SQUID pr;be, terminating in the SQUID coil. The screw
terminals were shielded with a niobium cylinder.

‘The senéitivit& of the flux transformer, or the ratio of flux quanta
sensed bjlthé SQUID to the e*ternal flux sensed by the transformer‘éoil.
can be estimatéﬁ by:

¢SQUID = MN
cpext Ly 4 L2+ Lieags

where M = Mutual inductance betweeﬁ SQULD
coll and SQUID body |
~ 2 x 1070H
N = number of turns of external transformer
coil
='10 :
L; = self inductance of transformer coil’
L, = self inductance of SQUID coil

2 x 10~%K

&

Lieads ~ Lead inductance-.

3 x 10-PH/m x .15m = 5 x 10-8H

124

L{ may be estimated by

Ly = _a?N2 _ yH
9a + 10b
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-SQUID coil '
_ RF coil. L2-SQUID co ) : Ly~

Ex@ernal Co;l

Fig. 8 SQUID flux transformer
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where a ='transforﬁer-coil radius in inches
’ L n0093 | |
b= tfansformeg coll lengthrvin inches
B ~ 0295 . ‘
Thus, Ly~ 2.3 x 1075k, |
Therefore, q&ggggg = .1, ‘ | | ‘,///

) d%xt . ) '_
or every 10 fluxoids sensed by the external transformer coil yieldsla change

of one Quithin the SQUID.
d. - Calibration of feedback output veoltage

As previously mentioned, the voltage.dr;ving the X—Y<recorder was the
vp;tage drop in a feeﬁback circuit from a phase senéi{iVe‘det;ctor.'ﬁAs
flux changes are sensed by £he SQUIﬁ coil, a pﬁase c?ange is de@ected be-
tween the audio oscillatof referenée and the RF osciliator. Tﬁis phase '
change is measured as a 1inear_§oltage response from the output of the
phase sensitive detector, generating the “rising” slope of the transfer
funetion on the X-Y recorder. The voltage would increase indefinitely if
it were not for an electronic reset at the maximum of 5 volts, causing the
"declining” slope of the transfer function. ‘Ifrwas-experimentally found
(32) that, with the above SQUID settings, an output voltage of 1.8'vc,1ts/§o
could be expected. Therefore, each cycle of the trgnsfer function cor-

responded to 5 v/cycle + 1.8 v[i; = 2.8 § /cycle.
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III. -EXPERIMENTAL ARRANGEMENT AND PRODEDURES
A. Introductlion

The object of the experioeots described in the following séctions WAS .
" to detect small (i. e., at the gquantum level) changes in the axial magnetic
"flux as a transport current was varied in a cylindrical sample in an axial
magnetic fleld. 'Although a change in the transport current produces a
change in the purely azimuthal field, the resultant field -at the surface
of the cylinder is helical, since Hygta1 = (Hg 24 H 2)2 A change in the
transport current would therefore presumably cause fluxons to enter (or exit)
the surface, each of which.has an axial component, and produce a measurable
change in the axial magnetization in discreet steps as fluxons enter (or
exit) the sample. ' The theoretical behaviour of the bulk magnetization is
complicated by the spiralling movement of the fluxons into the bulk, which
causes a gradient in direction as well as magnitude of the internal mag-
netic field., These experiments were not designed to shed additlonal light
on this complicated magnetic behaviour, but were 1ntended only to detect
quantum changes in the axial flux aod to perﬁaps_determine the sense of the
magnetic moment. The experiments were also\intende?rto examine the feasi-
bility of using.a Superconducting Quantum Interfefénce‘Device (SQUID)
coupled to a flux transformer in measuring small changes in a&ial magneti-~
zation of samples. . l

Two experimental arrangements were used in performing the experi-
ments., In the first arrangement, herein called the “classical” approach, a

L]

pick-up coil surrounded the sample to detect sample magnetization, Although
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this arrangement suffered from extrsme magnetic'shiélding problems, the
arrangement ﬁiil be described in some detail to present the uniqué app?oach
used in ﬁalancing the seriesﬁconggéted. oppositely wﬁund coils, as well as
describe the method of winding a bifilar heater on a very fine (2 mil dia-
meter) sample of Niobium.

 The second arrangement, herein called the "SQUID" approach, used an
Improved magnetic shieég} g\technique and a flux transformer surrounding
the sample coupled to a SQUID to detect small changes in the axial fldx

‘threading the sample. The experimental results discussed later mainly

refer to resulis obtalned from using this arrangement.

[ 4

(g

B. Classical approach
a, Physical arrangement

The physical arrangement for the Classical approach is shown in Figure 9.
A s;mple of 2 mil diameter Niobium wire was mounted between two pairs of
copper blocks, through which the‘transport current was applied. The samplé
eﬁdglfere wrapped in Indium foil and firmly clamped between each pair of
copiér.flocks to minimize contact resisténce. Parellel wires (one on each
side of the pick-up coil) were used to supply the transport current to
minimize the detection of the magnetic field surrounding these wires by the
coil. Another set of copper blocks c%;mped to the sample provided 1eéds
to measure the voltage across the sample during flux-flow or normal condi-

tions. A non-inductively wound heater coil surrounding the sample provided



quswaBuexie Teoisfyd-yoroxdde TBOTSSET)

gTtTo0 dn-o1d

T,
e

naxos Futpisn{pe
1700 dn-3o1d

A
N

Y

o Iojeoy utueduru IBTTITE : : .- :
(N TTw 2) oTdues Mt It~ = = v@ .

T
gyoot1q Iaddop

pToustog

Y




- =33~

the heat reguired to bring the .éa.mple to the normal state and the;:efore
erase its superconducting magnetic history; - !

The sample assembly (descr;bed in more‘de£ail‘beibw) was mounted on.the
axis of a pick-up coil (160,000Aturns of #46 Coppef). An identicai cbil.
oppositely wound, was connected in serles with the first cdil to Qinimize
the effect that an ax;al field change has on the indudéd voltage of the
coll pair. In effect, any bhange in axiallmagnetization'of the sample
would induce a voltags across the first pick-up cell (v = Nd ¢ ) propor-
tional to thg rate of change of flux. However, any change iz an applied
axial field would induce equal and opposité‘volfages in the ¢oil pair
(assuhing the-coils were sensitively balanced) and therefore make the
éoil pair relgtively immune to applied of égtfaneous magnetic field changes:.

A copper solenoid surrcunded the sample-pick-up cbil arrangement to
provide an axial magnetic field of 0 ¥0'30Q Gauss, The entire apparatﬁs‘
was then immersed in a bath of liquid helium (i.e., 4.2°K) and the outside
dewar was wfﬁpped‘in several sheets of "#-metal” to minimize the effect

of extraneous magnetic fields,
i) Details of the sample assembly

It was found that winding a bifilar heater of #38 manganim wire
around 2 mil Niobium w#s extremely difficult due to the brittleness ?j
Niobium, The procedure finally adopted is therefore described‘in detail.

A twenty centimetre length of #18 enamelled copper wire was inserted
in a hollow pyrex tube, slightly stretched and firmly mounted on a coll

winder. A bifilar heater wire was then wrapped about the. #18 wire, to a
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length slightly ‘more than the 1ength of one piok up coil, - Unwaxed dental

~

floss Was placed along the length of the heater, in contact with it, and a-
\
coat of epoxy cement Has. applied to. the heater and floss. When the cement
was dry, the pyrex tube was slid_over the heater and both ends of the tuhe
were cemented with epoxy to the<heater. When dry. the assembly was removed
from the coil winder and the #18 wire was stretched to reduce its diameter,
permitting it to be removed from the centre of the heater coil The sample
was then threaded through the core of the. heater and permitted to remain in
contact with‘one side of the. core. With a hypodermic needle, dilute white
glue-was inserted throngh the‘core to surround the sample. When this was
dry, the sample was cemented with epoxy to both ends of the glass tuhe.
The entire assembly was then mounted on the axis. of’ one pick-up coil, as

shbwn in- Flgure 9.
1) Details_of balancing the pick-up coils.

The two pick—up coils had'to be balanced to achieve a'null voltage |
resoonse to changes in the external‘field, This was accomplished first at
room temperature by inserting the coils within the solenoid and varying the
applied axial magnetic field and by removing turns from one coil until a
balance was achieved, A similar procedure was followed at liquid helium
temperature, since thermal compression changed the balance slightly, It
was found, honever, that the.delicate balance could not be maintained, i.e,|
a balanced coll pair would become unbalanced during an experimental run or

between consecutive runs., An arrangement was therefore developed to vary

the balance while the assembly was immersed in liquid helium., The entire
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_assenbly (pick-up cqils with sample) was made to slide within the core .of

the solenoid from an adjusting SErew located ocutside the dewar. This
. V .

technique uéed_the-élight inhomogeneiﬁy of the éolenoid‘s-field to achleve

a preclse balance. S ' N

b. Electrical arrangement , o

The electrical arrangeﬁen£ for the Classiéai'aﬁproach_is shown in;
Figure 10. The cirqhit provided‘fpf a .50 shunt ;qross the sample to
prevent the sample from-bu:ning wheq the criticél:cﬁrreqt Was reached,
It also ﬁroyidedffor & bias transport curﬁent through the saﬁplé of ap-
proximately - .46A andra variability fange for the transyort.current of

about 700 #4A. The current could be adjusted in 14A steps throughout this

range.

The output voltage from the pick-up coils was convertgd to a signal

‘proportional to the sample magnetization by a Princeton Applied Research

Model 215 electronic integrator. The integrator ‘output drove the Y-axis
of an X-Y recorder while the X axis was driven from either the voltage

drop across a shunt in the solenoid circuit (signal was proportional to

applied axial field) or the voltage drop across a shunt in the circuit

delivering current through the sample (signal was proportional to bias
current). -

The voltage-monitor across the sample was a Keithley Model_lEOB
uV-ammeter, Any defiection on this meter indicated either a flux-flow

on\nofmal condition of the sample,
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C EXpérimental pfodedure

- Prior to ail éxperimental runs, the pick-up coils were adjusted in 1iquid
helium by,passing.a transport current through the sample greater than the
critical éurrent to prevent sample magnetizafion and by slowly changing the
applied axial magnetic field, Hy, generated by the solenoid. The external
adgusting ‘screw for the pick-up coils Was turned until a null integrated ‘vol-
tage ‘response from the coils was observed for the entire range of H,.

- An attempt was made to- produce magnetization curves for a variety of

-sample magnetic histories, First, the sample was cooled in only the earth's

magnetic field. An axial magﬁetic'field of either 0, 100, or 300 Gauss
waS‘applied éll three field étrengths beiné examined in succession, "Next,
a magnetization run, <Mz> versus bias current, Iy, was attempted as Iy was
cycled from 0 to L6 A, Finally with <Ip> at either 0 or 46 A, I was varied
over a range of a few hundred A (A1) and average sample axial magnetizatlon
observed #s a function of Al

Second, the sample was cooled in the earth's magnetic field, and a
transp&rt current of 0 or .46 A was applied, both currents being examined.

Next, a magnetization run; <Mz> versus Hy, was attempted éera was cycled

from 0 to 300 Gauss. - Finally,.with Hy at either O, 100, or 300'Gauss, Iy

was varied over a range of a few hundred #A (A1) and average sample axiai _

magnetiza£ion observed as a function of 4I.

The third and fourth procedures were similar to the first and sécond,
eﬁcept.that'an axial magnetic field of 100 or 300 Gauss was applied in’
the normal state, priof'to cooliné past the superconducting transition
temperature, T.. Heating above T, was accomplished by passing a .5 A

current through the bifilar manganin heater wound about the sample. When



a'transport current was applied to the sample, the voltage monitor across
the sample abruptly changed from 0 tﬁ .é volts at transi%ionﬁgto the normal
regimel _ . ‘ .' o '

Finally, arn attempt was m%de‘to determine the critical transport cur-
rent, Ic, for a variety of magnetic historlies of the sample and for a
variety of‘applied axial magnetic fields, Agaln, the'voliage_monitor'

across the sample abruptly changed when I, was reached.

-+

¢. S8QUID approach
. a., Physical arrangement

fhe physical arrangement for the SQUID approéqh is shown in Figufe 11.
A sample of 3 mil niobium—tﬁntaium ﬁire was mounted between two pairs of
indium coated copper blocks, throughrwhich a transport cuireﬁt,was applied.-
Anothgr set of bopper blecks clamped to the sémple provided leads to measure
the voltage across the sample during flux-flow or nérmal‘conditions. A
non-inductive (bifilar) heater coil of #38 manganin wire was wound directly
aﬁout the sample to provide the'heat‘required,tﬁ bring the sample to the
normal state.

A flux transformer consisﬁing of ten'£urns of 3 mil insulated niobium
wire was wound on the heéter, and the twisted transformer ends werelencased
in a lead sheath and connected by niobium sérgw contacts to the SQUID.

“To pfovide_a known magnetic calibration field, a caiibratioﬁ'coil'

consisting of 4 turns of #34 copper wire w?; wound around the flux trans-
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former—hééter-saﬁple assgmbly.- The assembly was then figidly mounted wifh
‘epoxy cement in'a pyrex tube. | |

The sample assémbly was ;nserted.on the axis of a niobium cyliﬁder,
which served to trap any applied axial magnetic field and .to effectively
shield (29, 30) ;gainst"extraneous fields. * A maﬁganin heater wire was
mo;nted in thermal coptact on one side of the cylinder_to permit tfapping
of a known applied field by bfgaking'the lossless currenf in the cylinder
with the application of heat abévg its transifioﬁ tempefature.

The'niobium-cylinder~sample a&rangement was £hen mounted on the axis
-of a supefconducting éolenoid capable of producinglan axial ﬁagnetic in-
.aucfipn of 0.645 Gauss pe; applied mA. The solenoid was enclosed in a
l‘ead-plated-‘colpper‘ cylinder to provide additional magnetic shielding and
- firmly méunted to a supﬁbrt suSpended from the labor#tory éeiling. The
SQUID‘probe was encased in a niobium éylindef shield and mounted to the
same'suﬁport; |

A metallic dewar, grounded to the SQUID probe, was ﬁsgd to provide

shielding against static discharge. The dewar itself was raised or

" lowered on a manual crane to provide acceds to the experimental apparatus.

b. Electrical arrangement

The electrical arrangement for the SQUID approach is shown in Figure 12.
Adjustable current sources provide the current for'the_sampie heater td drive -

the sample normal (~60mA), for the niobium cylinder heater {(~400mA), and
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for the superconducting solenoid to. provide an axial magnetic field

i The circuit which provided transport current through the sample en-
abled'bias currents of either .26 A or-.SO A to be selected by switching
between R1 and Ro. A variable 1"esista.nce, Rvaro in parallel with Ry or.

Ro, was made from several hundred turns of #34 -copper wire wound about -a
L em bakelite tube which was slowly lowered into a dewar of liquid nitro-
gen., This technique provided a resistance variability of- 240 to 100 ohms,

or a transport current change of a few'ﬂA to 5 mA Most importantly, the

, +r%eurrent change was extremely smooth, with no perceptible fluctuations as

would be the case Hith a helipot.

A shunt in the transport current circuit provided a voltage drop

proportional to the change in current, al, through the sample This

voltage drove the X-ax1s “of an X-Y recorder while the Y-axis was driven

b ilis
[l

from the output of the SQUID electronics. Additional information on: the -
SQUID electrical circuit is found in Section 11 of this- thesis..

The voltage monitor across the sample was a Keithley Model 150B
uV-ammeter, Any'defiection in this neter indicated either a flux-flow

or normal condition of the sample.,

c. Experimental procedure

3

The SQUID was carefully calibrated so that a change of flux of one

@%through the SQUID'coil resultéd in a single cycle of the triangle

waveform on an oscilloscope.
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Next. the efficiency‘of ppe flux transformer was detéermined. A measured
current was slowly applled to the calibration coil, thus causing a known
' (approximetely) axidlimagnétic field‘fo be-iocremenfed within the flux trans-
forher. A slgﬁal proporticnal to the cufrept drove the XAaxis of en X-Y re-
clorder, .while the SQUID output drove the Y axis) Thus. a known change in ex-
ternal ax1al flux caused a change of a singlefﬂwithin the SQUID at .each
cyole of the triangular waveform on the oscilloscope.
‘ Finally, the change in the axial magnetization of the. sample in three
magnetic regimes Was determlned as -the bias transport current was slowly
_changed First -for the diamagnetic regime the sample was cooled in the
presence of only the earth's field and then an axial magnetlic field was applied
Second, for the paramagnetic regime, the sample was cooled in the presence of a
higher axial field which was then reduced. Third, .for the pon-magnetic reéimeh
the.eample was cooled in the presence of an applied axial fleld which was held
constant, ln‘.a.ll-casesT the final applied field was, eoccessively, 0,50,100,
. and 300 Gauss. 'As described earlier; the superconducting solenoid contained
the niobium‘tube'which sd%;ounded fhe sample; For changes in the applied field
lnduced by the solenoid ﬁo oe‘perceived by the sdmple,-the niobium tube heater
" was used to break the continuity of the'lossless.curpents in the cylinder ehd
permit the trapped flux to escape.

At eaoh increment of trapped magnetic field, bias transport currents of
2,26 A and .50 A were passed through the sapple. The tranSport current was
then slowly changed by gradually immersing the variable resistor in liquid |
nitrogen. The change of current was monitored on the X-axis of an X-Y
recorder and the SQUID outpot droye the Y—axis. Thus, by comparlng this -
recording with that of the calibratlon Tun, it was possible {in prin-

ciple) to determlne the change in axial magnetization (of the order
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of a few flux.quanta) with change in’the bias transport current. The
bias c;rren£ was applied in both the positive and negative senses to
minimize the effects of éamﬁle geometry-on the resuitsL

The critical current, I, of the samplé wWas also détérﬁined for a
variety of magnetic conditions, The transport current was slowly in-
crémented while the voltage across the sample as well as thé triangular

waveform on the oscilloscope were monitored,



IV, EXPERIMENTAL RESULTS, INTEPRETATION, AND ANALYSIS
A. Classieal app&oach .
a, Magnetization measurements

fktreme difficulties were encountered in performing magnetizaﬁion
runs qéiné the Classical approach. Although a balance of the two plck-up
coils could be accomplished with {he external adjusting screw {as des-
cribed in section III), the coils were extfemely_sensitive to extraneous
magnetic fleld gradients in spite of the various pfecauﬁions taken to
provide magnetic shielding. lFbr example, any movement within several meters
of the dewar produced a ;oticeable deflection-of the-integrated.pick-up
coil ouﬁput. Alsoﬂ a current to the solenoid produced eddy currents with—‘.
in the solenoiéfs copper end plates sufficient to maék the magnetization
effects of the sample, These could be re&uced. but’ not ;ntirély eliminated,
. by incrementing the curfent'to the éolenoid at.an extremely slow_rate.
“Therefore, no useful magnetiéation meésuremeqts were ma@er\\

| These problems,of course, could have*been reduced thfouéh additional
sﬁielding techniques and solenoid design. However, SIEEE“fﬁé_maih goal of
the Classical approaéh was to prévide preliminary magﬁetization curves

prior;to a more detailed analysis of the curves using a SQUID, it was decid-

ed that the experimental effort could best be concentrated on the SQUID

approach,
b, Critical current measurements

Similar obstacles were encountered in passing a transport current
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-‘through.the n;obium sample. This very fine (2 ﬁil) sample wWas chosenhto'
.brdvide a'relativelf high change in magnetié field at its surface due to -
aﬁsmail change in its transport.curbenp. \However,‘this samplehproved to
be véry delicate and often broke from thermal contraction wﬁen cooled to

‘ liquid he}ium’tempe;atufe. ?or.the sémplés éhat remained.int&ct, the

E cfitical éur?ent-varied considéraﬂly. The best estimate of Ic.fof this
sample was 0.29 A, which ylelded a Jc of 14,300 A/cm?. A chanée of In

with applied_axial,fiel& could ,not be detected within the éxperiﬁéntal‘

error of this arrangement.

2 3

B. SQUID approach .

a. Interpretation of the SQUID transfer function

o

One of the goals of the SQUID approach was to measure a single fluxoid
entering or exiting the sample as a transport current was varied..-81nce
the efficiency of the flux transformer was cdéputed to be about 0.1 (see
Sectiph I1), a 103; change at the sample would be a single & change at
the SQUID., Since Z.B_Q,Forresponded to a single cycle of the X-Y‘transfer
function (Figureb), each cycle repfesenfed a change of 28 fluxoids thread-
ing the sample. Would each & at the sample, however, be evident from steps
in each cycle of the transfer functibn? Although it should be theoretically
possible to see a stepped transfer function and therefore in@ividual flux
quanta changes threading the samvle, none could be seen on the rising slope
of the triangles measured og the X-Y recorder, Thi; is probably due to the

smallrsignal of individual @Qs being imbedded in the inherent noise of the

experiment, thus preventing greater amplification from improving the resold—
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tidn. Occasionally, steps could be seen on the decreasing slope of the-

triangles, but these can only be interpreted as thermal fluctuations in

the SQUID electronic reset circuit.

.~ b, Calibration runs

Several calibration rTuns were performed to experimentally verify the
efficiency of the flux transformer. A known current 1ncrement al, was
passed through the calibratioh coil producing an axial magnetic field of

Bz = MNal, In the experimental arrangement reported here, N = 4 turns /
745 X 10;4m‘= 5.33 x 103 turns/m.- The change in current required for one
cycle of the SQUID transfer funciion was 70 4 A. Therefore, AaBz = 4.7 x 1077
Wb/m2 = 4,7 x 1073 Gauss. Since the cross-sectional area of the flux trans-

former is 1. ? x 107 3cm2 we would expect & flux change corresponding to

ABg ofia¢—tABzA = 39§&n This result was experimentally reproducible to
within 1§,.

The aboye calculation, however, assumed that the calibration coil was

infinitely long .and therefore that end effects could be ignored. The actual

configuration was a calibration coil of nearly:the same length as the flux
transformer, which would result in a lower detected field than that calculat-
ed. The calculation also assumed that the flux transformer was onrthe'axis
of the calibration coil rather than considerably off—axis, as was the case,
Again, the field sensed by the flux transformer would be less than that
calculated Since the calibration run thus predicted that each triangle of
the SQUID transfer function on the X-Y recorder corresponded to somewhat less

than 39¢, and the SQUID caleulation (above) yielded a value of 28 P, per

triangular cycle, the latter may be considered the best estimate for the

efficiency of the flux transformer / SQUID / electronics,

oyt
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c. Magnetizatlon measurements

Figure 13 showe a typica.l SQUID tra.nsfer functlon in performing a mag-
netizaticn run, To convert this into the more fa.rgiliar magnetization curve
(a<M;> versusol), &I corresponds to the average current between peaks of
.tn'e trianguiar transfer funetion and 4<M > 1is directly pr.oportional i.o .
28@, Thus, each -rpn'performed with a fixed a,xi‘al magnetic field and fixed
bias current yields a slope of the magnetization curve, “However, the |
coordinate location of that slope on the magnetization curve is not known,
since the SQUID was only equipped to show increments (01/%,), or slope.
Therefore, the sense of magnetiza‘tion (diamagnetic or paramagnetic) could
not be determined from this a.rrangement |

Most magnetization runs, performed a.t various blas currents and applied
_‘a.xial fields, were very similar to Figure 13; that is, the oI/, varied
only by several percent ‘-to a maximum of 24% —.much less than expected if
onl.y axial magnet:ization were being recorded. The most probable explana-
tion is that most of the flux sensed by the .tran'sformer is not axial flux
but rather azimuthal flux due to the loop in the transformer leads nrior
to ii.s enclosure in the lead capillary tubel. A simple calculation verifies
the reasonableness of this explanation_. The change in azimuthal field, AB,,
due to a change in current in a wire is

| aBp = Aal
. 2R ‘
With R the radius of the flux transformer and 4i = 1.84mA (from Figure 13),
AB? = ;015?' Gaues._ |
If the area of the loop in the transformer leads is only 1/3 the

cross-sectional area of the flux transformer coll, this aBg A correspoﬁd‘s"
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Detected RF output from SQUID
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h 4

Bias curfent, I, =+ 0.26A
Applied field, Ba = Earth
‘D1 (peak-to-peak) = 1.84 mA

Fig. 13 Typical SQUID transfer function during exﬁerimental run’
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to 28d% , OT the calibrated peak to peak flux change in the transfer func-
tion, Such an estimate for the area of the loop is entirely reasonable,
‘thus AB, seeme to be the'dominant mechanism couplrng flux to the SQUID.

- Some‘intereeting trends in exiel magnerizafion of the sample may be

_explored, however, since the effects of axial‘magnetizatioﬁ‘and induced

" azimuthal fields are superimposed,
General trends in axial magnet;zation:

1) No perceptible change in response of the SQUID was noted to
small changes in sample current as a positive or negative
bias current was imposed. This indicated a very symmetrical

geometry cf‘the-sample and flux transformer,

ii) If the transport current was slowly cycled by alternately
. | increasing and decreaslng the current through the sample,

- the value of AI/@; was reduced when decreasing the current,
relative to irs value when the current Was 1ncreasing.' This
was only:evident during the,firsr~cyc1e after cooling with
no noticeable chenge in subeequent‘cyéles. This was apuarently

a consequence of irreversible‘magnetic behaviour during the

first cycle.

' iii).ihere Was an increase in the value of AI@EO with increased
"~ applied axial field and with increased bias current.A This
would be as expected, since the increased total magnetic.

field, proportional to both applied axial field and §he in-
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, duced azimuthal fieid. cduses an increase in the pinning force,

Hence,. a greater'current change is required to overcome pinning,

e

-
-

and cause fluxons to enter or exit the sample, ’

iv)‘In‘the absence-of a blas current, the value of al/F, was :
: ' found not to‘vary'with the applied axial field. Tnis may be
: ' ' . i;lerpreted'as the small curfent'change.being unable to
generate a sufficlent field to penetrete the sufface barrier
of the sample and cauSe a change in axial magnetizution.
The Cﬂﬁﬁ,wes probabiy due entirely to the‘induced ezimutha1'
A ' | field, |

v) An interesting regime was accidently noted and several ex-

perimental runs attempted to explore that regime,
: o
sample was coocled while carrying a bias transport current

When the

(as opposed to previous :uns‘in which the sample was cooled

prior to a transport current'being imposed), it was found

that a flux~flow resistive state existed, That is, a voltage

v

drop_across the sample was noted, and the SQUID transfer

.function indicated a sample magnetic response slightly different

+from that of the purely superconducting regime, For example, there

Was an increase in<aI[§5 as compared to the superconducting state,'

which varied from t2% of the superconducting state at no
applied axial field to +24% of the superconducting state at

300 Gauss applied field, Also, the sample exhibited com-

pPletely reversible behaviour, showing no change in AI[ﬂ,Hith




fields. .The results obtained were
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increasing or decreaSing‘cdrrent;_ This was'consistent,#;th

" the beﬂaviour of the surface sheath, éxflored in Section I, -
Finally, the valﬁe of‘AIAQO-waS found ko incregse with a

' greater applied axial field, consistent with the iqcreaééd

pinnirig noted in the superconducting state, -
d. Critlical current measurements

Critical curdent measurements were made for several-épplied axial
fields, but most resulis varied between:runs and were not readily repro-
ducible, The results obtained differed from previous publishé& results

(21), “since the critical current appareﬁtly'decreased for increased applied

LG54

Is (By =0 Gauss)

or Jo (B, = 0 Gauss) = 14,200 A/cm?
\ I, (B, = 300 Gauss) = .50 A
or -Jc (By = 300 Gauss) = 10,900 A/cn®

C. -Summary and Conclusions
s
-Although the Classical approach was found to be not suited for measuring
‘ -
very small magnetization changes (without considerable shielding sophistication)

and‘a singlejiwas not detected using the SQUID, several results for this

series of experimenis were obtained, Considerable expeftise Wwas gained on

the application of the SQUID to. magnetization experiments using a flux trans-

former, In particular, the loop in the transformer leads was found to sense
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“the changeslih azimuthal field and contribute substantially to the flux .

change in the SQUID. Trends in the experimental runs tended to vgrify'J

known magnetic properties of Nb-Ta, but an unusual magnetic regime was

_also reported-and investigated.

hAd
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. : \ " APPENDIX

REPRESENTATIVE SAMPLE OF SQUID TRANSFER FUNCTIONS

-

Ty

Notet X-Y Recorder Scale Factors

AL runs: "X = 0.25 V/em
Y = 0.50 V/em

Caiibration: X =15 mV/cm
' Y = 0.50 V/em
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