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ABSTRACT

This work describes the design and construction of a self-balancing
vibrating s&mple magnetometer. The instrument was used to study some of
the magnetic properties of the pseudobinary compounds, (Ndxcdl-x)C°2°

The structural and magnetic data for certain compesitions within the

series show deviations from the behaviour expected from a simple ferrimagnetic

system. In particular one composition exhibits three apparent compensation
points in its remenance versus temperature curve, & unique phenomenon.

These anomalies are shown to arise from the effects of the crystal field

and internal magnetic field upen the tripositive neodymium ien. A consistent

semi-quantitative picture of the process is presented which accounts for

the observations provided that the easy axis in the compounds is the 111

directign.
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CHAPTER 1

INTRODUCTION

Since rélati§e1y pure rare earths became readily available some fifteen

- years ago interest in their properties and those of their .compounds has

burgeoned. The chemically similar rare earths are interesting magneticﬁlly

by virtue of the buried 4f shell that is progressively filled across the

Lanthanide series. This shell results in magnecic properties of the ion in

a host lattice that are almost the:same as those of the free ion and a

truly localised magnetic moment arises. The behaviour of the rare earths is

fairly well understood. whereas the transition metal magnetic processes still ;

pose unsolved problems, and it is in the hope that the relative simplicity

of the rare earths may assist in solving the complexities of the transition

metals that many workers have turned their attention to rare earth-transition

metal compounds. Apart from this academic interest, the extensive range of

possible rare earth intermetallic compounds promises Qné has realised

technologically useful properties. .

The study reported in this thesis is part of the programme of research at'
the Rare Earth solid state group of Durham University into the magnetic and
structural properties of the pseudobinary Laves phase rare earth (R) 3d
transition series (B) intermetallic compounds of type RB,. In chapter 2
a review of the reported magnetic and structural studies on these compounds
is given.

Chapter 3 is confined to some basic theory of ferrimagnetic materials

and the foundations for crystal field calculations. The more commenly known

theories such as molecular field theory of ferromagnetism have merely been
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referred to in order to conserve space.
In the fourth chapter the apparatus designed and constructed by the

author is described in some detail and in chapter five the experimental

results are presented in tables and graphs and a description of the specimen

preparation and examination is included.
Finally in chapter six the results are discussed and accounted for.

Two appendices follow the last chapter centaining electronic circuits and

the computer programmes utilised in the werk.
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_ CHAPTER 2
THE RARE EARTH-TRANSITION METAL LAVES PHASE COMPOUNDS

2.i _Introduction

The fourteen rare earth elements may be combined with metals of the
Sd.-4d'and 5d transition series to form a prolific number of cﬁmpounds. The
study of the maénatic propérties of these coﬁpeunds“began initially in d¢.1960,
wﬁen pure rare éarth metals became more readily available, in the hope that
suitable alloying might yield materials with the high Curie tembergtureé of
the iren group elements and also the large atomic magnetic moments associated
with the ra#i earths. The phase diagrams for the systems are rich in compeunds
for the four 3d eiements'to the'tight of chromium ii the periodic table
(i.e. Mn, Fe, Co, and Ni). However, thére is only éne stoichioﬁntry common
to all four elements ;nd that is the RB2 compound, in which R is the rare
earth and B the transition metal. The RB, and R2317 are the next largest -
family of compounds since they form with Fe, Co and Ni only. The largest
overlapping group of compounds are formed with Co and Ni and among these the

structurés of the ABS and A237 stoichiometries are related through plane

- displacement and atomic substitution.

In fig. 2.1 is shown the phase diagram for ‘the Gd~Co system and the large
number of compounds that form can be seen. The early measurements (refs. 2.1
- 2.4) of.thé'vqriation of mngnetisation with campositién £er'the.iren and |
cobalt cohéounés revealed.deeﬁ minima in the vicinity of, for exaﬁple,-& 25%
Gd cancentratién for the Gd - Co system (see fig. 2.2 after ref. 2.5). The
indication of these studies was that tﬁe two types of @hgnet;c moments were

coupled antiparallel in the heavy rare earth (HRE) compounds giving

T
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ferrimagnetism, and with the light rare earth (LRE) compounds the moments are
parallel giving ferromagnetism (refs. 2.3, 2.6). The search for technologically
useful materials has been successful despite this set back with the SmCos type

compounds which have very high anisotropy giving enormous coercivity and also

~ large energy product (as much as N 30 M gaussoersted), however the magnetic

moment is derived almost entirely from the:transition metgl and the possible
advantage of the high moments of the HREs has been fetﬂéiédd. Of all the
possible stoichiometries, the RB2 structure is the simplest, crystallizing

in one of the Laves phases which are either cubic or hexagonal, and the
structure of compounds on either side of the Rst becomes progressively more
complex. It is the relative simplicity of the R32 structure.tbgethér with the
vast number of related compounds (including the 4d, 5d series and dialuminides
etc.) which form in Laves phases, that make the system ideal for extensive
theoretical and experimental studies, and indeed the majority of the work on
the rare earth intermetallics has been directed at the RB,s. The factors
relating to the formation of the Laves phases and a review of some of the
magnetic properties of the dialuminide and 3d transition metal Laves phases
are given in the remain&er of this chapter. A cémpreheusive review of the

rare earth-intermetallic compounds is given in ref. 2.7.

2.2 PFormation and Stability of Laves Phases SRBZZ

The Laves phases denote a large group of related intermetallic compounds,
RBz, having one of the following structure types (i) MgCu2 (C15, cubic),
(ii) Manz_(CI4, hexagonal), or (iii) MgNiz (C36, hexagonal). The cubic
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phase is represented in f£ig. 2.3 and can be regarded as two interpenetrating
lattices of R and B atoms. The B atoms lie at the corners of tetrahedra
joined at the points, the spaces in between the matrix of tetrahedra are
filled ﬁith the larger R atoms in a diamond array. There are 8 formula units
(24 atoms) per unit cell in the cubic phase. The Cl4 hexagennl'GHQan) phﬁse
contains 4 formula units per unit cell and the C36 hexagonal (MgNiz) phase
contains 8 formula units per cell. The three structures are closely relateﬁ;
the R atom structures can be considered in terms of the stacking of three
deuble layers (A, B, and C) of hexagonally arranged R atoms. The stacking
sequences for the ngkz, MgCuz and.MgNiz structures are then ABAB..., ABCABC...,
and ABACABAC... respectively, the last structure may be considered as an
intermediate ntate'betwpen the other two.

The Laves phases are very close packed structures and clearly one of
the main considerations for the formation of the phases will be the size
ratio between the R'and B atoms (ions). The pioneer work on these structures
was performed by Laves (refs. 2.8, 2.9), who extended the ideas of Goldschmidt.
(rgf. 2.10) on the im@ortance of radius ratiocs. On the basis of a hard sphere
model with A atoms in mutual contact, the ideal size ratio (ion ratio) is
r‘/rb = 1,225 for all three Laves phases (demonastrating their similarity).
In existing compounds the ratio of the Goldschmidt radii of the pure elemsnts
varies from 1.05 - 1.68 but the effective rgdiﬁs ratié is nearly always within
the range 1.1 - 1.3 by size adjustment of the elemental radii. It is gemerally
thought (ref. 2.11) that the radius ratio is not effective in determining which

of the phases will preferentially form, but rather that it is the electron
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per at@n ratio which is the dominant factor in this respect. This ratio is
known better perhaps as the valence electron concentration (vec) and referg
to the average number of valence electrons per atom in the structure. Hume-
Rothery (ref. 2.12) first demonstrated the importance of vec in relation to
structure stability in the phase,diagrams of Cu, Ag and AM alléyed with 8n,
2n, and Cd, The basis of this process lies in the differirng bandstructure

(vef, 2.13) associated with each phase since the most stable configuration

will be that for which the Fefmi energy (Ef) is lowest. This consideration
requires'tﬁat there be a large density of states (at the given vec considered)
ag eﬁg Ef.' It appears from the work of Laves and Witte (ref. 2.14) on the
prototype phases that the cubic (C15) phase isistable for a vec in the range
1.33.- 1.75.'hnwever for a vec above this range the density of states falls

for this structure and the C36 hexagonal phase is favoured for a vec range of
1.8 = 1,95. The Cl4 structure is stable for a small range of vec at n 2,00

and above this range in gemeral reverts to fhe cubic phase. At vec values
intermediate to these ranges two phase materials are formed. If should be
stressed, however, that even a cerrect size ratio and vec do not guarantee'the
formation of a Laves phase, for example although the conditions are apparently
favourable for the RCuz compounds these do not form Laves phases. The implica-
tion is that there are further factors to ﬁe assessed in deqiﬂiﬁg ;he,pqgaibility'
of formation of a stable phaaé. One further aspect pf.tha;gnz;pbaqés}iglthei;
very high coordination, for example in the MgCuz phase the R atoms are épgrdi;-
ated to four more equidistant A atoms and twelve B atoms at a slightly'amdllgr'
distance giving an effective coordination of 16. The overall average.eoerdina-

tion for the phases is 13%.
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2.3 Structural Ptqperties of the RBz's with 3d transition metals

Reference to the Gd-Co phase diagram of fig. 2.1, shows that the an's
form peritectically and this has resulted in some diversity in the reported
results of both structural and mngﬁetic studies, due to the presence of .
second phases in the compounds. It is possible to achieve better specimens
by careful.annealing but it is very difficult to eliminate all traces of
second phases.

The lattice parameters of the RBz's (witﬂ Fe, Co or Ni) ahuy.the usual
Lanthanide contraction as is seen in fig. 2.4 for the cebalt series. The

Cerium compound shows a large negative deviation from the expected value and

‘this is associated with the loss of the one 4f electron of Cerium to the

conductign band leaving the ion quadripoaitive (ref. 2.15a). The . generally
peculiar prepertiés of intermetallic compounﬁs containing Cerium arise

from the ease with which Cerium can lose its 4f electron leaving the average
Cerium ion with a charge between 3+ and 4+. The anomaly associated-with .
GdCoz is associated with magnetostrictive expansion caused by the material
being ordered at the measuring temperature. Fig. 2.5 ghows -the expansion vs
ﬁemperature curve for GdCe2 (ref. 2.15b) and the discentinuity #t the Curie
temperature ( 412K) is clearly seen. The extrapolation.of the high tempefature
spacing to room temperature gives a 'monmagnetic' spacing for quoz,in much
closer agreement with the Lanthanide contractien.ﬁredictionm- Fﬁither evidence
for a"nonmagnetic' spacing at room temperature in agreement with the expected
reqults'cbﬁqs from Pseudobinary studies of systems like (GdY) Coz (ref. 2.16).

Chatterjee and Taylor (ref. 2.17) have observed a general expansion of the
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lattice'upon magnetic ordering with the HRE R002 compounds.,

The lattice spacings of the pseudobinary and terminal compounds of the
series Er Fez - Er 902 - ErNi2 are given in fig. 2.6 and these results show
that the iron compounds have larger lattice spacings than the cobalt or
nickel compounds by approx. 2%, and that the nickel compounds are slightly
smalier than those with cobalt by approx. 0.3Z. The pseudobinary seriés in
general show positive deviations from Vegards Law (linear interpolation between
the terminal compounds)with the exception of some of the gadolinium compounds
where the anomalous behaviour is simply associated with the ordering effects
mentioned above. Attempts at making pseudobinary systeﬁqubetwaen nickel and
iron R(Fé-Ni)z) (ref. 2.15, 2.16) have resulted in two phase specimens in
part of the intermediate region, the second phase being the hexagonal C3§'
type. Since the type of Laves phase is not determined by size effects but
rather by .the vec, and in the case of ;ﬁe R(Fe-Ni)2 compounds the change in
vec is similar to that in going via the Rce2 compound, reason for the formation
of the C36 phase is obscure. Oesterreicher and Wallace(ref. 2.18) in studies
on the systems Gd(Fe,Al)2 and Gd(Co,Al)2 and (Er(Co,Al)2 showed the effect
of the changing vec on the structure, where they observed the prese£ce of
the Cl4 hexagonal phase in-the intermediate ranges. Their magnetic results

are discussed in the next section.

The RMhz compounds have received the least attention of the 3d compounds with

most of the work limited to studies with the heavy rare earths (ref. 2.19).
The preparation of the manganese compounds appears to be more affected by
second phases in the usual methods of manufacture (arcmelting, induction melt-

ing etc.) and the compounds have successfully been prepared using a coﬁﬁlf&gted
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amalgam process.

The RAIZ compounds also crystallize in the Laves phases with lattice
parameters closely comparable with the RNiz's and as such are useful in
studying the RBz's with a nonmagnetic partner. Thase compounds are discussed.
in the next section. A complete table of lattice parameter data may be

found in ref..2.7.

2.4 Magnetic Properties
2.4.1 Rare Earth-dialuminides (RAl,)

Before discussing the 3d transition metal Laves phases it is useful to
consider the RAligin vhich the rare earth ion alone carriea'a magnetic moment,
since the properties of these compounds may be used in relation to the more
complex 3d compounds.

The rare earth dialuminides all show ordered behaviour (ref, 2,20) with
the exceptions of LaAl,, LuAl, and YbAl,, not surprisingly in this last
compound the Yb is divalent and hence its 4f shell is full. CeAlz-haa been
shown to be antiferromagnetic with a Néel temperature below 4K (ref. 2.21).
Magnetostatic measurements.on the other compounds indicate a ferromagnetic
rare earth ;pin structure but with the ordered magnetic moments as much as
202 below the free ion value (3&). The behaviour in thé paramagnetic
region gives an effectgve momeﬁt iﬂ accordance with the theoretical value
of g (J(J+11§. The usual RRKY theory, (see e.g. ref. 2.7), as applied to
the tndiyeet coupling in tHe rare earth metals, predicts that the orderi@g

temperatures should bé proportional to the de Gennes function
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(g-l)2 J(J+1) ©provided that the exchange is via polarisation of the
conduction electrons. The Curie. temperatures of the heavy rare earths show
reasonable agreement, the liéht rare earths are only fair and. these results
are taken to imply that the exchange interaction is fundamentally of the
RKKY type. Prior to the magnetostatic results, Jaccarino et al. (ref.
2.22 and 2.23) were ablfpto determine both the magnitude and sign of the
conduction electron polarisation at the Al site using the Knight shift of the

A127

nmr and at the rare earth.site using the g-shift in e.p.r. studies.

The results of these studies showed that there is a negative interaction
between the rare earth spin (S) and that of the conduction electreons (ae).

It should be pointed out that the effectiveness of the parallel coupling of
the rare earth spins via polarisation of the conduction electrons is
independent of the actual sign of this polarisatioﬁ. Furthet evidence for

the ferromagnétic coupling of the rare earth spin-angular momenta arises from
work on the (Gd,Nd) A12 system (ref. 2.20) in which~ferrimagnetism is observed.

The light rare earths have J = L-S and hence if ferromagnetic coupling of

the sping (S) occurs the net Nd moment (= J) will be antiparallel to that of

the Gd ion.

The reduced moment values have been attributed to the effect of the
crystal field on the (2J+1) degenerate mﬁltiplet of the rare earth ion. This
phenomenon was first treated by Bleaney (ref. 2.24) to account for the
gimilar ﬁehaviour observed in the RNiz's but may be applied directly to the
RAlz's because of the similarity in lattice parameter. The:crys;aleialﬁ

lowers the degemeracy of the ionic state and together with the exchange. field



Gdy Yix Alz O=6r O=5£
Gdy LC'_x Aly \ A -ap
de Th._xMz D - 6
2007- P -
—~
&
%
a
€
J 100
<
3
©

Compositon X ~—p

Fie 2.7 Coms TemrerRATURRS FoR THE Y,La,aTh,
SUBSN\TOTEP Gd A), COMPOONDS ,




ST e

N e v AT S ST T 3 Ty amumnegy SN ST RIS A A g e MWK ST T T T

causes mixing of the nondegenerate states to produce a qﬁanched magnetic
moment. This process is treated in detail in chapter 3, section 3.3

The original calculations were crude insofar as they included the exchange
field as a perturbation whereas this field is often comparable to,or larger
than,the ctyntal field, Furthermore, only the 4th degree crystal field
terms were used together with the assumption that the easy axis of
magnetisation is the 100 direction. This assumption is certainly not
justified in the case of the Rrez compounds (see next :ection). Support
for the presence of fairly large crystal field effects has come from low
temperature specific heat measurements (ref. 2.25). The results of neutron
diffraction studies on DyAl,, NdAl, and PrAl, (refs. 2.26, 2.27) have
indicated rare earth moments that are énnsiderably greater than those
obtuin@d from the magnetostatic work implying that the crystal field effects
are not as large as was thought. Furthermore, the DyAl2 spectra were best
fitted by some waak helical antiferromagnetic ordering over and above the
existing ferromagnetic spin structures.

Pseudobinary work (ref. 2.28) on the compounds GdAlz. TbAl, and ErAl

2
with the rare earth partially substituted by ¥, La or Th have shown that

2

- the 1n;eractibn in the RAlz's is of the RKKY type. Fig. 2.7 shows the

results for the three substitutions ig GdAlz. The Curie temperature shows
a linear decrease to zero with 1ncg9asing Y oy La content as may be
predicted oq'simplé dilution of thelrate earth sublattice. The effect of
substituting qua?ripoaitivd thorium is to increase the number of conduction

electrons and hénce the Fefmi energy Ef and Fermi momentum kf leading to a
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" decrease in the Curie temperature from which both kf and J‘f. the rare earth

conductionAelactron exchange interaction, can be estimated. The negative
exchange interaction -J'f found in this way compares favourably with the
results from the Knight shift and e.p.r. studies (refs. 2.22, 2.23)

although the former technique relates to the conduction electron polarisation
seen by the A127 nucleus. (Werk on GdAl2 has 3iveﬁ very similar reﬂﬁlts for
the J’f obtained by each technique). Further evidence for the relative
magnitudes of Jef arises from the results of spip disorder resistivity

(refs. 2.29, 2.30) and the reduction of the superconducting transition
temperature in LaAl2 by addition of the magnetic rare earth elements (ref. 2.31).
Recently (ref. 2.32) a positive g-shift has been reported for e.p.r. in Gd doped
LaAlz implying ;hat Jsf is positive.

. Although the magnetic results have shown that an RKKY type of interaction
is responsible for the observed properties, it should be pointed out that

a negative value for Jsf’ the exchange integfal. is 'incompatible with simple
RRKY theory since this integral is of its nature positive. This dilemma has
been qualitatively resolved (and possibly quantitatively if the theoretical
values used in estimation and also the experimental analysis can be improved)
by Watson et al. (refs. 2.32, 2.33) using an effective exchange constant,
Jeff' comprising the Jaf of the RKKY interaction an& a furthef iﬁter&ction.
Jint’ arising from the effects of interband mixing. This process may be
qualitatively understood by referring to fig. 2.8 which applies to Gd with a
half filled 4f shell. It depicts a simple unmagnetised conductiéﬁ band Qith u

the Fermi level Ef. with a highly localised 4f spintband lying well below
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this level. The unoccupied 4f+ orbitals are represented by the narrow band
above Ef. A conduction electron state of spin 4 just abeve E, will, in
general, have a non-zero matrix element <¢4f|h|wK> with gnloccupied 4f 4
wave function, causing mixing of the two states. The result of this

interaction is to raise the energy of the state at the Fermi surface and

. cause the 4f 4 to acquire a certain amount of conduction electren character -

this is cailed an Emission process. The reverse process (absorption) occurs
for the unoccupied-4f ¢ states which mix with the occupied cenduction

electron épin + states giving them a 4f character and lowering their energy.
The net result of this interband mixing is to upset the conduction electron
spin populations giving an increase in the number of spin + electrons at the
expense of the spin * electrons. The polarisation so produced is in opposition

to that produced by the RKKY interaction which affects the spin 4 electrons

" alone, by decreasing their energy, and hence polarising them towards the’

spin f state. As a result the effective exchange, Jeggr MY be of either
sign depending upon which interaction is dominant. Recent studies of the
Knight shift and magnetic susceptibility on the rare earth copper compounds
(RCu) (ref. 2.34) have,cleariy shown that an RRKY interaction plus:interband
mixing are consistent with the experimental résults. The interband mixing
causes a deétanla in the observed moment in maéne;ostntic measurements and
it may be that the reduced moments in the RAlz's. originally attributed to
crystal field effects, are entirely due to this process. It is more likely
however, that the two effects both play an important part in determining the

observed moment in these compounds.



e ™Y | ,\&

D R e e T L LI RSP NIRRT T TRa WY T TR SR TS W SR SEoAQ aAT WY T T I eyt Tl T T rmE e
AT S e G QT S T TS TG S s g e e e R TR e el ks “’-?,, e L L

WU

14.

2,4;2_ Rare earth-3d Transition qgtal Anzlg

The replacement of the aluminium ions by one of the magmetic iron group
:rangition metals (Mn, Fe, Co, or Ni) will complicate the magnetic inter-
actions and also, depending upon the particular 3d-element, vary the valence
electron concentration. We shall consider the RNiz. RCo2 and Rth compounds
(and Ran) finally discussing the various pseudabinary systems,

In the paramagnetic state, the nickel cempounds exhibit Curie-Weiss
behaviour except for the compounds CeNi,, LuNiz and SmNi, (ref. 2.35). The
first two of these three compounds are Pauli paramagnets the Cerium being -
quadripositive in the latter having lest its 4f electron to the conduction
band. The anomalous behaviour of SmNi2 may be attributed to excitation
into the next J = 7/2 multiplet of ‘the Sm ion (g.s.J = 5/2) since the
multiplet separation in this particular case is approximately equal to kT

for T about room temperature. The fact that LuNi2 and Y Ni, exhibit

2
temperature independent susceptibility impliesithat the Ni ions carry zero
magnetic moment since in Lu the 4f shell is full and Y has no 4f electrens.

The saturatien magnetic momént of GdNi2 further supports the idea of zero nickel
moment since the measured moment i; very close to tﬁe Gd free ion value (gJ).
Neutron diffractioen studies (ref. 2.36) on the TbNi2 have been unable to

detect any nickel moments so that it is generally assumed that the nickel

is in the nonmagnetic 3d1° state by electron transfer from the conduction Sand;
(The fact that this process requires 4 electrons, 2/atom of Ni, makes it

hard to justify, see later). The saturation moments of the rest of the RNiz's

may then be aasociated purely with the rare earth component (including the

induced cenductxen electron polarxsatlen. of course) and on this basis it is
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found that the moments are reduced to a similar thent as was found in the
RA12 compounds. As before, Bleaney (ref. 2.24) attributed this reduction to
the affect of the crystal field on the rare earth ion assuming that the easy
axis of magnetisation is the lllexis. On the simple model Bleaney put
forward, the maximum and minimum moments of the rare earth ion were estimated
by including the exchange field as a perturbation which causes mixing of the
already crystal field split levels. This procedure is not very satisfactory
since the exchange field is often too large to consider as a perturbation
(see Ch, 3), however, the predicted quenchiqg of the rare earth orbital
angular momentum gives a range of magnetic moments which are of the correct
magnitude, showing that crystal field effects are most likely to be an
important facter in these compounds.

The Curie temperatures of the RNiz's when plotted against the de Gennes
function follow twe straight lines, one for the heavy and the other for the .
light rare earths. As in the RAl2 series this is taken to indicate th;t the
magnetic interaction is RKKY in origin.

The saturation moments of the cobalt and iron compeunds with gaﬁolinium
have values of 5.09un(authothresu1ts) and 3.3‘5uB respectively and since the
gadoliniym moment must be of order 7uB (it is an S-state ién and its magnetic :.
moment is unaffected by the crystal field) then the transition metals must have
antiparallel moments of order lun for Cobalt and 1.8u§ for Fe. The rest of |
the heavy rare earths show results consistent with this picture of ferri-
magnetic structures, the light rare earths however are interpreted in terms

of ferromagneticcoupling‘of the moments.  Wallace (ref. 2.37) gives a

i
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Schematic representation of the pairwise interaction of a light rare ecarth
with Fe or Co through the polarization of the conduction electrons. The coupling
aligns the spin vectors antiparallel but since J and S are opposed for light rare earths

the magnetic coupling is ferromagnetic. '

Heavy lanthanides
Net Spin (=L +5S)
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Schematic representation of the interaction of a'heavy rare earth ion with Fe
or Co. Since J.and S in this case are parallel, the interaction produces antiferro-
magnetic coupling.
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reasonable account of the process and it is reproduced here. The results

of the g-shifts on RAl, compounds show that the spin polarisation wave has

2
a negative value at the rare earth site. The work of Stevens (ref. 2.38)
has.shown by MBssbauer studies, that Fe interacts with the conductien |
electrons to give a pelarisation parallel to the iron moment and the
situation for Co is presumably similar. The shape of the spin pelarisdtién
wave is given by the RKKY theory and the amplitude at the:rare~eaf£ﬁ centre
is known, however the first cycle wavelength has to be determined. Informa-
tion comes immediately from the nmr results cited earlier for the RAl2 series.
These show that the nggative polarisation extends, or pessibly is negative
again, out to the Ai site. It is reasonable however to assume that the
polarisation wave is still on its firstchalf cycite since the R-Al distance j;
only n 10X greater than the R-R distance. With these assumptions in mind it
is possible to construct.the pichre shown in fig. 2.9., after Wallace, for
the light and heavy rare earths. As before the effectiveness of the coupling
does not depend on the sign of the polarisation which could just as well be
positive as it is in the rare earth metals (it is, of course, necessary that
the first cycye waveleﬁgth be of the same value). The re.ultant.structhres
arrive immediately from the .£fact that the net J in the light rare earths. -
is given by J = L~8, whereas in the heavies J = L+S,

Begfing this structure in mind and assuming constant Co and Fé moments
(see neutron diffractjon results 1ate¥ in this section) it is possible to
estimnte.tﬁé rare earth moments fram the saturation moment data. The

conduction electron polarisation is ignored in these estimations but is not
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expected to be much greater than n~ a few tenths of a Bohr Magneton. For™

the cobalt series the rare earth moments are reduced from the free ion values
and are taken to be crystal field quenched. The crystal field effects are
smaller in the cobalt compounds for two reasons. Firstly, the cobalt is
probably more charﬁed than the nickel thereby reducing the 34‘and 36 crystal
field coefficients (see chapter 3 section 3.4) and secondly, the lattice
paramaters of the cobalt series are larger than those of the nickel compounts
causing a further reduction of the érystal field coefficients in which.the
lattice parameter appears as a _%. term in 34.;-%-£o£-36 . The spacing
difference between the iren andacobalt compoun&g is a factor of n 10 greacér
than the difference between :ﬁ. cobalt and nickel series. This, together with
the smaller degree of electron transfer in the iron compounds, results in
almost neglisibli crystal field effects for these compounds, so that the

rare earth moments are in general taken as the free ion values. The moment

associated with the iron varies quite considerably - from 2, 2.un in Dyre

through l.bSMB in !!.2 Lo 0.551-.1B in UFei (which is a Cl5 Laves phase compound).

The Curie temperatures of the Cobalt and Iron seriei are shown plotted
against the de Gcngaa function in fig. 2.10, where the fi; for the Cobalt
series can be seen tq.be fairly good. A reasonaﬁle fit is obtained for the °
iron compounds ptovide& that- a constant is added onto the equation, this
congtant representing The Fe - Fe interaction given by the in:ercapt on the
T axis at G = 0. The Curie temperature of Ylﬂe.2 which corresponds to G = 0
is 550K in excellent agreement with the predicted value. The similar compound
for the cobal; series has sero as the int-rcéft and indeed the prevailing

evidence is that !Cbz is non magnetic although it was thought to be anti-

et M b 87



c T e T T

4-or— N .

DN /,/
- }('
"/' \
3-0£— =
20—
top—
o ] l | } 1
20 16 12
YFey

Composition. (=c)

Fi16, 2.1l. Sarwanen Macaensemm e Y R, o, °

o8




LU ST BT TR AR ey Ty T TS

"l

T T TG T IV IR g i TR e T T T TSR TR Teadr (B T g T e T T RRRe T
’ - o

18

B _wm.,-,-o....._,%.

ferromagnetic (see refs. 2.39, 2.40) at one time.

The nature of the transition moment has for some time been a matter
for contention, arguments being proposed in favour of both a localised
moment and an itinerant electron moment. Pseudobinary studies on the
systems (DyY)Fe2 and Gd(CoNi)2 (refs. 2.41, 2.42) have favoured the latter
model. These compounds show a nonlinear variation of the transition metal
moment (MT) with composition and, further the moment changes appreciably

over quite small ranges of composition, a fact that is incompatible with the

simple electron transfer effects to be associated with the variation. The
observed behaviour was explained on a model in which the 3d electrons form

a band giving-riggigo an itinerant electron moment. These studies have

been extended to iﬁéludg the systéam Y(Fe.Co)2 (ref. 2.43, 2.44) and also
Zr(Fg,co)2 (ref. 2.45). The magnetic re;ults of the Y(PeCo)2 geries are

shown in fig. 2.11. The rapid collapse of the moment at n 202 Fe concentra-
tion is similar to the collapse of the transition metal moment observed in the
middle of the Gd(CoNi)2 system. This phenomenon is attributed to the reduc-
tion and subseduent collapse of the splittiné of the 3d-subbands in association
'wi;hathg increased 3d-electron concentration and the inter-transition metal
exchange interaction, both of which are linked directly with actual value of
the moment of the transition metal. Further pseudobinary work (ref. 2.46,
2.47) has further supported the itinerant moment model, and in fig. 2.12

are shown the saturation moment and Curie temperatures plotted against
composition for the series (Ho(Fe-Co)2 and Ho(Co-Ni)z. In this diagram the

reduction in total momént in the vicinity of HoCo, is seen to accompany a
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sharp rigse in the Curie temperature. This behaviour is understood in terms
of the development of a transition metal moment due to the changing 3d-

electron concentration, the detailed band structure, and the effect of the

increasing exchange upon the rare earth. This increase in exchange field

will cause the rare earth ion moment to further approach the free ian value
as the crystal field splitting is overcome by the exchange field, gnd
calculation of the effect of the two fields can account for the observed
behaviour (ref. 2.48). Fig. 2.13 shows the resuits of this calculation

for the similarly behaved Er compounds. Crystal field effects are clearly
important in these compounds, algheugh actual calculation; of the magnitude
of the effegt require a prior knowledge of the easy direction. No single
crystal studies of these compounds have yet beeﬁ reported, however hyperfine
field studies usiﬁg the MBssbauer technique have given the easy axis in the
poly-crystalline RFe, compounds (ref. 2.49 - 51). The hyperfine field at
the transition metal has contributions from the magnetic moment of the com-
pound anq these contributions are not necessarily identical for each
transition metal. For example, if the easy axis is along the 111 direction
then the three transition metals that are "off-axis" (see fig. 2.3) are
indistinguishable from each other but inequivalent to the ion that is
situated on the axis. In this case two MBssbauer spectra result with an
intensity ratio of 3:1. The 100 directioﬁ may be the easy axis in which
case all gites are equivalent ‘and one spectrum alome results, similarly

in the 101 (or 110) direction there are two pairs of ihequivalent sites

giving rise to a double spectrum with an intensity ratio of 1:1. The results
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for the iron compounds showed that all three directions occurred in the
series although Bowden (ref. 2.50) was able to predict, upon a simple crystal
field model uliné the signs of the crystal field coefficients, which of the
111 or 100 directions would occur, giving excellent agreement with those
compounds that did not show the 101 easy axis. These results will be
referred to later in chapter 6.

The interactions within the iron and cobalt compounds are more complex
than for those of the Nickel (and Aluminium) compoﬁnds, since the transition
metal has a moment. The possible inf;ractions are (i) the R-R which is R&KY
in origin, (ii) the R-B which also goes via the conduction electrons and
(iii) the B-B interaction (direct) which is most likely the strongest of the
three (certainly true of the iron compounds). The B-B interaction is clearly
linked to the 6ther two since the magnetic moment of Yco2 is probably zero
and its Curie temperature; if it exists, is less than 2K (ref. 2.40). The
interactions probably arise from some bootstrap process which in turn depends
upon the 3d ﬁand structure.

The magnetisation versus temperature behaviour for the heavy rare earths
Cobalt and iron compounds is typical of the ferrimagnetic atructures of
these compounds, - the curves showing the dips and compensation points
associated with ferrimagnetism (see chapter 3). As mentioned previously in
relation to the lattice parameters there has been some diversity in reported
magnetic préﬁerties the earlier measurements suffering severely from second
phases in the materials. Indeed the cobalt ;nd iren compounds censistently _

show high temperature "tails'" arising from small amounts of second phases.

1 e e R wngt
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Some evidence for these may be seen in the results for the compounds studied
in this work in chapters 5 and 6.

The work of Oesterreicher et al. on the R(Al,Co)2 geries cited earlier
(ref. 2.18) gave magnetic results that were consistent with the idea that
the 3d-band was progressively filled as Al ions were added resulting in a
reduction of the transition metal moment to zero. This work has been extended
to include siﬁilat studies with Ran compounds (ref. 2.52). The electron
transfer theory of the 1967 study (ref. 2.18) is now thought to be only a
partial transfer since the transfer necessary to account for the reduction
of the magnetic moment to zero in the Gd(Fe,Al)2 series (aﬂd in general)
requires too large a charge separation to be sustain;d. The R(Mn.Al)z series,
where it is expected that the v.e.c. will be very low since Mn can accept
4 elbctrons/atom to £ill its 3d band, show; no moment associated with the
Mn ion and further, in the Gd(M.n.Al)2 series the Cl5 structure persists
throughout. This finding implies that the v.e.c. remains reasonably constant
in tha above compounds although, in the Er(Mn.AI)z, a very small range of
the C14 phage is detected - these results are at variance with the electron
transfer theory. The conclusion must be that transfer undoubtedly does occur
but to an extent that is difficult to assess and certainly not to the
previously envisaged levels. I
Neutron diffractien studies have been carried out on some of the RCoz
compounds by Moon et al. (ref. 2.53) and more recently on some of the
Er(Ce.Al)2 and ’r.b(Co.Al)2 compounds (ref. 2.54). The earlier results showed

slightly higher moments associated with the rare earth ions and cobalt .
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moments of 0.8y/ion in the LRE compounds and 1.0ub/ién'in the HRE compounds,
these moment values are further discussed in chapter 6. The neutron diffrac-
tion spactra revealed some extra temperature dependent peaks which were then
~ attributed tothe possible presence of second phdse effects. The results of
the R(Co,AI)z studies show a tendency towards antiferromagnetic ordering
with the exhibition of Nédel points at low applied field sfrengths. The
neutron diffraction results are interpreted in terms of a partially ordered
state under these conditions, with some evidence of a helical spin structure.
It shdild be pointed out, however, that the above structure was observed in
low‘mnmsnt compounds in which the ordering tempertﬁures are also very low,
thus it is likely that the small exchange forces are affected by second efder
effects causing the helical structure and partial disorder to be present.

- Recent qtudien of the pseudobinary system Dy(CoNi)2 have shown a further
interesting aspect of the R32 compounds, since this series shows an extensive
time dependence of its magnetisation at low temperatures (refs. 2.55, 2.56).
This behaviour has been interpreted in terms ef'thé formation of narrow
domain walls and the intrinsic pinning inherent in such a system (ref. 2.57).

In conclusion, it may be said that the rare earth-3d transition metal
compounds of type RBZ. exhibit a wide variety of magnetic effects, the |
detailed explanation of which has yet to be perfected. The mag?etic moments
of the rare earths are dependent on the exchange interactions which have been
shown to be of the RKKY type leading to polaris;tion of the cenduction
electrons. These moments are quenched to a degree depending upon the crystal

field which in turn depends upon the transition metal. Accurdte specificatien
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of the moments to be associated with either component of the RBZ is made
difficult by the conduction electron polarisation which as shown above can
either be positive or negative (or zero, presumably). The doninnnt exchange
interactions in the Fg or Co compounds are the R-B and B-~B interactions

both of which are severely influenced by the B moment itself., The transition
metal moment has beeg best understood on an itinerant electron model
dependent upon band filling effects (via electron transfer) and variation in
the exchange together with the detailed structure of the bands. This last
term is purely speculative at the present with no theoretical calculations

of the structure in these compounds.

The current work presents the results of magnetic studies on the pseudo-
binary compounds (Gd.Nd)Coz in which it was intended to study the affect of
the rare earth total sublattice upon the cobalt moment. In this system the
gadolinium and neodymium moments (=J) are antiparallel repultin; in a
compensated rare'earth'sublattice at some composition valﬁe; Gadoliniuﬁ is,
as always, the obvious choice for the heavy rare earth since it is an S-state
ion and as such it is essentially unaffected by the crystal field. The light
rare eaiths all have sizeable crystal field effects but in Sm and Pr the . .
multiplet separation of the spin orbit coupling is small enough to endanger
the fidelity of J as a good quantum member, leaving Nd as the other choice.
Some rather unusual magnetisation behaviour was found and this has been

interpreted in terms of crystal field effects on the Nd iom.

;
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CHAPTER 3
THEORETICAL BASIS

"3.1 Introduction

The well known Weiss Molecular Field theory of ferromagnetism (see e.g.

ref. 3.1) has been used to explain thebehaviour of the aponfaneoue magnetisation

below. the Curie temperature, the Curie point itself and the paramagnetic region.

|
There havé.been improvements to the original theory but these do not greatly

affect the present work (for .a review see ref. 3.2).

If Russel-Saunders coupling of the orbital (L) and spin‘(§) angular
momenta may be applied .to the material, to give a total angular momentum
quantum number.(g) and  associated Landé factor (g), then the theory predicts
that the mnénetination-pcr-unit mass (GH,T)’ at ; field (H)'and temperature

(T) is given by the expression
‘oh’T -. gf J. Mge BJ(y). A

In this equation, N, is Avogadro's number, A, the &tonic or molecular
weisht.uun, the Bohr magneten and BJ(y) the standard Brillouin function*. It
is pessible to. find fram~the mngnﬁtifatiﬁn GH'T; a useful quantity known as
the Bohr magneton number given by |

-P. = GH.T-

=}

0000000(3.1)

which represents_:he-mngnétic moment dséecia;éd wifh the atom, or
mmleeulgi in units .of the Hyo! Within a demain, the magnetisation with ne
applied field, T m» is termed the spontaneous magnetisation and at absolute
»

zero, 60,0’ is called the absolute saturation magnetisation. Under these -

conditions
- 20t 2J+1 1 . ‘ !
| * B, TC‘h(zJ)" 75 Coth 5 :
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corresponding to complete alignment of the atomic (molecular) moments. This

state can also be attained by the application of a sufficiently large field

and the 9 o representing the condition is called the-laturatfon magnetisa-
’

tion. Although Qs.o and'os;T.are'not the same as Gb.d and GO.T’ they are

almost numerically. equivalent, and generally in this work it is O that is

S,T
measured (see section 4.3.6).

3.2 Eerrimaggetism

A ferfimagnetic material may be defined as one which, below a certain.
temperature,.pépahilos.q'sppn;ineoup mlgggtisation'drising from a non-
parallel arrangement of thelntronsly coupled atomic moments. This may be
caused by unequal moments oppositely aligned, or equal (or unequal) moment; in
some canted structure. The ;implest arrangeqaqt; théﬁ of two antiparaliel
sublattices A and B, was treated originally S& N§e1 (ref. 3.3). Even in
this case there are several possibilities: (a) equal moments at the sites
of each sublattice but more A siﬁdq_ih;nan sites zand-vice~versa), (b) unequal
moments on the A an@qn=nqbiattice aitqo with equal numﬁéi éﬁ”siten. and
(c) unequal moﬁaﬁg; and unequal numbers of sités. When systems with more than
two sublat;icéé are considered the situation becomes more cémplicated and
is discugsed later in this section.

Néel's molecular field approach to the two sublattice system was as

TR SRR YT TR T T T TR S AN T S T T T T R e o TETRE B M T TR T L
& i) N
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'where XA =

o LR NE A

follows. The molecular fields for the sublattices, A and B,are written

Ha ™ "M% - M3 % |
eesecea(3,2)
Bp = "M% " Y %
where NAB > 0 for ferrimagnetism and NAA.‘F NBB (or else the system is

simply antiferromagnetic) are the molecular field constants for the AB, AA
and BB interactions respectively.. It is usual to express the smaller inter-

in terms of the (usually) dominant N,  interaction by the

actions N AB

AA
equations:

and Npg

‘The individual sublattice magﬁetieations can then be found by the usual

molecular field calculations to give

GA(O,T) = GA(G.Q) BJA(EK)
TaBa"8%m  and B, (%,) is the Brillouin function (similarly for the
T : A.
B  sublattice). If it is assumed that the sublattice magnetisation vectors

are antiparallel then the magnitude of the resulting tetal spentaneous

magnetisgtian % o,T is .
90T = |aAo,'r - ano,'r|
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The variation of the magnetisation with temperature will depend on the

quantities % T , o and B, but the actual sublattice magnetisations decrease
0,0,T '
B ]

monotonically with increasing temperature until the Curie temperature is

reached where they both become zero. However, some unusual ¢ v T curves may

' result because of the difference between the variation of the magnetisations

of the two sublattices with temperature, and these cﬁrves may be studied as a

O.T/

function of o and B with constant % 0.0,T °F vice versa. Figures
»

3.2.1 and 3,.2.2 illustrate some possible curves. The first figuteg show the

situation for GAO,O < cBO;O“and in (a) the net molecular field on the A sites is-

less than that on the B sites causing the A suﬁlattice magnetisation to fall
with increase in temperature more rapidly than :that of the B sublattice. This,
in effect, means that the 'AA interaction must be antiferromagnetic and the BB
interaction less so, or even ferromagnetic (i-e.q > B). The second part of the
diagram represents the reverse situation (B > a), and in this case the
spon;aneous magnetisation reverses its direction passing through zero at a
temperature known as the compensation temperature (T mp). (Note - the dotted
curve represents the spontaneous magnetisation, but when observations are made
a field has to be applied causing the spin system as a whole to "flip' when

the compensation point is reached and it is the solid curve that is detected
as.a consequence of thig). The series of curves shown in fig. 3.2.2 represent
the effect of varying the ratio GAO,T/UBO.T (by, for example, varying the
chemical cemposition)  for constant values of o and 8, on the behaviour of O
against reduced taﬁperature'T/Tc (in _order to have a common temperature). In

the curve, labellggaﬁ, the quantities GAQ.O and'aBO,G are equal and opposite

e Sl - BV
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giving a"resultant'oko,O"ﬂ-r 0, however, since-HﬁA;\HHﬁB'(q %k B), above

absolute zero and below the Curie temperature 00T \ 0. Curve 2 represents

the transition point between curves of the 'Brillouin~type' (eg 1) and those

similar to curve 3 (also fig. 3.2.la). For curves 1 to 3, the ratio

6A9,01030,0-< 1 ;.for curves 5 to 7 the ratio vo,oquG.o > 1. The 6th

curve represents the transition between curves which exhibit the compensation

point phenomenon (eg fig. 3.2.1b) and those of type 7. It can be seen from

the foregoing that with a simple two sublattice system a rich variety of
gvs T cﬁrves is possible;3--*

Yafet.andzkittel (ref.'S;ﬁ) extended the Néel theory to include the.case
where the.intiférramagneti6=AB-interncgion is comparable in size to the
nntiferroﬁaﬁheffc AA end BB interactions. In this sithaﬁion, the A sublattice
itgelf m;y'épiit'into-twn'antiparallel sub~gublattices, A;and Ay siﬁilarly
for the B.sublattice with the result that various overall configurétions
are possible:~ (a) antiparillel A and B total sublattices (*+), (b)Aseme

.,t._tig_t';_gular configuration (ﬂ " Qr D) » of (c) antiferromagnetism within the
twoA and :B sublattices 'independenely 'of each other (n). Another interesting
feature of this extended theory is the possibility of transitions between the
various spin configurations with change in compesition and te@pergture. |

Lotgering (ref. 3.5) applied the Yafet and Kittel theory to the spinél
structure A[B,JX,, where A and B are magnetic ions and the AB‘?ntéraction is

'“ceppatable to the AA and 3B interactiens. The configuration ih this type of
structure in.such that.thére nr; twa:A"-fsdﬁidttieéss_and four B - sublattices,

Tepresented by AlAz [?1_'g341 xs. By.a*¢onaiderition of the magnitudes. of the
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superexchange interactions within the system; it is possible to simplify the
calculations and deduce the stable configurations of the spin system at absolute
zero relative to the dominant Weiss molecular field constants,a and 8, for the

A and B sublattices respectively. Fig. 3.2.3 (after ref. 3.5) illustrates the

o =B diagramb for the two theories (note: these diagrams apply also to the

more simple two sublattice ferrimagnetic systems since they express the results
in terms of the dominant interactions). The terms ao and bo represént the net
sublattice magnetisation vectors at OK and the ratio bo/ao ( = 1.25) is the
same in each of the diagrams. The Néél theory allows only antipafallel
;rrangqment of the sublattice magnetisations with the result that in the two
regions X and Y one of the sublattices has to have a reduced magnetisation
although there is no reasonable mechanism whereby this can be achieved, and
furthermore, because one of the .sublattice moments is mot saturated the i
requirement by the Third Law of thermodynamics that -g—l,:-] = 0 at absolute
zero i8 violated . The Yafet and Kittel theory overcomes thif problem by
allowing canting of the-satur;ted sub-gublattice moments.
The three major_inferactionq,AB..AA and BB may be represented by three

--curie'gemperaturel, Too TA'énd'TB.respectivnly'since the interactions are

independent of one{qnother-anda further, are of differing magnitudes. In the

ferrites where the AB-interaction.deminhtes;-the observed ferrimagnetic Curie

point depends oply on Tc.‘howtvér. in the spingls the observe@ collapse of
- magnetic cr&eriﬂg will take place at the temperature T, corresppnding to the

Curie- temperature of ‘the :largest of the interactions. The intermediate

behaviour, 0 < T < TL' will be governed by the other two temperatures and,.as
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a result, transitions in the .spin .configuration can occur, as is illustrated
for some cases in fig. 3.2.4. The direct evidence for triangular:spin config-
urations is only attainable by neutron diffraction experiments and it is
thought that some of the c@idmium=spinels may have this arrangemént although
there is little evidence:ffam'o vs. T data (fef. 3.6).

The situation for metallic ferrimagnetic materials, such as are
investigated in this work, differs from that of the spinels and normal ferrites
since in this‘case.'the exchange interactions are not superexchange (although
some are indirecf) and therefore can be ferromagnetic within a sublattice.
This_ferremagnatic-goupling'wiuhin.the sublattice tends to simplify the
resulting total spin structure faveuring a par;llel or antiparallel arrangement
of the magnetisation vectors. However, the interactions may still have
difféering critical temperatﬁren resulting in the probability of anomalous
o vs ;Tbi.be'ha-vfaur. The compounds studied in this work are further discussed

in this light in Chapter 6.

3.3 Crystal Field Calculations

3.3.1 Introduction

A particular ion in a lattice is gituated in an electrostatic field due
to the influence of the sgfrounding charged atoms. This field is called the
crystal field and wii; possess a degree of symmetry relating directly to the
structure of the lattice.

Congider a rare -earth ion situated in the lattice. The ground state of
this ion is a 2(&f1§-fuld degenerate muitiplet (J =L £ S according to Hund's

Rules and Russel-Saunders coupling). If the ion is placed at coordinates

R

4
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(r,6,¢) near the origin and is under the influence of iops i at Bi

then the field in polar coordinates is b

. q.
vV (r,0,4) = ;Ej = erecese(3,3)

= - &,

i
on a simple point charge basis. The effect of this field on the ion is to
lower the 261+1)—f01d deéeneracy to an extent depending on the symmetry of
the field and the value of J. The exact nature of the levels can be

specified using group theory, but two useful rules can be einployed and these

. are defined below:-

(i) 'KRkﬁERQ.THEOREM. This states that in the absence of any magnetic fields
(applieﬁ'ér exéhaﬁgé)>the levels of Qn ion with an odd number of electrons

canat.m%st be Qplit intd doubly degenerate levels by the crystal field. . Thus
rare earth iong with half integral values of J (eg Nd3+, J = %5 L= 6, S = %)

when situated in a crystal field will have Kramers degeneracy.

(ii) JAHN-TELLER EFFECT. The crystal structure of a system containing a

degenerate ground state will spontaneously distert im such a way as to remove

-this degeneracy, unless the ground state is.a Kramers doublet. That is ions

with an even number of electrons will always have a singlet ground state

3 3 =4).

(eg Pr
The otiéinal crystal field work was carried out at Oxford te account for

the results of e.p.I. measurements on the rare earth ethxi}sulphatea. which

are cubic in: structure. The susceptibility results show that the crystal field

splittings are smaller than the multiplet separation (next J state in Russel-
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TABLE 3.1
IRON GROUP RARE
TRANSITION EARTHS
METALS K
o 3 -1 3 -1
COULOMB ENERGY 10 - 40 x 10%cm 5-40 x 10%cm
15 - 60 x 10°°K 8-60 x 10°K
| spIn-omm1T S 1 o
COUPLING 100 = 800 cm 600 - cm
(L48) = J 150 - 1200 K 900 ~ 4500 K
CRYSTAL FIELD 10 ~ 20 x 10%em * 0 - 700 gy
SPLITTING (300 cm )
15 - 30 x 103K

0 = 1000 K
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Saunders coupling) implying that J remains a good quantum number in these

salts. This result may be expected from the fact that the 4f electrons in general
are in relatively deeply buried orbitals, unlike the 3d electrons in the iron
group transition mgcals in which the crystal field splitting greatly exceeds

the multiplet separation. Some indication of the cqmparison of the magnitudes

of these effects in the two types of ion is given in table 3.1.

"3.3.2 The Crystal Field

In the case of cubic symmetry the field given by equation 3.3 ﬁa& be

expanded in Cartesian coordinates to give

V550 = c + ¢, [baybest - 3 a] . [(;6 +y0425%) &
45 xzyl' + xzzl' + y2x4 + }'224 + sle' + z Y4) £ 6] enes G0

in which the z-axis is a fourfold axis of symmetry. (100 axis). The constant
C may (in general) be ignored since it is independent of x,¥, or z. The
constants c4 and D6 depend upon the coordination of the neighbouring ions
relative to the central ion calculated on the simple point charge model.

The potential must obey Laplaces equation and therefore may be expanded into
spherical harmonics in which case the number of terms in the expansion is
greatly reduced by the symmetry of the crystal. for example a centre of
inversion renders all harmonics Y: = 0 vhen & is an odd integer. Further
simplification arises when~the matrix elements of the hamiltonian between

the 4f electron wave functibna are considered; these have the form

j°*4f q Vc(t.6,¢) °4f dt
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The 4f wave functions qontﬁin spherical harmonics up to &£ = 3 i.e. ¥ ¥ 80

3
the angular integrals involved are

M M .
j“s Y, Y," sino dod¢
which can be shown to vanish unless £ < 6. The situation with the 3d tranmsition -

metals is simpler requiring terms up to the 4th degree (& < 4) only, since d

electrons have an orbital quantum number of two.

. The cubic crystalline field may be expressed in polar coordinates as

V%z,0,) = ¢ + D] {"2“""” - g [Y2(6’¢)+ Y;4<(6'¢):'} E

+ DL {Yg 0.0 - B [vg (0,0) + Y;"(e.w} veree(3:5)

where; again, Dz and Dé depend on the coordinatien.

If the magnetic ion has a charge 9 then the crystalline potential energy

will be
j ). .

where the ; is over the electrons in the unfilled shells.

3.3.3 Evaluation of the Matrix elemants

There are two common methods for finding the matrix elements of Hé between

the coupled wavefunctions.
(a) Direct Integration:
'This method is the more fundamental of the two. The free ion wavefunctions

. are expanded into a ﬁroduct involving the individual electron wavefunctions ¢i
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on which the terms V(.xiyizi) in Hc act. In polar coordinates the elements are

formed from sums of :Lm:egiala such as
Ny LB W o
f¢* <‘1°1°;) r Yn (r*ei%) ¢ (riei¢i).- dt

The radial part of this integral <x™ is not accurately known snd is _.{me_c_l as a
paramster, alternatively, a theoretically calculated value is used (fof. .7).
The angular part of the integral can now be evaluated using the rules dis-cu.ued-
by Bleaney and Stevens (p. 128 and 130 of ref. 3.8). The direct integratien
method is complicated and seldom uiad. the second method being preferred.
(b) Stevens Operator Equivalehts Methed. : _ | .
| This method can be used to evaluate uerix lclmnts between coupled"

wavefunctiocns that are specified by an mgular momentum quantum number J (or L).

" The ptoi:cdura eliminates the need to return to the single electron wavefunction

by using, instead, an 'operator cquivpleﬁt' to H o! comprising angular momentum
operators which act on tﬂi-mgulnr part of the wavefunctions of the coupled

system ‘whi..la isolating the ignorance of the detailed properties of the states in

& common fl.ccar.(‘rhio'progeu is an application of the Wisner;zichart theorem

see e.g. ref. 3,9.)
The cartesian function £(x,y,8) of a given degree converts to operator
equivalent form by the replacement of x, y and z by Jx;"J and J s respectively,

y

alloving for non-commutation of J ’ .Iy and J in products of x, y and z by
using all the pouible ¢omb:|.uatien| of J etc, and dividing by the number of

these combinutioas. A few examples are
2(311 - ri z <r >[3: J(Jﬂ.a <r2> og
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H BJ<r4>i E+4+J“] - gJ<r>04

(Note:- Jt = Jx £ iJy are the step up/down operators).

Thys matrix elements from the expresaion

? Q3zi2 - riz)

between coupled states [LSJ J > (or |J2> for brevity) are equal to those of

aJ<r2> eg between the angular part of the coupled wavefunctions i.e.

2__2 = agarde '] |22
<‘Iz'| z(a.zi! -'ri> | Jz> | = a<r ><Jz'| 3Jz - J(J'l-l)J |Jz>

-
RO

In the latter'éaré of the equality, <r2> is the radial part of the
integral, iﬁ.arg multiplicative constants depending upon L (the orbital
quantum number of the electfonl in the unfilled shell) and n' (the number of
electrons in that shell and also J (or L & 8). The multiplicative constants
for the fourth and sixth degree expressions are BJ and Y5 respectively. -

Equatien 3.4 for the cubic crystalline field may be trinlformedvingo(

operator equivalents and yields for the crystal field Hamiltonian

c D
100, “hpg 4010 4l _ 6 6, .0 .. 4 |
B % g [04 + 5°4] 334 Y1°F > [06 - 210, ] ceea@B.T)

100 _ .o [ o 4 ol 0_, 4] .
B = B, [04 +504] + B, E’G 210, veee(3.8)

' where the terms Bn0 comprise the coeordination constants (cn) the multiplicative

et A T
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factors {a,B, & y) and the radial part of the integral (<r™>). This Hamiltonian
is expressed relative to the 100 axis but may be 'changed into that for the 111 axis

by writing the cartesian expressions for the onm and using the transformation

matrix
A RR RN Vg VYgs Y
z; - 2/3 | (4] 1//5 Zi'

(ref. 3.10.), and reconverting the result into operator equivalents, from which

process the 111 axis Hamiltonian is

[
Hclll - %) B, E,4° + 20 /2 0431 ceee(3.9)
16; 6 _ 35,3, 77,6
+ ("'g) 36 E)6 7“8-06 3 061
' 100

where the B4 and B6 are the same constants as for the Hc case.

To set up the matrix, the elements may be found by operating with the Onm
using the normalrules, or, recourse may be had to the published results of this
process in for example Hutchings (ref. 3.11). By suitable matrix operations
the original matrix may be simplified to form submatrices, the number of such
submatrices being dependent upon the symmetry of the crystal field. The sub-
matrices may be solved in the usual way, by the subtraction of eigenvalues (1)
from the diagonal elements and finding_the solution of the resulting secular
' equation by equating its determinant to zero. Alternatively, standard computer
programmes may be used and in the present work diagondlisation was accomplished

with a Jacobi reduction progrdmme (see appendix II).
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3.3.4 The Crystal Field Hamiltonian

A number of ways have been followed by various authors in the setting up
of the cryhtal field Hamiltoﬁian and as a check on the computer programmes, the -
results of Lea, Leask and Wolf (ref. 3.12) were recalculated for. J = 9/2.
Their Hamiltonian takes the form -

0 0
H=u x(T“) + (1 - lxl)(-i;-ﬁ—) veeese(3.10)
(4 (6)

in which Wx = B,. F(4) and W(l-|x]) = B,. P(6)......(3.11)

In these equations 34 & 36’ have their usual meaniﬁg, and 04 and O
represent the fourth and sixth degree operator equivalent éxpreqaions; .The factors
F(&) and F(6) are merely numerical multipliers extréctgd from the matrix elements
to make Eh; re;ulta for a span of J-values similar in-gagnitudaa It can be seen
from i&uationl 3.11 that W i; a parameter which slides the energy scale and that
x specifies the ratio of the fourth degvee to sixth degree crystal field effects.
This proc;ls may appear to be somewhat arbitrary but arises from the fact that
B4 and 36 contain coerdinatiaq factors basad.on the point charge model -and also’
the radial integrals <r™> which are difficult to calculate with any degree of
accuracy. Hence the te;mn Bavand 36 are used as parameters by employing the
relations in equ. 3.11 and varied to suit the experimental conditioms.

A sliéhtly simpler form for the Hamiltonian of equation 3.}0 was used in

this work

;H = SF [x E,p,J + (-x)) [3406]] civaes(3.12)

in which Bb is used as the energy ‘term for 4th and 6th degree terms, x represents
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directly the ratio of the 4th/6th degree crystal field energy, and SF is

an adjustable scaling factor.

3.3.5 The Effect of Magnetic Interactions

When calculations of the effect of the crystal field are made on

materials in which there are magnetic fields due to, for example, exchange
interactions, the total Hamiltonian must include the Zeeman term, unless

this term is small enough to be introduced as a perturbation. In normal
ferromagnetic materials with Curie temperatures of some hundreds of degrees
Kelvin, the internal (exchange) fields can be as high as several megaocersteds
(& 103 KA.mm-l) and in these cases the Zeeman splitting.of the multiplet
is often many times larger than the crystal field splitti;é. The Zeeman

term in the total Hamiltonian may be wriﬁten

H o - ) .
2 g.NB Hint J . a-ooo(3.13)

where Hint is the internal magnetic field (comprising the exchange and
any applied fields). This term only contributes diagonal matrix elements
since all the off-~diagonal elements are zero

1 : - '
(8 wg By, < m, | 3 |n&> 0 unless m! = mj).

Thus the total Hamiltonian may be written

The solution of the energy matrix set up in this way yields the eigen-

values and eigenvectors of the (2J+1) energy levels, which may, of course,

be degenerate. The eigenvectors then led immediately to the observable
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~ magnetic moment associated with the ion in a particular state from the

equation -

2
U = gl § s

m, soescaa(3,15)

where aj'ia the coefficient of the Imj>. term of the eigenvector, since

the eigenvectors are linear combinations of the free ion states. The
magnetic moment associated with the ion at a temperature T may be found from

the addition of ﬁJ (the moment of each state) multiplied by. the relevant

Boltzmann factor, hence,

My = Tu e kT

-oonono.(3¢16)

where uJ is the moment~associsted w1th the jth energy lavel and AE% is the
d1fference in energy between the jth level and the ground state, and the

summation extends over all levels within the. (2J+1)-mu1t1plet split by

the exchange and crystal fields.

3.4 Application of Crystal Fleld Calculations to the RE-TM Cubic
Laves Phase Campoun

The problem in applying crystal field calculations to any particular
material is merely one of finding an expression for the crystal field
potential and finding the correct combination of Steven's operator

equivalents. This procedure is simplest in the case.of cubic fields since

these have been studied in the past and are well represented in the literature.
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The Cubic Laves phases contain 8 molecules/unit cell(formula ABz)
that is 8A and 16B ions. It is the crystal field at the A site (raré '
earth site) that is required, The cubic laves phase structure is shown
in fig. 3.4.la, the second part of the diagram (3.4.1b) shows the B ions

only. The nearest meighbours to the A ions are twelve B ions at

1

where ao-is the lattice parameter. It is not iqmediately clear that
these B ions are in any way cubically arranged but they do have a 3-fold
symmetry axis along the lll-direction of the unit cell (sée'fig. 4.3.1b)
with 6 iens at cos® --:-(Ti-‘, ¢ = 30, 90, 150, 210, 270 and 330°;

3 dons at cos® = -G ¢ = 0, 120, 240;

;) @
amh 3 ions at cosd = -~ %%" ¢

0, 120, 240.

The next n;arent neighbours are four A ions arranged in a regular tetrahed-
ron at

)
G

Rz =

a, = 0.433a (- Crk R1) Ceeeens(3.17)
and in the same polar céordianea
one ion at cosf = 1 _
sod three ions at cos® = -3 ¢ = 60, 180, 300,
The next Qhell of peighbourl eompriseé B iona at 0.65 a, and these are
appreciably further awéy and hence neglected. The crystal field has ﬁeen
calculated (réf. 3.13) for fhe nearest and next nearest neiéhbeur.ieha and

the potential does show épbic symmetry. The coordinatioﬁ constants within
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the crystal field coefficients B, and 36, may be found on the point charge

model and hence

7 e ; 4
O T B B S| Rl
2 :
ju..o<3018)

2

e L & 6

B = 18 . {zz + 0.303 21}"’> A
2 ' -

These coefficients may then be numerically evaluated to gauge their order = **
of magnitude and substituted into the expression for the total Hamiltonian

(equ, 3.14).
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CHAPTER 4

EXPERIMENTAL APPARATUS

4.1 Introduction: Principal Methods-of Magnetisatfon Measurements

There are three major classes of methods for measuring magnetic moments;
the Faraday method, which involves measuring tﬂe'force“an a sample placed in a
.non-uniform magnetic field; the indirect method of observing some phencmenon
dependent upen the magnetic properties of the material; and finally, the
detection of the magnetic flux density. in the vicinity of the specimen.

The forde method of magnetic moment determination has been used to great
advantage to develop sensitive devices such as the Sucksmith ring balance (Ref.4.l)
and a sueceptibilité'balance employing the force ptinciﬁla‘is described in the
next Section (4.2).x There are several drawbacks to this method of measurement,
the main ene being that the magnetic moment is not observed in a uniform field;
since a field gradient is essential to produce the  force. Purthermore, this method
is not readily adaptable to measurement of magnetisation versus applied field or
cryltaliographic orientation. Objections have also been raised on theoretical
grounds by Wolf (Ref. 4.2) to the use of the force method on highly anisotrepic
materials. |

Numerous indirect ways of measuring magnetic moments via associated
properties include the Faraday effect, galvano-magnetic effects, such as the
ferromagnetic Hall. effect, and microwave farramagngtic resonance observations
(see e.g. Ref. 4.3 page 228),. The advantages and disadvantages of the indirect
techniques are typified by ferromagnetic resonance measurements in which the
magnétisation can ‘be found provided that the detailed shape of the specimen is

known. It is alse clear that these methods are limited in that the particular
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" phenomenon is observed only in a narrow class :of materials, and even then
considerable prior knowledge about the specimen is required. In spite of these
disadvantages, the indirect method can yield extremely sensitive results.

The third method relies on the detection of the induced voltage in a pick-
up coil when the flux associated with the specimen changes, owing to a change in
applied magnetising force or pick-up coil position im relation to .the sanple.

An example of the first type is the Pulsed Magnetometer; in which a high field

is applied to the specimen for a time of the order of milliseconds and the

resultant flux change in the specimen is detected by pick-up coils situated round
the specimen. The disa@@gﬁiﬁée of this method is that the pick-up coils detect
the effect of the changing magnetising force upon free space as well as on the
specimen. Consequently, the method is used only in pulsed field work where the
required high fields (200 Koe) are achieved for times of the order of a few milli-
‘seconds and in which no other detection. system is possible.

Vibrating coil magnetemeters have been successfully made (Ref. 4.4) in which
the coil system is vibrated parallel to the aéplied field. The disadvantage of
this method lies in the fact that .the magnetié:field needs to:be very unif;rm,
otherwise cemglicated corrections are necessary to account for the spurious e.m.f's
induced in the pick-up system. ' Furthermore, for small magnetic moments, the
magnetic effects of materials surreunding fhe specimen become appreciable and
added corrections are necessary.. |

The vibrating sample magnetometer.(VSM). was develeped mainly by Foner

(Refs. 4.5, 4.6) and his particular: system has the advantage, when using iron-

thereby saving the destructive magnet redesign necessary for parallel vibratien.

P R 2 Y R L e b

»

cored magnets, of specimen vibration .perpendicular te the magnetic field direction.g

9

¥
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The mnsnatéma;er developed by'the-aﬁthor in the present werk, following Ellis
(Ref. 4.7), is basically similar te the Fener: instrument except that an air-cored
soleneid is used to provide the magnetic £ield and therefore a simpler pick-up
" coil aystem is pessible in conjunctien with vibratien parallel te the field
directien.

- The advahtages of the VSM over .other types of magnetcmeter are that it can
be made insensitive to small magnetic field inscabiliti?s, magnetic field non-

unifermity, and yet be very sensitive to magnetic moment.

4.2 The Susceptibility Balance
4.2.1 The instrument used for susceptibility measurements has been described

previously (Ref. 4.8) and only a brief account is given below. In the present °
work the apparatus was. improved by the addition of a continﬁeusly vari;ble rid;r
system for initial balancing, and by.using trensitorised circuitry in place of the
original_valva elact}onice;- The. diagram, Fig. 4.2.1, shews ﬁhe.basic balance
construction. The light beam has.a tersion suspension at its centre, this suspen~
sien.also carrying the curremt te the two coils situated at the ends of the beam.
The coils are situated in the loudepeaker type magnets shown.in the diagram. The
balance condition is electronically detectad by means of the ;pticsl system and
the two photoresistors. Very coarse balancing is attained by addition of weights
té the pan, P, less coarse and fine balance are achieved using the three riders

of largely differing mass en'the bar B The ultimate balance is maintained by an.
electronic servosystem which acts. in such a way as to keep equal illuninntion'en.
the photoresistors, by adjusting che“current~in~theﬂtwe'cqilagan4 hence. the torque

on the balance beam. When the specimen, located in a quartz bucket, is situated
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in a non-uniform magnetic field, the resultant force is detected by the momentary
deflection of the beam, causing irregular illuminatién of the photoresistors, .

this in turn giving rise to a restoring torque. - ihis“torqne:is.sufficient to return
the beam to its original position: minus.the slight.deflections inherent in any

servo - system. The magnetic field is: applied using a water—cooled soleneid

(Ref. 4.9), the additional field gradient, or non-uniformity, being derived from

the inserted coil shown in the figure.

Fig. 4.2.2 gives the .circuit of the serveosystem. The photoresistors are
Mullard's (type . ORP 615,.the.resistance.of which' decreases with increase in illum-
inatien.. The output is taken. to the balance .coils frem the .points-A and B, A
scalamp galvanometer, cennectqd-in,parallél,with_the coils, moniters the. eutput
veltage and gives a direct indication of .the current. In setting up the balance
system prior to measurement,  the photoresistors are switched out (S1) and the two
parallel resistors enable electremic balancing to be carried out.using the set zero
control. It is possible .to increase the.output current available by switching

(S2) in the parallel emitter resistors, this, hewever,-decreasel the stability.

4.2.2. Interpretation-of Measurement

For a specimen magnetised with a field H and situated in a field non-
dd ‘
uniformity . 325 » the force on the specimen, F, is given by

duz
FE, = Q- g

rwhzre.Qz is the dipole moment in the z direction (Ref. 4.10).

. Now,

Qz = m..)(.liz

s
. }
At

PR
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where m is the mass of the specimen and x is the susceptibility per unit mass.

dﬂz )
Therefore F = m X. H, == ,
2z ' 4
The field Hz may- be replaced by clh where h is the reading on the field

control helipotentiometer and.clvia a constant. Purther, the force, F‘. is
measured in terms of a change of scalamp galvanometer scale reading, AI.
Thus. . P, =C,. AI where c, is a constant.

We can therefore write

.....-.-(4.1)

dH
"z
where the bracketed term is a constant, if dz ig comstant.

The other quintities are directly measurable. By using a suitable calibration

specimen the constant
C2
C. ‘- T ’

3
S

may be measured. The maximum sensitivity of the balance was such that it could e

5

detect 0.25 x 10 ° emu /gm with a sample of 100 mgm. ﬁaweve:. field inatabiiitiéa

- cauged by thé water .cooling (current shunting) of the magnet reduced the:

sensitivity by a factor of ten giving a practical limit of. 2.5 x 1of5 emu/.s@.

4.3._Thm'VibtatinSTSEacimeq_Mnggqtgggter

- 4.3.1 Principles of ggeration.‘

The basic principle of ‘the magnetemeter is that a magnetised specimen is

; equivalent to a small current carrying ceil .insofar as both produce a dipole

magnetic field, and ‘therefote it is possible to compare the two dipole fields

‘by detecting the flux in their vicinity with-pick-up coeils.

ORI T
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Figure 4.3.1 is a block diagram of the VSM built by the author. The
vibrator is driven by the power amplifier and variable frequency oscillator.
The vibrator is mechanically connected, via a rod, to the reference dc coil and
the sample, the sample being aomA distance from the vibrator and reference
céil. aﬁdnaicuated in a variable magnetic field parallel to the axis of the

rod. The .specimen, when magnetised, acts as a small oscillating dipole, and

induces an alternating emf in the sample pick-up coils. This emf may be
electrically shorted by means of .the "Short Switch', or reduced by using the
‘helical potentiometer attennuator (helipot). The reference coil carries a small
variable dc and'consequently:alse.appeatu'as'an.osciilatiug dipole to the
reference pick-up coils. The resultant emf in these coils depends on the
magnitude and direction of the dc, and therefore this emf may be adjusted to
balance that from the sample pick-up coils. Alternatively, the helipot can be
adjusted to give amplitude balancing of the signals. Both pick-up coil systems
comprise pairs of coils wound .in series opposition, this procedure drastically
reducing unwanted pick-up from the external magneti¢ field in the one case and
synchroneus vibrator derived pick-up in the other case. The dipole signals
however, are added in the two coils giving twice the signal obtained using one
coil. The upper coil of the pair of reference coils is in cléser proximity

to the vibrator than the lower coil, and in order to reduce the synchronous
ﬂick-up'further. the upper coil is wound with fewer turns thereby compensating for
“the asymmetry of the pick-up. ' In apiée of this, the coherent pick-up is still
at an unacceptable level necessitating the use of the attenuator and phase

. shift network to obtain a coherent .signal of equal amplitude and opposite phase
"to that of the coherent pick-up tﬁareby eliminating this unwanted signal. This

]
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process is carried out with no current in the dc referemce coil and the short
switch on.

S8ince all these signals are very small (ranging from 1O0uvV to a few mV) it
.is necessary to amplify, the net signal using a low noise amplifier (LNA). This

has .a mgximum gain of l@s and itas output is fed to an oscilloscope to provide

a visible display of the signal;. the oscilloscope also serves as a check on
- the oscillator amplitude and frequency, and the power amplifier output. The
production of a nill input to the LNA is further assisted by the use of a phase
sensitive detector (PSD) which, apart from rejecting off frequency signals gives
- a coherent signal gain of a further 3dB. The PSD reference signal is derived
- from the power amplifier output and the necessary phase (and amplitude)is
robénined with the reference phase shifter shown in the diagram.
Thereéore, with this system, the specimen signal can be matched with the
- reference; dc coil signal by .adjustment of the variable DC supply. Since the
epacimen.sisﬁal=relat¢s.direetlynto its magnetic moment and magnetisation (see
section 4.3.6(c)), these properties can be found in.cerms of a current .in the
de cpil. The instrument may be calibrated by using a sample of known magnetisa-
tion and mass (see section 4:3u6£d)). and hence the magnetometer can be used |
"to measure.the magnetisation df any specimen‘p;ovided thaf ielis large enough
to be detectable (see section 4.3.6(d)). \
The ﬁagnetamecet'ia further equipped with a servo mechanism linked to the’
PSD balanced output which adjusts the variable dc supply in such a way as to
maintain a - null input to the LNA when the specimen ignal alters. This system
- engbles automatic qutput onte .an XY recoxrder for magnetisation versus field,

or temperature, measurements, alternatively for magnetisation variation with
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time Ifnorhil'ehart"recorder.any'ba employed.

4.3.2 . Electronic Details
| In. this sub~gection details .of each part of the magnetometer are given.
(a)' Oscillator, Preamplifier and their Power Supply. |

The oscillator .is & transistor adaptation of the well known Wien Bridge

“enczllatot and. has the advantage, :apart from compactnosa over valve circuits. ‘

that direct coupling is possible eliminating undesirable phase shifts and large

_high voltage capacitors. -

- Pigure 4.3.2 shows the ogcillator circuit. A frequency span of 20Hz -~ 20KHz
ii covered by three overlapping ranges switched by the 3-way 2-pole switch,
fine contrel being afforded by the twin geng 10 K logarithmic petentiometer.
The advantages of being able to vary the frequency are further discussed in
gection 4.3.2(c). The bias current of tranaistor (tr 1), is small due to its

high input impedance, consequently the effect of bias resistance change in

- frequency alteration is minimised. The amplifier (tr3) is used to further
‘reduce the effects of éhnnges-in the resistive arms of the bridge, the ampli-

‘fier eutput impedance being very low. Amplitude control is exercised by the

thexrmistor (th2 - STC type A) which is in the negative feed back element.

‘Variation in ambient temperature alsoc. effects this ceontrol element necesgitating

the use of the compensating thermistor (thl, also STC type A). The impedance

" ‘of this thermistor depends on ambient temperature, rather than signal level,

and when  the temperature rises the negative feed-back signal is reduced by
the shunting effect of the tﬁerni;éét. By suitable choice of the capacitor

in geries with thermistor 1, the reduced resistance of thermiator 2, for & rise



5K '
]
%
(]
Oscilledor 1 Preamphifier

F.tc-. lp. 3 . 3 PééMPH'PlER;

Fie. 4 .3.44 20 Vour Power Svemy,




in temperature, can be exactly compensated giving the oscillator a temperature

independent output. The diode network in the feedback circuit ensures reliable.
woséillation by virtue of the diodes’nonlinearity, a signal of some 100 mV being
‘required te lower the effective resistance from infinity .to a few hundred ohms.
- The ;}icical-companentstin,:he“circuit are the biassing resistors of trl,

censequently . preset potentiometers are used in this part of the circuit.

In order te drive the power .amplifier without loading the oscillator, a

' preampiifier is used. The circuit ip given in Fig. 4.3.3. The emiﬁter'resiSf
‘tance. of . tr2 is tapped to provide the 100 mV drive to the power amplifier, the
'full emitter output voltage is::taken to an output on the oscillator/power ampli-
fier chassis for monitoring the oscillator output. | |

The .20 volt stabilised power supply is fairly conventional and its gircuitr
‘is shown in Fig. 4.3.4.

{b). .The Power Amplifier;“

Since the magnitudes of gignals induced by the vibrating sample (and dc
'cail) are directly proportional to the amélitude of oscillation, it is deairabye
that .this be ae-large.as-is“fetaiﬁle.nallowing for mechanical limits in the t.€:~
rigidity of the rod and specimen: tube. This requirement necessitates high input
‘power- to. the vibrator, and 80 ‘& 25.vatt Henrys Radio awplifier was used for the
purpose. . This commercial unit required some modification and the circuit is
-~showm. in Pig. 4.3.3. Under heavy .load conditions, the cutrpnﬁ 1# the earthed
positive .supply line is of order .1 amp, resulting inﬁceherent éhmic signals
on-the'aupply line of up to-a few millivolts. These signals were eliminated

fby using a separate thick positive lead from the power supply to the higﬁ current
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output transistors and decoupling further both the amplifier positive supplies

(capacitors Cl and C2). The amplifier itself is of the directly coupled type

- giving an. excellent frequency .response, with-less than 0,18 - distortion at

full output power. Under continuous high output working, it was necessary to

‘000l the power transistors with a suitable blower, otherwise the outpué
" transistors (0C28's)-tended .to.fail garrying the two driver transistors with

“them. The 80 output of the amplifier was matched to tha 3Q impedance of the

vibrator with a suitable transformer, this affects, somewhat, the frequency
response but as mentioned below is perfectly satisfactory at the operating
frequency. . The 60 volt power supply is a Henrys Radio MRU60 type.

The layout of the power amplifier/escillator chassis is shown in Fig.
4.3.6, The second Fig. 4.3.7 gives the electrical interconnections for this

chassis.

- (¢) The Vibrator and Reasons- for Choice of Vibration Frequency.

The. vibrator is a commercial unit (Ling Altec Shaker model 20l1) working

~on the same principle .as .that ¢f the moving coil loudspeaker. It is designed

for large ampli:uda,highnncéclnrlticn vibration and under working copditions
gives an emplitude of about 2mm at 70 H,. The mechanical mounting of the
vibrator is treated later, .in section 4.3.3.

.. The frequency of 70 Hz chosen .as the normal operation frequency achieves . -
the best solution 'to several: opposing conditions, The vibration amplitude,
theoretically, is 1nvnrsa1y%p:oportion¢1”to the frequency at a given input
vibrator power, the signal induced inm ;the picﬁ-up coils by the oscillatiné
dipoles is ptqportional'co=thn.anplitude and to the rate of change of motion,

given by v the frequency of oscillation. However, it was found that the largest
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signal is obtained.at- large amplitudes and low frequency, as oppesed to remain-
ing constant .at a given vibrator power. The reason for this behaviour is that

the vibrator has a non-linear response of. frequency vs amplitude at a given

- power. input. . The. choice of :a .low .frequency has the further conditions that it

should be as far as possible from mains frequency and its harmomics. A frequency
below 50. Hz suffers from beat frequency effects with mains pick-up, idaviug'the
range 50 - 100 Hz from which 70 Hz was selected as the most reasonable operating
freqﬁbncy.

It should be noted that: the ability te vary the frequency gives the poss-

‘ibility of using the slectronics in a vibrating reed magnetometer, This type of

magnetometer employs very much smaller specimens (<_1 mgm) mounted on a high-

- frequaency vibrating reed and :in: order to ensure high amplitude, the reed is made

: te.ratenﬁtom" The normal pickrup systems and magnetometer circuitry can then be

used to.detect and measure the magnetisation.

. ~{d)... Attenuator and Phase: Shift. Network for S§nchronoul Pick-up Elimination.

. The signal for. this network is. derived from the main power amplifier output

“transformers, and its amplitude and phase are adjusted with the preliminary circuit

" (Fig..4.3.8). The adjusted:signal is the input to the attenuator and phase shift

circuit in Fig. 4.3.9. An-emitter follower (Trl) supplies the phase splitting

stage (Tr2) which has equal amplitude but opposite phase signals on its emitter
-.and collector. The phase’ of ‘the signal that appears on the b@qe of Tr3 varies
- with the setting of RV1, further, the output from this tranaiitor can be
: switched with 81 giving*anlaog'phase.nhift of the input to the final emitter

follower stage. The variable resistor RV2 reduces the output signal to the

very small signal required to balance the synchronous pick-up. In this manner
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" “the synchronous pick~up: may:be: \clai;ntnatad;"whataver its phase. The cimuit is

powered by a stabilised power .supply similar to that shown in Fig. 4.3.4.

(e) Pick-up Coil Systems and..DC..Reference Coil.

.....The dc coil .and magnetised specimen both act like small magnetic dipoles,

- -and -the usual dipole field formulae may therefore be applied to obtain the

magnitude and direction .of .the fiald at any point. Since two pick—-up coils are
daed,inuaariea.oppositienrthale=must'be placed on either side of the dipole in.

such a way that the flux change is & maximum for a given vibration amplitude.

* This position arises when .the flux at the..coil circumference is at right angles

to the axis of oscillation.(and .the dipole) and the locus of such pesitions

is aleng a cone of angle 55° with the axis. Thafefore, for a given average'cbil

“radius,. the. average separation for maximum signal pick-up can be determined.

‘The reference coils,. using .34 swg .enamelled copper wire on a perspex former,

* were wound asymmetrically, as mentioned previously with 1,650 turns on the

upper coil .and 2,520 turns on the lower one, this asymmetry considerably reducing

- synchronous pick-up. The former dimensions are given in the mechanical construc-

tion ‘dianm. Figl 4.3.15.\.- PO

© - Two pairs of specimen pick-up coils were devised, one for low temperature

- work (0. - 400K) and the other .for high temperature work (300 - 1000K). The low

temperature coils were wouﬁd“wieh=650-uurns each of 44 swg enamelled copper wire

"' on -2 pyrephyllite former, this material being better adapted to wi:hétanding

the temperature cycling: than,:.for example, PTFE. The high temperature coils,

"”apart from the larger dimensions, .are similar to the low temperature coils,

- and both coil formers are shown in Fig. 4.3.10. The high temperature system is

further discussed in section 4.3.4(d).
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The dc reference coil was wo'und on a perspex former carried on the vibrator
rod .and is shown in Fig. 4.3.15.. Enamelled copper wire of 34 swg-was used for
" this.coil which had 750 turns, and a resultant magnetic moment of 3.3 x 10-'10
tesla .m3/mA (3.3 gauss m3/M)... It is perhaps worth noting that the moment of .
" a ‘100 -mgm ;li:ecimen .tof.tg}pi.eﬂ molecular weight = 250) with luB per formula unit
gives a moment of 2 x 10:'-? ‘tegla ms. The de coil is c_apab]_.,é of carrying the

full 50 mA output of the variable dc-supply without any appr.'ec'i'able heating
. effects..

. . The. input ci:rcuit to the LKA, éhowing the ‘pick-up coils, short switch,
~ helipot. attenuator and gynchronous pick-up elimination feed, is éiven in PFig.
443011, ewingr' to the presencs .of high impedance, (LNA 80 KQ input impedance,
- helipet .250 KQ). the circuit required screening. .
(£) Low Noise Amplifier (LNA):.

This unit is a eomaminrlf--trapni:stet..an;i:lif'ie-r made by Brookdeal Electr_onica
(type I.A 350) and its circuits are included in Appendix 1. The ampliffi.er hhas
& variable band width-:_-(is:dn points) and for nermal 70 Hz operation the 3dB points
"~ are.set at .30 Hz. and 100 Bazw .!.;h. maximum gain of 100 dB (x 105, voltage gain)
* is adjustable in steps of .5dB: down to 45 dB ( 200, voltage gain). The 'i‘nput:
~. impedance of the LNA can be .switched to 80 KQ or 2-MQ; in the high {hpedmce -
positien the amplifier begomes unstable, wii:h' a high freqdengy oscillation, at
hi'gh' gain settings, so in mormal use the low impedance input is used.
(g). Phase Sensitive Detector. (PSD). |

The PSD is alsc from Brookdeal Electronics (type PM?ZZ) and designed for

use in conjunction with the LNA. The PSP circuits are given in Appendix 1. A
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- pufficient reference.signal:iis indicated by a neon lamp on the front panel, a

similar lamp being usad‘iu'&he.;ignal channel to indicate overloading. A

- normal PSD balanced ouﬁput-i§ supp1ie§ and this facility is used to operate the
"'sorvanachanism:described.latarv(k).'LThe balanced output is also linked to a

- panel meter giving a visual indication of the phase of the input signal,

and it is this meter which indicates the présenee of a .null input (at 70 Hz)

to the LNA.

- (h). .- 0scilloscape.

The oscilloscope.is a Heathkit Model 0S~2 and its circuits are given in

- Appendix 1. The oscilloscope .is used to monitor the LNA output, oscillator

' frequency, power amplifier output, and the LNA input, by means of a switch

on the magnetometer console, ' Its most .important role is the monitoring of
the LNA output when the synchronous pick-up is being eliminated using the

phase shift and attenuator cizcuits, since it ie possible to obtain a zero on

:the PSD.with an input signal :that is 7/2 out of phase with the reference. If

the latter was the case then.the LNA would not be usable at high gain because

thilcput of phase signal would cause overloading.
{i) . Reference Phase Shifter. (PSD).

--. The circuit for .this unit is almost identical to that of Fig. 4.3.9.

‘except that it has preset controls and a modified output stage. The ;eferenge.
"signal phase can be set with the preset controls by using a double beam oscill- .
;oscope to observe both it and the LNA eutput.signnl (when there is a 70 Hz input).
i This circuit is required mainly after the magnetometer fraequency is changgd

' whin the inherent phase shift :in the signal circuit changes requiring a corres-

| ponding alteration of the reference phase.
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(§) - Variable DC Supply-and Meter Circuit.

. The dc supply is-a.6:velt :zener stabilised type, the circuit of which is

- given.in Fig. 4.3.12. -Stabiligation ie achieved by holding the base of trl at

* the zener voltage of 6.8:volta. The less than unity voltage gain of the two

emitter .follower configurations results in an output voltage, acress the 22 K ,

- of 5.8 volts. The: supply.will .deliver up to 50 mA with no detectable ripple

‘effects in the magnetometer.circuits.. The console auto/manual switch links the

" “base of the output transistor to either the servo-system (next sectionm:. )

‘or .the emitter .of trl.. ..-..=. ..

The power supply output is connected across & potential divider which

..~ embedies the manual currvent contrels; in the automatic mode these current controls
© are set at maximum. Fig. 4.3.13 gives the circuit of the meter section. A

"'revatning,switch 81, provides for the advent of reversed magnetisation in the '

sample, or, more commonly, reversal of the specimen pick-up coil leads or magnet

‘current. -The d¢ coil current is measured uaing the main console mounted milliam-
s eter,. this meter having .thrvee :switched .ranges (82, - 10 mA, 25 mA and 50 mA

"£.8.d.)." More sensitive measurements are made on the 500 pA f£.s.d. meter,

svitched into the circuit.by. 85, or alternatively an Avometer may be plugged into
the Jack socket (83). For:small.currents (< 1 mA) the degree of current cliange

for a given manual adjustment .is too coarse, and in this case a normally ahoéted

- geries resistor, R, may be .switched. (86) into the circuit reducing the maximum

~curgent to less than ‘10 mA, hence giving finer current control. As menticned

previously, it is:periedically necessary to check that the synchronous pick-up

; ltsnalfta still:balanced:.eut'.(i.8. no specimen signal).and in this test the dec

coil current must be gero. Rather than reduce it to zero using the controls, "~
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or even switching:-it off,:the. curtent is switched, S4, through a 27R Fesistor
instead of the dc coil. -This process eliminates-the drift that results from
intermittent ﬁse of a'pawer:supply.

. {k).. Servosystem and Auto/Manual Switch.

The-oufput“vuicage;ofuuhdedc coil power supply may be varied by changing
“the.baseuvoltage ofnitsiuntpnt-ttansistor. A range of at least 0 -~ 6.5 volts
* is required for the output r;nge 0 - 5.8 volts, The balanced output of the PSD
varies by * 10 mV: (on maxinumnPSDfoutput meter sensitivity) and this voltage
- ~requires amplification. in order to .drive the power supply output, stage. The
servo-amplifier .circuit is' given .in Fig, 4.3.14. A highlinput_impedance is
obtaiped using the super-alpha. pair (trl and tr2) therefore giving a minimal
effect .on .the PSP output, - The next.two stages achieve the necessary gain
( 350) giving an output: variation of O - 7 volts at the emitter of the final
- stage. transistor, and.in the Automatic mode this voltage is applied to the
~. output transister of the variable dc pownr‘supply. The PSD balanced output is

‘smoothed internally giwving a time.constant-of 0.3 seconds and the three large
_capacitors in the servo—amplifier.circuit make the response time of this lgige

. - enough, to: prevent. hunting €or- severe seif-oacillation). The output of:thé
servéwamplifief is: very sensitive to the initial biassing of trl because the
amplifier is .directly: coupled, and .this biassing is achieved by means of a fine
- and-.coarse "set volts""pefanciunnters. In order that the dcféoil current may
j-be‘reduced.torzero automatically, the voltage applied to the base of the power

- supply output transistor must be.slightly negative ( - 0.5 volts), and this .
;-nequirement is met by fleating the-9 volt servo~amplifier power supply, relative

to the general magnetometer earth, uging the set zero potentiometer. This

I
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ensures that the available drive can be set to vary from ~ 0.5 volts to

. 6.5 volts. .

The magnetometer can:be made to self balance by choosing the correct pol-

- arity. for the servo~amplifier input using the reversing switch, this allowing
- for the reverse current.situations mentioned in the previous sub-eeqtion. All

- servomechanisms require-sunsadsnraa;of off-balance in order to operate, the

extent of this being'invetaely-propotzional to the servoloop gain. . In the

present system, the off: balance can be improved in two ways: first, the outﬁht

‘of the servo-amplifier can be set nearer to the required value using the fine

set volts contral (this is not servoaction' of course !); secondly, the

. LNA:gain.can be increased, until oscillation sets in, thus reducing the dc

eoil current error caused .by.the .given off balance.

... Automatic recording: of: the balance.eutrent'fio) against temperature (or

'field)u;anﬂbe'attainad:byrmonicorins:the voltage across a standard resistor “plugged

"~ in series with ia (Jack socket see Fig. 4.3.13), with an X~Y recorder. Thermo-

couple leads (or Hall Probe leads) are attached to the X axis input, and the Y

axis input is connected to the standard resistor terminals.

4.3.3. Mechanical Datailsua

Fig. 4.3.15 shows: the machanical construction and essential dimensions of

- the vibrator and reference:coil assembly. The rod is attached to the vibrator-
' by means of a 2BA &tud with.lock nuts at each end; the quartz sample tube which

~ is .a close ' fit inside the .outer.quartz tube (which bears the sample pick-up

coils) forms th