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Abstract

A moving sample magnetometer system capable of making measurements of sample
magnetic moment reproducible to 5 ppm was constructed. This system collects data under
microcomputer control for applied fields in the range + 12kG and sample temperatures within -
1 10 K of ambient. High field (8</H(kG)I<12) measurements at 290.45 K and 293.55K were
made of the moment per gram of a number of dilute (0,1 to 1.5 at. %), substitutional Ni alloys,
Ni;.xMx, where M is one of Ti, V, Cr, Mn, Fe, Co, Cu, Zr, Nb, Mo, Pd, Hf, Ta, W, Pt, or
Au. These alloys were produced for muén spin roiation (USR) studies, made at ambient
tcmpcratufes, of the hyperfine field Bps. In order to extract By from the uSR frequencies it is
necessary to subtract the Lorentz field By, = 4nMy/3 (where Mg = Mg(T) is the spontaneous
magnetization or moment per unit volume in the muon sample). The measurements described
here allow an estimation of By for an alloy at a given temperature.

Samples were supplied in the form of accurately machined right cylinders with height to
diameter ratios from ~ 1/2 to 1 and masses ﬁbm ~2to 5 grams. For each different size there
was machined a matching Ni standard made of the Ni alloy base material whose chief impurity is
110 ppm Fe by weight. Measurements are taken with the sample's symmetry axis normal to the
direction of the applied field. Sample shape, large grain sizes, and the presence, due to method
of production, of macroscopic voids complicate the estimation of By.. The effects of the
sample's shape and magnetic images in the pblc faces of the electromagnet used are minimized
by measurement relative to matching standards. The large grain size and presence of voids result
in a variation of apparent sample moment upon rotation about its.symmetry axis. Accordingly,
the average of twenty successive measurements, where each measurement is followed by a
sample rotation of /10, is taken as proportional to san\iplc moment. '

Recently a calculation of the concentration depe;ldencc of infinitely dilute, substitutional Ni
transition metal alloys has been made. Assuming a simple power law temperature dependence of
moment, where the exponent in the power law is the same for Ni and its alloys, our room

temperature results are corrected to 0 K and compared with results of the above calculation.
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Chapter 1. Introduction

This thesis describes measurements of magnetic moment made using a moving sample
tmagm::tomctcr (MSM). This chapter begins with an introduction of the basic idea of MSM. A
brief overview of relevant magnetic concepts and theory is then presented. Finally the motivation

for the experiments is considered.

1.1 Moving sample magnetometer

Two common app;taches to determining magnetic moments are the induction and force
methods. The first relies on Faraday's law and hence involves relative motion while the second
relies on the force exerted 6n a magnetic moment in a field gradient . These two methods return
information about the magnetic moment of the sample as a whole. Their relative merits are
discussed by Foner!. In either case, a sémple's shape and its orientation with respect to the
direction of an appiicd magnetic field are of great importance. Most hnportahﬂy, as will be
discussed in the ihcory section below, these two considerations affect the uniformity of the
direction of maghctization (magnetic moment/unit volume) over the sample's volume.

The MSM is a high precision version of the induction method. MSM finds its origins in the .
extraction mxthod of Weiss and Forrer2, With this method the change in flux ubon extracting a
sample from a coil system fixed between the pole faces of an electromagnet is measured by the

eflection of a ballistic galvanometer. Here the galvanometer effectively integrates the induced
emf, the deflection being taken as proportional to sample moment. For the MSM described here,
a voltage is obtained by integration, employing active electronics, of the voltage induced m
stationary coils by the motion of a sample relative to them. The resulting integrated voltage is
directly proportional to the sample's magnetic moment. Unfortunately, as will be described
below, the pole faces of the electromagnet used render the proportionality constant field

dependent.
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 The cofl configuration used is shown below in fig. 1.1. The sample is moved vertically
from midway between one pair to the other. As indicated by the arrows the coils within a pair
couple to the sample in the same sense, while uppc/} and lower pairs are connected in opposition.
- Coils have the largest possib!e diameter that the constraint of a fixed 2 inch stroke length will
allov:: Eo?l'Sépamtion within :a pair is as small as possible, bemg limited by the requirement that
coils be mounted 'mdependehtly of the part of the apparatus concerned with sample motion. This
ensures that the ifnpulse associated with sample motion imparts as little in the way of
micréphom'cs as possible to the signal. Moreover, thi's separation is close to the Helmholtz
separation, which (along with the large coil diaﬁemm relative to sample size) makes the signal
less sensitive to sample positioning. The use of two such pairs has two advantages. Firstly the
voltages induced in each pair of coils by the motion of the sample are of the same sense, so that
the-total signal is twice that obtained with a single pair of coils as shown in the inset. More
importantly, voltages due to time variations of the applied field buck between upper and lower
pairs. ' |

A sample moving vertically between stationary cndpoirits located between upper and lower

pairs induces across them a voltage

V(t)=-%JSB-dA ,

where B is the magnetic ﬁeld associated with the magnetized sample. The intcgral; representing
the instantaneous flux through the coils in their frame, is ovcf the surface S spanning the four
pickup coils. The above voltage is integrated in time from before the sample starts to move until
sufficiently long after the sample comes to rest at 2 that any time variation of flux is negligible
(due to either decaying eddy currents or magnetic aftereffects in the pole faces). This integrated
voltage, excluding an instrument related offset voltage described below, is proportional to the
sample moment (assumed to be the same at the positions 1 and 2). This result is independent of
the path taken between endpoints. |



Fig. 1.1
Basic principle of the MSM; motion
yields induced signal (shown inset) the
time integral of which is proportional
to sample magnetic moment.
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Before further discussion of the measurements and their motivation, relevant aspects of magnetic

theory are considered.

1.2 Magnetic concepts and theory

The fundamental concept is that of the magnetic moment. Classically it is a quantity that
arises naturally when considering the average magnetic field produced by a system of charges
describing stationary orbits3. The magnetic moment m (assuming that all particles have the

charge to mass ratio e/m and that v « ¢) may be written,

m=5=3 rxp, (1.1)

where the sum is over particles. Note the rel‘a}tionship between m and the angular momentum L

=r x p. An equivalent description in terms of continuous current densities j is

m=215-j rxjdVv. . (1.2)

It follows that a linear current, I, flowing in a planar loop which encloses an area, A, produces a
magnetic moment of magnitude LA/c whose direction is normal to the plane in the sense given by
the right hand rule. The vector potential, A, of the far field associated with any magnetic moment

m is given by the purely dipolar expression
. mxr '
A= . 1.3.
= (1.3.1)

At a point r away from a dipole moment m, is a magnetic induction (given by the curl of (1.3.1))

of



B(r)=%r - % (1.3.2)

At this point it is necessary to draw a distinction between macroscopic and microscopic
current densities. The former is associated with the mean drift velocity of free charge carriers
resulting from the presence of an electric field while the latter is everything else (often referred to
as bound currents). These two contributions are represented as the curls of two corresponding

fields, so that the total current density is the sum,

jtree* jbound =7=V x H+ ¢ Vx M, (1.4)

Expressing the magnetic field B as H + 4nM allows Ampere's law for magnetostatics

(0E/ot = 0) to be written in a form suitable for practical application: V x H = 47jgree/c.

Substituting jhound into (1.2) above gives?

m = j MdV. | (1.5)

So the magnetization M is the volume density of magnetic moment not due to free currents.
Associated with M are -M'H and M x H, respectively, the energy and torque densities in an
applied field H. |

Ferromagnetic materials, such as Fe and Ni and their dilute alloys, are characterized by a
state of spontaneous magnetization (in the absence of an externally applied magnetic field). This
state is stable up to a critical temperature above which the material becomes paramagnetic. This
magnetization results from interactions between the electrons in these structures. In analogy to
. the classical moment discussed above there are quantum mechanical moments associated with the
electron's spatial and internal degrees of freedom. Electrons possess an intrinsic spin angular
momentum, IS| = f/2. Associated with an electron's spin is a magnetic moment of magnitude pg

= eh/2me = 6(109) ¢ V/G (Bohr magneton). Similarly there is a moment associated with the
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orbital (spatial) angular momentum, L, of the electrons. However it turns out that for the
materials considered here the spatial ar;gular momentum is of “seoondary 'importance. The
crystalline field of the structure largely removes the degcﬁeméy of L staécs. Expectation values-
are zero for nondegenerate states. The angular momentum L is said to be quenchedS.

Foremost of the interactions, solely responsible foefifie c;cistence of spontaneous
magnetization, is the exchange interaction. This interaction is related to the following fact:
identical particles are indistinguishable. As a consequence of the above, a system of two or more
noninteracting particles must be represented by state functions that are either antisymme&ic or
symmetric with respect to the exchange (of the spatial and spin coordinates) of any two of the
particles. Electrons, along with all particles of half integral spin (known as Fermions), exhibit
the antisymmetric behaviour. The particular details of the application of the above idea to a given
system are not important here. Only the basic result is of importance; exchange forces the
coulomb energy of a system of electrons to depend on the total spin of the system. As a
consequence of the above, energy varies with the relative orientation of neighbouring spins. For
i rfgrromagne;ts parallel alignment of neighbouring spins is the lowest energy state. The exchange
interaction may be thought of in terms of an effective field, where this field provides a restoring
torque which tends to bring adjacent spins into alignment. In Fe and Ni, at absolute zero,
saturation (all moments aligned) magnetizations, M, of the order of 2.2 and 0.6 pp/atom are
observed.

For a crystalline structure the magnetization can be given in units of Bohr magnetons pcr.
atomn, the volume being implied by knowledge of the lattice parameters. It is common
terminology to refer to the mass density of magnetic moment, G, as magnetization, also. Which
of 6 or M = 6p (where p is the dcnsify of the material) is being referred to as "rﬁagnctization" is

clear from context.
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Phenomenological approach
A rmoroscoplc description of metallic magnetism is a formidable task when exchange alone
is considered. Throughout most of this thesis magnetization processes are considered E’E@
phenomenological point of view. This viewpoint rests on the following two facts. At a given
temperature below T the direction of the magnetization Mg(T) varies slowly on the atomic scale.
Secondly, the magnitude of the sbontancous magnetization is a very weak function of the applied
-magnetic field. Together these facts allow the magnetization to be represented by a continuous
unit vector field. A phenomenological approach, known as micromagnetics (pioneered by W.F.
Brown® ), employs variationaly energy minimization procedures to model magnetic interactions
“over such a field. The number of specific problems that may be solved with this apf;roach is
limited by available computing power and the age of the universe. However, the results of ‘
applying energy arguments to simple systems provide qualitative answers to queStiot;S asked of
the actual (complex) systems considered here. For example, in order to model the behaviour of
polycrystalline samples, an approximate averaging procedure may be used’. The primary
influences on the direction of magnetization are now presented.

Considering only exchange, which is independent of the orientation with respect to the
crystalliﬁe/p ax:?%ﬁe thermodynamic state of a crystal is a function of only the magnitude of M4,
In general however there are anisotropies, so- that M and H, (an externally applied field) are
seldom in the same direction.

M agnetocrystalline anisotropy .

- There exists a coupling between an clectron'é spin and its orbital angular momenta. In the
rest frame of a bound electron there is a magnetic field due to the motion of the charged nucleus
about it. The energy of the electron spin in this field as produced in a magnetic metal effectively
couples the spin to the symmetry of the lattice. This coupling results in preferred directions (with
respect to the crystal axes) for magnetization. For cubic cfystals a magnetocrystalline anisotropy

\



energy density, Ex, may be written phenomenologically3 as,
Ex = K1(a12022 + 022032 +a320,12) + Koo 2002032 + ... (1.6)

where the q4's are direction cosines of the magnetization with respect to the lattice. The
parameters K and K3 are known as the first and second anisotropy constants (functions of
temperature) respectively. Typically, the magnitude of K; decrease with increasing i.
Considering only the first term of (1.6) energy minima occur in the six <100> (as is the case for
Fe) and eight <111> (as is the case for Ni) "easy" directions (all other directions being "harder")
for positive and negative K respectively. Experimentally determined values? are, for Fe; K| =
/’4.81(105), K7 = 1.2(103) and for Ni; Kj = -5.5(104), K2 = -2.5(10%), in units of erg/cc. The

5

total energy density may be written,
=-HM+Eg. (1.7)

The field dependence of the direction of M is determined by minimizing the total energy (1.7).
Consider for example application of a field in a {100} plane, in a direction other that along an

~ easy axis. The direction that M takes is determined by a balance between opposing toerques due
to crystalline anisotropy and the applied field H. In a cube face the expression (1.6) reduces to
Ex = 2K co0s20sin20, where the second term has been neglected (a good assumption for Fe)

~ and 6 is the angle that the magnetization, M, makes with an easy direction (<100> for K > 0).

- For K; > 0 magnetization prefers to lie along a cube edge. The picture in a cube face is shown in

the vector diagram below.



‘\V = @ +¢ = aconstant

g
)
i

where IMI = Mg and the above expression for Ex applies. The total energy density is
E = 2K1c05265in%0 — MgHcos¢ .

Equilibrium states are given by dE/06 = 0. Consider the stability of the two states tMg when H
is in either direction along an easy axis; corresponding to values for y of 0 and ®. Stability is
assured when 32E/062 > 0. Consider the sign of 92E/062 near the four states given by 6 = 0 and

8 =« for y = 0 and y = &. Schematically they;situa‘tion may be represented as,

x

M’, PR TRR © = ()

\




10

where M = M;cos@ and the quantity 2K /M is referred to as the anisotropy field, Hg. The four

U

stability regions are indicated by the heavy lines. Them are sudden jumps of the moment
direction at +Hk. This field behaviour, irreversible in both the sense of field cycling and
thermodynamically (system passes through non-equilibrium states in such a rapid fashion at the
fields £Hk that the change cannot be made isothermally), is a simpleéxample of a common
phenomenon called hysteresis. Such hysteresis always accompanies cubic anisotropy.

In general the field at which the magnetization is reduced to zero is known as the coercive

field, H¢ (usually it is understood that saturation has been reached).

Approach to saturation

For field directions other than along the easy or hard directions H—oo is required to reach
saturation (¥Mg). The field dependence of the approach'to saturation due to crystalline
anisotrdpy, where the approximation M = Mg(1 - @) is valid, is obtained by identifying (from
the torque balance equation with sing ~ @) @ = (-1/MsH)(0Eg/d¢)p = 0. So that the approach to

saturation goes like

MG = M(1 -5 ), - (1.8)

where the value of b depends on the form of Eg. Simply stated the above reflects the fact that in
order to overcome a finite opposing torque with the field torque going as ﬁin(g an infinite applied
field is required. This argument applies no matter what the source of the torque (e.g. for shape
anisotropy discussed below).

In higher fields M is found to have a 1/H field dependence. This is attributed to the
presence of inclusions with different Mg and structural imperfections. These and other

contributions to the approach to saturation are discussed in the review by Stoner!0.
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Dipolar interactions
The energy of two dipole moments, m; and my, separated by a distance r isl],

U =y [mym; - 3(my-f)(maD) (1.9)

An estimate of the magnitude of U in solids can be made by assuming a moment of 1 i per atom
and an interatomic distance, r, of 2 A, is given by p%/r3 ~104eV. Accordinély, if the moment
alignment in ferromagnets were dipolar in origin, Curie tcmperatufes would be ~ 1 K (assuming
U ~ kgTc). However, the r -3 dependence is long ranged relative to the exchange interaction, so
that the dipolar interaction becomes increasingly important with increasing crystal size.
, » ¥

Demagnetizing field

From tﬁc viewpoint of micromagneticsS, in the absence of crystalline anisotropy, the total

energy density at a point r is

V-M(r")

d3r', ~ - (1.10)
Ir-r'l

E(r)=-M'H + %—V'M(r)

where ¢ and r' are field and source points respectively (the 1/2 féctor prevénts double counting).
Dipole-dipole interactions account for the second term, its value depending on the external shape
(limits of integration) of the crystal. Its effect is best seen by considering a simple example; a
uniformly magnetized (to saturation) sphere. The divergence of M = M2 at the surface i\s
equivalent to a surface charge density. These charges produce, within the sphere, a
"demagnetizing" field Hgem = - 4°Mj/3 Z which is uniform over its volume, V. So, in the
absence of an applied field, the field at any point within the sphere, B;j = 4tM; - 4aMy/3 =
8nMy/3. The field external to the sphere is that of a magnetic dipole moment at the centre of the
sphere of magnitude MgV. A similar situation exists for the converse of the above, that is a
spherical void within a space of uniformly magnetized material. The field inside the cavity,
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known as the Lorentz field!?, is Bl = 4tMg/3 2. Now consider the dipole cnergj of a spherical
volume, V, of materiglA anywhere within a uniformly magnetized sphere. The energy of this L
dipole moment, MgV, is zero since the field at the dipole is B + Hgem = 0 (ignoring the
8nMg/3 contribution due to the dipole itself). So the dipole-dipole energy of the uniformly
magnetized sphere is zero.

For any uniformly magnetized ellipsoid of revolution, there exists a uniform demagnetizing
field, Hgem = - 4n(D1 M + Dy M| | ), where the two D's are the demagnetizing factors
corresponding to the components of M along and normal to the symmetry axis. Values of D o
vary between the limits of O for a long needle magnetized along its length, and 1 for flat pancakes
magnetized normal to the flat surface. For the uniformly magnetized sphere there is a single D =

1/3. For ellipsoids of revolution, the internal field B; may be written
Bi = (Ha - Hgem) + 471M = H, + 4n(1 - D)M, (1.11)

where Hj is an externally applied field, IM! = Mg, and the term in brackets is the intcm% field H;.
Dipole-dipole energy (second term of (1.9)) here is 4nMg(1/3 - D).

In general, demagnetizing fields vary in both magnitude and direction o;'er the volume of an
arbitrarily shaped crystal, Their distribution is determined by a minimization of the total free
energy. Such calculations involve a 6-fold integration and so are readily done only for highly

symmetrical cases.

Shape anisotropy

For the above situation Hy | | M only for H, along a principal axis. In this case one speaks
of a uniaxial shape anisotropy, where the equilibrium state of the sample (disregarding crystalline
anisotropy for the moment) is determined by the balance of torques due to Hdem and Hy. The
anisotropy field in this case is 4n(D| - D pM;.
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The response in, say, the z direction, of an isotropic material to the driving force, (H;),, is
indicated by cither the permeability, 1z = (B);/(H), or the susceptibilty, 1z = (M)/(Hy,. For
simplicity consider an ellipszaidrc;f revolution magnetized along a principle axis for which (1.10)
| is the simple scalar relation, By = Ha - 4rn(1-D)M and M = xH; (or B; = uHj where
p=4ry +1). | |

In order to reduce the magnetostatic energy , -M-H, H; should be kept as small as
possible. Materials which have H¢ = 0 and‘below saturation baingach the ideal of X—oo are said
to be magnetically soft (Ideally Soft Materials ISM). In this limit themi;ftcfr;fﬁaamweuld\pg )

zero. This may be viewed as a negative feedback or bootstraping situation in which M;j increases

just enough to balance the change in Hj that caused it. A circuit analogy is shown below.

4D

For an ISM, M versus H; becdmes the linear function M = (1/4nD)H, between the saturation
states M;. In principle this allows the calibration of magnetization in terms of Ha. In fact the
low field slope of the magnetization curve of structurally and chemically pure Fe and Ni spheres
may be used to calibrate induction type magnetometers!3. Note that this method assumes that

magnetic "images"” (sec below) do not change with field.
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Domains |

Until now, in the absence of shape anisotropy, the lowest ‘cnergy state has been assumed
to occur for a crystal uniformly magnetized along an easy direction. With increasing size it
becomes energetically favourable to break this uniform state up into a number of smaller
volumes, knowfi*qs%%tic domains, each uniformly magnetized (known as spontaneous
magretization) in an easy direction such that V-M = 0 throughout the crystal (thereby removing

the 2nd term of (1.10)). For this discussion it is convenient to picture the magnetization M as

made up of magnetic moments, or spins, localized on lattice sites of the crystal. " Between
domains, are regions known as domain walls where spins change orientation from that of one
domain to the next in such a way that V-M = (. It turns out that an abrupt reorientation,
occurring between two adjacent spins, one in each of the two domains, is unnecessarily costly in
‘aémhgr}gb energy. In fact the width of domain walls, in the absence of applied and crystalline
amsotroi)yﬁclds is limited only by magnetostatics. Crystalline anisotropy acts to limit the extent
or width of dom.ii alls, the increase in this energy eventually outweighing the decrease in
exchange energy. Such adomain structure reduces crystal energy by reducing the energy of all
‘4 spins by a small amount, ,whi\la_\increasing the energy of only a small number of spins (those
making up domain walls) by a r;\ia;\ivcly large amount.
Armed with the above conce};}s we now turn to a discussion of the processes of
magnetization that occur when a magnetic material is subjected to an externally applied field.

\

Technical magnetism y

Domain structure was ’ first pdémlated in order to explain the magnetization, by the
application gf/ gnﬂtﬁzﬁ/f;eld, of a piece of "unmagnetized" material.
(?o;slder what happens if a field is applied along the [100] easy direction in an
unmagnetized single crystal of Fe. Spins that make some angle with the [100] direction will
experience a torque. This includes domain wall spins and the spins of domains oriented at right |

angles to the [100] direction. Focus on what happens at the 180 deg. domain wall, known as a ‘

=

C Ny
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Bloch wall, that separates two adjacent regions magnetized in the [100] and [100] directions.
Imagine a plane of spins running through and.normal to a 180 deg. Bloch wall. This wall is
characterized by the fact that spins reverse direction only by turmng out of the plane. Wall spins,
in alignihg themselves with the [100] direction, will, due to the exchange interaction between '
adjacent spins, drag adjacent spir;s with them. This results in the displacément of the wall into
the [ 100] region, reversing spins as it goes. Meanwhile whole domains oriented normal to these,
attempt to rotate against anisotropy torques (due to either shape or crystalline (2K /M) fields).
The relative ease with which domain walls move and domains of the above sort rotate will
determine the evolution of the magnetization of the crystal as a whole as the applied field is
inércascd in magnitude.

The form of the hysteresis curves for magnetically "soft" Fe and Ni is now described. In
pure. (structurally and chemically) single crystals of Fe and Ni, domain wall motion occurs long
before the field is large enough to begin rotating unfavourably oriented domains. The [100]
domains are reversed in internal fields of the order of a small fraction of a gauss. The initial
differential susceptibility, defined as Ygiff i = (8M/8PDH=0, is relatively large in such materials.
As the ﬁeld ié increased Ydiff increases to a maximum, Xdiff,m, thereafter decreasing to zero in the
limit Ha—oo where all moments are aligned with the field. h

The region in which xm decreases is known as the "knee" of the hysteresis curve. For
these materials (and in general) the path followed from the demagnetized state to a state near
saturation (Mg-M « Mg : referred to as "tcchniéal" saturation), referred to as the "virgin" curve, is
not retraced as _thé field is cycled between extremes. However, after a few cycles the curve,
knbwn as a "major loop", becomes reproducible. On decreasing [Hy! the magnetization does not
decrease as rapidly as it increased, having a value for [Hyl =‘O, M; , known as the remanence.
The hystcrcsis curve, which passes through the points (0,+H) aﬁd (M;,0) is generally
symmetrically placc9d about the origin. Features of the hysteresis curve described above are

=<

shown graphically below.
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\ knee

virgin curve

Hgq

The following are some experimentally determined!4.? magnetic parameters of pure, well
annealed Fe and Ni at room temperature:

Table 0:Room temperature magnetic parameters of Ni and Fe

: Fe Ni
4nM4(G) 1580 6000
Hk(Oe) "~ 560 230
Hc(Oe) 0.01 0.7

Hmax 350000 600

where Hk = 2K /Mg and, Pyay is the maximum effective (i.e.B/H) permeability (which is
defined as the siopc of a straight line form the origin to the point at which it just touches the
magnetizing part of the hysteresis curve). For Fe, with increasing concentration of impurities
such as C and N, lmax decreases while H increases.

The situation in-which fields are cycled between symmetric limits whose magnitude is less
than that required té achieve technical saturation is now considered. The loop described follows
the major lbop, departing only when IH,! is decreased, then joining it again upon sufficient field
reversal. As these limits increase, for the part of the curve where {H,l decreases, permeability
decreases for a given field. A schemati'c rcpresentatibn of the upper part of two such loops

obtained on cycling the field between symmetric limits if 112 kG and 13 kG is shown below.

\~



17

*13 kG

12 kG

Note that as [Hgl decreases the permeability for the 312 kG curve is greater than that of the
13 kG.
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1.3 Motivation

Hyperfine field at a muon

A sepies of dilute alloys starting from high purity Ni were made by R.I. Grynszpan et al.!3
for the purRose of studying muon spin rotatioﬁ (USR) and positron annihilation. ﬁeﬁmon
technique used returns information about the local magnetic field, By, at the interstitial sites
occupied by a u+ during its lifetime (ty = 2.2jusec). The mobility of the ut at the ambient "
temperatures used is such that an averagé over all interstitial sites is taken before its parity
violating beta decay. Parity violation results here in a strongly anisotropic angular distribution of
the decay positrons with respect to the muon spin direction. P. Dassonvalle has developed!6 a
theory of the hyperfme field, By, in such alloys. Muon experiments were done in zero applied
field. Contributions to the local magnetic field seen at interstitial sites in ferromagﬁetic Ni by the
WY in this case are now considered. Spin polarized conduction electrons produce a Fermi contact
hyperfine field about the P+ (see Schenck!?). The primary contribution may be viewed as a
spherical distribution of magnetization éentred at the u*. It follows that the field at the p*, as
discussed in the theory section above, is 8Meg/3, where My is the effective magnetization at
the p*. There is also a contribution due to the magnetization of the sample as a whole. Samples
are right cylinders, not spheres, and have macroscopic voids in them because of the way they
were made using a plasma furnace to maintain purity. However the magnetization is sufficiently
soft in the well-aﬁnealed samples that the internal magnetic fields (due to shape and strain >
anisotropies), in zero applied ﬁeld, are negligible compared to the hyperfine ﬁclds. Accordingly

the local field at the muon, ry, may be written,
By, = Bpg(ry) + Bdip(ry), ﬁ (1.12)

where the second term may be evaluated as a superposition of dipole field contributions. These

contributions are viewed as resulting from moments localized on lattice sites of the FCC
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structure. The method employed to evaluate this contribution is due to Lorentz!2. A sum over
dipole contributions is broken into two separate subsums. A discrete sum over moments (which
depends on their precise microscopic arrangement) is made over a sphere (assumed small
compared to the domain size) centred about the interstitial locatioh of the p*. The sum over this
sphere is independent of sphere radius providing it is large enough. In zero applied field (no
dcmagneﬁzing field), the rest of the sample makes a contribution, known as thg Lorentz field,
By = 4ntM;/3, where M;is the spontaneous magnetization in the domain. The first subsum is
zero for interstitial sites in a FCC structure (this is true for all points having cubic symmetry with
respect to the lattice). |

Estimating the Lorentz field

In order to extract the hyperfine field, Byf, from the muon spin rotation results it is
necessary to correct for the Loreitz field which is ~-3 times the hyperfine field. TheA
magnetization should be determined to better than 0.01% in order to complement the precision of
the muon measurements. As muon measurements were carried out in zero applied field, the
geometry of the sample is not importan_t. For magnetization measurements, an applied field is
necessary and the geometry of the sample can be a severe limitation on the accuracy of the
determination of the spontaneous magnetization. Precision techniques have been developed for
measuring cylindrical specimens18. A further complication arises from the fact that the spatial
distribution of sample flux is distorted by the nearby presence of the pole faces of the
clectromagnet used to apply an external field. One speaks of images of the sample moment in the
pole faces, the magnitude of which are proportional to the sample moment and the pcrmegbility of
the pole faces. The geometry of sample flux distribution and hence the "image" contributior -
the measured moment depends on both sample shape and the field history of the p-)ole faces. This
situation is handled by makihg measurements of Ni alloy moment relative to Ni standards of the
same size and shape. The presence of voids results in a dependence of measured moment on the

arientation of the sample with respect to the field direction. All of the above requires a precise
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control of the positions of both Ni alloy sample and its matching standard with respect to the
magnetometer (polefaces plus pick-up coils). In order to correct to the temperature of the muon
experiments measurements are made at the two temperatures, T = 290.45 K and

T1 =293.55 K, allowing a linear interpolation of values at T to be made.

The construction and operation of a MSM magnetometry system designed to make the best
of this bad situation is described below in chapter 2. In chapter 3 results of room temperature
measurements of magnetic moment per gram and its temperature rate of change for the Ni alloys
are presented and discussed. The appﬁcaﬁon to the correction df muon data for the Lorentz field.
with these data are briefly discussed. Finally a comparison between the results of recent local
spin density functional calculations (LSPD) and a temperature corrected version of the

magnetizztion data is made.
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Chapter 2. Experimental apparatus and procedure
A Sample preparation and characterization |

The Ni alloys used here were produced by Robert.I». Grynszpah, P. Dassonvalle, and
Patrick Langlois at CECM Vitry, Francel5. Descriptions of sample pmpgfaﬁon and
characterization which follow are almost entirely based upon the description given in the thesis of
Pascal Dassonvalle!6 as translated and augmented by R. Grynszp{an. Inclusion of this, in some
cases, incomplete information is justified by its importance for meaningful interpretation of the
magnetization data presented in this thesis. Any uncertainties as to sample origin and
concentration may be alleviated upon returning the samples to Paris where either a careful look at
the previously unavailablé records of Pascal Dassonvalle and/or repetition of measurements on

these samples can be made.

In order to attempt a theoretical explanation of observed phenomena in dilute binary alloys

two questions must be answered; what is the alloy's composition and how are its constituents

distributed?

The goal was to produce, high purity, dilute (here being <1.25 at. %), binary alloys
Ni; ,T, where T is a transition metal solute that forms a substitutional solid solution of single
phase with the Ni solvent. The structure of such an alloy is that of -the solvent whigh in this case
is FCC. The theoretical abstraction of a dilute binary alloy is a single solute atom substituﬁng for
a solvent atom in a structurally perfect solvent matrix. To approach this in practice care must be
taken with sample preparation in order to eliminate all possible inhomogenéities of structure and
concentration. Such a solid solution is given the name "terminal” emphasizing that on a
temperature-composition diagram it is represented by a vertical line in a single phase field which
consists of a Continuous series of solid solutions from pure Ni up to the solid solubility limit at
the solidus curve. A second phase tﬁay result from the precipitation of solute rich inclusions.
This situation is highly undesirable as it makes the uSR and magnetization data sample

dependent. Such data, given detailed sample knowledge, may be of some interest in itself.



22

Stoichiometry, size and distribution of such inclusions may be inferred from the results of Xx-ray,

x-ray fluorescence, TEM, and positron annihilation experiments!6.

2.1 Sample preparation
Impurity concentrations, in ppm by weight, determined by neutron activation analysis of

the "pure” Ni used as an alloy base are shown below in Table 116,

Table 1:Neutron activation analyses of Ni alloy base material

Fe 110* (5.5) - Sb £ 0.07
Cu 2.7 3) . - Mo 0.06 (2)
Al £ 1 Sr £ 0.04
Pb £ 1 A& < 0.03
Zn £ 0.87 w0022 (1)
Zr £ 0.6 : Ba < 0.02
M < 0.5 Sc < 0.017
Bi < 0.2 Hf < 0.01
K £ 0.2 Ta < 0.01
Rb £ 0.12 Cs < 0.005
Na < 0.1 Ga < 0.002
Co < 0.095** (10) ' Sc  0.0013 (5)
As £ 0.08 La < 0.001
Cr < 0.08 Mn < 0.001
Au £ 0.07
Total impurities < 120 ppm by weight
** after correction
* apparent percentage

- () error in last significant figures.

For details of the above analysis (such as corrections (**and*) made for "parasitic"
reactions) see Dasspnvalle's thesis!6. Excepting Fe at 110, impurities are in total below 10 ppm

by weight.
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Added metals |
Added metals, having a minimum purity of 99.95% (wt.), add at most 20 ppm of
unanalysed impurities to the overall impurity. In all cases added metals were weighed to within
104 g before and after alloying (to keep track of any deviations from the nominal concentration
before dlloying). Some saxriples were subjected to neutron activation analysis at several different
locations in the sample.’ In this wa); both homogeneity and agreement with the nominal value of
concentration were tested. Results of neutron activation analyses as well as indications of
precipitdtion from TEM and USR experimental results are presented together with other data,

obtained here, which serve to characterize the samples, at the end of this section in Table 2.

Alloy preparation

There were two different methods of sample preparation. All but 5 (and possibly 2 more)

of the 60 samples were prepared in the following way.

Plasma furnace ;

- After precise weighings a.'{;ivcn solute material was placed in a hole drilled in the top of Ni
base material. The above was é]loyed in a plasma furnace under a H-Ar atmosphere. In the
liquid state, the alloy is held in quasi-levitation on the end of a vertically mounted cold Cu finger.
The presence of Ar reduces the loss of material due to evaporation onto the walls of the apparatus
while H undoubtedly reduées impurities such as C, O, S, etc.. Unfortunately, many
macroscopic voids are produced due in part to the presence of H. In an attempt both to remove
such voids and improve the chemical homogeneity of such a sample, it was remelted several
times under an atmosphere of Ar alone. - Contamination by the Cu finger was checked by neutron
activation analysis and was found to be negligible. /ﬁ

The typical result of the above was an oblate ellipsoidal shaped alloy, being approximately
10 mm in height, 16 mm in diameter, and 10 g in mass. At this stage grains having columnar or

basaltic structure were oriented towards the symmetry axis and had, typically, a volume of from
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5t00.5 mm3. Itis possible that void diameters may'increase from bottom to top and that their
distribution would tend to follow the columnar grain structure.

After an electrochemical polish, samples were annealed 4 hrs at 1050°C in a 3 10-7 Torr
vacuum and then slowly cooled (10 hours to reach ambient temperature). During cooling the
furnace current is cut off to avoid producing a remnant magnetization of the sample. The
magnetic field produced by» the current in the furnace windiﬁgs defines a preferred direction about
which the solute orders itself. Such a process is commonly referred to as magnetic annealing,
owing to the productidn of a remanent magnetization this results in a sample dependent

contribution to the internal magnetic field.

Induction furnace

The Ni standards labelled G and H, Pt alloy F, Mn alloy E, and possibly the Mn alloy 12
and Co alloy 7, were prepared as discusséd below. There is some uncertainty with regard to the
last two because they, unlike the others, are not of the large size expected for this method.
However, in the complete list of neutron activation analysis (N.A.) results, for Ni alloy samples
as supplied by R. Grynszpan, which includes samples not considered here, the induction furnace
method is indicated for two entries which are believed to correspond to these two samples. This
belief, in the case of Co alloy 7, is based on the fact that the "as made" concentration, 0.91 at. %
(atomic %), which accompanied the samples prepared for magnetization measurements, agrees
with N.A. concentration, 0.944 + 0.028 at. %, of the only unaccounted for, above mentioned
entry. In the case of Mn alloy E the "as made" concentration was given as 0.91 at. %.
However, there is no entry from R. Grynszpan's table \-avhich corresponds to this,> the highest
being 0.445 at. %. Bascd on the results of the relative, with ;egpcct to Ni, change in
magnetization to be described below, Mn alloy E corresponds to an entry, prepared by the
induction furnace method, with a N.A. determined concentration of 0.110 £ 0.015 at. %.

Precisely weighed constituents were placed in a high purity fused alumina crucible which

had been previously degassed for 12 hours at 1100°C. Further degassing, under either a
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10-5 Torr vacuum or, for solutes (Cr, Mn, etc.) with vapor pressures greater than that of Ni, 10
Torr of Ar, was done with filled crucible in place in the Balzer iniduction furnace used for
alloying. After several minutes of mixing, the liquid bath was cast in a cold Cu mold. Again,
negligible contamination, due to either crucible or mold, was found. While such alloys exhibit
good chemical homogeneity, structurally there are cavities and variable grain sizes.

To improve the above situation, remeltings were followed by annealing for 4 hours in cithér
a 2 10-6 Torr vacuum or 20 and a 16 hour cooling. The typical result is a cylinder approximately
10 mm high and 45 mm 1n diameter, having a polycrystalline structure, with grain volumes
ranging from 1 cc for pure Ni to 10 mm?3 for a 1 at. % Mn alloy.

Neutron activation has shown W and Cr impurities by 15 and 2 ppm by weight respectively

(from the thermal baffles of the Czochralsky puller).

Preparation of samples for magnetization measurements

Signal per gram of an alloy sample is measured relative to that of its matching in size,
shape, and metallurgical origins, Ni standard. This is done to ensure that for a sampler and its
standard, contributions to signal due to, field dependent, magnetic images and demagnetizing |
fields, scale in the same manner. In this way it is hoped that their signals per gram are more
nearly in the same ratio as the desired ratio of their spontaneous magnetizations. |

After the USR measurements were completed the samples were prepared for magnetization
measurements as follows. Cylinders were spark cut from the samples along their cylindrical
axes. They were subsequently machined to the nominal dimensions (height x dia.) of either 6.5 4
x950r95x95mm (as possible). Such samples were centreless ground to within + 0.01 mm
in diameter and £ 0.005 mm in height and then lightly chemically polished (to reduce surface
roughness and remove the dan:{ége layer). Final heat treatment consisted of the same annealing
conditions for all sﬁnplcs of 4 hours at 1050°C followed by cooling for 10 hours under a 3 10-7
Torr vacuum. For each size a sample of Ni base material of the same dimensions was prepared

in the same manner.



2.2 Sample characterization
Below are described measurements, made here for this thesis, which serve to characterize

the state of the Ni alloy samples.

Density measured and expected
~ Samples were carefully weighed to within £ 5 pg using a Mettler Microbalance. Their

volumes and hence densities were calculated from careful measurements of height and diameter
using a micrometer. Due to a sample's surface roughness and rounded edges these densities are
lower than they would otherwise be. | |

An "expected" variation of density with concentration;, for a given alloy series, was taken as
a least squares linear fit to published datal? of the variation of lattice parameter with
concentration. Where possible, data for slowly cooled alloys of the lowest concentration were
used. In cases, such as Ta and Zr, where no such data was available, the approximation known
as Vegard's law was used to obtain an "expected"” variation. This approximation takes the
average atomic volume of a binary alloy as the linearl'combination, weighted by concentration, of
those of its two pure constituents. Values of lattice constants used were obtained from Mirkin20,
Note that for Zr, for which the stable phase at room temperature is HCP, the lattice constant of
the quenched high temperature BCC phase was used. For Hf, which has a hexagonal structure,
no attempt was made to estimate “"expected” density variation. |

Comparison of measured density, p, with expected values for the Ni standards and each
alloy series (excepting Hf) is shown, as a relative percemagé change, Ap/p, in Table 2 below.
Errors reflect uncertainties in the measurements of dimensions. This table compares density,
calculated from measurements of mass and dimensions, with expected density. The column
headed "P" lists indications of precipitation from USR and TEM data; p and P, respectively. The

code is; 1=p or P, O=no evidence of precipitation, and - 1=no neutron activation data available.
3



Solute

Ti

Fe

Co

Table 2:Nickel alloy compositions and densities

Label

N59
N34
N35
N14

N58

- N53

N32
N13

N61
N33
N21
N24

N12
NIE

N45
N54
N11

N27
NO6
NS52
NO7
NO8
N10

NO1
NO2
NS51
NO3
NO4
NOS

N37
N38
N29

N43
N56
N25

N41
N42
N18

" C(at.%)

0.147(02)
0.262(02)
0.538(11)
0.910(00)

0.150(01)
0.251(11)
0.537(13)
0.923(05)

0.144(06)

0.233(30)
0.545(05)
0.886(24)

0.110(15)
0.750(00)

0.252(07)
0.542(07)
0.922(03)

0.241(17)
0.526(23)
0.777(23)
0.944(28)
1.198(14)
1.517(13)

0.262(05)
0.559(22)
0.910(00)
0.957(44)
1.220(14)
1.532(03)

0.256(04)
0.547(03)
0.888(01)

0.252(07)
0.573(06)
0.906(02)

0.245(14)
0.550(01)
0.905(05)

p(g/ec)

8.8271(82)
8.8616(83)
8.8252(82)
8.8146(82)

8.7444(72)
8.8119(99)
8.8593(73)
8.8340(87)

8.8735(57)
8.8622(56)
8.8760(50)
8.8226(66)

8.8750(50)
8.8663(40)

8.8143(56)
8.7999(49)
8.8609(66)

8.8612(50)
8.8530(63)
8.8439(56)
8.8053(63)
8.8811(50)
8.8744(50)

" 8.8807(50)

8.8833(50)

8.8249(49)

8.8732(64)
8.8593(51)
8.8588(66)

-8.8481(49)

8.7981(51)
8.8253(49)

8.8509(50)
8.8696(50)
8.8700(50)

8.8576(50)
8.8537(47)
8.8931(64)

Aplp(%)

-0.879
-0.437
-0.714
-1.090

-1.833
-1.045
-0.427
-0.595

-0.400
-0.510
-0.293
-0.825

-0.358
-0.509

-1.033
-1.125
-0.349

-0.559
-0.641
-0.735
-1.163
-0.304
-0.367

-0.354
-0.332
-0.994
* -0.454
-0.616
-0.629

-0.561
-0.949
-0.437

-0.700
-0.513
-0.532

-0.709
-0.879
-0.584
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Mass(g)

4.06692
4.08280
4.06602
4.06113

4.00765
2.67054
4.07492
3.30205

3.31639
3.31596
4.08702

2.68878

4.08898
5.80469

3.29955
4.05087
2.69786

4.06780
2.08443
3.30153
2.07048
4.08706
4.07648

4.07917
4.09251
4.07535
2.08697
3.05362
2.70245

4.07658

3.03815
4.06698

4.06609
4.08969
4.09410

4.07856
3.31747
2.08524
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Table 2 (continued)
Solute  Label  C(ar%) plgec)y  Apip(%) P Mass(g)
NS0  0.257(04)  8.8815(50) -0.426 +0  4.09581
Pd N57  0.549(01) 8.8682(56) -0.675 +0 3.32424
N26  0.909(03) 87911(51) -1.659 +0 3.03162
Hf N60 0262(01)  8.8402(49) - +1 407293
N39  0.259(02) 8.8101(56) -1.504 +0  3.30097
Ta N40  0.548(04)  8.9275(50) -0.600 +0  4.10951
N28  0901(01) 89773(52)  0.543 +0  3.0870}
NS5  0.252(08) 89168(50) -0.385 +0  4.10858
W N49  0.543(07) 8.9758(52) 0234 +0  3.08498
'N20  0.912(01)  9.0135(50) -0.455 +0 4.15278
Pt NIF  0.750(00) 9.0126(41) +1.132 +0  5.90607
N17  0902(02) 9.0362(51) -0263 +0 4.16326
N30  0.257(02) 89162(50) -0.392 +0  4.10057
Au N16  0.541(03) 89530(50) -0.469 +0 4.12320
NI5  0913(01) 9.0191(50) -0369 +0 . 4.15735

- With regard to the alloy series two features should be noted. Fifstly. measured densities are
typically speaking, ~ 1/2 % lower than expected. This is certainly due to in part to the
overestimation of the volume. It may also indicate an average background volume of voids for |
this method of production. Secondly, in many cases measured densities are much more than 112
% below expected values. These anomalous values strongly suggest two possibilities; firstly that
these samples contain a proportionately larger volume of voids and secondly that compositions |
are inaccurately known. As discussed below in the section entitled "voids", an asymmetric
distribution of voids may lead to large variations of signal upon 2x rotation of samples about
their symmetry axes, as well as an overall reduction in'samplc moment. In these cases the
amplitude and form of the variations were compared with those of the more well behaved
samples. No clear cut difference between these two groups was noticed. Also, correlations
between variations with composition of measured densities and relative change in magncnzanon K

4
were not found to be conclusive.
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Denszty of standards
The lattice paramctcr and corresponding dcns1ty for Ni were taken tg /bej 5238 A20 and
891172 g/ccg?’rcspcctwely. 'The measured densities for the 5 standards used are,

’
A S
Y

a

Table 3:Densities of Nickel standards

Label ' plg/ec)  Ap/p (%)

NIA 8532(66) -0.7
NIB—" 8.6092(50) -3.4

2 UNIC  8.7962(57) -1.3
NID"  8.6565(48) -2.9

NIG  8.8908(40) -0.2.

bl

- T,k

Standards NIB and NID show the largést discrepanéies. Although NIB is the least dense it
shows a smaller variation of integrated signaluuponr rotation about its symmetry axis than does
NID. This may simply reflect a more asymmetric distribution of \voids‘in the latter case. Note
that the NIG standard whose measured density is closest to expected 1s the only one which was
prepared with the induction furnace method. " |

Visual inspection
“““ Ingeneral terms samples have a "shiny" metallic finish and, partwularly visible on the end
faces, machmmg marks from turning on a lathe. Particular features of note are of three kmds S
1/ voids vmbh: (to the naked eye) at the surface as pits,
2/ the appearance\parﬂculaxly visible on the end faces, of mtcrfcrence colours
which are defereqt for the different grains made visible by them,

3/ dull patches, cha;?acterized by diffuse scattering and greater surface roughness.

Surface voids are found on 20 of the samples, ranging in size from ~1/8 mm to ~2/3 mm.

The largest sizes (in mm), for the samples (element (sample no.)) Fe(45),Ni(D),V(32), and
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W(49) are 2/3,1/2,1/2, and 1/3 respeétively. A surface void, being asymmetrically placed, might
be expected to lead to large variations of signal upon 2x rotation of the sample. However, the
form and amplitude of this variation for samples in the group above and for samples without
noticeable sample voids do not differ significantly.

‘Intérference colours are thought to be due to a thin layer of oxide of the solute element since
they occur only for the highest (except in the case of Zr for which all the samples show colours
and there is clear evidence of precipitation) concentration alloys in series. Presumably the |
thickness of the layer and hence its colour depend on the orientation of the surface which varies
from grain to grain. These colours are observed for the following samples (solute, (as made
concentration),sample no.); Ti(.91)14, Ti(.55)35, V(.91)13, Mo(.91)18, Nb(.91)25, Mn(.75)E,
71(.26)37, and Hf(.26)60. Note that after mechanically polishing the Ti samples the colours
were no longer visible.

Dull patches occur on the following samples; Zr(.55)38, Zr(.91)29, Ta(.91)28,
Nb(.26)43,Co(.59)6, Co(.91)52, Cu(.26)1, and Cu(.91)51. Relative to the Zr samples the rest
have small patches which could be described as minor discolourations. For Zr(.55)38 and
particularly for Zr(.91)29 for which there is only a narrow metallic band about the waist, the dull
patches have a greater surface roughness which strongly suggests that they are not of single

phase.

SAM (Scanning Auger Microprobe) analysis of Ti alloy series

A Perkin Elmer model 595 SAM was uszd to determine the surface composition before and
after Ar* ion sputtering. The ratio of Ti concentrations before and after sputtering were found to
be from ~2 to 4. After sputtering, compositions for all but the .15 at. % sample (for which the
signal to noise ratio was ~2) agree with as made and N.A. results within uncertainties. In

summary the Ti concentration decreases with depth near the surface (sputtering depth).
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X-ray Fluorescence of Ti and V alloy series

A Cameca model SX-50 electron uﬁcroﬁrobe system was used to determine the
composition, over an endface of Ti and V alloy series samples. This fully automated system
combines a scanning electron microscope with four independent wavelength dispersive
spectrometers of the Rowland circle type for the analysis of x-ray fluorescence. Samples were
shrink fit iﬂw the centre of cylindrical delrin mounts 1" in diameter and ~ 3/4" high, one endface
of the sample being flush with the delrin mount endface. samples in their delrin mounts were
mechanically polished by hand, using diamond paste and a short nap cloth pad, in order to
provide microprobe access, w‘ithout‘the need for refocusing, to as smooth a surface as possible
(signal is a function of surface topography). In some cases a final polish was made with a
solution consisting of a colloidal suspension of 70 nm silica particles in a basic solution
commonly used for polishing Si wafers (Rodel Products, Scottsdale Arizona). This method
combines mechanical with chemical polishing and results in a very smooth (relative to diamond
nolish method) suﬁwe having visible evidence of grain structure due to preferential etching of
grains. Sample charging was prevented by evaporating a thin carbon film over the (sample/delrin
éamplc mount ) surface. Two 6f the spectrometers were employed in parallel, one ;:alibratcd
against the Ni standard H and the other against a pure rutile (TiO) or Vanadium standard.
Measurements of Ti and Ni fluorescence signals were made at 100 points in an irregular pattern-
over the whole of the polished sample endface. After each 10 measurements, the probe was
returned to the same position on the sample and a measurement taken, in order to determine
machine reproducibility. The standard deviation, G, of these 10 mcasuremeﬁts represents, in all
cases, rcproducibility to less than one part per thousand (6/V10) for 100 such measurements.
Averages(standard deviations) of concentrations in atomic percent, preceded by sample numbers,

are shown below.
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\ Table 4:X-ray flourescence compositions of dilute Ti and V alloys with Nickel

Titanium

59
34
35
14

XRF
0.151(0.011)
0.285(0.034)
0.594(0.061)
0.963(0.060)

N.A.
0.147(0.001)
0.262(0.002)
0.538(0.011)
0.910(0.000)

Vanadium

58

53

32
13

XRF
0.156(0.003)
0.317(0.004)
0.822(0.006)
0.910(0.007)

N.A.
0.150(0.000)
0.251(0.011) -
0.537(0.013)
0.923(0.005)

Note that Ti sample heterogeneity, as indicated by standard deviations (~10 %), is ~10

times that of V. For Ti these values are higher than but within o of as made and N.A. results.

- For V however, sample 58 and particularly samples 32 and 53 are more highly concentrated than

N.A. indicates, not agreeing within £10g in the latter two cases.

The measurements described above sample to a depth ~ 1pm, while N.A. is by comparison

a bulk measurement. In this sense the XRF results may be concluded to indicate chiefly Ti and V

sample heterogeneity of composition "near" the surface. How closely these numbers reflect the

bulk is answered in part by the SAM results above for Ti since sputtering depths used were small

compared to 1pm. However the large discrepancy noted for Y sample 32 above is curious,

especially considering the magnetization data to be presented below in chapter 3 for this series.

~erw/



33

2.3 Experimental layout

The moving sample magnetometry system described here has evolved from the original
constructed by C. Winter2l. A block diagram of the entire system is shown in fig. 2.1. Almost
all functions are under direct computer control (exceptions are the six temperature controllers,
which aré self contained and sample changes, which must be made manually). The North Star
Horizon computer was programmed in the interpretive Microsoft BASIC 80 language. Arrows
indicate ;vhetha a signal is data input or a control output. The system méy be broken down into
four main pérts; field control and measurement, control and measurement of sample temperature,
sample motion and finally, conditioning of the induced signal. For emphasis, the primary signal
path is shown in bold. Details are found below of how measures of field, temperature, and
inte grated signal are obtained. |

Magnitude of the applied field, as measured by a NMR magnetometer, is collected in a
BCD (binary coded decimal) form by the computer via one of its parallel input/output boards.
There are three relays through which signals may be selected by the computer (termed
SCANNER in fig. -2.1) for measurement by a FLUKE 8842A digital ("5 1/2" digits) voltmeter
and subsequently read by the computer via an IEEE 488 bus. To facilitate field (F) setting a
measure of the appliéd field, as give;i by the output of a Hall probe type gaussmeter, is selected
by the computer for measurement by the digital voltmeter via a reed relay. The integrated signal
is éelccted by one of two Crydom PVR3301 photovoltaic relays. Drift and noise performance of
these relays were found to be far superior to garden variety reed relays. The other "PVR" selects

a measure of the sample temperature, in the form of a conditioned version of a Cu-constantan

thermocouple voltage.
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Field control and measurement

Field control

An external ;nagnctic field was applied to samples via a tap water cooled, low voltage,
JMAGNION type L-128 electromagnet (see fig. 2.2) which has a 2.25" air gap between right
cylindrical, 12" diameter, ARMCO #120-225-471 iron pole pieces, powered by a
MAGNION/HARVEY-WELLS HSR-1365B 3 phase 220V supply. A cross section of the
magnet is shown in fig. 2.3. A custom board in the microcomputer allows control of field
functions such as: ON,OFF,FORWARD, and REVERSE field, by means of reiays_‘in the
MAGNION FCC-4 field regulator. Fields of up to 13 kG were set and stabilized by the
integration of the sum of two external error voltages by the field regulator. The first error
voltage, applied to the control input of the field regulator, is proportional to the difference
between a computer generated field set voltage and the analog output of a BELL model 660
digital gaussmeter with a BELL model HTJ6-0608 S Hall probe (serial no. 101248) placed ~3
1/2" off the center of and midway between the pole faces (see fig. 2.4). The Hall probe is
located from the coil mount a distance sufficient to avoid excessive variation of applied field due
to sample motion. A coil wrapped around the end of one pole face, known as the rate coif,
generates the second error voltage which supplies differential feedback to the field regulator.

Long term stability of field settings is improved by thermostating somc of the key
components. The gaussmeter, along with a fan, resistive he#ter, and thermistor is contained in a
box whose temperature is maintained to within 30.2 K by a proportional controller (see right
hand side of fig. 2.1). The D/A converter that generates the field set voltage and the comparator
which provides an error voltage to the control input of the field regulator are both inside a large

box with 1/2" thick aluminium (Al) walls.
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Thermostated chamber

This Al box is within a temperature controlled chamber (see BOX(Box(box)) lower left
hand side of fig. 2.1) which itself is part of a system that maintains temperature control of
critical, signal related electronics. These electronics, which are responsible fof the amplification
with roll off, integration, and subsequent sé.mplc and hold of the raw signal from the pick-up
coils, will be discussed below in some detail. Inéluding the room, this system comprises three
separately thermostated chambers. The innermost, a 1x1x2 ft. box with 1/16" thick copper
walls, along with the aluminium box mentioned above, is contained within a ~2x2x2 ft. box of
1" thick styrofoam construction. Proceeding inwards from the room, each chamber achieves a
successively highcr and finer control of femperann'c. Such a layered design relies on the fact that
the degree to which a chamber's temperature can be controlled is li'rrﬁted by the influence of its
surroundings to which there is a net heat flux. Room temperature, depending on the time of
year, is controlled to within from +1 K to 5 K over a 24 hr. period. A muffin fan draws room
air into the styrofoam chamber on demand from a thermistor located near a second, inner fan,
which provides circulation. Under normal operation the muffin fan is never at rest, due to low
friction and its angular momentum, thus producing a continuous displacement of the warmer air
out through holes in the styrofoam walls. The net effect of this, is to provide a temperature
controlled (to within 10.2 K) heat sink for the innermost copper box. Inside the copper box, an
on-off controller supplies power to a nichrome heater, strapped to the fror;t of a circulation fan,
on demand from a the;rmistor located just downwind. Whﬂe the controller in the styrofoam box
is in operation the temperature in the copper box is held to within £0.02 K of what is typically
303 K.

Field measurement
Magnetic field measurements were made with a CERN-EP type 9298 NMR magnetometer.
For details of its design and operation see K. Borer and G. Fremont22. The NMR technique
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piston

Fig. 2.4 Field's eye view.
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used here relies upon the linear proportionality constant between the magnitude of a static
magnetic field H and the corresponding frequency of RF induced precession of proton spins
about this field being known with high precision (4257.608( 12)Hz/G in a cylindrical sample of ‘
water). The extent to which this is true is demonstrated by the fact that NMR is used as a
primary magnetic field standard. The entire system cornprises a NMR probe, probe amplifier
box, and a double width NIM plug in. Five separate 0.1M NiSO4 aqueous probes, with
overlapping ranges, allow field measurements to be made from 1 to 21 kG. Since measurements
of field are made when the sample is at rest the NMR probe is located (séc fig. 2.4) closer to it
than the Hall probe may be. For a given field range (probe) computer controlled measurements
can be made. Coarse adjustments corresponding to a given field setting can be made by applying
a computer generated voltage to the Vip input on the rear panel of the NIM plug in. Fine
adjustments are made, overAan adjustable preset range, by the automatic NMR signal search and
‘lock capability of the device itself. A BCD output of the 7 digit display of field in gauss (to a
0.01G resolution), strobed at 4 Hz, is read by the computer.

Field uniformity (as measured with nothing between the pole faces except a Hall probe), is
indicated by the change in the field from its 12 kG value at the symmetric midpoint between the |
pole faces. In the radial direction the field changes in an approximately parabolic fashion, falling
by ~1/2 G (or 1 part in 24000) 2" from the centre. Along the symmetry axis there is a similar
smooth drop. A decrease of ~0.06 G (or 1 part in 200000) is seen 5/8" from the centre. This
value would correspond (half way through the samples motion) to an axial variation over the
volume 60cupicd by a samﬁe of 2 ppm. The corresponding field variation between the middle

and an end of the 2" sample stroke is approximately 10 ppm.

) D:ynamic effects due to pole faces

The existence of a number of dynamic effects were inferred from the time evolution of
induced and integrated signals. In all cases observations are attributed to the magnetic state of the
cylindrical Fe pole faces of the electromagnet used.
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Eddy currents ,
After the field was changed, there was 290 second delay before a measurerﬂem was taken

This was done in order to avoid complications related to time effects. For example, duc to eﬁfdy
currents, a change in the electromagnet current changes the magnetic state of the pole faces from
the outside in. The time constant for this was found to be of the order of seconds.

Note that, as shown by Winter21, the coils must be located symmetrically with respect to
the pole faces in order to avoid a contribution to the induced signal of a voltage proportional to

the 2nd derivative of the magnet current. This voltage is due to eddy currents in the soft Fe pole

As more care was taken with the measurement the resolution and reproducibility of the

faces of the electromagnet.
Field overshoot

measurements improved. Nonetheless this diligence failed to remove an unexplainable feature of
the measurements; signals made for two fields of opposite direction differed by an amount greater
than could be attributed to the difference of their maghitudcs. That is, greater than the signal
change expected from the field dependence of the signal at this field. The relative size of the
difference was seen to decrease when smaller field steps were taken. The mystery remained until
the magnet power supply cooperated by losing its ability to set fields using the "sweep” mode.
Now forced to use the "regulate” mode, the asymmetry of forward and reverse signals was seen
to increase. q

'Field control damping differs for these modes; underdamped for regulate and more nearly.
critically damped for sweep. This resulted, for a field set from O to 12 kG, in the appearance of
an up to ~2% field overshoot where little or none existed before. Percentage overshoot is
independent of the size of the field change, so that small overshoots accompany small field
changes. Originally the field sets in the forward and reverse directions were unequal. With the
addition of overshoot this d?ﬂerence increased.
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As discussed above, there is an "image" contribution to the signal whose maghitude is
proportional to the permeability of the pole faces. Permeability and hence the signal depend on
what minor loop the pole face is on. Loop identity is defined by the maximum field attained.
The larger this field, the less the permeability (see "Theory" above) and hence signal as the'polc
faces approach technicalisaturation. Such behaviour was confirmed by programming
successively larger field overshoots. With increasing overshoot the signal decreased, at first
rapidly, then more slowly, apparently towards a limiting value.;

The situation was much improved by adjusting the field sets so magnitudes were the same
in either direction. Further improvgrhcnt may possibly be.achieved by either making large field L
changes in smaller steps or repairing the sweep mode of the magnet power supply. It is assumed
that field set behaviour is sufficiently symmetric and reproducible that such effects may be

ignored.

Magnetic aftereffect

After the 90 second delay made before measurement, even though changes in the applicd
field were too small to account for it, the measured signal was seen to decrease with time in an
exponential fashion. The magnitude of this effect was found to be la;'gcst for the lowest field
used; 8 kG. The magnitude of this change was such that it was necessary to discard the ﬁrét of
20 measurements taken at this field. This first measurement was typically 3 to 4 times the
amplitude of the variation seen upon rotation of the sample; up to 5 parts\in 10000.

By far the most likely explanation for this observation is that, due to C and N interstitial
impurities, there was a magnetic aft‘crcffcct'occun'ing in the Fe pole faces of the electromagnet.
Such an effect would result in a relaxation of pole permeability. This effect results from the fact
that, given time, these mobile impurities inhabit sites of preferred energy which depend on the
local orientation of the magnetization. When a domain wall has been stationary for a length of
time long compared to the time required to obtain a sufficient degree of preferred orientation, any
subsequent change of the field will require that the wall "escape” from this stabilized state. |
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“Consider the typical situation of a length 6f domain wall pinned at its ends by two impurity sites. .
| Upon increasing the field, the initial shape of the wall is similar to that of a length of chain draped
" over the lip of a bathtub, with a pronounced bulge near the midboint of that wall (or chain). This"
protr‘usion\, before it is stabilized by interstitials, responds more readily to a driving field.
&n@uently, immediately after a field change (that follows a sufficiently iong period for which
| th:ré was no field change), the permeability will &ccreasé with time in a fashion related to the
diffusion of the thermally driven, "barrier jumping" interstitials. The magnitude of this decrease,
for a given field change, is pr)portional to the volume of domains at the new field and the
concentration of interstitials. The larger volume of domains at lower fields explains why the
magnitude of the change is largest there. .Verbal communication24 with an individual inQolved in
elecromagnet manufacture suggests that thei; carbon éontent is from 30 to 50 ppm. For such a

concentration at room temperature the time scale observed is reasonable?.

Sample translatian

The part of the apparatus concerned with sample Tanslation and positioning is now
described. One of the two (one for each of two sample diameters (nominally 9.5 and 8 mm, ))
delrin Ni alloy sample mounts used, is shown in fig. 2.5. The two differ only by the diameter
"A" of the hole which accepts the sample. Sarnple§ were held in place by virtue of the fact that
A's are slightly smaller than sample diameters ("shrink" fit). Gripping the mounted sample with
. the hand warms and expands the mount allowing easy sample replacement. The sample is
pushed to the boﬁom of the mount where it makes good thermal contact with the thermal grease
coated Al "tophat" (see fig. 2.5). This tophat is used as the anchor point for the junction of a Cu
constantan thermocouple. The mounted sample is pushed over the end of the "piston", care
being taken to thread the junction into a hole drilled in the tophat. Again an undersized hole
provides a "snug" fit, which keeps sample plus mount in place, and "hand warming" is used to
facilitate removal (note that removal withoit warming may result in cold flow of the delrin and

loss of fit). The "piston” shown in fig. 2.6, is a pyrex tube, 8 mmr O.D. and 5 mm 1.D., which

4
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| Fig. 2.6 The piston; from sample mount
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was "concentric gfound" by the Wilmad glass company. A polished pyrex tube, 14 mm O.D.
and 11 mm L.D., also “concentric ground” by the Wilmad glass company, serves as a cylinder.
This tube is held fixed between the pole faces of the electromagnet by means of the outer two of
the three plexiglas H shaped wedges, side views of which can be seen in fig. 2.4. The cylinder
is clamped in place by means of two nyion bolts with locknuts. To avoid cracking the cylinder,
small pieces of rubber cork are placed between bolts and tube. The cylinder passes through |
without touching the Al coil mount which is independently supported from below by the third H.
A detailed drawing of this third H is shown in fig 2.7. The outer two H's are identical to each
other and differ from the third H only by the size of hole drilled th;ough their centre's. H's are
slid into position and wedged im place by turning the knurled nuts. In order to maintain
symmetric positioning of coils and the samplc's motion between the pole faces, holes in the H's .
are centred and normal to the milled sides that wedge against those faces.

Alignment of the cylinder with respect to coil mount is assisted by the use of a brass rod,
machined for this purpose to have a sliding fit through the outer two H's. The procedure used
for final positioning is as follows. The upper H, placed in the position shown in fig. 2.4, is
aligned with the axis of piston motion and wedged in place. With the knurled nuts only finger
tight, fine adjustments of the lower H are made until the brass rod slides freely through both H's.
When the pyrex cylinder slides freely through the H's the lower H is tightly wedged into place.
The third H with coil mount is then slid into place between the outer two and its nuts are ﬁng&
tightened. With the cylinder in place, final adjustments are made by observing the gaps between
coil mount and cylinder with a mirror, and the H is wedged tightly in place.

Bearing surfaces of the piston motion are the piston end of the delrin sample mount and the
close fitting, 3/ " long delrin sleeve located approximately 2 1/2 " above it on the piston (see fig.
2.6). Delrin is an acetyl based polymer which, besides beir;g easy to machine, has the
advantages of a relatively (to other polymers) low qocfﬁcicnt of static friction ("self-lubricating")
and not being hygroscopic. Care had to be taken, due to delrin's large thermal expansion relative

to glass, when machining mount and sleeve for a close fit to the cylinder. After machining, a dial

W
B
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gauge indicated a "wobble” of less than 10 pum at the sample mount, as the piston was rotated in
the cylinder.

A 2" vertical stroke is produced by the motor driven CAM shown in fig. 2.1. The CAM
has a rotating cylindricaﬂ drum with a groove running about its circumference. Two half inch
rods move up and down together through linear bearings as a centrally located ball bearing wheel
attached to them rides along the groove. The groove pattern consists of two 120 deg. horizontal
sections separated by two 60 deg. linear ramps. This should result in a motionless (for 1/3 of a

| cycle) sample between up and down strokes. However, the CAM mount is not rigid, and friction
produces a back reaction to the stroke which makes the sample bounce up and down momentarily
after a stroke. After this dies away, endpoints of CAM motion are found (using a dial gauge and
a lever arm) to be reproducible to ~5 pm. Mounted on the end of the two CAM rods is a 12 VDC
stepping motor which allows sample rotation with respect to the field. Connecting the stepping
motor to piston is a thin walled 304 (low magnetic susceptibility) stainless steel tube (“con rod"
in fig. 2.1), 5/8" O.D., and ~29" in length. Alignment of piston with respect to cylinder is
improved by the presence of an adjustable teflon guide for the con rod, mounted on an Al plate
fixed to the top of the electromagnet’s coils. Piston is attached to con rod by means of a snug
fitting delrin sleeve pinned into the lower end of the conrod. Slippage of the glass piston relative
to the con rod is prevented by use of a phosphor bronze clamp. A 1" vertical cut in the end of the
thin walled tube allows a cinching action. "

Vertical positioning of the sample with respect to the coils is made in two ways. Coarse
adjustments are made by sliding the piston thi'ough the delrin sleeve in the end of the con rod
(again, to prevent cold flowing, delrin should be warmed by haﬁd). Fine tuning of sample
position is allowed by the adjus&ncnt of the height of the driving mechanism with the lab jack
shown in fig. 2.2. The entire driving mechanism is mounted on a vertically hinged Al platg to
provide the necessary clearance for sample replacement. To replace a sample, first disconnect the

~ con rod from the shaft of the stepping motor. Then swing the driving mechanism out of the way

W
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and lift the con rod until the piston's lower end clears the teflon guide. Now piston plus con rod
may be pull\::d down and forward, free of the apparatus.

o~

Timing of sample motion

As shown in fig. 2.2, a horizontally mounted a.c. synchronous motor drives the vertically
mounted CAM through a reducing gear. Sample position is inferred from the orientation of the
CAM. The latter is indicated by signals obtained when one of two slots, 180 deg. apart on the
edge of a circular disk which isr attached to the upper end of the CAM drive shaft, pass through
one of two fixed optical slotted limit switches mounted directly across from one another (see top
of fig. 2.1). Motion of thc two slots, corresponding to CAM orientations one half of the way
along the upper and lower horizontal sections of the groove in the drum, result in two pulses
indicating that the sample is at the top or bottom of its stroke respectively (and will remain there
for another 1/6 of a cycle). Referring to fig. 2.8; the leading edge of the pulse selected by the
computer, results on the next zero crossing of ~60 Hz line frequency in the following: the IN(0)
= 32 input of the computer changes state for 64 cycles (counted by the binary ripple counter,

- 4040) of line frequency. Normally the ends of this fixed duration pulse correspond to the
beginﬁing and ending of the integration of the signal induced in the pickup coils (the computer,
between leading and trailing edges, grounding its normally high OUT{Oﬂ,QS and OUT 0,64
outputs). However, in order to wait for eddy currents to die away, an integration period between
the 64 and 128 zero cmssingsmnc frequency available with the circuit shown in fig. 2.8. was
desired. Such a variable integration period was obtained by using an adjustable software delay to
extend the 64 cycle period.

The timing of the integration of a signal produced by a downward sample stroke Iis shown
in fig. 2.9. Integrations (on either up or down strokes) were performed "on the fly", that is
integration occurred on the second of three consecutive strokes. There are two reasons for this.
First of all, where the CAM and hence sample comes to rest when the motor is turned off is

unpredictable, resulting in a variable location of the stroke with respect to the integration
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window. This is undesirable due to the dynamic effects mentioned above. Secondly, due to
offsets in the electronics used to amplify and integrate the induce signal it is desirable to alternate
integration on up and down strokes (discussed below). Three strokes shift the starting point
back and forth as required. For the ~1/3 Hz motion of the CAM used this corresponds to ~4.5
sec. of sample motion. There is a delay of ~1/2 sec. between successive measurements during
which the integrated signal is converted by the FLUKE 8842A voltmeter and read by the

~ computer via the IEEE 488 bus.

Temperature control and measurement

One of two sample temperatures, hereafter T and‘ Ty whose values were typically 17 and
20 deg. celsius respectively, was obtained by pumping water in a closed cycle from one of two
temperature controlled 250 liter tanks (selected by computer control of solenoid valves (see fig.
2.1)). Water flowed through ~45 ft. of 3/8" 1.D. polyflow tubing, well insulated with 1" walled
Armourlite, tubing to and from the aluminium coil mount. Coil mount and coils, as a unit, was
surrounded successively by: a few layers of aluminized mylar, packed polypropylene wool, and
1/2" thick Armourlite sheet. Measurements of the temperature of the air inside the pyrex
cylinder, made with the HP quartz thermometer, indicated a £0.02 K variation of the same
period, but lagging behind, the temperature of the tank water selected.

Water flow through the coil mount is as follows. Two holes, 1/4" in diameter, on either
side and running parallel to the axis allow the flow of temperature controlled water througﬁ the
coil mount. Water »passes up one sicic, separates into two channels which flow around the axial
clearance hole in the machined cap, and then down the other.

From the point of view of sample temperature control, the higher thermal conductivity of
aluminium relative to delrin makes a coil mount made of the former preferable as a constant
temperature shroud; firstly, by reducing the thermal-lag between sample and shroud and secondly
by lowering the time constant of temperature reset. The pyrex tube in which the sample moves is

sealed from the outside air by means of a balloon attached to its lower end which acts like a
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bladder (see fig. 2.4) in response to the air displacement of the piston-like sample motion.
Sealing the upper end are two delrin sleeve bushings on which which the piston rides. The
thermal barrier due to the air gap between the coil mount and the pyrex tube was lessened by
filling the gap with Wakefield's thermal grease. Possible heat conduction by convection through
the 8 mm sample tube (or piston) was eliminated by packing the bore around the thermocouple
leads with. wads of teflon tape at a few points along its length. Sample temperature was
méasurcd, with the sample at rest, using a Cu-constantan thermocouple. The thermocouple
junction, as shown is Fig. 2.5, is placed in a close fitting hole packed with thermal grease drilled
nearly all the way through the Al tophat on which the sample sits. Removal of sample holder and
tophat leave the thermocouple behind in the sample tube. The two thermocouple leads pass part
the way up through the con rod emerging through a hole, above the teflon guide, drilled in its
side (see fig. 2.2). The sample temperature is measured relative to a reference junction whose
temperature is held to within $0.002 K of a 33.640 K set point by the arrangement shown in
Fig. 6. A measure of the reference junction temperature is ‘givcn by an HP model 2801A quartz
thermometer as described below. |
Reference junction and an HP model 2850A quartz thermometer probe (serial no.02-32) are
placed in the bottoms of two close fitting, thermal grease filled holes drilled in a temperature
controlled copper cylinder. On-off control of temperature witl'a nichrome heater, bi\ﬁlar wound .
- around the éylindcr, is effected by feedback from a thermistor. Placing the thermistor in close
proximity to the heater lowers the time constant of the controller, while wrapping insulation
tightly about the whole assembly prevents air currents from introducing spurious transitions.
The thermal mass of the cylinder, acting like a low-pass filter, smooths the abrupt on—oi;f heat
pulses. Thermocouple voltage amplification by a factor of 1000 with a LTC1052 chopper
stabilized op-amp (of very low thermal drift), using wire-wound feedback resistors, is rolled off
at ~1/3 Hz. Insulated cylinder containing both reference junction and quartz probe, controller,
and gain stage are all placed in the bottom of a vacuum dewar (see fig. 2.2) whose mouth is

stuffed with insulatior:. Note that due to voltage offsets of this gain stage knowledge of absolute
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temperature is uncertain. Four months after the measurements were completed sample ;md
reference junctions were placed together in a thermal grease filled hole in the Cu cylinder. The
voltage measured corresponded to a temperature of 0.3 K.

- ) The relationship of the temperature as measured by the thermocouple to that of fhc sample i§
555Wn by comparing the signal variation obtained in 20 consecutive readings (no rotation) of the
Ni D standard (NID) with the variation of the temperature corrected average of those 20 values.
Fig. 2.10(c) makes this comparison graphically for TL. Notice the regular periodicity and lag of
up to 1 minute. A comparison is made in figures 2.10 (a) & (b) of rotation data with its
temperature corrected average for NID at Ty & T respectively. The situation for Ty waé not as -
favorable. Temperature steadily increases as the 20 measurements are taken in this case. This is

most likely due to the fact that, at this temperature, AT and hence thermal transfer is not as_

. efficient as for TL..

The coils

The basic philosophy of the cgﬂ configuration used was discussed in the intfoduction.
Here two effects that influenced the choice of design, signal variation upon rotétion and magnetic
images, are discussed in more detail. Details of coils and coil mount used are then prcéentcd. |
Finally the procedures used to balance the coils, against vaﬂélﬁons in the applied field, and with

respect to induced signal are outlined.

Voids

Originally the fine position adjustment was made by means of a fine pitched thread on the
sample mount, the sample rotating about th;: axis that it moves vertically along. For the Ni alloy
samples, an unexpectedly large variation of signal with this rotation was observed, independent
of the degree to which the sample was off axis (i.e. incongruence of rotation and geometric
symmetry axis of sample). Its amplitude (relative to the signal) was found to vary from sample
to sample, being particularly large for the Ni standard D (NID), see fig. 2.12(a). Unfortunately
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Fig. 2.10 Signal variations over a 30 min. period for NID.
(a) &(b) compare signal variations due to rotation and
temperature.(sames scales for (a) & (b))
(c) compares data (no rotation) with its temperature
corrected average.
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the relative amplitude of this variation is larger than the precision with which measurements must
be made in order to correct the muon results for the Lorentz field. A straight average of the 20
measurements may not be the &measme of the sample moment in this case. For NID the
mismatch of mcasured and expected density mentioned above (corresponding with a ~ 2% void
volume) supports the claim thﬁt an asymmetric (with respect to sample gi‘r:cuy) distribution of
macroscopic voids may be responsible. Consider the two dimensional situation of ﬁg.72.l’l
below; in which a sample containing an off centre void, situated between two coils of area turns
Nj1A; and N2A,, rotates about an axis, A, that may be "off" the symmetry axis of the coil pair,

P. If rotation is on axis one expects a signal variation of period &, whereas if the coils are out of
balance (i.e. N1A1 #N2A2) ;1nd or rotation is off axis a 2n variation is expected. A two
dimensional model of a sample containing a single spherical void was developed, which allowed
the desired moment of a corresponding "voidless" sample to be determined from a fit to data. A
fit of this mode! to NID rgsulted in a void with a volume of ~1.5 % (éomparcd to the ~2 % |
expected from density m;asurements) and located near the outer edgé. Unfortunately the fit was
not sufficiently conclusive to be useful quantitatively. HoweQer qualitative content (i.e.origins of
n and 2r contributions) of the model provides a check on the balance and alignment of the coils.
Fig. 2.12(a) compares aligned and misaligned cases for NID. This unsatisfactory state of affairs
was improved by the use of a more favourabic pickup coil design. Fig. 2.12(b) shows the signal

variation for NID with the new coils. The smallest observed signal variation with the new coils is

shown in fig. 2.12(c).

@ \ Fig. 2.11
At Void model (not to scale). Offset sample with
/ void, viewed along the cylindrical axis, A,
shown displacéd from symmetric centre of

-

coils, P.

NAT NA, .




Fig. 2.12 Sample rotation by 2n.

(a) Variation of signal with angle of a Ni sample
(NID) about its cylindrical axis. Comparison of
signals with sample misaligned by 100um.and
aligned with respect to the coil axes.

(b) Signal with larger coils tﬁan used in (a).

(c) Minimum variation data for the alloys.
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Moment reduction by voids

The presence of voids do;s more than produce an orientation dependent signal. Canting of
magnetization within a sample by the demagnetizing field of a void may reduce it's moment from
that of a voidless sample of the same mass. An estimate of this effect can be made by
considering a spherical sample of radius R containing a woncentric spherical void of radius a.
The fieid due to a dipole mome.m m, aligned with the 2 axis, can be resolved into components
along and normal to the z axis; B, = (3mcos20 - m)/r3 and B, = 3mcosOsin6/r3.

" Fora sufficiently small void (i.e. R » a) B, can be neglected with respect to the sample
magnetization Mg and the \:oid moment is approximately 4nM,(a/R)*/3. Neglecting the direct
contribution Bz, which gées like (a/R)*, with respect to Mg, the samplé magnetization is canted -
by the radial component B,. Inside a spherical sample without a void M; = Mg and B, = H,-
41CMS/3 With the void Mz(p,8 ) becomes Mg(1+(B,(p,0 )/Bz) ) 12 which forR » a gives for,
AMz/Mg, the relative change in M;(p,8 )approximately -1/2(B(p,0 )/Bz)z. Reduction of the
totél sample moment, M by such a void, given by integrating the above expression for AM,/M,

over the spherical shell fromr=ator=R,is

AM

MM 3 @R
™ ° 3'{3H0 ] I-}2

ZFMS

For one percent voids (by volume) ina ﬁeld of 12 kG, this gives an erfbr of 300 ppm in ‘the
: degrc:e of saturlmon T'he above must be con51dercd an uppcr bound as complete cancellation, for
a sample contzumng XOIds distributed randomly in both s;zc and position, would occur bctwccn
tﬁe transverse components B of their demagnetizing fields. A single such vo"xd, if off centre,

would'induce a variation in moment with sample rotation (a quadrupole moment also appears

when the void position is unsymmetrical with resp\act to the field direction).

\
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¥

Magnetic images : .

Pole faces of the electromagnet

The signal reflects not only the magnetic state of a polycrystalline Ni alloy sample but that
of the electromagnet's polycrystalline iron pc)le facesas well. Spatal distribution of the flux due
to sample moment and hence signal, being proportional to the flux through the pick-up coils,isa -
function of pole face permeability. Unfortunately pole face permeability varies with field in a
nonlinear and history dependent (hysteresis) manner. When the field has been cycled between
forward and reverse technical (as opposed to the limit H—- oo) saturation it is, in relative terms,
expected that pole face differential permeability, pi4; = IB/OH, be large and slowly varying
below a value the order of 9 kG, above which it decreases more rapidly as tile pole faces begin to
saturate. Pole face pcrmeability'vari‘es anyWhere from 16,000 to 70,000 dependi{xg on purity anq
heat treatment of the ARMCO Fe pole faces used here!4. Verbal communication with an
individual involqu inielectroArnagnet' manufacture suggests that their carbon content is from 30 to

50 ppm?24.

- Field ’dependence of signal

Measurements, for Ni siandards C, G, D and a Ni sphere of uncertain origin, of integrated
signal were made in 250 G steps from 7 to 12 kG. T'erﬁperature corrected data from 9 to 12 kG
are shown in fig. 2.13. Percentage slopes at 12, 10, and 8 kG of -1.7(10'5); 3.9(10°5), and
7.8(10-3), were used to make corrections of Ni alloy data to these reference fields (see chap. 3
below). Above ~10.5 and ~11.5 kG values begin to decrease for sphere and standards
respectively. This behaviour-can not be a;tributed to the magnetic state of the samples themselves.
One expects that their approach to sammtEOn would be described by the sum of 1/H and 1/H2
terms (see theory section in chap. 1). Plots of Ni standard D (which is representative of Ni
standards G and C) and Ni sphere data against both 1/H and 1/H2, are shown in fig. 2.14. Note
that, below the break, the sphere data is goes more nearly as 1/H, while for NID as 1/H2. The
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Fig. 2.13 Field dependence of signal per gram for a Ni sphere and Ni
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Data are normalized to their maximun values, shown in the figure. The
diameter to height ratios are 1.816, 1.457, and 1.027 for standards C, D, and G
respectively.
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Fig. 2.14 Plots of signal versus 1/H (+) and 1/H2 (x) (H in gauss) for a Ni
sphere (a) and the NID standard (b).

Lines are drawn to guide the eyes; broken for 1/H and solid for 1/H2.
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most likeiy explanation for this difference is shape. As discussed above, the uniform
demagnetiiin g fieldof a spheﬂ_gaﬂly shaped sample results in a linear field dcpéndcncc below
saturation. For the right cylindrical Ni alloy samples however the dcirmgnetizing fields arcnon-’

- uniform, field dependent, and difficult to calculate. It can be shown that the part of a sample near
2 sharp edge will not saturate even as Hg — oo. Consider a right angle comer with an applied
ﬁeld aiong one face. At the corner there is an infinite fielq pointing outwards making‘ an angle of ,
I45 deg. w1th the direction of H. Even‘ though the corners of the Ni alloy samples are rounded,
there still exist sizeable shépe anisotropy fields in their vicinity. The approach to saturation field
dependence due to these fields can be shown to be 1/H2 in the same way as was shown for
crystalline anisotropy in the theory section. Presumably the field dependence of the Ni;alloys
would be of the 1/H form if they had a spherical shape.

Based on the above results for the Ni sphere, one concl}xdes that for the highest fields
attainable by the electromégnet used here, the magnetic state of the iron pole faces just begins to
enter the knee or intermediate field region from in the neighbourhood of 10 kG. In the |
experiments described here fields were cycled between limits of £12 kG with measurements
being taken as IHI was decreasea frorrj12 to 8 kG. The region involved extends from ~2 kG k~

)abové to ~2 kG below the "break" which separates the "knee" from the low field region of thé
pole face magnetization curve. The above amounts to a highly field dependent contribution to the
signal relative to the precision of the magnetometer above approximately 11 kG.

One might not expect’ anything but domain wgll motion in the pole faces as long as the
field is less than 4TMV3 = 12.4 kG for a polycrystahinc material on a major l}ystcrcsis loop.
That the susceptibility of the pole faces decreases noticeably before this geometric limit may be
related to the fact that the pole faces are on a minor loop. Decreasing images at higher fields is a
well known phenbmena25. That it occurs below the "knee" was not appreciated by us. VPcrhaps
the assumption that all grains choose to magnetize along the easy axis closest to ine applied field

-

1S incorrect.
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Image calculations

Rcsults of idealized calculation of the effect of pole face pcrmeab1hty are now presented
- Thls boundary value problem is idealized by conmdcrmg a purely dlpolar sample moment normaf ‘
| to and between tyvoAparallql, glanar pole faces of permeability |l and infinite exteqt. Unhzmg the |
| method of images, the portiém of the signal due to the presence of the pole faces is cstimatc(i as

the image contribution to the flux thi'ough the pick-up coil, due to-the coaxial dipole smnp!e. NThe\
| maénitudc of an image charge Q; in a'héllf plane of permgability Tl i§ related to that of the sarhple' |

Qg as

»

--as[ 1]

This result follows from the required continuity at the interface of the magnetic potential ¢
(defined H = -V¢ which may be introduced in the absence of currents since then VxH = 0) '
ensuring finite fields and that of the normal component of B which follows from VB = 0. Note
that images are convenient fiction. More correctly, a charge (or dipble) induces on the surface of
the polar (M) half plane (pole face) a magnetic charge density 6= - (1/41)V-H. Magnetic
dipole moments, m; and mg, consisting of two closely spaced, equal and opposite charges, are

thereby related
, — —l
m; = mg T

In low fields p » 1 so that sample and image moments are parallel, collinear and nearly
equal in magnitude. For a sample between two such half planes (pole faces), two infinite series
of image moments, each with a regular image to image spacing of twice the respective pole face

to sample distance, are parallel to, collinear with and on either side of the sample moment.
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* Using the reciprocity of mutual inductance, it may be shown? that the flux, &(r,z), through
_ acircular wire loop of radius R about the origin and in the z = 0 plane of a cylindrical coordinate
system (p,9,z), due to a dipole moment of magnitude m, aligned with the z axis at (p,0) is

(b(p,z)=——2-m——— K(k) + E(k)——e-i- @D
- V(R+p)2iz2\ (R-p)2+z2 )’ _ '
. ___4R__
where = 22+(pr)2

and K and E are complete elliptic integrals of the first and second kind respectively. The on axis |

: (p = 0) version of the above is .

() = %ﬂ (1+(t/R)?)312, 2.2y

This expression falls off from a maximum of 2nmyR at the 61‘igih in a bell-shaped fashion.
Using the expression (2.2) for flux due to an axial dipole, the relative contribution of
sample and image moments to the flux were calculated for the idealized situation, of a dipolar
sample and a coaxial pair of identical circular coils of finite extent, situated symmetrically with
respect to, two parallel, planar pole faces of pefmeability H and infinite extent. Separation of the
pole faces and dimensions of the coils are in the same ratios as the experimental values. Old and
new coils have ~2000 turns of #40 and ~2300 turns of #42 gauge copper wire. Coil dimensions
(inches), O.D. x I.D., are .94 x .57 and 1.99 x 1.74 for old and new coils.“ Finite circular coils
are ideatized by considering the sum of flux through each of NxM disjoint circular turns which
are distributed so as to form in cross section a rectangular array N wide and M deep. Width by
depth (mcheé) for old and new coils are .225 x .185 and .183 x .125. Fig. 2.15(a) shows a
comparison of the relative change (in parts per hundred thousand or ppht) of the axial coupling

for pairs of coils modeled zfter the old and new coils as a function of the distance of a dipole

44
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from the symmetric centre. Old and new coil data of variation of signal upon rotation are
compared in fig. 2.12. It is seen that new coils approximate the ideal of a position independent
coupling. The contribution of 40 pairs of images were taken into account in this calculation.
Images account for ~20 % and ~5 % of the total signal for new and old coils respectively. A

, comparison of the ;eiativc change in coupling with and without 40 image pairs is shown in fig.
2.15(b). Images. create a minimum at the origin where a maximum existed before. This result is

~ reasonable considering that the first pa.xr of images dominate the image oontnbuuon to the axial
;couplmg The c.hange in thesc two image positions is such that they compensate for the reducuonn
of the flux due to samplc alonc As the deole is movod towards a pole face the nearest image in
thls polc facc mcrcases its contribution by an amoum greater than the decrease of that of the -

ncarest unagc in thc opposnc pole. face’ Thesc encouraging results must be suppoﬂcd bya more

realistic calculanon.

Irro-r:i;r to approach the actual situation a calculation is made, for 2 identical sets of coil
pairs, using (2.1). Again symmetric positioning of dipolar sample, coils and pole faces is
assumed and the contributions of 40 image pairs are included. The finite coils are approximateci
by single turns situatzd at the geometric centre of coil cross sections (this was shown to be a
good approximation by comparison with coils for which 20 turns were distributed in over the |
finite coil cross section). Contributions of flux from upper and lower pairs are of opposite sign
(chrrcsponding to the series opposition of the two coil pairs in practice). Fig. 2 15(c) shows a
comparison of the new coil axial coupling for one gnd two pairs. The more "complete” two pair
picturo is seen to 'ﬂattcn the coupling at the origin but cause it to fall off more sharply for axial
displacements beyond 0.1". Note that the two pa.ir'relative change corresponds to that obtained
from the 2" vertical displacement of the dipole from between one pair to the other. The one pair
result corresponds to the extraction of the dipole from its axial position to a point sufficiently far
away that the coupiing is negligible. In fig. 2.15(d) results are shown of the relative change in
coupling upon making a 2" vertical stroke between corresponding poin;s as a function of the
displacement of the stroke endpoints along three mutuaily orthogonal directions from the centre
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of a coil pair. Vertical off-axis (along the stroke axis) coupling is also "improved" by the
pfcscncc of images. The horizbntal off-axis, lacking any kind of image compensation of the sort -
described for the axial one pair case, is seen to be the worst case. Although not shown here,
results for two pairs generally confirm the conclusions regarding the effects of images and
relative coupling uf new and old coils reached for the one pair axial situation. In summary the
new coil arrangement decreases the sensitivity of integrated signal to sample positioning while
increasing the image contribution.

The extent to which the results of the above calculations reflect actual experimental
~ conditions has not been systematically verified. Tedious simulations of unbalanced coils and
- _asymmetrical position of coils, pole faces, anfl sample stroke could be made; but the usefulness
of the results is doubtful. Assuming that the quantitative fesults sh;wn in fig. 2.15id) may be
trustcd‘, t[lc-possibility that the variation of signal upon rotation is due to a "wobble" of the

sample as a whole may be ruled out. *

Coil and coil mount design

Each coil had ~2300 turns of insulated #40 AWG copper wire wound randomly on the
delrin form shown in fig. 2.16. They are attached to the coil mount with nyion screws by means
of the two off centre clearance holes (see fig. 2.2). The large central hole aids alignment of a coil
with accurately scribed markings on the coil mount (see fig.2.2). The coil mount itself, shown in
fig. 2.17, had the two surfaces which accept the coils milled at the same time to ensure their
parallelism. Separation of these flats is ~0.006" greater than the 15 mm diameter of the vertical
clearance hole through which the 14 mm O.D. pyrex cylinder passes. Two holes, 1/4" in
diameter, on either side and running parallel to the axis allow the flow of temperature controlled
water through the coil mount. As shown in fig. 2.17 water passes up one side, separates into
two channels which flow around the axial clearance hole in the machined cap (not shown), and
then down the other. The whole assembly, coils and mousg, is attached to the pole faces of the
clectromagnet through one of three plexiglas H-shaped w:i&s shown in Fig. 2. Eddy currents
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Fig. 2.17 Coil mount 1:1 scale (material aluminium)
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in the coil mount produced by sample motion were found to restrict the penetration of sample flux
thereby reducing the signal. On increasing the integration period from 64 to 100 zero crossings
of the 60 Hz line voltage (see "Timing of sample motion" above), the signal was seen to increase
in an approximately exponéntiql approach to a limiting value. In order to put to rest any doubts
about the effect of the presence of thcél coil mount, a delrin coil mount of the same dimensions
was made. Measurements of 0.9900 cm and 1.0000 cm diameter iron spheres were taken under
the same field and temperature conditions with both coil mounts. Ratios of the signals of the iron

spheres were found to be the same for the two coil mounts to within 10 ppm. This is within

" uncertainties of sample temperatures and densities?’.

Balancing of coils ‘

Coils were balanced with respect to both applied field and sample motion. integration of
the signal obtained upon ramping up the applied field was used as an indicator of field balance.
The smaller the iniegrated signal, the better the balange. Upper and lower pairs were balanced
against one another by removal of turns from the coil with the largest contribution in the dominate
pair. Balance with respect to sample motion was effected by placing 0.005" mylar spacers under
a coil in order to modify the amplitude of the variations of its integrated signal obtained upon 2n
rotation of the nickel "D" sample. An iterative procedure‘brings the amplitudes of these -
variations into collective agreemént without significant loss of applied field balance, As
mend(;ned in the discussion of voids above (see fig. 2.12), the variation of the integrated signal
from all four coils with sample rotation gives an indication of the overall coil balance with respect

to sample motion.

Electronics
In this section the signal is followed from its source at the pick-up coils, to the digital

representation of its time integral at the computer. The prime objective is that this number,
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cxccptihg an.offset to be éxplai_ncd Bélow, be proportional to sample moment. Factors, related to
.- cl;ch'onics, that prevent thc above from hcing true are discussed below in turn.
The source, consisting of four scnes co:mcéted, “wild wound" coils of ~2300 turns of #42

gahgc copper wire, has a homiha} d.c. res?s‘tancc of 7.32 kQ. ; For each colil, it's two leads are

. takenas a twisted pair through d§hjeldcd cable to a set a switches, located on the wooden rack,

| w'hich allow in‘dcpcndcni selection of the signal across it, allowing bahmce of signal due to both
applied field variation and sdr;lhlc motion to be made. © *

A dlgmzed version of a swpe tracc of the 51gnal appearmg acro;s the coils upon a

downward stroke, of the Ni D standard is shown fig. 2.18. The form is that of the superposition
of two similar bell shapod c?rves. The second, corresponding to the contribution of the lower
pair, is smaller in amplitude than the first. Note ‘t:hat the leadihg edge is sharper than the trailing
edge. For an up Stroke the trace is lower, broader and more syrnméttric'.' Due to gravity the down
stroke is twice as fast as the up stroke: . A likely gxplanation for the relatively complex shape of
~ the down stroke trace may ste;n form the fact that in this case (not so for }an upwar/d stroke) the
plywood board to which the driving méchanism is bolted is free to bow upwards. Stored energy
from the back reaction agamst static friction is released at the bcgmnmg of the stroke resultmg in
observed asymmetry between upper and lower Emr contnbuuons In order to test the dependence
of the mtcgratcd signal on stroke speed, stroae §pecds were adjusted by means of two springs
| mounted between the fixed CAM body and thc moving stepping motor. The springs allowed the
"reversal” of up and down stroke spceds Both up dnd down signals were seen to increase with
stroke speed by ~3 parts in 100000 fhlj the difference between up and down stroke speeds. A .

possible explanation of this result is that a faster stroke allows more time for eddy currentsfto die

away. )
To achieve the priime objective, variations hf critical circuit parameters, must be kept to a
,‘mihimum over the period of time ( zypicgllya9 to 12 hours) required to take measurements ona |
' sample and it's ﬂaxﬂdng pair of standards. Variations due to changing temperature and associated

tcmpcfature gradieats are of primary importance. Electronics are maintained in the temperature
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Fig. 2.18 Induced signal for a down stroke of NID standard. The total signal
is the sum of contributions from upper and lower coil pairs. Note the shoulder
near 0.28 sec..
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controlled (1o 10.02 K) chamber described above. Gradients result from either air currents or
self heating of components. The former is reduced by packing polypropylene wool around the
components while the lattcr(is kept to a minimum by designing for low power levéls (i.e. high
impedance loads for voltage sources and low impcdaznce for current sources). In wﬁat follows

temperature coefficients (hereafter designated T.C.) are often given as fractional changes in ppm

of component values.

Analog board

-

A schematic of the analog board is shown below in fig. 2.19. The signal is carried to the
analog board by ~3 meters of Belden 9452 shielded cable (twisted pair with low microphonics).
Starting on the left hand side of the schematic, the cable shield ﬁs connected to one end of the
pick-up coils. Analog board components are soldered onto a Vector 3677-2 6.5 " ready-made
printed circuit board. The board is carefully cleaned afterwards to prevent excessive leakage.
Analog common from an off board £15 VDC power supply is connected to the broad copper
trace that runs around the periphery of the board. The rake-like symbol indicates conncctions,?é‘%i
made with 1/16 " copper bus wire, to a common ground point on the board edge.

Analog board function is shown most clearly by breaking it up into three independent

stages; gain, integration, and sample and hold.

_ Gain stage

First and, from the standpoint of short term reproducibility most important, is the gain
stage. An LTC OPG7 EN8 operational amplifier (op-amp) is conﬁéurcd as a non-inverting |
amplifier. It's input offset voltage may be adjusted by means of an Ultronix 2.2 kQ high
precision (T.C. < £ 10 ppm/K) trimpot shown in the network above the OP07. Two 8 kQ
Ultronix metal foil resistors (T.C. + 5 ppn/K) increase the sensitivity of adjustment. Signal gain
is given by the expression 1+ Z¢/R) where Zg = Ro/(1 + jmR2C)). The resistor R; is a Caddock
model TFO20R 100 k2 thin film resistor (T.C. £ 5 ppm/K). C) is a Philips model 368MKT
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0.1 uF metallized polyester capacitor. Together they form a low pass filter with a 3 dB point of
16 Hz, causing the gain to roll off by 6 dB/octave. D.C. gain is adjusted by replacing R by the
appropriate value. In order to retain the maximum available resolution of the FLUKE 8842A
voltmeter (1 part in 200,000), gain is adjusted so as to maintain an intcgratcd‘output of just less
than its 2 volt full scale. The values of R} used for samples with diameters matching those of D,
A, and G standards are 10, 8, and 16 k€2 respectively. These values are made up of '
combinations of a 10 k{z version of the thiz film resistor and two of the 8 k€2 metal foil resistors
described above.

Certainly the most important factor limiting the sensitivity of this system at its full
resolution (i.e. determines its maximum dynamic range) is the drift of the input offset voltage Vg
of the OP0O7 op-amp. A constaht offset voltage results (for both up and down strokes) in a linear
ramp upon integration. Due to the opposiie polarities of up and down strokes, the contributions
of a constant offset to their integrated signals cancel when these signals arc’added in absolute
value. Variétions 6f Vs over a period of time small compared to the ~5 sec. necessary to
perform consecutive UP and DOWN integrations will contribute to error. Temperature variations
on this time scale are highly unlikely when air currents acmss the op-amp inputs are avoided.
The chief contributicn to signal noise is from Vs noise in the bandwidth of integration. Such
voltage noise ;s inherent and has a 1/f type density. Increa{sing &e gain whﬂe integrating with a
good quality 7 kSQ resistor clearly illustrates the problem. For large gains (>20), after initially
adjusting the drift to zero (see below), the difference bcm;cen the magnitudes of up and down
stroke changes rapidly with time. In order to minimize the size of such contributibns the
magnitude of Vg is initially reduced by "zeroing" the consequent drift (linear ramp mentioned
above) of integrated signal. The procedure used is as follows. With both analog switches closed
(resulting in a "zero integrator‘ and sample" action of the analog board) the Vo of the 1056 op-
amp (used as an integrator) is adjusted by means of the 20 k2 trimpot until the FLUKE shows a
zero voltage output from the( analog board. Now opening the "zero integrator” analog switch

(resulting in a "continuous integration" action of the analog board) the Vs of the OP(Q7 is

&
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adjusted (by means of its 2.2 k€2 trimpot) until the output voltage changes with time as little as
possible. Adjustments of these trimpots are made from outside of the styrofoam box by means

of two ~2 foot long flexible fiberglass screwdrivers.

In tegrator:
Ideally the LTC 1056 CN8 (ﬁrccision 356 type) op-amp shown in fig. 2.19 would produce

an output, Vo, related to the input from the gain stage, Vip, as

. T
1
vout=—mjvin dt | 2.3)
0

where T is the intergration period (see fig. 2.9). In practice non-ideal op-amp behaviour and
thermal drift of R3 and C7 values introduce inaccuracies. Because of its low (pA) bias currents a
éFET op-amp is used. A IpF (50 VDC) CRC model K93 polystyrene capacitor, combines good
temperature stability - 100150 ppm/K (note the negative temperature coefficient) with very low
leakage and dielectric absorption (memory effects). Resistors R3 and R4 are 75 kQ metal film
resistors having 50 ppm/K temperature coefficients. Assuming an overall 200 ppnyK
temperature coefficient for the integrator stage, temperature stability to 1 part in 200,000 requires
temperature control to within £0.01 K. This suggests that the capacitor, with its large thermal
mass (length 1", diameter .75"), may be résponsible for long term drifts (as compared with the
Vs noise mentioned above). Problems with the input offset voltage of the 1056 are reduced by
large R and C values and zeroing of the integrator before every measurement. This is done witl;

one of the 2 analog switches (Rop, ~ 20 Q) of the Harris 5041 dual analog switch.

Sample and hold

As shown in fig. 2.19 analog switches control all board functions. Switching occurs on

zero crossings of the 60 Hz line. At the end of an integration period the sample and hold switch
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breaks ~90 ns before the integrator is zeroed. The hold capacitor, C3, is the same type as Cy. A
1056 (low droop) connected as non-inverting follower supplies the integrated signal to 4 x 1 kQ
Caddock thin film resistor network connected as a x 1/4 divider. This analog voltage (<2 V) is
converted to digital in ~300 msec by the FLUKE 8842A. Leakage due to analog switch,
capacitor, and follower cause this voltage to change with time (commonly called droop). Droop

during conversion as inferred from repeated measurements, at a 1.25/sec. frequency, after

integration, was found to be, AV/At ~ 4 counts/sec. (a count being 10 1V on the 2 V scale, or
- 5 ppm of the integrated signal). This would correspond at the hold capacitor to an effective
leakage current, I = C(AV/At), of ~0.2 nA (there is a 0.8 nA maximum specification fo} the

analog switch). The above droop during conversion likely amounts to an acceptable reduction of

the signal by 5 ppm.

2.4 Experimental procedure

As mentioned in the introduction uncertainty as to the affect of shape on sample samaﬁon
necessitates that alloy measurements be made relative to Ni standards of the same size and shape
(and metallurgical origins). Measurements are made "near" the 6 fields; *+12, 10, and £8 kG,
and two temperatures; 290.45 K and 293.55 K. Twenty consecutive measurements, separated -
one from the next by a /10 samfilc rotation, are made. The average of these twenty
measurements is taken as a measure of the sample moment at a given (one of twelve) field and

temperature. The integration of the induced signal is not what is meant by "measurement” above.

Measuremeit

To elirni’natc offsets, integrations on up and down strokes are alternated. After every four
such integrations, with the sample statiohary, the field is measured with the NMR
magnetometer. In this way fourteen integrations and four field ﬁleasuremenfs are made. An
average of the last thirteen intégrations is what is referred to above as a measurement. Each

measurement takes two minutes. Associated with each measurement are a field: the average of
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the four NMR measurements, an orientation, and a thermoccuple voltage. Fbllowing a
measurement of moment, with the sample at rest, five consecutive samples of thermocouple
voltage are made. The average of these five and knowledge of d{e temperature of the reference
* junction tcmperatuie from the HP quartz thermometer allow a sample tcmbmﬁm to be calculatcd‘
later. After these five voltage samples have been made, either the sample is rotated by 1/10 and
this process is repeated or, if that was the last of twenty measurements, the sample is rotated a
full 2= in the opposite sense. This "rewinding" is n;cessary due to the thermocouple leads.

After rewinding the field is changed.

Initializing a run

Once temperature equilibrium has been Jreached (see below) and a rough tvertical positioning
of sample has been made, the drift is zeroed as described above in "Gain stage". Fine tuning of
vertical positioning is then made with the "lab jack™ shown in fig. 2.2. The sample is positioned
at the maximum signal point. This is taken as the point midway between two points of equal

signal above and below it.

Temperature and field changes

-— Six sets, one for each ﬁe‘ld, of these twenty measurements are made for the low temperature
TL and then repeated again for the high temperature Ty. If more data is taken, temperatures
alternate. Upon initial startup or temperature change it is necessary to allow the sample
ternperatm‘;a to equilibrate. Achievement of temperature equilibrium is made in the following
manner. Measurements are repeated without field changes or sample rotatior;s. After each
measurement the standard deviation, s, of the previous five measurements is cc;mpared with a
critical value. When s is less than that value measurements proceed.

For each temperature, fields (in kG) are changed, possibly starting from a no field, mmal

startup situation, in the following order; 12 10, 8, -8, -10, -12. This order moves the pole faces
through a minor loop as discussed above. After each field changc thcre isa dclay of two minutes
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while magnetic aftereffects decay. If for some reason the field is lost, the field is recycled to its

®

present value and the run continues.

Time scale and summury

A set of 20 measurements takes ~1/2 hour. This corresponds to six hours for two,
tcmpcr;ltures. Not included are time delays for field and temperature changes. In total, eight
hours were required to obtain the required minimum of data for a given sample or standa{d. In
general, sample runs and standard rlms were done during the nighttime and daytime respectively.

This is due to the more favourable noise level at highttime and the fact that flanking standard runs

were averaged.
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Chapter 3. Results and discussion

The procedure used to measure the magnetic moment per gram of Ni alloy samples (and
their standards) is now briefly summarized. Samples move from the centre of one pair of
detector coils to the centre of another pair. Measurements are made with symmetry axes
perpendicular to the field in fields of £12, 10, and £8 kG. At each field, samples are rotated
about the symmetry axis, twenty measurements being made in steps of n/10, After a set of field
cycles the temperature is changed by ~3 K and measurements repeated. Each of the alloys
corresponds inlsizc and shape to one of a set of Ni samples. Alloy runs are alternated with those

of the appropriate Ni standards.

3.1 Data reduction and reproducibility

For each field and temperature there are twenty sets of numbers recorded. These sets
consist of the an integrated signal (average of 13 individual ihtcgrations), a NMR magnetometer
measure of applied field, and a Cu-constantan thermocouple voltage. An iterative procedure was
used to convert thermocduplc voltages, E(uV), to temperatures, T(K). Low, T, and high, ’l‘)(.
temperatures were taken as the valueﬁT = Tref + E/(AE/dT) (using initial values for dE/dT of 405
and 40.7 for T1, and TH respectively) obtained after 4 iterations with the linear fit to data26,
dE/dT(uV/K) = 0.352(T - 15.85)/4 + 40.127.

For alloys, averages of these three sets of numbers were used to arrive at an integrated

o signal corrected to the appropriate temperature and field references. For standards the average of

corresponding values from flanking standard runs were used.

Temperature and field corrections
Temperatures were less reproducible than fields. Typically, percentage corrections for
temperature and field were 0.01 and 0.0005 % fpectively.
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For each field linear corrections were made to the temperatures T =29045K and Ty =

~ 293.55 K using the quantity,

1 AS_ 2 (S(Ty)- o(Tg) o)
<o>AT TL - TH|o(TpL) + o(TR) '

where o(T) is the integrated ;signal per unit mass at the temperature T.

Data were corrected to thé fields, IHJ; of 12, 10, and 8 kG. Linear field corrections of all
data (alloys and standards), using slopes obtained from data for the Ni D standard (see "Field
dependence of signal” above), were small. The final result was independent of whether field

corrections were made before or after temperature corrections.

Reproducibility of integrated signal
Data, corrected to a given field and temperature, are reproducible to £5 ppm in the short

term (from ~5 sec to perhaps a few.hours to a day). Reproducibility in the time scale of days to

months is at worst £20 ppm.

Precision of magnetometer

Resolution of a measurement (i.e the average of 13 consecutive integrations (see
“Procedure " above)) is that of the FLUKE DVM used as A/D converter; 1 part in 200000 or 5
ppm. Precision is equivalent to rgsolution if the magnetometer is linear.

Linearity is checked by comparison of the field and temperature corrected signals of two Fe
spheres of diameters 0.9900 and 1.0000 cm. Their usefulness as standards serves to illustrate
the drawbacks of the Ni alloy samples. The spheres, besides having the same metallurgical
historyé\iverc subjected to rolling and kneading procedures in order to achieve uniformity of
density m;d a random distribution of small grains?’. In contrast, Ni alloy samples have a non-
ideal shape, voids, large grain sizes, and in some cases a non-uniform distribution of solute (i.e.
precipitation). A comparison of Fe sphere moments is both easier and more appropriate than the
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v
measurement of an alloy moment relative to that of its matching standard. Spherical shape results

in moments that are more nearly independent of field (i.e. closer to saturation) and ensures that
the effect'of diameter difference is minimal. Relatively uniform densities yield results that are
largely independent of sample orientation. In addition the higher T¢ of Fe results in a reduced
temperature dependence of magnetic moment. Ratios of signal agree within 5 ppm at each of
several preamplifier gains. Agreement with the ratio of the weights is consistent with expected

variations20 of density from sample to sample; +20 ppm.

3.2 Magnetic moment per gram

Here the best possible interpretation of data as moment per gram are presented. As
mentioned above, from the point of view of magnetic moment measurements these samples
(alloys and standards) are less than ideal in t.hrec respects; shapé, voids, and large grain size
(suéh that the number of grains is small). The first is dealt with l;y considering alloy moments
relative to Ni standards of the same size and ghapc, whilc,@hc effects of the last two are minimized
by averaging g%cr 20 oriéntati'ons of the sample with respect to the magnetometer. Possible
reduction of magnetic moment by voids ié unavoidable wifh these sam;;lcs however. Finally,
averaging over the six fields both improves statistics and reduces the role of possible differences
in field \dcpendcnce between an-alloy and its sxaﬁdard.

Results are presented in table 5 below of the percentage change in magnetic moment per
‘gram of a given alloy relative to that of its standard and the corrcspb.ncﬁng alloy temperature
derivative as given by (3.,1):\Thc '\f‘o\rmner is corrected to T = 290.45 K while both of the above

are averaged over the 6 fields. Standard deviations follow average values in parentheses.

o~
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Ti

Fe

Co
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Table 8: Change in magnetic moment/gram of Ni alloys with
temperature and, at 29045 K, relative to matching Ni standards.

Label

N59(D)
N34(D)
N3S(D)
N14(D)

N58(D)
N53(N)
N32(D)
N13(C)

N61(C)
N33(C)
N21(D)

N24(N)
N12(D)
NIE(G)

N45(C)
N54(D)
NI1I1(N)

N27(D)
NO6(A)

N52(C)
NO7(A)
NO8(D)
N10(D)

NO1(D)
NO02(D)
N51(D)
NO3(A)
NO4(B)

NOS(N)
N37(D)

N38(B)
N2%(D)

0.147(1)
0.262(2)
0.538(11)
0.910
0.150(1)
0.251(11)
0.537(13)
0.923(5)

0.144(6)

10.233(30)

0.545(5)

0.886(24)
0.110(15)
0.750

0.252(7)
0.542(7)
0.922(3)

0.241(17)
0.526(23)

0.777(23)
0.944(28)
1.198(14)
1.517(13)

0.262(5)
0.559(22)
0.910
0.957(44)
1.220(14)

1.532(3)
0.256(4)

0.547(3)
0.888(1)

-1.160(7)
-1.163(6)
-2.027(9)

-2.026(10)

-4.139(8)
-4.135(8)
-7.631(9)
-7.624(9)

-1.322(1)
-1.953(4)
-2.939(8)
-9.038(2)

-1.391(2)
-1.389(5)
-2.424(2)
-2.423(1)
-5.467(9)
-5.467(9)

-9.322(4)
+0.486(6)
+2.661(5)

+0.932(0.3)

+1.973(5)
+3.461(5)
+3.458(4)

+0.553(8)
+1.387(1)
+1.384(3)
+1.900(1)
+2.196(4)
+2.800(9)
+3.444(6)

-0.576(10)

-1.198(9)

. »1.702(6)

-2.004(1)

-2.772(14)
-2.770(15)

-3.419(6)
-1.947(8)

-3.654(12)

-3.401(4)

4.99(1)
5.19(6)
5.06(2)
5.32(4)
5.37(5)
5.66(2)
5.93(8)
6.27(2)

4.99(3)
5.13(2)
5.21(3)
6.26(1)

5.00(3)
5.10(19)
5.14(3)
5.14(1)
5.60(2)
5.74(31)

6.19(3)
5.07(1)
5.36(9)

4.80(1)
4.66(3)
4.66(1)
4.65(3)

4.78(4)
4.48(5)
4.60(2)
4.62(2)
4.58(2)
4.51(5)
4.40(3)

4.86(2)
4.97(1)
5.04(1)

- 5.08(5)
5.21(1)

5.28(1)
5.34(2)

5.07(3)
5.14(3)
4.94(3)
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Solute

Nb

Pd

Hf
Ta

Au

Letters in parentheses following labels indicate the standard (one of A, B, C, D, or G)
used. A letter N indicates that there is no matching standard and in these cases C was used sincg
its height to diameter ratio is the nearest. Concentrations are as determined by neutron activation

except where no uncertainty is given in which case they are "as made" values.

Label

N43(D)
N56(D)
N25(D)

N41(D)
N42(C)
N18(A)

| N50O(D)

N57(C)
N26(B)

N60(D)

N39(C)

N28(B)

N55(D)
N49(B)
N2O(D)

NIF(G)
N17(D)

N30(D)
N16(D)
N15(D)

Table § (continued)

c(at.%) 00(

0.252(7)
0.573(6)
0.906(2)

0.245(14)
0.550(1)
0.905(5)

0.257(4)
0.549(1)
0.909(3)

0.262(1)

0.259(2)
0.901(1)

0.252(8)
0.543(7)
0.912(1)

0.750
0.902(2)

0.257(2)
0.541(3)
0.913(1)

-2.513(8)
-5.707(8)
10.091(8)

-2.819(8)
-5.439(1)
11.630(6)

-0.197(9)
-0.456(1)
-0.708(11)

-2.268(6)

-2.269(1)
10.839(15)

-3.445(9)
-7.498(15)
11.621(9)

-2.522(2)
-2.707(9)

-1.003(11)
-2.375(9)
-3.863(9)
-3.862(9)

o(O)

1__

o(c) )

_(1 Ac

<o> AT

5.18(6)

5.80(7)
6.28(6)

5.15(4)
5.61(3)
6.67(9)

4.80(3)
4.89(2)
4.93(3)
5.09(4)

5.11(2)
6.28(3)

5.22(1)
5.77(2)

6.41(4).
5.05(10)

5.11(2)

4.78(7)
5.04(1)

5.16(3)

5.14(6)

)10“ Day

47.0
48.0
49.0

62.0
73:5
103.5

61.0
75.0
97.0
58.0

59.0
98.0

57.0

94.0
55.0

105.0
56.0

44.0
45.0
87.0
46.0
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Reprodumblhty of relative moment change is mdlcated by the agx%pmem between results of

the 12 (~20% of total number) samples for which two runs were taken. Note that, excepting
N14 (Ti 0.91%), repeated results agree to within 4 parts in a hundred thousand. Standard

deviations over the 6 measurements at ﬁqlds of £1.2, £1, +0.8 kG cannot be takq:n as

/
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uncertainties since these numbers reflect, to a large degree, the field dependence of sample /‘”‘
moments. Preferred data are the first set (row) in all cases. Temperature derivatives are more
well behaved for these data. That is, they are more nearly linear with concentration and
extrapolite back to values which agree with the average, -4.88(104), of all Ni standard runs.

For example consider the Ti series, for which measurements were made in March (second row)
and June of 87. The June data (first row) extrapolate back to a value closer th> the average.
thice that in many cases repeated values dosotagree within uncertainties. Comparison of the
reproducibility of data with the size of the gignal change for IAT| = 3.1 K does not account for
the magnitude of the noise, suggesting possible problems with the temperature measurement
itself. However, a great deal of data is available for thé Ni standards, particularly NID. The fact
that the average, -4.88(104). over NID data agrees well with the value extracted (averaged over
the 3 fields we used) from Pauthenet's28 fit to his data, -(4.871.03) 10-4, is reassuring. Here, as
compared with moment changes above, standard deviations more nearly reflect uncertainties.

The relative time, in days, that the run was made is given in the last column. This illustrates any

dependence of reproducibility on the time between runs.

Application of results to Bhf determination
As discussed in the introduction, these experiments were motivated by the need to correct

data of By, for these alloys for the Lorentz field, BL. In order to convert the above data into a
_field (moment/unit volume) knowledge of sample density is necessary. Low angle X-ray W&
diffraction data have been taken by P. Dassonvalle for this purpose (currently unavailable)y, The
quantity of interest is (1/Bp.)(0BL/dc). Excessive moment reduction due to voids in one of a
sample-standard pair may contribute error, especially for samples measured against standards B
or D for which measured densities are anomalougly smaller than expected. A worst case
estimation of ~300 ppm is made from the model presented in chap. 2. An experimental

estimation of the magnitude of moment reduction for samples of this kind could be obtained by

making measurements before and after a hole was drilled in a sample. Grain size may also make
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a significant contribution to error due to the fact that grain sizes decrease with increasing
conccnn'aﬁon. Single crystal magnetization data® indicate that moments change by ~300 ppm
from hard to easy directions. The question is; does the averaging ovef 20 orier;tations deal with
this problem effectively?

At the time of writing, magnetization and muon results have not been combined. Since
neither USR or density results are available another means of assessing the reliability of the
results reported here is desirable. This is done by comparison of the concentration dependence of
relative moment changes with those expected expecied from theory.

P
3.3 Concentration dependence of Ni alloy magnetic moment per gram

The rate of change of magnetization of Ni with alloy concentration has played an important
role in the history of ferromagnetism in metals22. Since the studies of Sadron23 and Marion24
the essential facts have been known. Concentration dependence is found to depend on the
difference between numbers of electrons outside of inert gas cores for solute and Ni host. For
transition elements near Ni an average moment change of - AZupg (where AZ = Zg - ZN; is the
excess nuclear charge) per atom of solute is seen. While for early transition metal solutes a
reduction by (10 + AZ)up is found, the transition occurring between Cr and Mn for the 3d series.
The basic cause of the above behaviour is that solvent conduction electrons of d character, having
the necessary energy and symmetry, are required to screen local perturbations of charge neutrality
produced by solute atoms. Physically appealing explanations of the above two expressions are
offered by Friedel's sum rules of magnetization and charge32. In a recent series of papers,
Stefanou et al.33, Zeller34, and Bliigel et al.34 have used state-of-the-art LSDF (local spin density
functional) methods to understand the role of screening by d and sp states in determining the
moment on 3d and 4d transition metal solute atoms and the perturbation of the moments of the
surrounding Ni atoms. Including exchange as a local potential®4 and assuming the Ni structure,
ground state LDOS (local density of states : T and | ) are calculated33 for clusters of up to 55

atoms (the 15t, 2nd 3rd gnd 4th n n. shells, which contain 12, 6, 24, and 12 atoms
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respectively). From these LDOS the spin density associated with these sites are obtained. A spin
only moment of Ni of 0.538 up is calculated using ge the g-factor of the electron. Tables give
solute atom moment as the first entry followed by the excéss moment over that of Ni for impurity
and four n.n. sites. A weighted sum over the excess values give the net extra moment for one
solute atom. These spin-only results are converted to magnetic' moment by assuming something
about the g-factors, which they do not calculate. The simplest assumption33 is that the solute has
its g-factor, to be deduced from whatever experiments shed light on the behaviour of the solute in
various metallic environments, while all the Ni atoms have the g-factor of pure Ni, which is
determined by ferromagnetic resonance (FMR). Defining p as the local moment of the solute
atomn, and the weighted sum asw the total moment per unit mass at 0 K for an alloy of

concentration ¢ and atomic weight Ag would be,

~ T

0.c) = (((w - p + 0.583)gNi + pgs)c + 0.583gni(l - ¢))upNo
00 = CAs + ANi(I-c) =

. (32)

where Ng is Avogadro's number. A solute atom carries a local moment (g¢/ge)p and the

perturbation of the surrounding Ni atoms gives an additional moment per solute atom (gNi/ge)(W-

p+0.583). The numbers for w and p are given as AM (or AMcl) and Mimp in Table I of Stefanou
etal33 eg w= -5.319&;;{,'8??5.300) and p = -1.700 for Cr. From (3.2) one obtains the following
expression for the y(0,c), the relative change in the O K magnetic mom’?‘ht with atomic
concentration: . |

5357 (1 B +1- Aéﬂ-'
_ c(0,¢c) - 6(0,0) e = .

6(0.0) 1 - c(l - ;%5;)

y(0,¢)
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Vv

In ignorance (our present state) of g-factors (3.3) reduces to,

w A
y(0,c) = (0.0) - 5(0.0) _ c s XML (3.4)

That w is an excess shows clearly here, because w=0 gives no effect on the moment other than

the change in atomic weight:

| N |
: - 55
y(0,c) = 0(0.0) - 5(0.0) =C AN 3.5)

. (0.0) ! - c(l - Kéfﬁ)

In the most extreme case of Au, where (1- AgJAN;j) = -3, (3.5) gives a 3% decrease in slope.
Given a set of properly prepared spheres of dilute Ni alloys and a magnetometer that
measures at 4.2 K, it would be a simple matter to obtain the experimental values of y(0,c). Such

experimental data are sparse, particularly for 4d and 5d solutes34. The data obtained here for
dilute Ni alloys at T = 290.45 K and T = 293.55 K are of sufficient precision that we attempt to

deduce y(0,c) from measurements of y(T,c) and A2(T,Tj,c) where

_6(T,c)- o(T,0)
o(T,0)

(3.6)

y(T,c)

and

As(T.Ty.c) = (0(T,c) - 6(T1,0)) - (5(T,0) - 6(T}1,0)) ' 3.7
: o(T,0) - 6(T1,0)




89

The form of (3.7) is determined by making the simplest of physically grounded?? assumptions
about the temperaturé dependence of the moments per gram of Ni and its dilute alloys; that they

fall off with temperature as the simple power law,

o(T,c) - 6(T,0) T “\r
=-A s .
SO0 (mc - ) 1 (3.8)

where r and A are the same for Ni and its dilute alloys. With (3.8) it follows that

o(0,¢c) - 6(T,c) _ c(0,0) - o(T,0)
o(T,c) - 6(Ty,¢) o(T,0) - 6(T1,0)

(3.9)

from which, solving for the magnetization at O K, yields (after some manipulation) the desired

expression _ Y
6(T,0) o(T,0)
0.c) = y(T, ANT.T1.0) (1 - . 3.10
10.) = y(Te) 2 5 Ao lc)( 0(0,0)) (3.10)

The ratio 6(290.45 K,0)/6(0,0) = 0.9432 is accurately known from the work of Pauthenet?8.
That these are dilute alloys, with 0.0011 < ¢ < 0.015, should give some confidence in the
assumption of constant r and A ("corresponding states” for Ni and its dilute alloys). It may not
however be a good assumption when the solute is Mn, based on the results of NMR work by
Jaccarino et al.36. As there is good reason to be skeptical about an extrapolation to 0 K based on
measurements made at 290.45 K and 293.55K, the results are shown in fig. 3.1 as pairs with (x
or +) and without (o) the A3 term in (3.10) above. Theory lines (solid) are calculated using gg =
gNi (so that (3.4) applies) for two values given by Stefanou et al.33, Broken lines are

calculations using the Friedel expressions - AZug and (10 + AZ)ug. Fig. 3.1(a) shows some
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Fig. 3.1 (a) Dilute alloy series with Ni. The relative magnetic moment per unit mass
y(0,¢) = (6(0,c) - 6(0,0))/5(0,0) obtained sfarcing from theory (solid lines) or from
measurements (x or +) using eq. 3.10. The points O are computed by setting A2 = 0.
The theory lines are calculated using gg=gN; for two values given by Stefanou et al.33.

(a) Some elements in the first transition series.
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Fig. 3.1 (b) Dilute alloy series with Ni. The relative magnetic moment per unit mass
y(0,¢) = (6(0,¢c) - 6(0,0))/5(0,0) obtained starting from theory (solid lines) or from
measurements (X or +) using eq. 3.10. The points O are computed by setting Ay = 0.
The theory lines are calculated using gs=gN; for two values given by Stefanou et al.33.

(b) Some elements in the second transition series.
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Fig. 3.1 (c) Dilute alloy series with Ni. The relative magnetic moment per unit mass
y(0,¢) = (6(0,¢) - 6(0,0))/5(0,0) obtairi¢d starting from theory (solid lines) or from
measurements (x or +) using eq. 3.10.” The points O are computed by setting Az = 0.
The theory lines are calculated using gg=gn; for two values given by Stefanou et al.33.

- (c) For alloys where the moment decreases rapidly with concentration, precipitation’
would increase the magnetization.
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ig. 3.1 (d) Dilute alloy series with Ni. The relative magnetic moment per unit mass
,¢) = (6(0,¢) - 6(0,0))/6(0,0) obtained starting from theory (solid lines) or from
meadNygrements (X or +) using eq. 3.10. The points O are computed by setting A2 = 0.
The theory lines are calculated using gg=gN; for two values given by Stefanou et al.33,

(d) Theory has no been carried out for the(Sg'solutes. The data points for the single Hf
sample are buried under the Ta points in the box.
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(results for Mn and V are shown in (b) and (c) respectively) elements the first transition scries.
Experiment and LSDF both match the‘Friedel expression for Ti. LSDF seems to be slightly low
for Cu, Co and Fe however. For Pd LSDF predicts a momcn.t on the Pd atom less than that of
Ni, where as this and other3! experiments indicate (see fig. 3.1(b)) that Pd has the same effective
momert as Ni in agrccment with the expression - AZj1g where AZ=0.

For alloys with early solutes, where the moment decreases rapidly with concentration,
precipitation would increase the moment per gram since it removes the reduction of surrounding
Ni moments and replaces it with a (smaller) reduction resulting from the incorporation of Ni and
" solute in non-magnetic phases. A_s shown in fig. 3.1(b), this is evident for the 0.0055 V alloy
and especially, 0.0091 Zr, and 0.0055 Zr alloys for which there are corroborating indications of
precipitation (see chap. 2).

As shown in fig. 3.1(b), alloys with Mn show a large temperature dependence leading to ’
aﬁ overestimation of the low temperature moment. Jaccarino et al.36 offer an explanation for
their NMR data on Fe-Mn alloys that rﬁéy apply in this case.

LSDF calculations of this sort have not been carried out for the 5d solutes. Our 5d data are
shown in fig. 3.1(d). Data points for the single Hf sample are buried under the Ta points in the

box. The effective Pt moment is less than that of Ni in agreement with the results of Sadron30

“and Marion3!,

3.4 Conclusions

The above agreement of our data with theory suggests that they may be useful in extracting
the hyperfine field, Bpy, from the results of muon experiments 6f Grynszpan et al.15 which
motivated this work. Results of the combination may shed some light on the accuracy of moment
determination. A highly undesirable set of sample characteristics from the point of view of
magnetometry have resulted in the development o.f an instrument of considerable precision and
dynamic range. A very similar instrument, the primary difference being the use of a commercial

integrating DVM for the integration of induced signal, was developed by Rebouilliat3’.
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Reproducibilify and linearity are very similar for the two magnetometers. This device, as part of
a high field (100 kG), low temperature (4.2 K) system, is the one used by Pauthenet28 to obtain

the results we have used to compare our data to the LSPD calculations.
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