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ABSTRACT

“

The design and construction of a high field pulse magnetometer are
describeds This instrument was used for investigating the magnetic properties
of the various pseudobinary compounds.in the alloy systems Yx(Pe,Co)l_x and
Yx(Co,Ni)l_x, as well as the systems Gd3(Fe,Co) and Gd3(Co,Ni), over the
entire ranges of solid solubilitye

The variation of spontaneous moment in the yttrium compounds as a
function of 3d electron concentration shows a continuous change in form from
the Y82 compounds to the transition metal rich YQBl7 compounds , where B denotes
(Fe,Cq)‘or (CosNi). This change indicates a gradual progressidn to the
well-known (Fe, Go) and (CoyNi) moment variation of the Slater-Pauling.cﬁrvé.

In the Y(Co,Ni)3 and Y (Co,-Ni)7 compounds the spontaneous moment decreases

2
with increasing 3d electron concentrations becomiﬁg zero for about 80% Ni,
and then réappears with a small value for the compounds YNi3 and Y2Ni7. vThis
phenomengn is very similar to that found in the compounds YxNil_x‘as X is
increased, |

The results are interpreted within the rigid band model and it is
suggested that the disappearance of ordering in the Y(Co ,Ni)3 and Y2(Co ,Ni)7
systems is due to a deep minimum in the density of states curve.

The 3d moment inAthe GdXB

and YxB compounds is deduced and an

1=-x

attempt is made,for B = Co or Ni, to isolate it from the moment contribution

1-x

due to the conduction electron polarization. A unified picture is presented
in which the 3d band is gradually populatea by some of the valence electrons
from the tripositive Gd and Y ions, as x is increaseds

The compounds for which‘the 3d band is filled are indicated, not by
the abseﬁce of any spontaneous moment in the yttrium compounds, but rather,
by the inability of gadolinium to induce a 3d moment when Gd is substituted
for Y. |

The magnetic results of the Gd3(Fe, Co) and Gd3(Co,Ni) systemsindicate

that these compounds are antiferromagnetic and the résults are interpreted




ii
quantitatively in terms of the Néel two-sublattice theory of antiferromagnetisﬁ.
Values are deduced for the anisoﬁropy and the inter=- and intra=-sublattice
excﬁange coefficientss There is a close correlation between structural
stébility and the existence of antiferromagnetisme When the'latter‘
disappears (at 10% Fe) ‘the structure becomes unstable for'highér concéntrétions
qf irone From this correlation, a rule is deduced for predicting when a
structure might become unstables This rule is found to be applicable alsb to

the other stoichiometries of the gadolinium-rich compounds.
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PREFACE

The experimental work was performed upon the transition metal-rich

stoichiometric allpys Y2Bl7’ Y B5, Y2B7, Y B3 and the rare earth=-rich Gd3B

alloys, where B denotes thé 3d transition metals Fe, Co, Ni.s The B

component consisted of solid solutions (Fe, Co) and (005,Ni)'

The results of these two sections of the experimental work are
dsecribed in Chapter 4 and Chapter 5 respectively. The various.experimental
techniques used are described in Chapter 2. .The variatidn of magnetization
és a function of applied field is of primary'importance in this work{ and |
a pulsed field magnetometer was designed and constructed'fér the. purpose
of measuring this variation. A detailed description of this instrument:
is given in Chapter 3. | |

In order to obtain some link between the two results seétions, the

-discussion Chaptér 6- is devoted not only to the transition metal-rich
compounds with yttrium, but also deals with the gadolinium:compouhds of
various stQichiomefries, for whichthe data were oﬁtained from fhé-literdturé;
As a consequence, the conclusions réached_ih Chapfér'6 have some effect
upon the discussion of the Gd3B results, to which Chapter 7 ié deVoted.'

Chapter 1 is a statement of the problem.
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'CHAPTER ONE

STATEMENT OF THE PROBLEM

1.1 Introduction

Compounds between the rare earths and 3d transition metals form only
with the 3d elements to the right of chromium in the periodic table, i.e.

with Mn, Fe, Co and Ni. These are stoichiometric alloys Ax B with a

1-x
fixed ratio between the number of A atoms (rare earth or yttrium)
and the number of B atoms (transition'métal). The discrete values of x

compespond to stoichiometries of the following compositions:

A, A3B A B3, AB, AB2, AB3, A B7, A6 037 ABS’ A2 17° B.
The AB2 stoichiometry is the only one which forms for all the 3d.elements
from Mn to Ni, The next most common st01ch10metr1es are A B ’ exisfing

2717

for Fe, Co and Ni; and AB3, existing for Fe, Co-and Ni when A is a rare
earth, but only for Co aod Ni when A is yttriume As can be seen in fig. 1.1
the major overlap occurs 1in the AX:_Col__x a'nd.AXNil_X compounds. Iron does
not:form intermetallic oompounds»for x larger than that'of AFe2.
Tbis work is concerned with the 3d elements Fe, Co, anoiNi alloyed
with Y or Gd. Fig-il% shows the compounds whose exiéfence‘have been
establisheds The heavy lines along each stoichiometry show the established
solid SOlUblllty regions for the pseudobinary comppunds where the tran51t10n i
metal 51tes~are occupied by (Fe, Co) and (Co, Ni). 1In'general thie dlstrlbutlon
of the twoitypes of transition metal ions is believed to be.randomg though
some evidence (ref. l1.1) for preferential occupation of inequivalent B sites
by different types of 3& ions has been found in some melated compouods.in the
Th-Co systém;
Eariy-measurements of magnetization in the GdXFel_x system (réfs. 1e2,

1.3, l.4) and the deCo system (refs. 1.3, 1.5), revealed a deep

1-x
minimum in the magnetization vs x variation at x ~ 0.2. Fig. 2.3 shows this
variation for Fe, Co and Ni compounds with Gds using more recent data. This

minimum is interpreted in terms of antiparallel coupling between the Gd spins

and the transition metal spinse Work on compounds with the ather rare rearths
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has shown this to be applicable in all the fare earths’y resulﬁing in ferr-
" imagnetism in alloys with the heavy rare earths, and ferromagnetism in alloys
with the light rare earths if L > S,

The electronic configurations of the Gd atom and the Y atom are shown

as follows:
Gd 162 262 2p° 382 3p0 3a10 | 462 4p® 4a’® af” | 562 5p° [5011 652]

Y | same 452 4p6Edl ( ) 55ﬂ

The atomic number of Gd is 64; that of Y is 39. When in the metal, the
electronic states shown above in square brackets have théir energy levels
broadened inte a band., These eleg%rqns become itinerant, ahd leave their
respective atoms in an ionized sﬁgte. It is evident that Gd and Y are very
similar in that both will become tri-positive ionss the three band. electrons
per atom originating from levels with quantum number -n= 5,6, for Gd, and
n=#,5 for yttrium, this being the only difference in the quantum numbers of
the -band electrons. As a result, in many intermetallic compounds Y can be
substituted for Gd without any change in crystal structure, and with little
change in the lattice parameters. 'The magnetism of the Gd atom originates
from the 4f shelly which is half full. By Hund"s rules we can deduce that
Gd is an S state ion, with a magnetic moment of 7/“%, which is due entirely
to spines’ When placed in a metallic lattice, the 4f shell is nét appreciably
brdadened into a band, and the ?/UB per Gd3+ ion is an éccuratg value for the
ionic moment. This is because of the effective screening of the 4f shell by
therther filled shellsy 5s and 5p which have a lérger-spacial extension.

Gd is‘the ideal rare earth tc use in a study of the transition ﬁetalv
moment in alioys_becausé the moment of the rare exrths are generally quenched
to some extent by the crystal field, and this effect is much lesss important
in Gd.  Thus the contribution of Gd to the spontaneous moment is known. Y
;akes a good non-magnetic substitute for Gd, as stated above. The effect of

the moment of Gd upon the transition metal can be isolated from other influehces,
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by such a substitution since most parameters remain constant, the moment

on the A site being the main variable.

1.2 Structural Properties

The crystal structures of each stoichiometry are different, and some
stoichiometries have more than.one modification. However five étoi;hiometries
have structures which arg ciosely related to each other. These are AB2, AB3

A2B7, AB5, AQBI7’ The'se can be derived fromAthe hexagonal lattice of the Ca
Cu5 type, which is isomorphic with the AB5 structure. »These Qerivations arise
from simple substitutions accompanied by layer,shifts (ref. 1.23),: The unit .
cell of the CaCuS_type structure is shown in fige l.4a. The‘stchture consists
of:two types of layer which are arranged alternatelyi,. Oneftype-contains only
B atoms and thevdther contains both A and B atoms. A moreAextended view of
theflayer containing A and B atoms is shown in fige l.4b.. Here PQRS indicates
again the bésal plane of the unit'cell of unit cell edge a. We consider now

the structure of the A B17 compounds.. These arise by substitution, in the

2
AB5 lattice, of one third of the A atoms by a pair of B atoms, one. above &nd
one below thepositionAof'the previous A atom. The new unit cell is given
by a' = a4/§: If, in the basal plane, this replaceﬁenﬁ otcu:s at site'Pg
then it'will occur at site Q in the next layer containing A atoms.. In the
following layer containing A atoms it may occur agaih'either at site Py
giviqg.a'hexagonal structure, or at site T, giving a rhombohedral structure.
.fThese twolposéibie stacking %rrangements are shown schematically in fige le.4c.
To obtain the structures of the A2B7 s AB3, and AB2 compounds s one must
replace some B atoms by A atoms in the AB5 lattices For the AB3 structure,
in the top plane containing A and B atoms of every second AB5 unit cell one
of the two B atoms is replaced by an A atom ., followed by a layer sﬁift and
minor rearrangemeq?s of the atoms. As in the A2B17 lattice, the AB3 has
two modifications whose stacking arrangements are shown schematically in fig.
ledce Ina similé? way the structures of the A2B7'anj AB2 comﬁounds can be
derived, and the stacking arrangements are also shown schematically in

figo 19400'




The AB2 stoichiometry forms in three modifications, known at theLaves
phases. Two are hexagonal , one is cubic, the choice of which structure
type the material adopts being strongly dependent upon the valence electron
concentrétion (ref.‘l.7 »1.10).

As a consequence of the close relationship of the crystal structures from
A2B17 to AB2, it is not unreasonable tp expect a certain degree of continuity
in fée mégnetic and other properties as a function of x as we cross the
stoichiometries, despite the fact that x is not a continuous variable.

of thé stoichiometries other-than the ones just discussed, the crystal
structures can be derived from the cobalt-or nickel-centered trigonal rare
. earth prisme. These are the A3B, A4B3 and AB stoichiometrieses The A3B
crystal structure, with which fhe second results section is concerned, is
isomorphic with the orthorhombic Fe3C structure.

The structural stability of a given stoichiometry dep?nds upon the
" valence electron concentration. Although this is not the ohiy factor
affecting structural stability, it is certainiy one of the factors, as has
been showﬁ to be the case for the Laves phase struétures. The compounds .

Y Co5, Y_2Co7 e Y Co3 and Gd3Co are known to exist, but the corresponding
icompounds with the Co replaced by Fe do not exist. The pseudobinary

(Fey Co) alloys of these four structures were prepared in order to observe
at what Fe concentration the respective structures would become unstable
the aim being to establish to what extent this instability isascribable.

to the effects of valence electron concentration.

1.3 Eerromagnetism in a Band

It is generally accepted now that the age-old problem in 3d-transition
metal magnetisms itinerant vs localised 3d electrons, has been resolved by
a compromise between these two extremes. Whereas the itinerant model is
applicablé in that the 3d electron energy 1e§els are broadened>into a band
which can be split by exchange to give a moment, neutron diffraction has
revealed a certain amount of 1ocaiization of these mements around the

transition metal atoms. In the primary allcys (Coy Ni) of the pure




transifcion- metals, this localization results in the Co sites being associated
with a moment of 1.,7/4o‘B and the Ni sites with @.%, these tw \dues being
these found in pure Co and pure Ni. It is thus evident that the correct
theory must involve some reasoning in space, in the context of a band
theory. The occurance of spontaneous ordering within the usual band thebry
due to Stoner will first be described,followed by a description of the rigid
band model for alloys.

l1e3ele The Simple Band Model- (Stoner, ref. 1.17)

We derive a condition for the occurrence of ferromagnetism at zero
degrees Kelvin in the band model,as follows. We begin vi th o sub-bands
(spin?‘and spin\} ) which are equally populateds These are shown schemafic'ally

below

g
2 §E
S

Let a small number £ electrom/atom be transferred from the ;spin to the
T' spin sub-band. This requii'es energy 85E/atom, wr_lere 28E ié the energyA
difference betweenthe two Fermi levels. |

The exchange energy is proportional to the number of electron pairs

in each sub-band so that the exchange energy as a result of the transfer

is lowered by an energy of magnitude:

2 2 2
[(g +8)% 4+ (£-E)7 -2 w

where W is the- average exchange energy per pair of electrons,and p is

the number of electrons per atom.




This e xpression reduces to

Mg ?

If the total energy lowers when the band ic polarized, then we have

oW g2 >E §E
Let N(EF) be the density of states at the Fermi level. Substituting £/N(EF)
for 8E we obtain the stoner criterion for the occurrence of a spontaneows
moment:

2W N (EF»)>1 |

When this inequality holds, then one sub-band should begin to filliat the
expénse of the other until the total energy is a minimum. By differentiating
the total enérgy‘wdfh respect to & we obtain the equilibrium condition
| oW NE ) =1,

where N(E ) = n _ 1
AE  ~ AE

N(E) cE.
E1
N(E) is the average density of states between the two equilibrium Fermi
levels El and E2 of the two sub-bands. AE is the energy of splitting between

the two sub-bands, and n is the total number of electrons transferred from
~ one sub-band to the other.

1.3.2 The Rigid Band Model for Alloys

For a pure metallic element the periodicity of the crystal lattice
is almost perfect, so that the potential wells affecting the itinerant
electrons also have perfect periodicity in space, resulting in a given
density of states N(E).. When such a metal is alloyed with another metal,
even if thé crystal structure remains unchanged, the random distribution
of the two types of ion destroys, to some degree,the periodicity of the
potential energy in spacee.
In a dilute substitutional. alloy we must consider the pefturbation
SV due to the solute atomss The results of some of Prieaél's‘calculations
'(ref. 1018) will‘be quoted here. If SV_is weak, perturbation metheds can
be used, with the result that the energy levels in the band mu;t be changed by

a  quantity which varies only slowly with k, where k is the wave vector
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of the band electrons. Thus, on alloying a pure metal each state of the

band is shifted by a constant amount which is proportional to the concentration
of solute atoms. The result is simply a shift in energy of the entire Band,

as if it were rigid, with littie change in shape. This model works well for
small §V, in other words, for alloys between neighbouring elements in the
periodic tables such as (Co, Ni) and (Ni,Cu). The potential 8V must of course
be screeneds The result is that oneobtains a local piling up of band electrons
- near an attractive potential. If there is exchange splitting in the band then
this local excess of charge near an attractive potential will bg associated

: with a different magnetic moment than that found locally aroﬁnd fhe matrix

; ions£'>Such effects have been detected by neutron diffraction techniques,

On a macroscopic scale however the alloy canibe treated as if the density of
states were the same as that of the pure matrix, but Witﬁ a change'in the

‘ Fermi level as solute atoms are substituted.

. 1;4"'Méqnetic Properties

l.4.1 Compounds with Nickel

The ordering temperatures Tc of the nickel compounds YxNi' X and deNi

1- 1=x
- are plotted in fig. 1.5 as a function of x. ALl the ordering temperatures
are éurie points except that of Gd3Ni which is a Néel point._ As seen in this
graph the Gd cbmpounds have higher ordering temperatures than the Y compounds.
TC decreases rapidly from that of Ni as x increases, becoming zero for Y Ni5
and very low for GdNi5. This was interpréted by Lemaire et al (ref. 1.8)

;as a result of the filling of the 3d band by valence electrons from the.

rare earth atoms, the band becoming completely full in GdNi5. On increasing
x further, TC rises sharply. This rise in Tc was interpreted as a result

of the exchange interactions between the Gd ions inducing a moment ih the 3d
band of Ni. The subsequent Ni-Ni exchange interactions then contribute to

a rise in TC; TC then decreases as x is increased further, this being due
to the 3d band agéin becoming filleds Comparison with Hox Nil_x showed that

the same phenomenon occurred when Gd was replaced by Ho, but the increase in

I& was not as large as for the Gd compoundss. Since the spin of Ho is less
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than that of Gd it was evident that the increase of Tc from ANi5 to AN?j was
larger, the larger the rare earth spin. This interprefation, which was presepted,
to account for the increase in"l'-C from ANi5 to ANi3, appears to this author.to
be incorrect. This is because the same phenomenon occurs in the YxNilrx compounds
where the non-magnetic Y cannot induce any moment in the Ni 3d bandes The
spentaneous moment per Ni atoﬁ is shown in fig. L6, from which it is evident
that the Tc variation is directly related to the Ms vafiation. The Teappearance
of ferromagnetic orderiﬁg as we go from YNi5 to YNi3 cannot be caused by the
A-A interaction. The A-A interaction can however amplify this effect once it
has occurred. It appears therefore that this reappearahce of orderihg is
inherently a property of the 3d electrons. |
| Tﬁe dashed line in fige 1.6 represents the expected decrease in moment
assuming that the three valence electrons of yttrium all occupy the 3d band.
The assumption is also made that one of the spin sub-bands is. fulls The
agreement with experiment is excellent from pure Ni to YNi5 where both the
theoretical and experimental functions become zero. This is consistent with
the iﬁterpretation of Lemai;e et ale for this range of stoichiometries. Their
interbretation is however inadequate for the compounds richer in yttrium than
YNi5. The persistence of ferromagnetism for higher Y content than that of YNiS.
suggests that not all of the three valence electrons of yttrium occupy the
3d band. Thus the assumption in deducing the theorétical moment decrease is
almost certainly incorrect.

. The reappearance of a small moment on YNi3 and Y2Ni7, (after the entirely
non-magnetic behaviour of YNi5) is as yet not understoods The substitution
of Co for Ni in YNi, (qr Y2Ni7) may be expected to simulate the decrease in
valence electron concentration or going from YNi3 (or Y2Ni7) to YNiS. The
maghetic properties of the pseudobinary systems YZ(COaNi%p Y(Co,NiI3, and
Y(Co,Ni) were therefore investigated in the hope thgt éoﬁe.understanding'

5 .
of the moment reappearance might be forthcominge
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- le4.2 Compounds with Cobalt
The moment per Co ion in the YxCol_x system is shown in fige 1.7, It is
. believed (ref. 1.9) that one of the spin sub-bands of pure cobalt is full,
as in nickel,and that the mpment l.Z/AB/Co arises from the holes in the’.
other sub-bands. The theoretical curve (dashéd line) in fige 1.7 shows the 
_Aexpécted moment variaéion assuming that the 3 valence electons per yttrium -
ioccupy the 3d unfilled sub-band. The‘discrepancy'between this theoretical
curve and the experimental curve is large. The cobalt moment remains &t
;a high va%ue between 1.5/AB/C0 and l.;ﬁb/bo from pure cobalt to YCoS. Thi§
cannot be[reconciled with a simple band-fillihg theory. 'Ihe moment collapses

“from YC05, to become almost zero at YCo, which is close to the point at which the

2

above theoretical vériation becomes zero.
The Curie temperatures TC, for the Y and Gd compounds are shown in fig. 1.8

.where it can be seen that Tc decreases continually, on increasing xe The TC

values given for YCo2 are questionable. The ﬁigher value was obtained from

the ﬁeasurement of M vs T by Piercy (ref. 1.15). This curvé however did not

show a convincing Curie point and #t is generally believed that YCo2 is a

Pauli paramagnetic and shows no magnetic ordering. This latter assumption

~ puts the Tc value very near zeroo

Y4Co3 however does order, and its chalue (refe le11) need not be tfeated 3

with reservation. On increasing x further, TC becomes zero in Y3Co. It
appears that we may be observing here the same phenomenon as was seen to occur

in the YxNil_x compounds where the moment and ordering temperatures collapsed

to zero, with a subsequent small reappearance. In the chol-x system the

collapse to zero moment and no ordering occurs as we increase x and approach

YCo Then the moment reappears on further increasing x. The description

20
of this by a continuous curve of the form used for the Ni compound is not
easily justified in the Co compounds for two reasons: firstly, we have only
onepoint to mark the reappearance of the moment, and secondly the crystal

structures of the Y0029 Y4Co3 and Y3Co are not sufficiently closely related

to each other to allow us to expect continuous behaviour as we cross the
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stoichiometriess Neither of these objections applied in any very serious
way to the Ni system in the small moment region.

The deCo compounds (fige 1.8) have an ordering temperature variation

1-x
which can be unambiguously presented for ;Il the stoichiometries. All the
.ordering temperatures are Curie points, except that of-Gd3 Co which is

a Néel points The Gd compounds all have higher ordering temperatures than
the correspgnding Y compounds.

le4.3. Compounds with Iron

From the foregoing it is evident that the magnetic properties of the
cobalt compounds are more difficult to interpret in terms of simple band
theory than the nickel compounds. The iron compounds are even more
difficult to interpret in these terms.

Whereas for pure nibkel‘and cobalt it is generally believed that one
of the spinléub-bands is full,this is not the case for pure iron. Thus the
number of empty 3d-states per atom in iron exceeds the number of unpaired.
spinse The latter quantity is 2.2 per atom (which gives the magnetic
mome nt 2.%MB/atom), while the value suggested (ref. 1.12) for the f ormer
exceeds 3 per atom..

In fige 1¢9 it can be seen that the iron compoundswith yttrium and
gadolinium show a somewhat anomalous Curie temperature variation. While

the moment per iron atom in YxFe is decreasing with increasing x, the

1-x
Curie temperatures decrease initially very rapidly from Fe to Y2Pe17 and
then rise on further increasing x. In deFel_x the TC values rise s0
rapidly from Y6Fe23 to YFe3 thats if one is justified in drawing a curve
through thése points, one is tempted to draw the one shown in this figure.
This curve touches the x axis before rising rapidly to follow the Tc
variation in the Gd rich Fe compounds. There is little justification for
including the A6Fe23 stoichiometry on this curve. This is because,

unlike the other stoichiemetries, the A6Fe23 structure is not closely

related to the CaCu5 structure.
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l.4.4 Magnetic Property variation within a given étojghiomgggz

Within a given stoichiometry we shall consider the variation of magnetic
properties on replacement of Fe with Co, and Co with Ni. Since these pairs
of ion types are neighbours in the periedic table such replacements.often
occur - without any crystal structure changes There are therefore large
composition regions of solid solubility in which the lattice parameters show
a smooth variation. Thus we are fully justified in drawing sméoth curves
through points representing magnetic properties as a function of composition
Within a given stoichiometry, provided that the crystal structure does not
change. |
(a) ‘IQQ_A§2 stoichiometry

The systems Y(Fe,Cd)z, Gd(Fe ,Co),. and Gd(Co,Ni)2 have already been

2
invéstigated (refse 1413, 1.14) Figse 1410 and 1.11 show the variation with
composition of the saturation moment Ms and Curie temperature'TC in these
pseudobihary systemso Both Ms and Tc have a maximum at approximately 60% - 70%
Fe substitution in the Y(Fes, Cc)2 systeme On increasing the Co content

both Ms and Tc show a collapse in the composition region of YC02. As
previously mentioned, the points shown for YCo2 are queétionable. It is

more likely that both parameters are zero at YC02.

systems, the Gd moment is assumed

In the Gd{Fe,Co), and Gd(Co,Ni)

2 2
to be }pb per atome The transition metal moment was deduced by.assuming:
an antiparallel alignement of Gd and transition metal magnetic moments.

The first assumption is justified by the fact that the'Gd3+ ion is an

S state ion, and therefore not affected by the crysfal field.. The second
assumption is justified by the considerations of section l.1 concerning

the Ms variation in gadolinium compounds with Fe, Co and Ni (fige 1.3)e
This variation shdws,in each caseya deep minimum which can be readily
interpreted in terms of an antiparallel alignement of the Gd and transition
metal homents. It is reasonable to assume that this type of alighement
holds also for the pseudobinary compounds. By making theabove two

assumptions, the moment per transition metal atom arising from non-4f

electrons can be deduceds It is uncertains however, what fraction of
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this moment ﬁan be ascribed to 3d band polarization, and what'fraction.to
the polarization of the conduction band induced by exchanée with the Gd
s pinse | |

In the Gd(C_o,N_i)2 system the moment per transition metal collapses
on increasing the Ni content (fig. 1.10) in much the same way as that in
the Y(Eé,Co)2 systems On replacing Fe with Co, or Co with Ni, the valence
electron concentration increases by one electron per atomic replacement.

The collapse occurs on increasing the valence electron concentration.
Substituting Gd for Y results in the collapse being delayed on increasing

the valence electron concentration. The variation of the transition metal
moment in the Y and Gd systems is very similar in the region éf the transition
metal moment collabse. Interestingly the moment collapse in G_d(Co,Ni)2 is

not accompanied - by any abrupt decrease in the Curie tempﬁatures, but only

by a contiﬁued gradual decrease.

The transition metal moment behaviour in the Y and Gd pseudobinary AB2's
was interpreted by Piercy (ref. 1.15) in terms of the rigid band model,
assuming the 3d electrons to be itinerant. The initial rise in moment from
YFe2 on substituting Co for Fe was able to be interpreted by making the
assumption that there was a minimum in the density of states N(E) and that
the paramagnetic Fermi level was situated at an energy above that of the
minimum.. On switching on the positive exchange interaction, electrons are
transferred from the ¢ -spin sub-band to the 'T-spin sub-band until the Fermi
level of the {=-spin sub-band encounters the low N(E) on the-high energy side
of the minimume Further transfer is then energetically unfavourable and we
are left with holés in both sub-bandss On substituting Co for Fe in YFe2>
thevextra valence electron of €5 occupies the 3d band and decreases the number
of holes. The E; of the ¥ -spin sub-band remains at the minimum in N(E) while
the extra valence electrons occupy the '7-spin sub-band at the rate of 1 per
Co-Fe replacement. Since the moment 1s given by the excess number of T-spins-
with respect to V-spins,; and since the T-spins are increasing at the rate of

1 per Co=-Fe replacement, we obtain an increase in the moment per transition
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metal at the rate of %/% per Co~-Fe replacement. This corresponds, in fig. 1.10
to the dotted line from the point (l.%MB) for YFe2 with a gradient of 45°. The
initiai variation of the moment is seen to follow such a lines A point

is reached, however, where the ‘T-spin sub=band is filled, so that any

further addition of valence electrons to the 3d-band occurs in the ¥ =spin
sub=band. This thendecreases the moment at a rate of 9MB per Co— Fe
substitution. This exbected variation cannot be fixed Without knowing the
number of holes in the 3d-band of YC02. Piercy used some conclusions from

an experiment of Qesterreicher and Wallacé (ref. 1.16), in - which it was
deduced that the number of 3d holes in GdCo2 was lel per Co atom. This
experiment consisted of substituting Al for Co in GdCo2 and observing when

the Co moment became zero, assuming that 3 electrons per Al atom go into the
3d band. Assuming'this value for the number of 3d holes in GdCo2, it was

stated that there was no good reason for expecting YCo2 to have a different

number of holes in the 3d-bande Thus, if YCo2 has l.) holes per atom in the

2
a gradient of -45° is shown in fige 1.10 as the dashed line. The actual

3d band, YFe, must have 2.1 holes per atom, and the expécted decrease with
moment variation does not follow these two lines over the whole (Fe, Co)
range. The main differences are: (1) the departure begins at approximately
20% Go in Fey and for all higher Co contents the actual moment is lower
than the theoretical values. This suggests that the T-spiﬁ sub-band,’ while
it fills up does not fill completely before the J'-spin sub-band begins to
be occupieds This & consistent with a low N(E) near the top of the 3d-band;
(2) there is a catastropic decrease.in the mement on approaching YCo2.
This was .interpreted as the result of an uncoupliqg of .the two spin sub=bands,
go that both sub-bands -contain holess The uncoupling appears to be complete
at YC§2, though the 3d-band is not yet full, containing.l.l Holes per atome
Thus ﬁhé.density.of states must be low at the Fermi 1eve1 of YC025 since
no spéntaneous polafization‘of the 3d-band exists.

The initial rise in TC from YPeé, as Co is substituted, is consistent
with an increased splitting of the 3d band. This.would have to occur if the

&-spin sub~band Fermi energy remained locked in the minimum of N(E); as

’
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the above- interpretation assumes, while the ffspih sub-band is being populated.
The observed decrease of TC to zero on approathing YCo2 is consistent with
the interpretation of an uncoupling of the 3d-band. | |
(b) The Pure 3d Metal Alloys .

Fig. 1.12 shows the average spontaneous transitioh'hetal moment Ms and
the Curie temperatures TC of the alloys (Fe, Co) and {Co, Ni). These are
plotted as a function of valence: electron concentration, which increases by
one for each étep Fe to Co, and Co to Ni. The shert vertiéal lines mark the
compositions at which the crystal structure changes. Thetx-phase,aé in iron,
is becec.} the §-phase, as in Ni is f.c.c. and the H;phase is the hexagonal

phase‘ofbcobalt. ' The Curie temperature variation has a large discontinuity

at the‘%/x transitioﬁ. The other discontinuity occurs at the composition
of pure Co. The phase change does not affect the MS variation so drasticélly
as it affects the TCAvariation, giving only a small discontinuity in Ms'
~Both Ms and Tc have a peak at the same approximate composition in the
of-phase. The variation of Ms on the Fe side of the peak is a +45° line,
and that on theACo side is a -45° lines this latter extendiﬁg‘with a
general gradient which is a little steeper than 450, as far»as Ni. On
substituting Cu for Ni this line extend; with a gradient of exactly f45°
as far as Cu.6Ni°4§ at which composition the ferromagnetism disappears.
This behaviour is surprisingly close to the type of behaviogr in the fheorétical
model used for interpreting the magnetic properties of Y(Fe,Co)2. This series
of compounds did not follow the theoretical behaviour very well and it was
' deduced that this was due to an uncoupling of the sub-bands. However, in the

pureAtransition metals we can evidently apply the same type of model as was %

used in the YB,.'s, with far greater success, since no uncoupling appears to

2
OCCUTe

To summarise, this model involved the assumption of rigid bands for the
3d electronss in which there is a minimum in_the density of states N(E). In

Fe; both spinfand spiny sub=bands contain holes. The paramagnetic Fermi

level is situated in a region of the N(E) curve above the assumed minimum

in N(E)e The exchange intemsction fills the spin-1 sub-band at the expense
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of the spin< sub=band until the Fermi level in the spin-‘; sub-band encounters
the minimum in N(E). On substituting Co for Fe, the Fermi level of the spin-}
sub=band remains locked at the minimum and the added valence electrohs populate
the spin4‘ sub-band, thus increasing the spontaneous moment at the rate of
5#3/ valence electron addeds When the spind sub-band Fermi level encounters
the top of the 3d band, the spiny sub-band begins to populate, so that Ms
varies now at thé rate of -%Pb/valencez electron added until theA3d band is
full, which éccurs at 60% Cu in Ni.

L. 4.¢5M3 (Fe .Co gNi) 4 Compounds

To.the‘rare earth-rich side of the A B2 stoichiometry there exists a
composition A3B which occurs fof both cobalt and nickels The crystal
structure is orthqrhombio, isomorphic with the Fe3C structure (ref. 1.19).
Metallurgical studies show no evidencé of the existence of any A3Fe compoﬁnds.

The magnetic properties of these compounds have been investigated by
Féron et al; (refs 1:20) on polycrystalline samples down to-liquid helium
temperatures and by Strydom et al. (ref. 1.21)s whose measurements were
perfofmed upon a Gd3Co siﬁgle crystal, but only down to liquid nitrogen
temperatures (77K). Féron and his collaborators worked with‘magnetic
field strength up to 70 KOe in static fields. SomeAresults of Féron et al.
are shown in fig. 1.13, from which it can be seen that many of the A3Co
and A3Ni compounds show metamagnetic behaviour at 4.2K. They interpreted
the ciitical field Hc (~5K0e) and the inifial susceptibility of GdSCQ in
terms of the Néel two-sublattice theory of antiferromagnetism. From.this
they deduced a value for the inter-sublattice moleﬁular field coefficient
and also a value for the ani;otropy energy s which was of the same order
of magnitude as that of metaliic gadoliniume Any attempt to.apply .the
Néel theory to the other rare earth A3B compounds was deemed pot to be
worthwhile becauseAthe crystal field effects upon the rére earth moment
can lead to very complex spin structures with an associated complicated
variation of magnetization with field. The many varietieg of Mvs H
curves for the different rare earths, seen in fig. 1.13, suggest that this

is the case.’
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Neutron diffraction (ref. 1.22) revealed a complex.non-collinear spin
structure inAEr3Ni (fig. l.14) as well as a non=collinear spin structure
in Er3Co.

The M vs H curve of Gd3Ni shows an indistinct critical field at
approximately 25 KOe, and measurements showed the magnetization to be still
' rising rapidly on increasing the field up to 70 KOe, so that saturation
was not approacheds The single crystal measurements of Strydomet al.
showed that the critical fieid in Gd3C0"at 77K was observed when the field
was applied in the 'b* and 'c' directions but not in the 'a' direction. Thus
the sublattice magnetizations in Gd3Co must lie in the (b,c) plane, though
it is still uncertain whether or not there are only two magnetic sub-lattices.

The work, described in this thesiss on the Gd3(Fe, Co, Ni) pseudobinary
coﬁpounds, was performed with the aim of understanding the origin of the
critical fieldsin the Gd3B compounds, by observing how these changed as a
function of valence. electron concentration . On substituting Fe for Go,
and Ni fqr Cq, in‘Gd3Co it was intended to ipvestigate how far aiong these
solid soiﬁtioﬁ composition ranges would the Néel thesry be ébplicable,

and to investigate whether or not the anisotropy would. change with valence

electron concentration.
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CHAPTER TWO

TECHNIQUES AND EXPERIMENTAL METHODS

2.1 Specimen Preparation

Specimené were prepared in the form of buttons-of approximately 3 gm
weiqh% by melting the components together in an arc fufnace. The
stoichidmetric quantities were weighed to an accuracy of + 0.5 mg. The
rare earth or yttrium components were obtainmed with a purity of 99.9%
and the transition metals (iron, cobalt, and nickel) were obtained .with
a purity of 99.998% from Koch-light Laboratories Ltd. All the samples
consisted of a rare earth or yttrium componént with either one or two
transition metal components. *

The melting took place on a water cooled copper hearth under an argon
atmosphere af a pressure of about 400 torr. The argon was obtained as

' 'Purargon’ with an oxygen content of no more fhan 3 pep.m. The arc furnace
was pumped down to 10-3 torr thén flushed with purargon fo 700 torr, pumped
down to lO-3 torr again and then filied to 400 torr with 'Purargon's This
procedure ensured that the oxygen-content of the atmosphere in the furnace
was down to the same order of magnitude as that of the éurar@on; This ,
oxygen content was then femoved as far as possible by gettering for about
half a minute with molten tantalum before melting the sémple components
together.

The sample melting was done at as low a temperature as possible to
minimise loss of material by evaporation. This-resulted in a serious loss
of weight for £ransition metal rich stoichiometries if toé high a current
was used. This loss of weight was alwayé associated with a black deposit
on the cold copper hearth near the sample. The weight loss was usﬁally
no greater than 1%, and for the rare earth rich stoicb%ometry A3B fhe
weight loss was rarely greater than O.1%. Each sample was melted and
invertedvthree tiﬁes to ensure homogeneity. |

Annealing of samples was done om half-buttons Wrapped;in molybdenum

or tantalum foil and plazédxin a quartz tube. Several samples were
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placed in one annealing tube and each was spaced frem its neighbour by a
short length of quartz tube closed at one end which fit freely inside the
annealiné tube. i' _
The énneaLimg«tube-was filled with 'Purargon' and gettered by the same
procedure as described above for preparing a sample buttonl The argon was
then pumped out to 19-3 torr and the sampies isolated from éach other and
the étmosphere by collapsing the quartz tube onte the spacers. The samples

were then ready for annealing.

2e20 Determination of Crystal Structu;e and Lattice Parameters

The crystal structure of tﬁe ena members of each pseudebinary series
was obtéined from the literature. X-ray photographs were obtained from a
rotating powder sample using a Phillips 360 mm circumference Debye-Scherrer
X-ray camera and cobalt'Kchadiafion. o

All of the samples could be indexed either with hexagonal or orthorhembic
lattice parameters and the X-ray lineg_of the compognds were indexed by means
of a hexagonal system Bunn Chart for all the stoichiometries studiedvexcept

3

the A B, For the A3B pseudebinary compounds-the X-ray diffraction patterns
.of thgaterminal.compounds were indexed with the help -of the literature, in

the orthorhombic system. The remaining compounds were then readily indexed.

the Principle of the Pulsed Field Maagnetometer.

In a-pulsed field magnetometer the specimen is subjected to an applied
field which is oscillatory with an exponentially decayinhg a&piitude. This
field is produced inside a solenoid which is the inductive component of an
RCL circuite The emergy stored in a charged capacitor is discharged thfough

the magnet. The circuit is closed by a mechanical contact switch or by the

use of thyratrens.

The samples 1is placed inside a pick-up coil system which can be principally-
divided into two parts: the magpetizatibn measuring part and the field strength
_measuring part. The voltage induced in each part is proportional to the
differential with respect to time of the magnetization of the sample and the

field strength respectively.
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The magnetization pick-up coil system is wound such that the applied
field has no effect upon the induced voléage, the induced voltage being
dependent only upon the presence of the sample. This .pick-up coil system
' :consists of a pair of pick-up coils wound in series opposition such that

Rthe output ig zero in thé absence of a sample. When the_sample is placed
~‘inside one of these opposing coils thepU%but is a. measure of.the
magpetization,of the sample. |

The outputs of the field streﬁgth and magnetizafionﬂpick-up coils are
each ihtegratéd electfonically. These tﬁp signals are»then applied to the
X and Y inputé of a cathode Tay oscilloscope in order to display a magnet-

ization-field curve on the screen.

2.4. Determination of Curie Temperatures and Neel Temperatures

2,441 A.C. Susceptibility Technique

The principle of this technique is described here briefly. A detailed
description can be obtained from ref. 2.). A small transﬁormer is powered.{
by a 500 Hz sinusoidal voltage which induces an A.C. field in the core of
the transformer whose magnitude is less than 1 oersted. The core of the
transformer consists of the sample in powder form. Thus the secondary of
the fr$nsformer gives an output voltage which is proportiohal to the
bermeability of the core. In order to obtain a signal-which is due mainly
to the sample, the effect of the permeability of free space is removed by
combiming this transformer With a nulling transformer whose contribution
to the total output can be adjusted by means of a hoveable ferrite core.
Thi§ is adjusted so that the total output of the two transformers is as =
gmall as poésible in the absence of a sample. The output in'the presence
of a sample is then proportional to JKAC the initial susceptibility of
- the sample in an A.C. field. This output is detected by a phase-sensitive
detector and amplifieds. The amplified signal is applied to.the Y input
of an X-Y pen recorder. The temperature of the samplé is obtained from a ..
thermocouple whose sensing juﬁction is placed in the powder sample.

The output voltage of the thermocouple is applied to the X imput of the
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X-Y recorder. Thusy as the temperature varies the 7C(3 vs T plot is traced
oet.

Two transformers were available, one for use at low temperaturee and the
other for dse at high temperatures. The thermocouples used were gold-
copper/copper for 4.2K to 77K, copper/constantan for 77K to 600K, and

chromel=-alumel for temperatures in excess of 600K.
From the form of thej{ﬁc vs T plot and from what was known about the

magnetic properties of the material, one decided whether the sample was ordered
antiferromagnetically or'ferromagnetically. In the case of antiferromagnetic
sampfes a sharp eeak is expeeted, the‘temperature corresponding to~the peak
being the ordering temperature or Neel point, TN. In the cese of ferromagnetic
samples it ie not quite as simple to deduce the point at which ordering occurs.
Tﬁe ordering:temp,é-rature-Tc of a ferromagnet is the temperature at which
spontaneous magnetization just disappears. The initial susceptibility of a
ferromagnet is a function of severai quantrties including the spontaneous
magnetization and the magnetécrystalline anisotropy. The latter term varies
'in a complicated manner decreasing rapidly with increasing temperature just
below Tc.  ;CAC is an inverse function of the anisotropy energy but is
proportional to the spontaneous magnetization. The rapid decrease in
anisotropy results in a rapidlrise injasu?Mich peaks and then rapidly
decreases-due to the drop in spontaneous magnetization just below TCo
Since baramagnetic susceptibility is present above Te the variation ofj‘%o
as a function of T is smooth on passing TC. Thus the determination of Tc
depends upon some arbitrery criterion. The generally accepted criterion
is to take the :point of inflection on the high teméerature side of the peak
to be the Curie temperature.

This is not a rigorous method of determining TC, but it is rapid and
therefore convenient when a large number of compounds #&s to be studied.
This technique is usefel also for detecting magnetic imburities in a
sample since the impurities can contribute e large susceptibility even
when present in very small quantities. The impurity may give rise to an

extra peak in 7( AC which can be used in order to identify the impurity.
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2.4.2 Pylsed Field Magnetometer Technique

| As described briefly in 2.3 the pulsed field magnetometer gives an
Qscillogram.displayiﬁg magnetization vs field for a sample up tovhigh field
values of the-order of. 100 kOe. This trace is obtained for various temperatures
ﬁear the ordering temperature.’ Ié the case of antiferromagnetic ordering
the initial susceptibility is measured from.the'oscillogram traces as a
funttion of T and where thisfpeak; the ordering temperatdre is termed the
Nel point TN. .In the case of ferromagnetic ordering the region of the
| magnetization ¢urve where domains are believed to be abéent'is used.
Magnetizatior1b1vs T is plotted fb% various given field values in this
region. The intercept TC(H) of rﬂz vs T on the T axis is obtained for each
field value H, 'TC(H) is plotted against H and the plot, which is generally
linear, is extrapolated to H = Q. The value of T (O)‘is the Curie temperature.

C
2.4.3 Comparison of the A.C. Susceptibility and Pulsed Field Magnetometer

Techniqués

For.rigorous accurate -measurements of ordering temperatures the A.C.
susceptibility technique is not acceptable. This applied even to the
'determiination of Nfel points, for the following reasons The xAC- vs T plots
usualiy shdw.some hysteresis. Thusj!%c is not a unique function of
temperature. The form of the xAC vs T curve depends upon the the’rmal his'tory'
of the sample, dependihg.upon whether the temperature of the sample is rising
or lowgring'When passihngN; it.also depends upon how far from the Néel
point. the tempefature<was when -the temperature run was commenceds This is
to be expected if one considers that the A.C. field applieé to the samplz
.is‘véry small and is not suffiéient to interfere with thHe spin system of the
sample to any éignificant extent. Thus if the spin.system whehﬂdrderihg
adopts a giVén;domain configuration just below Tﬁ further lowering temperature
might give rise to s new génfigurations. If then the temperatqfe is
raised'again'toAthe same value just pelqw TN it is likely that some hysteresis
will result in the two domain configuratiens being different. Thus}f%c
may be different and depend upon the history of the sample. In contrasts

using the pulsed field magnetometer, the effect of the field is éo drastic
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thaf within éne pulse the‘antiferromagnetic material pah undergo a transition
.to:the ferromagnetié state and thus completely erase any memory which the
spin systém mighf have of its thermal history. Thus measurements using the
pulsed field magnetometer give magnetization vs field curves which are a
“unique function of temperature and hence are suitable for the unambiguous

measurement of Curie and Néel points.
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CHAPTER THREE

'THE PULSED FIEID MAGNETOMETER

3.1« The Maagnet and the Field.Producing Circuit

3e¢1.1 Construction and Mounting of the Magnet

The magnet was machined out of a solid cylinder of béryliium-copper
(2%Be). This material was chosen Because.its high tensile strength would
pré?ent<distortioﬁ'of the magnet while in operation. A helix of 10 turns
per inch (total 36 turns) was cut from the cylinder (57 mm diémeter) by
machining a thread(width. 1.27 mm) to a depth of 15 mm, leaving a core
of 26 mm diameter. The threaded cylinder was potted in araldite. After
allowing the araldite: to harden,; the one-inch core was drilled out,

' leaving a helix suppdrted in araldite. The helix was then freed by
burniné off the araldite.

Two brass bar leads were hard-soldered to each end of the helix.

A ong-inh diameter steel mandril was made with screw threads.at each end.
This. was greased and- then inserfed into the helix. Nylon insulation of
thickness 0e¢D mm was fhreaded between the turns. Two”circular, one.inch
thick tufnol end plates each with a central hole of one inch were placed
at'either end of the helix such that thé threaded.erids of the mandril
protruded. Two steel nuts were threaded onto either end of the mandril

and wére used in-order to cémpress the helix tightly such that neighbouring
turns were geparated only by the insulatioﬁ. The purpese of this.
precompression was in order:-to reduce any axial rebound which will occur.

.There also will.be large radial explosive forces due to the presence
of ﬁigh fields. In order to give added strength against these forces the
helix was wound on the.outside with glass'fibré impregnated with aralditee.

Each of the tufﬁol»end plates had-six O.B.A. Ciearance holes drilled
parallel to the axis and near thé circumference. QOne 0.B.A. threaded

rod}z waS inserted intoeach of these holes. The helix Was further
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compressed by means of six Q.B.A. studs passing'throughlthé end piates.

The magnet was held (fig.@.[) with its axis vertical and was supported
~from above via three tufnol rods whose upper ends were éecured to a steel
framework. The lower ends of the rods were secured by méans of araldite
and scréws to a ring of tufrol, This ring fitted around. the upper end-
plate of the magnet to which-it was attached by nylon. screws. Thus the
magnet hung aown and was seéﬁred from above. This allowed the magnet to
be igmersed in a bath of liquid nitrogen. As will be noticed above,
the magnet when.mounfed was surrounded in its {mmediate vicinity only
by'non-metallic.material as far as was poséible.' This was nepeésary in
order to reduce secondary fields due to eddy currents.

‘The photograph in fig.3.2 shows the pérts of a similar magnet before
being asserhbled° The difference between the magnet in the.photograph and
that described above are: the length of the helix, the photograph showing
a mﬁgnét with fewer turns; and the end blates in the photographs being.
of steel. :The mounted magnet can be seen in fig.33 which is a general
photograph 6f the apparatus.with the liquid nitIOgen bath for thevmagnet
removed. V
312 Production of the Magnetic Field

A cépacitor bank (200§yif;s charged to a maximum Sf'QKV by means of a
power supply whose circuit is shown in fig.3.4.The energy stored in the
capacitof is discharged through the magnet via thick brass leads and by
means of a mechanical contact switch consisting of two molybdenum platesA
in air. The plates are brought into contact by meanS‘of'a.D.C. soienoid
whose core is mechanically connected to one of the plates. The magnet is
immersed in liquid nitrogen when being operated in order £o decrease the
resistance contributed to the circuit by the hagnet, thus increaéingttbe

field.
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3.1.3 The Form of theé Magnetic Field
The form of the field as a function of time is ideally. given by the

solution.of the RCL circuit differential equation to obfain the current;

I =1 e-xt

. O Sin Wt DAD o0 .0 o e e 0 o0 e 0 (l)
where )l = 3/QL
2
and W= (%C - 3—2)
o 4L
The magnetic field is therefore .given by

At

H (z,t) = Ho(z) e SIN Wt oo oo e e ee e (2)

at.a given position z on.fhe axize The period of-the_field is 1.25 ms
and the peak field is 160 kOes .The second- half qycle_hasva peak valuée of
-120 kOe. |
In practice the form in time of the:magnetic field is different from )
the ideal.form for three reasons:
1) Thé'Jogle~heéting varies the resistance R during the pulse.
-2) Eddy currents induced im the metallic helix by the oscillating field
gontribute to other componments of the magnetic field.
3) Vérying current distribution in the conducting cross-section of the
,Hturms may contribute to a further departure from the ideal variation
of H as a function of t.

4) The switch only conducts ‘when the voltage acrosslit is greater than a
thresholdivoltage. Each oscillafion involves a progressively
deéereasing peak voltage aﬁross the s witch and when this drops below
the threshold value the oscillation is cut off as seen in the
oécillogram (fig.35). This cut=off can occur as the field appro;cheé
zero either negatively or positively. The reéult is that one rarely

- obtains more than seven oscillations, the ultimate haviﬁg a peak
of about 3kOes

The form of the field in space shows a plane of symmetry (fig.3.4 ).

Where this plane.of_syﬁmetry intersects the magnet axis the field.has

its maximum uniformity and magnitude.
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3¢le4 Theory of Secondary Fields due to Eddv Currents

We must add to the ideal form of the field given in eduation (2) extra
terms to take into account the secondary magnetic fields due to eddy currents
in the metallic helix. The total magnetic field can then.be represented

approximately by

H(Z"t) | (Z’t)

H(z5t) + H (z5t) - H —
o} 1 2 _ )‘
Ho(z)e-xt sin wt + H (z)e” tsin (wtrd) - .H2(z)e'7\t

The first term is the largest and represents the ideal RCL discharge.

The second term is very small éompared with the first qnd has a phase
shift of #. The eddy currents are proportional to the voltage induced in
any metallic cross-sections and these are given.by the differential with
.respeét to time of the main applied field Hé(z,t). Thus the form of.the term
'Hl(z,t) in time is obtained by differentiating Ho(z,t) with respect to time.

The third term is a small arbitrary term‘which'was added in order to
mainta.i.n the condition H(z,t) =0 for t =0 and t =0, Thus H_(2) = H (2) sinf.
A detailed analysis of higher order terms would give a more coﬁplicated term
for H2(z,t) than is given here.

All these amplitude terms Ho(z), HI(Z)’ H2(z), are a function of the
vertical position z on the axis of the magnet. We shall confine.ourselves
to the axis for the present purposes because that is the region of the field
to be used.

Lét us examine in this paragraph the situation for which the ratio
Ho(z)/Hl(z)-and also Hl(z)/ﬁ2(z) is a constant for all z,
The total field can be written: '

H(zst) = H_(2) e')‘Jc [sin wt'+_hl sin (wt + §) - h2] R &)

hl and h2 are the ratios Hl(z)/ho(z) and H2(z)/Ho(z). Simplifying the above
équation we obtains ‘

H(z;t) = Ho(z)e-)\Jc (1+ 8) sin (wt + &) - h2

where @' is a function of @ and hl; 8 is a small quantity, also a function

of # and h;« As could be seen from equation (3) the variables z and t can be

separated and H(z,t) is a product of two functions, one of z and one of t.
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The shape of tﬁe time variation of the field will not be a function of position.
The eddy currents simply contribute to a total phase shift g.

. ﬁoh@fer, since Ho(z) and Hl(z) have: entirely different origins (Ho(z)
arises from the main current through the solenoid, Hl(zy arises from eddy
currents in the' elementary circuits within the cross-section of the turns
of’the helix depending critically upen the dimensions and orientation of
the turns) the ratio Ho(z)/Hl(z) is not likely to be a constant for all z.
.If it iS'néf a constant for all z then we'cannot éeparate H(z,t) into a
product of a function of z and a function of t as we could aPove. hl above
will then be a function of z, thus #' the phase shift will be a function
of z also. Thus the field as a function of'time will not have the samé
form for Qifferent positions z.

The form of H as a function of t may also vary for differing z as a
result of another effectg the current distribution yithin the conauctihg
cross;section of the turns of the helix is not constrained to be of a
given form and may vary during the pulses If it varies in a different
way for.different parts of the helix then this_will give rise to another
compqnent of H(t) whose shape in time depends uﬁon Ze Either of these two
effects could contribute to the difficulty of electronically balancing the
pick-up coils as will be seen later. |

3¢1.5 Repetition Rate

Due to;Joule heating during a pulse the magnet will be warmer at the
end of the pulse. Thus the resistance will.vary. This affects the main
- field to a very small extent but it has a large effect ubon'the secondary
fielas. As will.be mentioned later these secondary fields dive rise to
noise signals,'fbr which corrections are mades In order that these noise
signals may be repeatable the magnet must be at thé'same temperature at the
beginning of each pulse. The magnet is immersed in liquid nitrogem while
in operation and it was found that a repetition rate of one pulse every
2 minutes was sufficient to render the results repeatable for 160 kOe pulsess
For smaller pulses higher repetition rates were admissible, it being

sufficient to listen to the boiling of the liquid nitrogen and wait until
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it has dropped to the normal boiling rate before firing the next pulse.

'302. Magnetic Field Measurements
3.2{i.Tﬁe.H pick=-up Goil

fhe strength of the field applied to the sample islobtained by means
of alpickjup coil situated near the sample but ndt'sé'neér,as to be affeqted
by the magnetizatien of the sample. This pick=-up coil.ponsists of a total
of 30 turns of 44 S.W.G. insulated copper wire wound on a gquartz tube of
'diaméter 7.5 mm coaxial with the magnet. The coil is not 15 the region of
maximum field since the sample is in the maximuﬁ field region. However since
the méin componenf of the magnetic field hqs a time dependence which is not
a function of position the field at a gi&en time t in the H coil is prbportional
to the field applied to the sample at the same time t.

| The'H coil is divided into two halves: 15‘turns woqnduﬁbove the blané

of symmetfy of the field 'and 15 turns Wound below'this plgne. This elihinates
- any first order dependence of the H signal Uppn»slight vertical movements of
the H coil in the magnetic fields Thus if the pick-up coil system is raised
~ slight1y the increase of flux in the lower coil is balanced out to first
order by an eduai\and opposite decrease of flux in the upper coil; .The signal

is therefore not sensitive to slight vertical displacements.- The distance

between the two halves of the H coil is 3.75 cme

3.2.2 Intgqration of the Signal and Sensitivity

The output of the H coil which is proportiohnal to‘dH/at is electronically
'1ntegrated (fig.3.7 ) to give a signal propertional to the field strength H.

The 50K potentlometer is used in order to adjust the D.C. level of the
: outputa» However, it was found necessary to shunt the 0.0l’uf capacitor with
a lO M re51stor 1n order to stabilize the D.C. level of the output. In the
absence of the 10°M resistor'adjustment of the D.C. level was very difficult
and mhen adjusted to zerb it would drift either positively or negativély and

within a few minutes would drive itself to a saturating voltage at which the

circuit ceased to behave as an integrator. The 10 MLL shunt allows a
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continual leakage of charge to earth so that equilibrium can be set up more
easily and the D.C. voltage can be maintained at the desired level. The
lONulin'combiﬁation with the 0.0%’aF capacitor results in a charge leakage
with a fime constant of 100 ms and this is sufficiehtly long»not to distort
the'fequired signal during the pulse of period 1.25 ms.

.There are three settings for the résistance R in the H integrating
circuit='2OOK, 100K, and 50K. These influence the attenuation of the H
signal, the magnitude of the output being invérsely proportiocnal to R. In

practice the following H signal sensitivities are obtainable:

CRO X axis R H sensitivity
setting . () -~ (x0¢/ cm)
X1 200 K 34
X 1 100 K 17
X1 50 K 8.5
X5 . 200K 7.5
X5 100 K 3.73
Xs 50 K 1.86

As will be noticed the real ratio of the two X-axis sensitivity settings is

456 rather than"5 as claimed by the manufacturers.

3.2+3. Iriggering thelBright-ug of the Oscilloscope Trace

_ The.spot on the oscilloscope screen (Cossor CDU 110) was requifed to
bright up’for‘the duration of jhe'pulse. However it was féund that when
) theAmode switch was in the'X-amp' position the trace wag always unblanked
so that the brillianée of the spot could only be varied by the'brilliance
controls |

. Before triggering bright-up was possible the following modification
was requireds The blanking circuit was connected to the single sweep time-
base, thds.bianking the trace until the single sweep is triggered by a
signal into the X-amplifier.input. The unblanking period is 10 X setting

on the time-base control.
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' The spot will bright up for a trace if thé X-coordinate of the spot
is set, by adjusting the DC level of the H integratﬁrg,to be just to the
left of the point at which it will unblank.
Information about the position of the origin of the H axis is obtained
by adjusting the unblanking time such that the spot remains bright for a
short timé'after the end of the pulse.

3,2.4 Calibration of the H Signal

., Two methods of calibration were useds One consisted of: dbserving the
Mvs H curQe for a substance which has a known critical field. A.powder
sémple of Zn Cr2 Sé4 was usede The magnetization of tpis mgterial rises
linearly witﬁ.increasing fieid until a critical value ofthe field (64 kOe)
at whicﬁ it saturates. Thié behavioui occurs in both pulsed and static
fields (ref£3J). From the magnetization trace the éensitivity of the
H signal was directly deduced:

| 34 + 1.3 kOe/cm on (x1, 200K) setting.
From this value was deduced the maximum attainable field:
160 + 6  kOe. |

“The iother method . which is much less direct consisted of calculating
. the sensitivity of the H signal from first.principles. This required the
méasu¥ement.of many quantities, Tﬁe accumulation of large errors is therefore
inherent to‘this_method which ié'described as followse o

The relation between V(t) and v(t) the input and output signals of the

integratingbcircuit is given by:

v(t) = % v(t) dt.

K has dimensions of time, and was calculated as follows:

An AC voltage was applied to the input.

V(t) = V_ cos wt
° v
v(t) = v sinwt = —2 sin wt
: wK
K = Yo,

w Vv
0
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VO an§ v, were measured on the oscilloscope whose sensitivity settings had
been checked by a digital voltmeter. The following result was obtained:
K=2.22 x 107 s, (+ 10% error).
Thé ﬁurn-area nA of the H coil was measured geometrically and was
found to.ﬁe

2 (+ 3% error)

nA = 1.37 x 10“3 m
The field-alopg the axis of the magnet was plotted using a simple
pick-up coil with 20 turns. The magnet was powered by AC (50 Hz) and the
voltage induced in the pick-up coil was proportional to the amplitude of
the field; The voltage was noted for various positions z of the pick-up
" coil .on the axis of the magnet. - |
The plot of field in arbitrary units as a function of z (fiq.?-g) was us.ed

in order to estimate the ratio R which is given bys

Field at the sample
Field at the H coils

R =

Thé.vélue obtained is:
R = 1.17 (£ 4% error). ,
3 The‘sensitivity S (volts/cm) of the X input to the oscilloscope was
determined by using a digital voltmeter: |
S=1.44Y/cm (+ 3% error).

The sensitivity (kOe/cm) of the H axis of the oscillogram is given by:

Field KSR .
Xdefloction = ma x10 (koe/cm)

The'result obtained is:
27.3 kOefcm (£ 22% error)
iocee 27.3 £ 6 kOe/cm.
éince the maximum attainable field-corresponded to 4.7 cm deflection:
| Maximum field = 128 * 29 kOe.
ThiSjis to be compared with the value obtéined by the more direct methods

160 + 5 kOe..




3.3 Magnetization Messurements

3.3.1 Theory of Magnetization Measurement

The fiux in a pick-up coil containing a sample is the result of:

a) The applied field

b) The magnetic moment of the sample

c) The»demagnetizing field of the sample.

. Beforé the output voltage can be regarded as a measure of the magnetization
of the sample the effect of the applied field must be removed such that the
total voltage Is a result of the presence of the sample only. It must then
be ascerta;ned that this voltage, which is a result of the moment and.
demagnetizing field (both inside and outside the sample) is proportional
to the moment. The magnetization can then be determined after calibration
- if the.masg of the sample is known,

The etfect of the applied field is removed by putting in series with
the pick-up coil containing the sample another pick-up coil wound in opposition
to the;firet such that the total output is zero when no sample is present.

The output is then a result only of the presence of the sample.

This-eection will be devoted to a theoretical consideration of the flux
in.a coil arising from a spherical sample. The purpose of this is to establish
whethef the contribution to the flux in the coil due to the sample is
proportlonal to the magnetic moment @ irrespective of the size of the sample.
The effect upon this proportionality of varying the shape can only be treated
emplrlcally and will be done in the section on callbratlon. The definition
of @ used; is

: g /40 Is
where I 1s the current in amperes flowing in an elementary 01rcu1t of area
S in m2; ,(In some literature X is omitted).

fhe.centribution to the output of the pick-up coil due to the sample
depends on the rate of change of the lines of induction due to the sample.
These ai‘e shown in fig3.9 for a spherical sample of magnetic moment O and

uniform magnetization M parallel to the axis of a coil of one turn placed
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concentrically with the sample. Let the radius of the coil be R and that
of the sample be a.

The flux contribution from inside the sample is given by

T2
§1,= B d3.
[0}
= % M x TTéQ
2 o 1T 2
= X
3 43
373
§ .o
i~ 2a

‘since the demagnetizing field inside a spherical sample iS'--L—fﬂ so that

B within the sample is given by
- - .4 - 2
B=MHE+M=-3H+U=SH.

The flux contribution from the area between the sampie and the coil is

' "R
F- [:s
0
a

" To obfain a value of the field outside the spherical sample of moment

given by

@ one can imagine the entire sample to be replaced by a small dipole of

momeﬁt@!’situated at the centre of -the sample. Therefore

jii = - ‘SR CT3 2{Trdr

a

where r is the distance from the centre of the sample in the piane of the coil.

. g R , 91 R
§b= -3 j Lydr= 3 l:r

a
@9‘ g
o 2R ~ 2a °

Therefore the total flux in the coil is given by

38,8 -9.9-2 — b3
o )
2R

0 2a 2R~ 2a
This is independent of the size of the sample.
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This could have been deduced con51der1ng only the dlpole field out51de
the sample and not con51der1ng the flux inside the sample, by recalling that
lines of B are continuous. Thus all the Iines of B which thread the coil
must be conserved outside the coil as welle’

Thus the same answer should be obtained in integrating B from the c011

to 1nf1n1ty.

2Trrd
3 [m T
T he ]
= d = - =
Rr21“ 2'.r R
@* o
2R °

1}

- It has been shown that)despite the demagnetizing field)the induced
signal_in'the pick=up coil is a measure ef the memente In fact it is evident
that this fortenate state’ of affairs is due to the demagnetizing field. It is
only because of the demagnetizing field that the two terms.in equation 3.1 )
depending-on the size of the.sample, cancel out. Ihus it is conceivably
possible that)for samples of various sizes which are not spherical the
voltage induced in the pick-up coil might be a measure of Q. This can only
be investigated empirically by a calibration experiment, as Was.QOne later,

36362, The Mament Pick-up Coil System

The moment pick-up coil system consists of two coils A and B wound
in series and in oppesition. This is wound between the two components
of the H coil already described. The fluxes in coils A and B are balanced
to give approximately zero output in the _absence of a samples The sample
is placed in the centre of coil A in the field region of max1mum strength
and uniformity. Slnce coil B occupies a different position on the axis
the coil B ie in a region with a field gradient. It was therefore divided
into two halves and'eech‘half placed symmetrically eba/e and below coil A,
for the same reason for which the H coil was divided,'i.e. to reduce the
seneitivity'of the signal to slight vertical displacements of the pick-up

coil system.
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As regafds'the shape of the coils the'only coil whose ‘shape matteré
is coil As It was made sufficiently long (8 mm) for the M signal not to be
too sensitive to the vertical position of the sampie.

The balancing of coils A and.B was only done approximately: by winding
,70'turbs-for coil A and 35 turns_for eacﬁ half of coil B.- The final balancing
-was done electronically by tapping off from potentiometer Pl the required
quantity of signal from the H coil and adding this to the M signal as shown
in fig?Jvaﬁch gives the entirg circuit for the M and H detection system.

- Coil B is rot as far from the sample as the H coil éince it does not
matter if coil B is.influencéd 5y the moment éf the,sample, the result
| will only be a slight reduction in the M signal which will be taken intc
accoﬁnt‘by calibration. All that is required is that coil A be more
strongly affected by the sahple than coil B. FigBJI gives the dimensions
of the pick-up coil system.

3.3.3 Eddy Current Noise and its Elimination

A§ shown in 3.1l¢4 the shape of the H vs t function varies from place
o place along the axis of the magnet when one takes into account the effect
of eddy currents. Hence accurate balancing.of the signal from coil A against
the signal from coil B is impossible since one is attempting to balance out
two signals of different shape in time.

The desired M vs H display in the absence of a sample is a horizontal
straight line, the gradient of the trace beéing adjusted to be horizontal
by fine balancing using the H potentiometer Pl. 'HoWeQer, as a.result of
eddy currents in the magnet the no-saﬁple trace has an elliptical appearance
as shown in fig.3.12,This is consistent with a phase difference of the field
in coil A with respect to coil B.

This elliptical component is eliminated by opposing it with an equal
and opposite signale This signal is obtained by shifting the phase of the
output of another pick-up coil (the phase~shift coil). The output of this

PS coil is applied to a phase shift circuit (see Fig.S.lo)lmhich.consists
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- of an R and C in series. The PS signal is taken from a potentiometer which
is paf; of the R component of the phase-shift circuit. Tﬁis RC circuit is

a differentiator if RC< 1. However since we do.not require strict
differentiation, the phasé shift (less than1z72) is set to the required
value by adjusting the R of the circuit by means of" the potentiometer P2,

The amplitude of the phase correétion signal is adjusted b? P3, P2 and P3

are adjusted tb give a no-sample trace which is as close t§ a horizontal
straight line as possible; This optimum situation is shéwn-in'ﬁ433i3mhich
is on the same sensitivity ranges as_fig3J2J It was not possible to

reduce the eddy current noise ayhfurther. This noise is superposed upon the
magnefization vs field trace when a sample is inserted into the M coil system
and was subtracted from the trace to obtain the M vs H graph for every sample
studied (see section 3.3.8). For samples oflarge moment the sensitivity of

the Y axis could be ieduced such that the noise signal was negligible.

A 3.3.4 Samples with Remanence |

As.shown earliér the magnetic field oscillates a finite number of times
finally approaching zero either positivély or negatively at which point the
oscillation ceases. Thus a ferromagnetic sample will be left with é
remanence wbich can be positive or negative. The finalvgggiﬁkm of the spot
.‘at the end of a pulse is.a measure of this remanence but if the brightness
of'thé spot is continued for a time greater than 100 ms after the end of
the pulse it willbe seen to drift exponentially down to its normal positian
due to the leakage of charge from the outpu£ of the M integrator down to
earth as mentiocned earlier. .

Now if this sample with a remanence is subjected to another pulse the
spot starts at the normal position but this normal position now represents
the remahence and the origin of the M vs H curve will not be coincident
withlfhe normal positioﬁ of the spote Thus from pulse tq pulse the M vs H
cur?evmay be displaced by.a vertical distance which cannot.be predicted,
and 1s a result of the sign and magnitude of the remanence aftef each
subséquent pulse. Such a sequence of magnetization curves is shown in

fig3l4.
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The reason for this phenomenon lies ip the method of measuring M. The
- induction of a voltage in the pick-up coii gives a measure only of changes

ih~M during a pulse and hence does not give a measure of the absolute value
of M,

- 3¢3.5 Centering of the Sample

The use of the calibration factor of the M coil system is meaningful
only for«a'sample in the.centre of coil A where the induced voltage due to
the sample is a maximum and unique. It was found to be very tédious to adjust
the sample position to give a maximum M signal before taking a photograph of
the M vs H curve. The spet had to be placed to thé left of the ordinate of
the graticule and the vertical reading_qf where the trace crossed thé
ordinate was noted for different posifions'z of the sample on the axis
of the magnet. The position had to be adjusted to give a vertical reading
corresponding to a maximum signal. |

In addition to being tedious this method wasAimpossible for samples
with remanence, since the vertical reading was apparently randém&and
changed when the position of the sample had not been glﬁered.

The method adopted for centering the sample is baséd upon the fact
that it is .easier to detect when a signal is zero than to detect wﬁen
it & a.ﬁaximum. This method aleo made possible the centering of samples
with rémanence. A pair of coils each with 15 turns?wére=wound in oppoesition
on - top of coil A such that they were symmetrically above and below the
iﬁtended position of .the sample. | |

When centering the sample the M integrating circuit is switched from
the mement coils to this pair of coils. The output of thesé centering
coils (C coils) after integration is displayed on the Y axis of the oscilloscope
instead of.thg M signal. When the sample is at the desired poSitbn in the centre
of coil A the Y signal from the C coils is zero. The reliability of the C
coils was éhecked by means of a sample with negligible reménence. The position
of the sample for which the M coil gave maximum response was found to

coincide closely with the C coils giving zero response (figiﬂ?). When using
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the C_colls the traoe appears as a tM vs H curve if the sample is too high
and =M vs H if too low. Consequently the correct position is found with ease.
‘When the'output has been nulled the Y axis is switched back to the M coil
and a photograph of the M vs H curve taken.

The output of this centering coil is also subject to eddy current.noise.
The gradient of the trace sometimes has to be corrected to zero in the absence
of a sample. Thus the C coil has its own three potentiometers equivalent to
P1, P2 and P3 for the corresponding corrections of the M signal. These are

1
the C coil is doge by simultaneous operation of the: four switches (fig3.9.

Pty P2' » and P3'. (fig.310). Switching between using the M coil and using

The eddy cufrent noise corrections and gradient corrections to the centering
signal are not very important, since it is not difficult to observe where
the sample ceases to have any effect upon the trace, even when a noise
signal is present.
3.3.6 The Sample and Sample Holder
| Two types of sample were used: bulk polycrystalline material of

unspecified shape or powder samples of cylindrical shape.

The samples holders (fig3J‘) were made from 3/l6 inch didmeter perspex
'rod. A.hole was drilled down the centre to allow access for the thermocouple.
The top end fitted tightly over the end of a 1/8 inch diameter stainless
steel tubes The sample was placed in the lower end of the sample holder.

Bulk samples were obtalned by breaking a button to obta1n a sample
piece whose length was no greater than 4 mme and which fitted into the sample .
holder. This was weighed ‘and then secuted by Durofix cement into the sample
holder. - |

'In some cases powder samples were required. Various Teasons were:

(a) Eddy currents induced in a bulk sample whose conductivity was high
woold interfe;ewith'the magnetization-field trace giving rlse to a false
hysteresls.. Thic was of the same form as the-eddy current noise -and always

resulted in increasing the area of a genulne hysteresis loop.
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‘(b) For strongly anisotropic samples a magnetization vs field curve
could only.be made to approach saturation by bowdering the sample in the-
hope thateaéh grain would be a single crystal which'could_oaient its easy
direction with the applied field if it was free to mové.

The method of mounting a powder sample was aé.follows: The upper end
of the sample cavity was blocked with a small pellet of plasticene which
was squeezed,in order to present a flat surface to the sample cavity, by
means of a perspex piston which just fitted into the diameter of the specimen
cavify. The sample hoider with plasticene was weigheds Then the powdered
.sample was pdured into the sample holder to a depth qf no more than 4 mm.

Tﬁe‘sample hélder with powderqus_then reweighed to obtain the weight
of the sémple. A short perspex stobper was lowered info the sample cavity _
ti113it just toqched the powder but without compressing the powder, so that
the graihs wére still free to orient themselves. This stopper was then secured
by Durofix cement.

-3.3.7 Calibration of the M signal

Célibration was done using samples of iron whose saturation moment is
known(refQSJ)Jhm to eddy currents in iron at low temperatures bulk samples
~could not be used. Powder samples were used instead. In 3.3.1 it was
‘mentioned that the effect.of'the shape of the sample upon the calibration

factor could only be~détermined empirically. The following calibration
experiment was therefore performed. |

Several cylindrical samples.whose shapes were varied by varying the
length-to-Aiameter ratio were made with constant diameter equal to that of
the samplé cévity. A trace of M vs H was photographed for each of this
series of samples and the signal correspending to the saturation moment
was measured for each sample. The voltage corresponding to the saturation
moment of each sample was plotted against the mass of each sample (fi931”0~
The useful region of the curve is the linear part and the maximum length
E of a sample is 4 mm if one is not to depart from linearity by more than 1%.

The eddy current effect for solid iron samples is evident in fig.3-|7b-




Erom the gradient the calibration factor 0.0317 was deduced and was used

in the following formulas .

»4 _ 0.0317 x (Moleculsr Weight) x (Signal in mv)
(Mass in mg. )

Where'r4 is the magnetization of the specimen in Bohr magnetons per molecule
of the sample. The molecular weicht is taken to be the weight per formula
unit. |

On further increasing the length of the sample the signal vs Mass curve
reaches a maximum after which the signal decreases as the sample enters the
- coils B which are wound in opposition to coil A.
l3.3.8 The M ys H curve and its Analysis

.The photoéraph of the M vs H curve is obtained together with the
corresponding photograph of a base-line curve (ie. -. with no sample). The
two photographs.are projected onto graph paper and the base-line curve
subtraﬁted from the sample curve in order to obtain a graph ofM vs H. There
is however still some uncertainty as to'the position of the level
corresponding to M= O, The position corresponding to H = 0 is known from
the final~position of the spot. The verticél position of the origin can be
vl obtained as follows: If the moment of the sample saturates positivély.and
négatively in the applied field then the level for M = 0 is half way between
the two saturaﬁion levels + Msat and = Msat' If the moment of the sample
does not reach saturation then use is made of the symmetry of the high
field Pésition of the magnetization curve .in order to deduce geometrically
the position of the origin. |

Errors»in measuring the moment arise from the following factors: Parallax
in the.apparent position of the trace with respect to the graticule as seen
bylthe éamera gives rise to an error of +2% at most. Distortion of the trace
due to projection of the photograph results in an error which is small
compared with the‘graticulé markings. bThe largest error arises from the
finite thickness of the trace, this thickness depending on the speed at

which the spot traces out the curve. This error is of the order of the
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. distance between the graticﬁie markingsand is about lmm in measuring the
pogition ofAthé trace. This contributes a * 4% error in measuring i
typical magnetization signal..

For measurements of critical fields the main error arises from the

original calibration of the H axis.

3.3.9 Egtimation of the Ionig Moment

. The spontaneous magnetization at absolute zero gives a measure of the
magnetic moment on the magnetic ions in a given sample. This magnetic
moment is a quantity of primary interesf in thisAwork. Since the magnetic

ofdering temperatures of the majority of the samples studied were well above
42K, the temperature at which measurements were madey the spontaneous
.magnefization at 4.2K was equéted to the spontanéous magﬁetization at
‘absolute zero with little error.

If the magnetization saturated within the range of the available field
Qalues then the saturation magnetization was equated to the spontaneous
magnetization.. In the case of‘the maghetization;fie;d curve not showing
saturation the cause of the non-saturation was suspected to be. either (a)
-.high_magnetocrystalline anisotropy preventing alignmeﬁt of domaif magneti;ations
with thé applied field or (b), that the appiied'field was increaéing the valne
of the magnetization within a domain before having aligned it completely. In
the latter case on increasing the field after having aligned all the demains
the magnetization would further increase, eXceedihg the value of the spontaneous
magnetization,

In many cases saturation was achieved by performing magnetization-field
measurements on powdered samples whésé grains were free to rotate. It was
then assumed that thepowder was sufficiently fine for each grain to be a
éingle crystal whose easy axis was free to orient itself with the applied
fiéld, and that the cause of the non-saturation of the correspondiﬁg.bulk

specimen was {a) above.
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When saturatlon was not attained w1th a powder sample it Qas possible
that the powder was not sufflclently fine to be of single crystal grain-size.
Thus elther or both {a) or (b) could be applicables The estimation of the
spontaneous magnetlzatlon depended upon a decision between these two possibilities.

The usual proceedure for a non-saturating sample is to plot M against
l/ﬂ or l/H . If such a plot shows linearity in the hlgh field region then the
. exfrapolation to H:=fXJ gives the saturation magnefization. This extrapolation
is not valid for very high fields since contributions to the magnetization
| arising from increasing the modulus of the domain magnetization or paramagnetic
contributions can cause departure from linearity. It»is»thus difficult to
decide in which range of field values such extrapolation is valid..

If it is suspected fhat the only cause of non-saturation of a sample

is (b) then the proceedure is to examine the high field portion of the M vs
H curve. If a linear portion up to the highest applied field is observed
then the egirapblation of this portion to H = O gives the value of the
spdntanequé magﬁetizations |

eThe.Choice of which of these two extrapolations to use for a given sample
requires some knowledge of the magnetic properfies of the samples The relevant
properties are the streng@i@f exchange interactions, the magnitﬁde of
magnetocrystaliine ahisotropy and the magnitude of the ionic moment. Therefore
.justification for the employment of a given extrapolation for a sample will
be given in.fhe relevant part of the results section. |

3.4, Iemperatyre Control and Measureme

3.4.1. The Cryostat
The cryostat (fig:3.@) was designed for containing liquid helium in order

tq measure the‘magnetic properties of a sample from 4.29K up to room temberatureo
Beeause:the magnet was operated while immersed in liquid nitrogen the liquid
helium dewar tail was designed to fit closely into the magnet; There was no
need for a nitrogen dewar tail to fit into theAmagnetﬂwhich would have

required a larger field volume and conséquently lower field strengths. The
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tail df the glass liquid helium dewar protruded through a hole in the bottom
of the upper nitrogen dewar which was required for keeping the liquid helium
dewér surroundings as cold as was practical to prevent a large boil-off

rate of helfum.

_ The upper liquid nitrogen dewar was machined out‘of polyurethane fozm.
Leakage of liquid nitrégen through the Hoie in the bottom through which
protruded the helium dewar_tail)was eliminated by the appligiyion of wacuum
grease which froze at liquid nitrogen temperatures and was an effective seal.

Thé lower liquid nitrogen dewar was used for surrounding the magnet with
liquid nitrogen.‘_This dewar was also made of polyurethaﬁé foams When in
operation the iiquid level in.theliower dewar reached to tﬁe upper nitrogen
dewar.

3.4.2. The Heéte:

Because of the need to wait 2 minutes between evéry 2KV dischargé it was
esséntial in a température run to be ablé to control the'rate of ‘temperature
rise, ’fhis was possible by meéns of the ﬁéater coil which was'of‘constantan
wire wound non=inductively upon a tufnol tube.whiCh fitted 'around the outside
of the pick-up coil systems The tufnol tube was attached to the centre of a

~spider (fig.3J&) which rested at the bottom of the helium dewar just above
the tail. Voltage for the heater co6il was obtained froﬁ a 6-volt filament
transf&rmer powered by a variac. The heater contributed some 50 Hz pick=-up
to the M signal but this was too small to be troublesome. The power: was
adjusted by the.variac and could give a maximum of 7 watts. An ammeter was
used fér monitoring the current in the heater coil.

304+3 Temperature Measurement | |

.-Thisﬂwas done by means of thermocouples. Tuo'thermoéouples were
avéilable. One was of coppers constantan for use -at temperatures above
77°K. 'The other was of gold-copper: copper for use between 4.2°K and 77°K,
The reference jﬁnction was in liquid nitrogen and the thermo=emf was meagured
by a Pye Portable Poténtiometef in cohjunétion with én external Scalamp

‘galvanometer.
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When high M signal sensitivitieséWEre used an eddy current noise signal
appeared'due to the presence of the thermocouple near the sample in the pick-
up coil systeme. This could be'eliminated by lifting the thermocouple junction
out.of the pick-up coils so that it was‘a few inches from.the sample. This
method was of course useful only when making measurements at a constant
temperature, for example . at 4.2K so that-one could be sure that if the thermo-
couple was below the liquid helium level and reading 4.2K then the sample, also
below this level;was at 4.2K.
3e4¢4 Liquid Heliump Level Detection

This was done either by raising the sample to detect the liquid surface.
by meahs of the thermocouple or by using a superconducting wire connected to
a constant.current supply (fig.gJQ)_such thét the superconducting wire was
in ﬁaréllel with a 22K reéistor. The onset of éuperconductivity was detected
by the micro-ammeter in series with the 22K resistor, the current in the 22K
then dropping to zero when the entire wire became supefconductingo The
superconduéting'wire was made.by coating a constantan wire with soft solder,
which is a superconducfor below the temperature of liquid gelium. This wire
éxﬁended 10 cm up one of the three spider legs (fig;3J8) and a measure of
quantity of liquid helium in the cryostat could be'obtained from the micro-
ammetér reading. Due to temperature cycling the superconducting wire
deteribfated and regquired frequent replacement.

3.4.5 TIemperature Runs

Reliable temperatureiruns were possible only for samples in bulk forme
For a powder sample close contact between sample_and'thermbcouple was not
possible due té the form of the speci&en holder (3.3.6)"‘ Température Tuns
were performed while the sample was warming, the rate of warming being
controlled by the heater coils. A photograph of the M vs H curve was taken
every few degrees. It was sometimes found that the bass line to the M vs H
curve changed slightly in gradient as the temperature rose. However, taking
- a photqgraph of the baée line trace between every M vs H trace as the
temperatﬁre.rose involvedifaising the sampie out of thé pick-up coils. This

disturbéd the temperature equilibrium and was therefore not the adopted procedures

-y
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to take a base line photograph before and

It was considered preferable
after the te@perature run and as;ﬁhe a linear relationship between the gradient
of‘fhe base line trace and the temperature,

The gradient change was due to a movement of the éick;up coil system as
a result of the thermaliekpansion of the quartz tube supporting the'pick-up
coils;.-Since quartz has a low thermal expansien coefficient, this gradient
changé with température was never very large. If necessary a base line signal
- could be obtained part way through a run.

The error in temperature measurement depends apon the rate of temperature
Trise. 'This was adjusted to be always less than iK per minute. Reproducible
results were obtained and the error was estimated té be + 1K.

3.5 ‘Meghénibal Conéiderationé

3e5e1

The. dewar head rested upon the top of a steel bridge (fi'g.3.20). To the
top plate of‘theAdewar head was attached a mechanism of brass (the height
adjuster) whose function was to adjust the vertical p@sition of the quartz
tube upon‘which‘the pick-up coils were wound. The lower end of this quartz
tube‘w;s confined to the axis of the magnet by means of a hole'through the
spider (fig.3lf). This quartz tube was of narrow diameter in order to confine
" the sample to the magnet axis also. This narrow'diameter_extended from the
lower closed end for 70 cm, above which the tube continued with %" outer
diameter. l.The top of this tube fitted into a brass tube (fig329) and was
secured fo this by araldite to give a.vacuum-tight seals  The upper end of the
.sample tube was attached to the top of this brass tube and sealed by an O-ring.
This brass tube could be evacuated via a side tube near the top‘thug evacuating
the ;egibh around the sample prior to filling with helium as an exchange gas.
Ihe brass tube had notches at intervals of an inch along its length into which
a small screw from the height adjuster could fit in order to give a coarse
adjustment of height. The fine adjustmen%s of height waé done by means of the

large screw in the height adjuster.

3.5.2 The_ Vacuum System

.Vacuum and gés flow were contrelled through an all glass system shown
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sChematically.in fig.QlQJ.It_wes used in cqnjunction with a retary pump for
evacuating the walls of the helium dewar and for evacuating the inner volume
of the dewar and‘specimén region prior to filliﬁg with helium gase The helium
gas was obtained elther from a helium cylinder or frem the b0111ng of helium
in the external lquld helium dewar.

3:5.3 Suggg;; of the Sample

The upper end of the sample holder fits over the lower end of the long
staiﬁless steel tube which is soldered at the top to a thin brass tube. This
thin‘p;ass tube is smooth over a region where the O-ring is to be situated
and is sealed to the other brass tube by this O-ring. This~other brass tube
is secured to the pick-up coil tube by means of araldite (3.5.1) Above the
smooth part 3 the thin brass tube ;s ‘threaded and a wing nut is qsed for |
adjusting the.hsight of the'sampls. This wing nut'rests‘ubon Part X which,
by-meaﬁs of a rubber band attached'fo:Point Y,squeezés the O-ring)thus
isolatingjthe sample from.the atmospheres
3e5¢4 Reméying the Saﬁéle from the Pick=up Coils

When it is required to remove the sample momentarily from the pick-up
coilslto take a photograph of a base line trace, the sampls is lifted a few
inches; well out of the'coil sysfem,:so-thét the O-ring is still in contact
with the smooth portion of the sample tube and still isolates the samsle
~ from fhe atmosphere.

'Remoyihg the sample'entirely4in.order_to shangs it forﬁanother sample
while liquid helium is in the dewar_requires care in order not toallow air
to enter'tﬁe specimen cévity, as 1t would freeze and block up the cavitye.
This.is done by conneéting the external helium dewar to the vacuum System
during a hellum run in such a way that an excess pressure of helium gas is
.always malntalned in the ‘sample cavity due to b0111ng of helium in the
external dewar.

:Thus when a sampie is removed a continuous flow of helium gas out of.
the top of'fhé ssmple cavity prevents any air from entering the cavity. The
top is then stopped up with a: small rubber bung until one is ready.to insert

the next'sample,whén the same precaution is taken.
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In the Gd3(Fe,Ni) system, on substituting Fe for Ni, the Fe3C lines
remained distinct but slowly deteriorated in definition up to and including
Gd3Fe.5N1 5

In Gd3 Fe.3Ni.7 a line appeared which had not been observed in Gd3Ni
This line, whicﬂ»increased in intensity on further substitution of Fe-ihtaNi,
corresponded to the (231) line for Gd3Ni calculated by Lemaire and Paccard
(ref 5.2 ) to have a value of @ = 23° 49, for cobalt radiation, but whose
observed infensity was zero. The line appearing in Gd3Fen3Ni‘.7 had a value
of & =:23° 47', It is possible that the substitution of Fe for Ni into the
Fe3C structure modified the scattering intensities to cause the appearance
of the (231) reflection. Beyond Gd Fe.sNi.5 the FeSC lines broadened rapidly

3

becoming very indistinct for Gd3Fe 6N1 If the instability of the Feac

structure is postulated to occur at a critical average‘3d electron concen- :

tration then, noting that this occurs at Gd Fe 1Co 9

system, this allows us to predict a corresponding break-down of the structure

in the Gd3(Fe,Co)

4

at approximately GdjFe gsNi 4o in the-Gd3(Pe,Ni) system which appears, from

the X-ray diffraction patterns, to occur.

| The léttice parameters a, b and ¢ (figi H.f ) were calCulated‘ffom-

the deflections of a selection of the indexed lines, the lines being selected
according to their sharpness. This same set of lines was used for lattice
parameter. determinations for .the entire range of compounds studied. From
Fig.8ulit is apparent that the break~down of the Fe3C structure is not
accompanisd by any significant lattice distortions.

5.3. Magnetic Meagurements on Gd3(Ee,Co) and Gd3(Co,sz

5,3.1 Pulsed field measurements at 4,2K

Magnetization vs applied field curves were obtained using the pulsed field
magnetometer. Measurements were performed up to 160 kOe and at 4.2K which was
well below the ordering temperaturesof the compounds.

The magnetization vs field curves for some bulk:samples of the Gd3(FeJCo)
and Gd3(Co sNi) series are shown in f.ig.5,2t05',3 « A general feature of these

curves is an initial linear rise in magnetization with applied field up to a




Fig. 5.1 Lattice Parameters for Gdﬁ-’e,(’)o)f\l!} Compounds at 300 K.
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CHAPTER FIVE

Gd, (Fe, Co, Ni) RESULTS,

5.1 Preparation of Samples

Using the arc-furnace techniques as described in section 2.1, specimens
were produced of the pseudobinary compounds with the basie formula Gd3B where
B is the transition metal component. The following specimen compositions were

prepared:

Gd, (Fe Co,_ ) where x = 0.05, 0.1, 0.2, 0.3;

) where x

Gd3 (Cdeil_x 0, 0,05, 0e15, 0e25, 0435y 0.5, 075, 0.9,1.03

Gd,y (FexNi ) where x = 0.05, 0.1,0.2, 0.3, 0.4, 0.5, 0.6.

1-x
Each sample button was melted three times, inverting it between melts in order
to improve its hoﬁogeheity. The average weight lost. during specimen preparation
was 0.07% and.in many of the samples the weight loss was too_small to be
determined (i.e.<0,01%).
5.2 - Stabili d Lattice Parame Gd B system
Debye-Scherrér photographs of the samples at 300K were obtainea using
cobalt KX radiation. The diffraction lines in the series Gd;Co to GdjNi
indicated that fhe whole series of compounds adopted the same-crystallographic
structure. Homogenization annealing at 700°C for two weeks had no effect
upon the X-ray diffraction pattermns. The diffraction patterns of the compounds
Gd3Co and Gd3Ni were compared with those already reported in the literature
(refsms:l andfiZJ anq the lines were indexéd in the orthorhombic Fe3C structursa.
These lines showed a iinear variation of deflection between the two end
compounds and COQId_bésindexed throughout the series Gd3(Co,Ni).
In the Gd3(Fe,Co) system the lines broadened and became indistinct for

Fe concentrations greater than that of Gd3Fe Co 9 This was takenlto

indicate thatthe Feac structure of the desired composition was not stabile

beyond this peint.
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the extrapolation intercepting the M axis at M = O for these two compounds
with linear M vs H curves.

(b) For powder samples of low moment to the Colside of these minima there
appears a critical field Hc (fig. 4.5) similar to that found in Y CoQNiS.
Saturation was not attained for any of the samples showing a critical field,
For field oscil}ations of amplitude less than HC there appeared a conventional

non-saturating hysteresis loop. The spontaneous moment was obtained from the

linear portion of the M vs H curve.above the critical field. -
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The saturation moments)fig. 4.7 and fige 4.8)were obtained from
solid samples for Y(Fen8C0°2)3, Y(Fe°6Co.4)3, Y(Fe°4Co.6)3, YNi3 and

Y2Ni7 which saturated in the available field. All the other samples

of the YB3 series and the Y B7 series were powdered, because of high

2
magnetic anisotropy not allowing a close approach to saturation. The
spontaneous moment in the powder samples was obtained by extrapolating
the high field linear portion of the M vs H curve back to H = O since
it was believed that the application of tﬁe high field may have been
-distorting“the magnitude of the spontaneous moment. The maximum
value of the moment attained at 160 KOe is also given in fige 4.7
and fige 4.8, For the samples which show complete saturation the
error is that inherent in the measurement of magnetization. It is
therefore + 4% for all the saturafed samples,

The solid sample of YPe3 showed the same eddy current effect, in the
M vs H curve (fig.3.l7b))as was found for a solid sample of pure iron
(fig. 3.17b) at low temperatures. This is consistent with the presence

of free iron in the sample, thus further confirming that Y Fe, does not

3
~exist as a single phase. '
Two other interesting features ére noteworthy. (a) There is a deep

minimum in both the Curie temperatures and the spontaneous magnetizafions'
for compounds with approximately 20% Co substitution in Ni for both the

Y B3 and the Y2B7 series. These minima may indicate a complete disappearance
of any spontaneous magnetic ordering for these compositions. The M vs H
curves of Y2 (Co°2Ni.8)7 and Y(Co°2Ni°8)3 at 4.2K were linear, with a

low susceptibility. Any extrapolation of M vs l/H to H =00 for such

samples is clearly not a measure of the spontaneous magnetization. It

1s reasonable to assume that the slight susceptibility may be of a Pauli
paraﬁagnetism types with zero spontaneous magnetization. This is consistent

with the method used for estimating the spontaneous magnetization. This

method consisted of extrapolating the linear portion of Mvs H to H = 0,
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maghetization rose more steeply and then settled down at the same gradient
as that of the smaller return oscillations. Thg return for a high field
showed no sign of any positive critical field and had the same gradient

as the smaller return oscillations. On feversing the field M decreased
rapidly and then the same phenomenon was seen for large negative fields.
Powder samples 6f the other Y B5 compoundé showed no critical fields.

=3——=2"7
4,3.1 Crystal Structure

4,3 YB, and Y B

The X-ray photographs of the Y B3 series showed a similar structure
for all of the compounds from Ni to Co to Y(Fe° Co.2)3. The éample
corresponding to Y Fe3 showed a totally different type of structure and
is believed not to exist as a single phase. This is confirmed by other
workers (ref.4.| ., The Y Fe, sample rusted aféer a few weeks,whereas
all the other samples did not, suggesting the existence of large quantifies
of free iron in the sample.

The YB3 stoichiemetry is rhombohedral but the X-ray lines were indexad
in the hexagonal system with lattice parameters as shown in fig. 4.6.

The Y2B7 compounds showed the same pattern of‘X-réy diffraction lines
for the range Ni to Co to 40% Fe substitution in Co. It is assumed that
higher concentrations of Fe than 40% in Co do notiform the Y2B7 phase. The
phase Y2Fe7‘has not been shown previously to exist. The X-ray photographs
for the range in which the Y2B7 phase is believed to exist were not
analysable due to the lines.not being sharp. The large nuhber of lines
suggested the presence of other phases. No improvement was found upon
annealing for 2 weeks at 1000°G. Therefore no feliable estimates of the
lattice parameters were obtained for the Y.B compounds.

277
4,3.,2 Magnetic Properties

The Curie temperatures of the YB3 and Y2B7 compounds were obtained from

the A.C. initial susceptibility vs temperature, fig. 4.7 and fige 4.8
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CHAPTER FOQOUR

RESULTS FOR Y (Fe,Co), ANDY (Co, Ni), .

4.1 X, Bg

The as"cast samples of YZ(Fe,Co)17 and Y2(Cq,Ni)17 were singlg phase.
They were iﬁdexed hexagonally with lattice parameters a and ¢ as shown
in fig. 4.1, together with the ¢/a ratio. |

The magnetic properties measured were the Curie temperatures and the
saturation momenfs (fige 4.2). The saturation moments at 4.2K were directly
obtained from the magnetization vs field oscillograms of solid samples
because complete saturation was achieved in the available field from the
pulse magnet for all the samples in\the series (except Y Fe vwhich

2 717

approached the saturation value within 5% as deduced by'extrapolating
"M vs 1/H to H =00),
4.2 X_§5

Lattice parameters were obtained from the X-ray photographs of the
as cast samples which were indexed hexagonally (fig. 4.3). On substituting
iron for cobalt in Y Co5 the ratio c¢/a of lattice parameters burgéoned
and compounds wifh higher iron concentrations than that of‘Y Fe Co4 cbuld
not be made in the single phase form.

Bue to high magnetic anisotropy the Curie temperatures were not eaéily
determined because the initial suspeptibility was low in many of the samples.
Howeyer slight peaks in;E_vs T were just visible in most of this pseudobinary
series and the Curie temperatures obtained are shown in fig° 4.4,

The saturation moments (fig. 4.4) were obtained from powder samples.
be cause solid.samples did not show any tendency to saturate in the availéble
fielas, except Y Co Ni4 which showed compiete saturation.

A powder sample of Y Co2 Ni3 gave a magnetization curve with a critical
field (fig. 4.5) of 16 + 0.4 KOe. For field oscillations of amplitude less
than 16 KOe ;'conventional non-saturafing hysteresis loep was seen,with a

return to H = O of constant gradient. Above the critical field the
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critical field value HC at which point the magnetization rises more rapidly
subsaquently approaching saturation. ‘Hysteresis above H; is also evident.

| The curvea.for Gd3CQL05Ni,95 and GdjNi have a distinctly different
shape from those for the éther compeunds of the series and show a second
crifical field Hc' justbelow the field value required to saturate the
magnefization; HC"has a value approximately double that of Hc° These
compounds are also different from the others of the series in that the
'linear portion between Hc and Hc' when extrapolated has a'negative intercept
on the magnetization axis, whereas the extrapelation of any existing linear
_‘portiOn above,HC in the other compounds has”an intercapt near zero on the
magnetization axis.

The measurementa of the critical fields was performed on the initial
field rise for a pulse of 160 kOes by extrapolating the M vs H cufves above
and below the transitiOn, aa shown in figo5.3. The critical field was
defined to nccur at the intersection of the twa extrapolated sections.

" The critical field HC is shoewn as a function ofncomposition.in fig.f;;ﬁﬁ
such that the composition axis represents the 3d=-electron concentration pef
Gd3B formula unit. Hc varies smoothly with composition for composition ranges
near Gd3Co and bacomes zero just beyond Gd3Fe°lCo.9. This is the same point
beyond which the-FeSC structure appears to break down.

The initial susceptibilty 711 was measured directly from the magnetization
s fialdvauryes and is shown in fig.5:57 plotted against composition.

The initial suceptibility )Li is here expresséd in/ﬁa per kOe per Gd.
This should rigorously:. be expresaad per GdB% Qhere B is the transition metal
comﬁonent, but the simpler notation will be used and no ambiguity should arise.
Some of the M vs H curves show a small kink near the origin. This kink, which
sometimes has nysteresis is presumed to arise from th;\pfeaence of small QUantities
of impurity. For these curves the initial susceptibility 7% was measured from
. the linear portion of the M vs H curves on either side of the kink.

In fig.5:5-afe plotted also M160’ the magnetization at 160 kOej; Hs’ the
field -value at which tha magnetization saturates and Hc'. Hc' appears only

in the aamples Gd3Ni,and Gd3Co_05Ni 95° When a line through these two values
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is extrapolated to highef cobalt concentrations, the next sample prepared
Gd3Corl5Ni°85'would have a value of Hc"greater than H;& Therefore HC'
does not manifest itself in this sample, the shape of whose M vs H curve
is dlfferent from that of Gd Co°o5 .95 OF GdgNi,A

The average value pf M160 is 7.3?#% per GdB% which is well in excess
of the gJ value for Gd (Zf% per Gd ion). The excess molecular moment 1l.14

/}B perEformula unit Gd3B may arise from parallel alignment of the conduction
electron moments'and/or 3d electron mmment.Without neutron diffraction
techniques there is no way of aeciding at present between these possibilities.

Spme time-depehdence of the magnetization.was observed, which resulted
in a small Qariation in the value of the critical field Hc with increasing
pqlsé height. A large pulse height results in the field sweeping through
the Hc value'faster‘than does a small pulse height.

The critical field for the sample Gd3Cou9Ni.1 was observed for various
pulse heights H « We use the notation H¢ for increasing'fields and H¢ for
decreasing fields. " On 1ncrea51ng H it was found that H* increased and H¢
decreased thus making the hystere51s more prom1nent@ . . . Between
H, = 96 kOe, and H = 144 kOe the type of critical field changed its
character (fig.5é(@)). At the top of the initial linear portion the
magnetization suddenly started to remain constant, until a critical field
Hg‘ at which it roée sharply with increasing field. This critical field
increased in magnitude with increasing H . In fig.5.6(B) is plotted H'f
andli* as a function of (dH/at) s the rate of change of field value at
the critical field. The corresponding peak fields are also indicated. From
this figure it can be seen that Hz increases, and H! decreases with
increasirAlgA(dH/dt)C° The average value of Hg andI{g remains almost constant
at 14,6 kOe, increasing very slightly withAincréasing (dH/dt)c. By |
extrapolating the two lines to (dH/dt)c=O it becomes appareﬁt that the
hyéteresis would be almost zero in a static experiment if this linear
-extrapolation were valide The possibility arises that the hysteresis observed
in these compounds may be due almost entirely to time dependence of the

magnetization vs field behaviour.
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Obsérvations were made upon powder samples of Gd3Co and GdaNi and these
gave magnetization vs field curves which weré almest linear right up to
Saturatjon; The critical,fieidwhad almost disappeared as a result.of
powdering (fige 5.7)e fhe small kink near the origin is believed to be an
impurity effect, The kink was also observed in the bulk sample magnetization
| vs field curve of”GdéNi:but not the bulk sample of Gd3Co.

The just perceptible critical field for powdered Gd3Ni was 14% less than
that in the bulk sample. For Gd3Co the critical field for ﬁhe powdered sample
was equal to that for the bulk sample. | |

The cfiticél fields in the two types of sample of_Gd3Co are identical
within the experimental error, since the critical field for the powder
sample is hardiy perceptible. The susceptibility measured from the
maghetization vs field curve on the linear poertion just above the impurity
kink has values which are about 1.6 times those in the corresponding bulk
samples.- An antiferromagnetic material is expected to give a ratiq of 3/?
between the free pewder and bulk sample initial susceptibilities. -The
closeness between these f@o numbers shows that the results are not inconsistent
with an interpretation based upen antiferromagnetic theory.

The magnetization vs field curves were also investigated for a
‘number of other powder samples in the range of compositions between_the
end peints Gd3Co and Gd3Ni. In all cases where the sample was powdereds
Aif vas found that the critical field had become very much léss sharp,
and the initial susceptibility was increased by a factor of approximately

3/2 above the value for the corresponding bulk sample.

5.3.2 Magnetic Measyrements as a Function .of Temperature

503.23' AtCo Suscegtibilit!

The transformer method for plbtting A.C. susceptibility as a function of

temperatufe (see section 2.4,1) was used in order to estimate the ordering
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temperatures of the compounds. The results are shown in figp.51? where the
norizontal'axis, indicating the copper-constantan thermo-couple voltage,
has been calibrated in degrees Kelvin. Vertical deflections are proportional

~to . the A.C. initial susceptibility of the sample whicn was in the form

AC
of a powder. The sample was cooled by liquid nitrogen and the temperature
was raiseéd by 10wering the ‘dewar gradually.
The ex1stence of sharp peaks in the susceptibility suggests that we may
ﬂ be dealing with- antiferromagnetic materlals. The temperatures TN at which
these peaks occured were obtained while warming and are plotted in f1g.5'/C7
as a functlon of compositlon. _
| The p051t10n of the peak in'the ;(AC vs T plot for a given sample was
not reproduciblz. The plot obtained while warming was considerably different
from that obteined whil2 coeling. This is believed to be partly due to a
temperature lag between the sample,and thermocouple junction and partly due to
a genuine hysteresis in»jl%c vs T for the sampla, Tnis latter cause is suspected
to give a large contribution because the irreproducibility was more for some
compounds than for otiers. The compound Gd3Fe 1Co 9 for example, showed a
1KAC vs T plot which was completely reproduc1bl= as far as could be seeny
irrespective of whether the temperature was.rising or lowering. For the other
compounds tne behaviour depended very much upon,the~magnetic history of the
sgmple, iee whetner,it was going from the ordered to .the disordered state,
or vicefversa,'or how far the tempereture was from the Neel point-mhen the
temperature run was commenced. |
- Even though tne_ordering temperatures are denoted by TN’ conforming with
tne notation used forAantiferromagnetic materialse the possibility shouldbe
borne in mind that these compounds might net be antiferromagnetic. However,
in view of the results given so far, taere is a strong likelyhood of TN
being a genuine Néel points The symmetry of the'Neel peak is.seen to show
a systematic variation with 3d=electron concentration_in the range of
compositions with hign 3d-electron'concentration. From Gd3C°.5Ni.5 which presents
at symmetrical peakgfﬁecurve on the left of the peak appears to be approaching

a level, whose height increases until, at Gd3Fe 2Co 8 it is almoest level with
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the peake In the Gd3Pe 3Co 7 composition the peak has disappeared altogether.

3Fe 2Co g a Curie point at 290 K is evident and this becomes more

prominent on further Fe substitution. This-coincideS'with the Curie point

For Gd

of metallic gadelinium and indicates that we have more than one phase in

Gd Fe .Co , and Gd,Fe .Co 70 This is consistent with the apparent instability

2 .8 3 7.3
of the Fe3gb structure for greater than 10% Fe substitution, as deduced from
the X-ray diffraction data.

5¢3.2b Puleed Field Measurements as a_fungtion of Temoerature

A magnetization vs field oscillogram was photographed for various
temperatures from 4.2~K up to about 160 Ky thus observing the variation of
critical fields, susceptibility, and high field magnetization of bulk
samples while passing between the magnetically ordered and theldisordered
state.e The‘results are plotted in figsogjl toj;’Zf.:jzbis eeen to pass
through a sharp peak at the temperature TN. This is considered to be a
mere accutate meagure of TN than was obtainedf%rom the A.C, susceptibility,
for the reasons given in section 2.4.3, The values of TN from this methed
and the A.C, susceptibility technique are plotted in figo!)_."l TN appears to
be constaht for 3d electron concentrations less than that of Gd3Co.75N .25
The crltlcal field H is seen from the figuresb.l to 5-18 to decrease
continuously with rising temperature, finally dropping rapidly to zero at
the Neel point TN’ except in the compeund Gd3Ni.

5¢36 3 Gd = (Magnetic parameters as a function of T)

In fig.5”l for Gd;Ni ;(i’Hc’ HC' are plotted as a function of temperature.
Hc decreases slowly with rising temperature while HC' decreases more rapidly.
The two critical fields Hc and Hc' approach each other and become unresolvable
at aeeut 5 degrees below TN(=1OOK)° Above T the critical field still exists
and 1ncreases with increasing temperature f1nally becoming 1mpercept1ble at
about 130 Ko It is not known whether the final dlsappearanqe of the critical
field is effected by its approaching zero or by its remaining a large value.
ie the latter case it can disappear by decreasing the sharpness of its

perturbation upen the magnetization vs field curve until it is not longer present.




oM Ms (P3/54)

M
N

L3N

?{; (’/“B/KOe per Gd)

0




58

44: It is also not known whether theecritical field above Ty is a continoation

iof He or Hé' or both‘of these. When Hc ceases to be resolvable from Hé)

it isMpossible that it has dropped rapidly to zero between measurements.

.It is also possible.that Hc has risen to continue along the values of critical
field above TN.

of HC'_from the region where it is distinguishable ihtersects Hc~at.the Néei

point; it could also be that Hc‘ drops-to zero at TN with Hc rising to continue

above TNe Two other:possibilities remain: Hc could drop between measurements‘

becoming zero at TN while Hc' suddenly rises at TN-to cohtinuefabove TN’

The other possibilityywhich is less likely, is that both H_ and H' d_rop

rapidly, becoming zero at TN,rand'that the mew critical field above TN

'has its origin in an entirely different mechanism“thanfthat which ‘gives rise

to H or‘H " - |

s the

In f1g.520 M160’ %, M and M are plotted for Gd3N1. 160

- magnetization at 160K0e does not show any sharp decrease at the Néel point and
1s stlll large at 150K. The M vs.H curvé is’linear at150K where the sample is
“ev1dently paramegnetgc.
In order to obtain some measure of the spontaneous magnetization within

' a sub-lattice of Gd3N1, the parameter M was obtained from M160' The M vs H
-'ourve was extrapolated from the highest field portion' nearleékdéback to
H= 0. A linear M vs H curve gave a value of Ms = O.. Slnce a paramagnet
-in this h1gh ‘temperature region is expected to give a llnear Mvs H curve,
the dlsappearance of any spontaneous magnetization is con51stent with M O.
“The value of M as a function of T is also plotted in flg.5120 where it can
be seen that M becomes zero at T = 135K, This is the point at which the
crltlcal field becomes 1mpercept1b1e. o |

~ Also seen in fig.5.20 is XI, the susceptibility in the linear part of
the M vs H curve between the two critical frelds H and H 's When H and H !
approach each other near the Néel point, Q& becomes a meanlngless concept,
It is therefore not certain whether it is tending to zero at iN or whether

it tends»to:the~value of 7%at'the Neel peaks ‘The extrapolation to H= 0

If this is thecase, then it is observed that the extrapolation

{
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of the linear portion of the M vs H curve from which % is measured, gives M',
the negetive intercept on the M axis. This is seen to have the same type of

variation as %! and its value at Ty is similarly uncertain,

25~ .75 €122
‘The curves of Hc vs T for the compounds other than Gd3Ni show a systematic

543, 4 _g3Co Ni Gd3Fe IMaqnetlc Parameters as a function of T)

frend\with increasingISd-electron concentration. Near the Gd3Pe.05Co°95
end of.the range cf sponpositions Hc drops rapidly as soon as T rises from
4.2K,‘giving an Hc vs T plot which is concave upwards. Near the nickel rich
end of the range H remains high until near T where it drops rapldly. In
Gd3N1 itself H not only remains almost constant but. mlght even rise in the
region.of TN as described above. The ratio XT /k between the initial
susceptlblllty at the Néel peak and that at 4.,2K is well in exzeess of 3/2 )
that expected from a.simple two-sublattlce antiferromagnet. with no anisofropy,
The M vs H curves for Gd3FeolCo g as a function of temperature were
obtained from 77K upwards. The curve at 4.2K showed a critical field, but
this had disappeared entirely at 77K, so that only the parameters X& and
Mé3 (at 23 kOe) were measurable. These are shown ‘in f-ig.b_.lg where the- dashed
line links ‘the resulcs at 4,2K with those at 77K. The values of the
susceptibility above and below the critical field at 4.2K are shown. Since
Hc has dropped to very near zero at 77K"it is impoesible to measure ’ﬁ
below Hc' The M vs H curves for T > 77K are linear near the origin and
_che apparenc initial susceptibility corresponds.to the ferromagnetic phase
.ebove Hc' It is tnerefore reasonableAto connect the results for T> 77K with
%X at 4.2K meaeured above the critical field, as shown in fig.EﬂﬁL The rapid
fall -of H as T rises from 4.2K in Gd3l'-‘e.lCc.9 is consistent with the
increasing upward concavity of the Hc ve T curves'when substituting Fe-
for Co in Gd3Go. M23 decreases rapidly on increasing T from 4.2K with no

discontinuities at the Neel point. The M vs H curves are not linear even

at 143K which is in the paramagnetic region above TN.'Fig. 5.21 shows the

_ variation with composition of yétif.
N
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5.4 mgnetlg Measurementg on Gg Fe N1
Sedel P glged Field Megsuremen;g at. 4‘.%

The M vs H curves of the compounds Gd3(PeXNil-x) from Gd;Ni up to 60% Fe
substitution.are'shown in fig.5:12uThe left hand celumn‘of curves up to x = 0,2
is believed to represent genuine compoeunds. -

From x = 0.3 a large kink near the'origin'appears and éradually increases
in size on further iron substitution. Let us assume that this kink is the result
of a foreign phase contrieution which is ferromégnetic and that this is
superposed upon the Gd3B contribution to the M vs-H curvee It would then appear
that Fe substitution foming single phase Gd3B occurs up to x 20,2, For
x.>-0.2 the contribution from the forelgn phase is proport10na1 to the Fe
content (flg.S_lg) In this figure is shown MK versus composition. The |
QUantity MK is the saturation magnetlzatlon of the ferromagnetlc forelgn |
phase. This was estlmated by assumlng saturation was attained in fields
less-than the critlcal field° If this is valid, then the slope below the
;crltlcal field is due to the initial susceptibility of the Gd3B phase. This
- reglor_m. was extrapolated (fig.5.23) linearly back to H = O in order to estimate
the value ef MK_seperposed on the Gd3B contribution. The intercept on the M
axis was taken asl" MK’ In F195:23MN is seen to vary linearly with composition.

~ This straight line, when extrapolated to the Gd3Fe composition gives a value

of 8.2/AB/Gd for Gd3Fe. Gd3Fe does not form as a single stoichiometric compound. *
If the Gd and Fe metals: are assumed to contribute to the saturation moment of
Gd3Fe, tb_e value of 8§/‘B/Gd is to be expected. Considering the rudimentary
method by which MK was estimated this is very close to the. extrapolate‘d value

' 8.2/U-B/C§d. ‘_-"The straight line variation of MK with composition intersects the
.éomp_osition axis at approximately x = 0.25. If our original assumption is
ce'rr'ect, that the kink near the origin of the M vs H curve is due to the

, 'appeafance of a fe;romagnetic foreign phase, then-it would seem that this phase
~first appesrs at x = 0.25. It is therefore likely that the Fe3C structurelis
stable up to x = 0.25, This is consistentlwifﬁ the X-ray diffraction data for

which the diffracted lines started to deteriorate in qﬁalify for the sample
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with x= 0.3, The Fe3C phase existing in samples with.x;>Ch25 is eXpected to
" correspond to the composition Gd3Fe.é5Ni.75, hence any magnetic properties
which are characteristic of the Gd3B comporent of the multiphase samples are
expected to remain constant for x> 0,25,

| Inifige5.23 is shown also M, oo and %i. Mo probablyr'increas’e.s slightly
from the value' at x = O for increasing Fe concentration. The increased
expécted theoretically assdming tbat the Fe confributes 2 ho;es per atom
to the 3d band more than,dqe§ nickel, is shown by the straightf}ine.?%_could
be measured'reliably'only for the single phase samples from x = O to x = 0.2,
- The variation is similar to that found in the Gd3(Co?Ni) system with the value
of Xé-fOr GdSNi being much less than thaf for the~neighbopring compositions.

In f,ig,5224is shown the variétioh of the vaArion crivtAic_al fields with

composition x« As in the Gd3(CoxNi -x) the form of fhe M vs H curves for

d
. x =0 and x = 0,05 lies in a class of its own, showing two critical fields
H, and‘Hc'. For the samples with x J» O.1 the critical field H' is no

_longer presents The line through Hc' intersects the curve of Hs be tween

"

x = 0,05 and x = O.1 at the point where HS is a maximum. Hs decreases from

x=0.1 to x = sz‘ .HC decreases from x = O to x = 0.2. This behaviour is
s?milar to that showq for the Gds(CoxN?I_x) system, whose behaviour is also
shown on the same figure for comparison. The behaviour of the compounds
GaéCoKNil_x is shown by the dashed lines in the figure, and is plotted in

sﬁCﬁ a wayvthat the abscissa represents the gverage 3d-electron concentration
for the (Fe?Ni),and for the (Co,Ni) pseudobinaries alike. The assumption

has been made thaf an'Pe ion contributes one less 3d electron than a Co ioh,
and that a Co ion confributes one less 3d electron that.a Ni ion. It is
aﬁpérent tbat the curve for Hc in the (Fe,Ni)vcompouhdé is fhe same as that
v'for H§ in the (Co,Ni) compounds when plotted as a function of the average -
.3d-electron concentration. The curves for Hs in the two systems are différent
but they both peak at the same value - of the 3d-electron concentraction. For
samples mdthh>g:>().2 the quantity Hc remains constant at approximately the
value for x = 0;2, as expected from what waé,ihdicated two paragraphs abéve.

It is uncertain whether H  increases or remains constant for.inecreasing x in
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this range.

B.442°  AsC._Susceptibility as a Function. of Temperature

The A.C. susceptibility vs temperature curves of the Gd3Fé¥Nil_x system
were used inidrder to deduce the Ngél temperatures TN‘ The results are shown
in fig.5:25. together with the correspending results for the Gd3CoxNil_x |
system. The two sets of results give almost.coincident curves. It appears
therefore'thét T& is a function of x rather than a function of 3d=-electron
_ tonceéntration. In other‘words, if one subs£itutes a given fractidh of . the
Ni, the effect .upoen TN is the same whether the substitution is done by Fe
or by C?f ‘The sample’ih the Gd3FexNil«x system witﬁ x = 0.3 gavgba value of
TN z 121K. -Since this was’ the first'mdltipﬁase-sample in thefseries and
‘Asince,the Gd3B phase in this sample is gxpected to be the eompound With
x = 0.25 (as élready indicated in section ?.4,1) the point for this composition
(where x = 0.3) hés beén ;hifted to x = 0.25., The XAC vs T curves for x;;O.3
indicated a Curie peint at about 290 K which is the Curie temperature of
metallic gadblinium. The sample with x = 0.2 gave a slight indication of a
Curie temperature at 290K, -This.waé to be expeéted‘sihce the M vs H curve
at 4.2K éhowéd a slight kink at the origin for this compesition (fig.5.22) The =
sambles‘withAx::>O.3 had a large quantity of foreign phase, which contributed
to a larger initial susceptibility.. Therefore measurements of‘IN of the.
Gd3

contribution .to the initial susceptibility was obscured by the contribution

B componéent in these multiphase samplés was impossible because the

 from the metallic gadolimium, so thét no distinct Nbel peak was distinguishable.
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CHAPTER SIX

DISCUSSION OF Y (Fe Lo ,Ni\' XPSEUDOBINARIES, AND

A-Ni, A-Co, A-Fe, where A is Y OR. Gd.

6.11' Y (FeiCo)l_x and Y fCo,Ni)l_x~P§eggobjgg;ie§

6.1:1 Structural Stability

On substituting Fe for Co in the Compounds YCo5, Y2007, and'YCe3, a
compgsition was reached in each stoichiometry where the crystal structure
of that stoichiometry became unstable, and was replaeed by more than one
phase.
(a) The ¥(Co.Ni). and Y(FeCo). Pseudobinaries
The.variafion of the lattice parameters (e and e)_in Y(Co~,Ni)5 follow
Vegard's Law, showing a linear variation between the terminal compounds, as
expected by this law for substitutional solid solutions. On substituting
.Fe for Co however, an increase in 'c' and a decrease in ‘'a'’ results in a large
increase in the c/a ratio. The samples were single phase; with the Ca Cu5
structure for iron substitution up to 20%, but the sample with 30% substitution
ot Fe‘was multiphase. The distortion of the hexagonal crystal structure,
assoeiated with the rapid increase of the q/a fatio, would appears to be the
cause of the onset of structural instability. However the cause of the axial"
'expansion itself is less certain. The agreement with Vegard's law on going
- from YNi5 to YCo5 suggests that there is substituional[repiacement of Ni by .
" Co on the B sites in the AB5 sfructure.‘ On substituting Fe foero in YCo5.
the rapid axial expansion suggesfs that there may be a tendency for a mo;e
complex type of substitution.

Buschow‘et als have investigated the stoichiometry ErCoéo (ref.- 6.1).
X-ray photographs show this compound to be of single phase, the diffraction
lines having the same pattern as those of the CaCu5 structure. Buschow et al.
have interpreted the structure of Er606 to be derived from the AB5 structure

by a partial replacement of Er atoms on the A sites by pairs of Co atoms
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arranged along the ¢ axis direction. It.isltentatively shggested that, in .
the Y(Fe,Co)5 pseudobinaries, there may be é similar partial substitution
of some Y éfomslby pairs of Fe atoms in the axial direction. This might
account for the large éxial expansion as we substitute Fe for Co in YCOS.

(b) Effect of 3d electron concentration

Fig, 6.1 illustrates which compositions in the various pseudobinary
sysfems existe The compositions whicﬁ Were>known to exist before the
commencemen£ of this work-are marked by the thick lines in fige 6.1 on each
stoichiometry. The comﬁositibns which have been shown to exist in this work
are marked by a pair of thin lines.

The lines labelled A and B in the yttrium diagram are two conﬁoufé
of constant 3d electron concentration, which were deduced with the following
assumptions: Firstly it was assumed that the substitution of an atom of Co
for an atom of Fe increased the 3d electron concentration by ones. Secondly,
it was assumed that all the valence electrons from yttrium (3 per Y atom)
occupy the 3d band. What is meant by "3d eléctron concentration" is the
average number of 3d electrons per transition metal atome Thué the 3d
electron concentration will equal 10 when the 3d band is full. The linesl
A and B‘cannot be labelled with their respective values of 3d electron
concentration, since this is not known in an absolute sense. The difference
in 3d electron concentration between contours A and B is.0.2 eléctrons per
transition metal atom . It is evident that the limit of~soiid solubility
of Fe in Co for each of the stoichiometries YB5, Y2B7'and YB3, correspond
to the same value of 3d electron concentration, with an error of + O.1.
3d electrons per transition metal atom. If our assumptions about the three
valence " electfons}of yttrium occupying the 3d band is correct, then it would
apﬁear that the onset of structural instability occurs at a critical 3d
electron concentration.
6e1.2 ﬂggnetig Properties
(a) The moment supmary graph

Fig. 6.2 is a summary giaph of the spontaneous mement per transition
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metal atom for each of the stoichiometries stﬁdied, The pﬁre tran51t10n metals
(Fe, Co) and (CosNi) are represented schematically as the Slater-Paullng Curve,
The Y(Fe,Co)? results, discussed in chapter one are also included,

One striking feature of this graph is the way in which the moment variation
changes very g radually from one stoichiometry to the next as we increase the
Y content from zero (Slater-Pauling Curve) to that of YB2. Since the 3d moment
must depend to a considerable extent upon the density of states in the 3d band,u
this smoothness of the change from one stoichiometry to the next suggests that
there may be some- similarity in the density of étates curve between the different
stoichiometriess The crystal structures of all the yttrium-transifion metal
compounds here are related to each other (fig. 1.4)5 as described in chapter
one. Because of this it is reasonable to expect the density of states curves,'
for each of these stoichiometriesy to have some similar features, and therefore
give‘rise to some continuity in magnetic behaviour as we cross.stoichiometries.

Each of the stoichiometries which show a peak in the moment, do so &
approkimately the same Fe:Co concentration ratic. Piercy (seé Chapter one,
section 1.4.4) interpreted the peak in moment of the Y(Fe,Co)2 compounds by
assuming the existence of a minimum in the density of states cur&e. In this
model the moment initially increases from YFe2 at the rate of + 9%R/FerCo
substitution until one of the spin sub-=bands is almost full, then on furthey
substltutlon the other sub~band is occupied, decreaﬂng the moment at the same
rate. The fact that the actual moment variation falls below this pair of
theoretical curves and then collapses to zero, was.attributed to a decoupling
of the two sub-bands. Such a pair of theoretical curves can be constructed
for the pure 3d transition metals and it is evident that the moment variation
in the pure transition metals is in very close agreement with this theoretical
interpretation, where there is no decoupling of the spins in the two sub-bands.
The moment behaviour as a function of 3d electron concentration in each of-

the stoichiometries YB39 Y B 9 YB5, Y_B.. also shows evidence of decoupling

277 2717

of the spin-sub-bands, but the moment collapse becomes progressively less

abrupt as we increase the transition metal content. This is consistent
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with the decrease in the distance between the transition metal ions, giving
rise to stronger ferromagnetic coupling.

In the Y(Fe,Co)Q, Y(Fe,Co)B, and (Fe,Co).systems the moment shows a peak.
This peak occurs at the same composition in each stoichiometry as that for
which the Curie Temperature is a maximume This is consistent with the ﬁodel
propesed to account for the peak. This is not the case, howevers, in the‘
Y B compounds where the Curie temperature reaches a maximum at Y_Co 9 and

2°17 27717

the moment has its maximum for 75¥% Fe substitution in Co,

(b) The ‘low mement, composition range of Yz(Co,Ni)7 and Y(Co,Ni)3

In both of these stoichiometries the moment collapseson increasing the
3d electron concentration, As alreédy stated, this callapse is due to an
uncoupling of the 3d spin sub=bands, withlthe result that the Fermi levels
inthe sub-bands become equalized. However, when the moment finally becomes
zero (at 20% do) a further increase in 3d electron concentratlon causes a
moment to Teappears The initial susceptibility of both the 20¥% Co compositions
was measured down to 55K. No ordering temperature was observed in either
stoichiometry. The Curie temperatures of the two 20% Co compositions can
therefore be represented by an error bar frem O to 55K, in fige 4.7 and fige
4.8. We shall assume that the composition with no moment at 4.2K also does
not order. .The variation of the Cﬁrie temperatures to the Co rich side of
the 20% Co composition appears to support this assumption, -the extrapolated
TC variation intersecting the composition axis very close to the 20% Co
compositione.

The minimum in the moment cannot theréfore be interpreted in terms of
the compensation of two opposing sub-lattices, since it corresponds also to
a minimumlin‘the Curie temperatures. Therefore the minimum in the moment
corresponds to the disappearance of magnetic ordering.

The follow1ng model is proposed in order to 1nterpret this dlsappearance
of orderlng at the 20¥ Co composition. It is postdlated that there is a deep
minimum in the density of states curve near the top of the 3d bande On

ot

increasing the Ni content from YCo3 or Y2Co7 the Fermi level is being raised
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and gradually approaches this minimum in N(E), The two 3d sub-bands, each

of which is unfilled, therefore gradually uncouples with a resulting lack

of polarization when the Fermi level encounters the minimum in N(E). See fige
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The value of

criterion for ferromagnetism (section 1.3.1). to be no longer fulfilleds ©On
adding more electrons'tp the 3d band, from this point of no ordering, the
Fermi level rises above the minimum in N(E) and then finds itself at an

energy value with a higher N(E). Spontaneous polarization then reasserts

itself, with the

YN13 and Y2N17.

near the top of the 3d band for the polarization in YNi and Y N1 to be
completé. The polarization obviously cannot be complete for samples with
greater than 20% Co gince the exchange cannot cause electrons to occupy

the energy states above the minimum in N(E) in either sub-band. This has

two conseguencess

N(E) at this minimum must be sufficiently low for the Stoner

resulting reappearance of a spoentaneous moment, as in

It is proposed that the minimum in N(E) is suff1c1ently

2

1) The M vs H.curves of samples with Co content greater




68
than 20% will not saturate. This is because the spontaneous.momehtAarises
from the difference in populatibn between two incompletély filled sub-bands'l
which are split by a weak exchange interéctiOn; On applying'a field H, fhe
domains of spentaneous moment will initially line up parallel to He On
increasing H the two-sub-bands will be 'split further. Since the exchange
is wegk the field required to simulate the order of_magnitude of the exchangé 
field need nﬁt'be iarge. This increased splitting will resuit in‘a largef
population difference between the sub-bands which wiil enhance. the moment.

This enhanced moment will be proportional to the'appliéd field and Will resdlf

in satufation not being approached. (2) For YNi3.and Y2Ni7,‘on-the other hand,

thé polarization is already complete, and any further splitting of the sub-_

bands cannot give any further population difference. This the sample magnetization
will_séturate completelye.

These two effects (1) and (2) are observed experimentaily. The moment of
powder sgmples With greater "than 20% Co do not saturate, but shew a linear
magnetization rise with field, at high fields. Assuming the above model to
be apblicablé it ppears that this non-saturation is a result of the applied
field increasing the magnitude of the moment, rather than é re;ult of
magnetocrystalline anisotropy impeding alignment of domains. The latter might
be suspected t6 beneffective if the powder grains were not sufficiehtly small.
Thus the method used for determining the spontaneousAmoment (i.e extraboiating
M(E) to H = O from high fields) was probably corréct. |

The above effect (2) is observed in YNi3 and Y2Ni7. -Both of thgse samples
in bulk and powder form, saturated completely in fields of iess than a few
kilo-oersteds |

Critical fields were observed in the low moment composition range
for greater than 20% Co substitution in Ni.‘-These critiCal.fieids were
observed only for powdér samplese The cause of this occurrence méy be that‘
the exchangey/anisotropy_enefgy ratio is small. The powder samplés_might
consist of single domain particles for which a critical field is reqdired to

reverse the magnetization direction. For low moment samples the domain size
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is large and may be of the order of the powder grain size.
In fig.l604, the data of the summary-diégram (figs 6:2) are plotted in

an alternative form. The contours of mement value per transitien metal etom 
are plotted in the Y-Fe=Co and Y-Co-Ni composition trlangles. The general
downhill trend of the mement’ W1th increasing 3d=-el ctron concentration and with
increaging Y content is obvious. The zero moment‘compositions are representea
tentatively by the shaded regions, since this region has not been fully
investigateds It is convenient and vivid to resort to geographical terms and

' and the high moment region as the

refer te this shaded region as a 'sea
'mainland’. ?t willlbe noticed that the small moment on Y2Ni7 represents
the top of a small 'island' separated from the 'mainland’ by a narrow
'estuary'.of zero moment which extends through the ﬁon-ordering compositions

Y(Co.2N1‘8)3, Y2(Co.2N1.8)7, as far as YNi It is clear therefore that the

5o
disappearance of magnetic ordering in each of these three compositions
originates from the same cause. Thus, any model which accounts adequately
for this peenomenon on varying rhe compesition within onestoichiometry must be
applicab;etalso when the.composition.varies while‘crossing stoichiometries.
The rigid band medel proposed  ‘for le(CO ,Ni)3 end: Y2(Co ,Nl)7 in which
©a minimum in the density of states was assumed is therefore applicable also
in the YXNil_x system.

Thus it is probably valid to assume that this same minimum in N(E)
exists for the compositions Y2N117, YN15, Y2N17 and YN13. This suggests that. j
there is a transfer of valence electrons from Y to the 3d band of N1. vThle
" transfer probably -involves only a fraction of the 3 valence electrons per
yttrium atome On going from the 20% Co in Ni comp051tlon to the pure Ni
comp051tlon of either of~the stoichiometries YB3 or Y2B7 the 3d electron
concentration increases by 0.2 per T.M. atoms. The zero moment composition
in the Y2B7 alloys appears to be elightly to the Ni-rich side of the 20% Co
composition. The zero moment composition in the YB3 alloys appears to be

exactly at the 20% Co compesition, We shall therefore assume that Y(Co N 8)3

has the same 3d electron concentration as YNis. We can then calculate how
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many of the valence electrons of Y3+ are donated to the 3d band.v The.valuec:
obtained is i¢5 per Y?f»ion. Thus pnly about‘ha1f of the valence.électhns
of Y3+ occupy the 3d band. This same value need not necessérily be appligable

over the whole YxNi range of compounds. If it were applicable over the

1-x
whole range, however, this would predict a completely full 3d band for some

compositien between‘YNi3 and YNi2, assuming pure Ni to haveAO.él holes per atom.
6.2. The 3d Moment in Y Ni,  and G4 Ni |

Fige 605 shows the ordering temperatures of the compounds of nickelwith -
yttriﬁm and wifh gadoliniﬁm. The yttrium compounds have already been discuésed'
partiaily in chapter one and in section 6+l. The nickel‘moment_in the yttrium
compounds was seen to follow closely the Curie temperature variation. .TheA
prdblem in this section is to attempt to deduce when the 3d band is full.
Since it is possible to have a partially full 3d band with the Fermi level
at a low N(E) the absence of a spontaneous moment does not necessarily mean
that this band is fulls However, if the band is unfilled, the replacement
ofsttrium by gadolinium can induce a 3d moement where none ‘exists spontaneously.
If the Gd is found not to induce any 3d moment, this may be»cbnsidered as some
evidence of the 3d band being full. In'attempting to calculate the 3d moment
we must find some way of separating this from the moment due to the polarization
of conduction electrons. The latter polarization is induced by exchange
of the RKKY type (see section 7.7.1) between the localized Gd ions and the
conduction electrons. We make the followihg assumptions:(L) The moment
due to the conduction electron pelarization per Gd (Mce) is oriented parallel
to the gadolinium moment. The saturation moment of Gd metal is 7;59}% per atom.
The O.5?ﬂ§ excess is attributed to conduction électron polarization, and is ‘
parallel to the Gd3+ ionic mement and in the same directiqh. It is not
'unreasénable to assume therefore that, in the alloyé,.Mce is also in the same
direction as the Gd mement inducing it. (2) The valﬁe chosen for Mcé is assumed
éoﬁstant for all the alloys. This assumption isladmittedly a bad: pné, but

in the absence of any more reasonable assumption we shall adopt it here.
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(3) The 3d moment is oriented antiparellel to the Gd momenf.» From section 1.1
it was seen that this was the most convenient way of interpreting the saturation
moment of the Gd compounds with Fe, Co, or Ni. No evidence against thig rule
has been found. It is therefore reasonable to adopt it.

The ordering temperaturesof the gadolinium compounds decrease initially
from that of pure Gd, as would be expected when the Gd-Gd distance increases
on adding Ni. The Curie temperatures then rise slightly from that of Gd Ni,
on further Ni addition,to that of GdNiz, and continue to rise more rapidly
on approaching GdNi3, whose 3d band is known already to be unfilled. Though
the rise in the Tc from the 1:1 to the 1:2 compounds i% smally it probably
. indicates the éppearance of a 3d moment induced on the Ni atoms by the Gd
in GdNiz. It may be récalled, from chapter 1 (secfion le 404) that the number
of heles in the 3d band of GdCo2 is 1.1 holes peero atom{' Since Ni has one .
more valence electron than Go,.the number of holes.in the 3d band.lclaf'GdNi2 |

is probably O.1 per Ni atomes Thus it appears to be possible that the 3d band

in GdNi2 is not quite full. This is consistent with the consideration abovey

where Tc rises from the 1:1 to the 122 composition,
Fige 6.6 shows the variation (continubus line) of the non-rare earth
moment Msd per Ni atom. By this is meant that the z/ﬁ per 6d> ion has

'been subtracted from the saturation mement as shown heres -

non-rare earth
moment M
: - sd

Gd3+ moment M

e :
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Thus . Msd is the 3d mement minus the conduction electron polarization moment,

If the 3d moment is larger than the conduction electron moment, M . will be

sd
positive and antiparallel tc the Gd3+ moment. If the saturation moment of the’
.alloy is exactly'Oquer Gd atom, then this suggests that Mce is equal to M3d
and does not necessarily indicate that the Ni moment is zero.
It éppears, from the variation of the ordering temperature that the top
of the 3d band is encouﬁtered by the Fermi level somewhere between the 1:1 and
132 compositions. Therefore the compounds GdNi and Gd3Ni have no 3d moment and
their non-rare earth moment must be due purely to condﬁdtion electron
polarization.. Making the above three assumptions leads to the dashed line in
fige 6.6, and this represents the theoretical variation of the conduction electron
mome nt (per.Ni-atom), agsuming that Mée i% O.33f%/éd_af9m} -Ihis.dashed Lipepis
the best fit to the non-R.E. moment: values of thé ¢ompouhds GdNi and GdgNi. The
3d moment is glven by the difference between the continuois line and the dashed
line in fige 6e6. This is plotted in fig. 6.7 together with the values of the
Ni moment in the Y compounds, and the theoretical variation from pure Ni,
| assuming the three valence electrons from Y3+ occupy the 3d band. We see that
the presence of Gd in place of Y amplifies the 3d moment on the Ni atoms, and
also induces a -small moment on the Ni atoms of:the 1nherently non magnetlc
YNi '5 and YN12 compoundss The fact that the 3d band is unfilled at YN1 shows
that only a fraction of the three valence electrons of Y occupy the 3d band
of Ni,
6e3. The 3d _moments in Y Col and Gd Co1 0
By means of the identical argument as used in §éction 6.2, we derive
the 3d moment'dn the Co atoms in the GdXCol_x compounds. The relevant graphs
are figs. 6.8 6.9 ahd 6.10 which are the equivalents of figs. 6.5, 646 and
lf6‘.7 for the Ni compounds. The result is that thé 3d band is full in Gd3Co
and Y3Co, but that both these compounds have their Fermi level very near fhei
top of the 3d band. Y4003 is more strongly ferromagnetic than YCo2 and it

may be that We are observing the same type of reappearance of ordering on

going from YCo to Y Cb as we observed in the Ni system on going.from YN:’L5
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to Y2Ni7° This is however very conjectural since ‘there is only one composition
to mark the reappearance of orderinge.
6.4 M_mgme_nié_in_\fxf_el_x and Gd Fe,

In chapter one (section 1.4.3) it was stated that the moment ﬁer iron
atom, in thevY-compounds with Fe decreased progressively oﬁ increasing x from
that of pure Fe, while the Curie temperature decreased rapidly from Fe to
Y2Fe17 and'fhen increased on increasihg X further. From the results-of-the
Y(Fe,ij3,system the situation appears to be rather different, The YB3 structure
existed:up to 80% Fe substitution and the Fe moment was approximately constant
at its maximum from 40% to 80% Fe substitution (figo 4.7). The multiphase
sample of YFe3 had a measured moment (losﬂg/Fe) which was close to this
maximum value. The moment of YFé3, if this compound-Werevtq exisf, would
therefore be close to this value. The Curie temperatures varied more rapidly
.in the 40% - 80% Fe substitution range. The Curie témperature of Yfe3, if
it were nx“l'to existy was deduced by extrapolating the TC Qalues of the 60%

and 80% Fe compositions of Y(Fe,Co), to 100% Fe. This T value (530K) is
73 c

. compounds 1is

plotted in figs. 6,11, and the new 1'G variation of the YxFel-x

also shown as a function of composition. It has a similar deep minimum

as the‘deFe compounds. The existence of these deep minima are not purely

1-x
fanciful, and are consistent withthe magnetic results of the Y6(Mn,Fe)23
and Gdé(Mn,Fe)23 substitutional alloys, obtained by Kirchmayr and his
collaborators (refs. 6.2, 6+3). The above value (1.?/%/%e) of moment in
the hypothetical YFe3 compouﬁd is alsoe pletted in fige 6e1lls On comparing

the mement variation .in YxFe with the iron moment variation in the deFel_x

1=x
icompoundé we see that the iron moments, in the two sets of compounds, Have
the same type of variation.

Tﬁe Fe‘moments.in thé Gd compounds were deduced by aésuming‘éntiparallel.
alignement of Fe and Gd moments, and assuming that the Gd mement is 7A4/Gd.
No correction for conduction electron polérization was made, for two reasons:

(1) Th‘é'ho'n-RoE° moments (i.e. Fe moments) are generally .large and any

conduction electron polarization would be small compared with the Fe moment.
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(2) No Fe compounds exist for any Gd-rich compositions, where the conduction
electron polarization would have the largest effect upon any such corrections.
The moment variation in Y Fel_X now shows more resemblance to the Curie
X

temperature variation as well as the MFe variation in GdXEe The oscillatory

I-x*
form .of thg variation of TC and MFe suggests that the Fe-Fe interactions might
be understoed in terms of semi-localized 3d moments whose ihteractions depend
critically on interatomic distance. The model was deveioped originally by
Friedel (ref. 6.4) for discussing the interactions of impurity'iéns‘in a - lattice
The model involves polarizations of the 3d electrons, -which are Iocalized about
the impurity ion, these polarizations having an oscillatory variatién in space.
6.5' Conclusion

The variation of the transition metal moment in ﬁhe yttrium -3d @etal
pseudobinary compounds Within a given stoichiometry can be understood
qualitatively in terms of the rigid band model. - The decrease of the average
moment is a result of a combination of'the 3d band filling on.ihcréasing-the
3d electron concentration, and the decoupling qf the'spin up-épin down sub-
bands. The disappearance and reappearance of magnetic ordering in thg.
Y(Cb,Ni)3 and Y2(Co,Ni;, systems can be explained by assuming theiexistence
of a minimum in the density of states curve. This séme medel can be used
in ordgr to ipterpret the same phenomenon in the YxNil_x'system as x is
increaseds Thus this same detail in fhe density of stateS’cufve‘is present

in each of the different stoichiometries of the YxNi x system from Y2Ni17

1-
to YNi3. The close relationship between the crystal structures of ‘these
stoichiometries renders such a possibility not unreasonable..

The yttrium and gadolinium ions in cobalt and nickel compounds qontributq
é fractidn of their valence electrons (2 per Y or Gd ion) to.the'3d band in
hickel or cobalt. The 3d band of the nickel combounds becomes filled:onﬁ
increasing fhe A contenty between ANi2 and ANi. That of the cobalt compounds
becomes filled between A4Co3 and A3Co, but the Fermi level of-AéCd lies close

to the top of the 3d band.
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The spin of the Gd ions in the Co and Ni compounds induces a moment
in the 3d band if that band is unfilleds The fractional increase in the
moment, on substituting Gd for Y is large when the spohtaneous 3d moment

is small inthe corresponding yttrium compoundse
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CHAPTER SEVEN

DISCUSSION OF Gd3§Fe,C0}Ni) COMPQUNDS

The results are interpreted here in terms of the two-subiattice theory
of antiferromagnetism due to Néel (ref. 7/ ). An outline of the theory
follows.

7.1. The Nfel two-sublattice theory of Antiferromaanetism

7,1.1'The Exchange Interaction

In this theory the molecular field approach is used. The lattice of
magnetic ions is divided, in zero applied field, into two sublattices A
and B. Each sublattice has a spontaheous magnetization which is equal and
opposite'to fhe other sublattice. These two spontaneohé magnetizations
arg Ma and‘Mlb

o, - - b,
The interactions of exchange are reprgsented by the molecular fields Ea
and ﬂb;- An ion in the subléttice A experiences an exchange field n'Ma
by interaction with other ions in the same sublattice. This interaction
within the sublattice tends to aligne the magnetic moments of the sublattice
ferromagnetically if n' is positive. This ion also experiences an exchange
field —an by interaction with ions in the opposing sublattice. If n
1s positive, this part of the exchange field tends to cause antiferromagnetic
alignement of the two sublattices. .The quantities-n' and n are the two
molecular field coefficients and are dimensionless quanfities. The total 
molecular field acting on an ion in sublattice A and B respectively ares
Ba =0 -, Ho= o'l - ol |
At high temperatures the material obeys the classical Curie-Weiss

law, where the paramagnétic Curie temperature ep‘is given by

ep = 3C(n"=N) eovvoese (1)
C is the Curie constant.
" Below a certain temperature TN the antiferromagnetic ordering

establishes itself. Let the magnitude of the magnetization of each sub-




lattice be M/2,,which will be a function of temperature. If both n' and
. n are positive, then the ferromagnetism in one soblattice is encouraged
both by the interéublattice molecular field and by the intra=-sublattice
molecular field, so that each adoepts the spontaneous magnetization M/2
under the ection of the molecular field (d+n)M/2. The:spontaneous
magnetization of a sublattice drops to zero at the temperatute TN which
by analogy with the relation for TC (Curie temperature) as a function
of the molecular field in the.Weiss theory of ferromagnetism, is given
bys o | |

Ty = 36(atn) @

At the temperature T, the susceptibility is given by

=

3)

S =

5

For the present purposes we require a theory from which the
existence of critical field transitiéne.from the antiferromaohetic (af)
to the ferromagnetic (f) etate followsf In addition, provision must
be made for these critical fields to be small withoﬁt‘requiring the
total molecularhfield to “he small. The theory due to Neel, with the
" requirement h'}>,h, is therefore useful. Small critical fields of the
'ofder'of the.lnter-sublattice exchange field will cause the two sublattices
| to decouple and aligne ferromagnetically; parallel to the applied field.
- This weak coupling can be associated with a high ordering temperature
since TN depends now mainly upen nl.

This assumption oonsiderably simplifies the theory because the ions
within one sublattice are so strongly coupled to each other that the
sublatt1ce can be treated as a magnetically rigid ent1ty

The exchahge field gives rise to an energy of orientation between

77

- the two sublattices. The theory considers only uniaxial crystals.' Therefore

' the directions of M -and Mb can be specified by the angles 8 and 8'

between the axis and Ma and Mb respectively. Sincé a uniaxial crystal has
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cylindrical symmetry the direction of any components of Ma or Mb in the
basal plane does not enter into the energetics of the problem. The

exchange energy is expressed ass

“ Ew =/“on Ma' Mb | , ., (4)
- M cos (6-6')
/oG

| Qhere 'Mal = ,Mbl =M.

7.1+2 Anigotropy

~In order‘@p account fdr ‘tritical field transitions from the (af)
to the (f)'state, it is necessary to introduce anisotropy.- AnAanfi-
ferromagnet’c in the absence of anisotropy has no mechanism for the
occurrence of finité critical fields of this type.

The ‘anisotropy results in the abpearancé; in the expressiqn for the‘
total éﬁergy,of a term which depends upon the briéﬂtatiOQ of fhe magnetization
of a QUblattice with respect tothe crystal axise Siﬁﬁe fhe Néel theory |
considers only uniaxial crystals.the anisotropy eﬁefgy expresgion used is:

By = - % K, (cos2 ® + cos’ 9’) | ()
o
This may be a magnetocrystalline anisotropy.

in addition it is necessary to take into account the magnetic dipole
interaction between the magnetic ions. Unlike the exchange interaction,
which is isotropicy, depending only on the angle between two interacting
A magnetic mement directions, the dipoele interactiqn also.depends upen the

angles between these mements and the line joining them. = This gives rise

to an anisotropy energy which can be expressed in the form:

A cos Q‘COS 8' + B sin 8 sin ©'
A and B are constants which depend upon the nearest néighbour configurations.
Sincé cos (6 - 8') = cos © cos ' + sin © sin 8!
the above expreésioh cén be rewritfén:
| (A- B) cos © cos ©' + B cos (6 -8').

The second term is isotropic, depending only on the angle between Ma and
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Mb’ but not-on their directions with respect to the crystal axis. This
term can therefore be incorporated into the exchange energy, thus modifying
the value of n. The total anisotropy energy can then be expressed:

2

8') --Kl cos 8 cos O (6)

Ey = -+ K (cos2e + cos
where A-B = -~ Kl. For an antiferromagnet. with this form of uniaxial
anisotropy there are two types of spin configuration, the (af) direction

being directed either parallel or normal to the axis. The conditions

are as follows:

Antiférromagnetism Conditions
direction
P i -
arallel to axis (Ap) kK, - K20
Normal to axis (An) | K - K /<0

7.1.3 Field Induced Transitions
When a magnetic}field H is applied, an extra term, due to magnetostatic

energys must be incorpoerated in the total energy expression.

By = o, Y M) HM o m

Calculations have been made only for the two situations:lﬂ parallel to
the (af) direction, and H normal to the (af) direction. A.F’é'r.fields normal
to fhe (af) direction there is a finite susceptibilify S, which is
independept of H up to a value Hl at which the magnetization suddenly
saturates (fig. 7.1). '

For an applied field normal to the (af) direction we have a gradual
field induced transition from the (af) to the (f) state as the magnetization
direction of each sublattice graéually folds up into the direction of the

applied field, as the field strength increases.
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e v . e e

, >
Hl H4 H
. Flip |
L - J
v . -V
H normal to (af). direction o H parallel to (af) direction
Figure 7.1 The various types of Field Induced Transition.

For fields applied'parallel to the (af) direction fhere is initially
no changé in energy for small fields since no couple is exerted on the
sublattice maghetizations° On increasing the field strength, a point is
reached where it is energetically favourable for the spin system to
underge ei ther of the followipg transitionss
(a) Spiﬁ flip, in which‘the sublattice Qppésing the field direction reverses

| its mégnetization direction,

(b) Spin flop, in which the (af) direction becomes normal to the applied’
lfieldg with the two sublattice magnetizations inclined towérds the field
‘direction with a compenent less than the saturation value M. o

Spiﬁ f1ip is a special case of the more general spin flop. For spin
flop, on'further increasing the field strength above tHe vaiue H2, the

3

linear rise extrapolates back to the origin, with a susceptibility sp.

magnetization rises linearly and saturates at the field value H,. This
Spin flip transitions are characteristic of materials in which the
exchange is weak compared with the.anisotropy. For spin flop transitions

the reverse is true.
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In table 7.1 the results of Néel's calculations are summarized in

terms of the reduced variablzs h and r.
h=2H , r=2(K#K;) 5 ' = 2(Kym 'K§)
aM nM E h M
M M

There are five types of behaviour for the (af) system. Each type of
behav1our is represented by a def1n1te reglon in the (r,r ) plane. The
(Ap) type can undergo spin flip (type II) if K >%/ (i.es strong

2
M

anlsotropy with respect to exchange), and spin flop (type III) if Kd<:7%'(4

(i.e weak anisotropy with respect to-exchange). The (An) material. has

. three types of behaviour:

£1ip (type ¥) and flop (types IV and VI).

‘Type I is for ferromagnets, with which we are not concerned.

7ele4 Some Comments.on the Applicabilityv of the Theory.
.The formulae of Table 7.1 are valid at absolute zéro temperature. For
I higher'temperatures the spontaneous magnetization of the sublattice wilI
decrease in a manner qualitatively‘similar to a BriIlquin-function, becoming
zero at T = TN. 'The magnetization directions will then spend some of their
time not in‘tHEeesy direction, but will have some thermal fluctuation about
this direction. When a‘field is applied parallel to the easyldireetion;
the ions whose magnetic moments are not in the easy direction at a éiven'
‘instant_ih time will be susceptible to-magnetostatie forceése The initial
susceptibility'wiil not then be zerc. Since 4.2K, the tempereture at which
the results were obtéihed, is very much lees than the ordering temperatures
ﬁIiOO.Ky the formulae of table 7.1 can be applied to the results.

The transitions are assumed to-occur when it is energetisally favourable
from the point of view only of the initial and final energies (i.e. before
and.after the transition). The potential barrier due to anisotropy is
ignored. Some sort of mechanism is therefore assumed to be present which
allows the-epIns tc by-pass this potential barrier in the transition. At

low temperatUreslthermEI thivation will be ineﬁfficient. Hence some other
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- mechanism is required, such as tunneling.

It appears to the author fhat it is impossible to observe critical
field transitions in (An).type uniaxial antiferromagnets, ‘For spins
éonfihed in the basal plane, ali dinectidns in the_basai plane are easy
Adirections and are eﬁergetically equivalent. Therefore, when .a small field
is applied in the (af) direction it wili immediately be energetically
fav@Urable for the (af) directibn to rotate within the basal plane until
it is normal to the applied field. M and MbIWill then incline slightly
towards the field direction, thus lowering the.magnetostatic energy until
the magretostatic forces.are balanced by the exchangé forces. The total
energy of:the system in this $ituation will be lower than in the situation
‘assumed in the theory where the (af)ldirection remains parallel to the
appiied field. We will therefore obtain a susceptibility equal to 1/n
up to the field value required for saturation. This could be regardéd as a
spin flop‘transitiqn with an infinitesimally small critical field H2. The
‘fo;mulae.in tablem7.l,for critical fields in (An) type antiferromagnets,
coptain the aﬁisotropy constanté KO and Kl . Hence thesejformulae were
6b§iously derived With the assumption that the uniaxial anisotropy had’
some ef fect ih conétraiﬁing the (af) direction to remain parallel to the
~ field for field values less than H2 or'H4. For flop transitions it is
evidently‘assumed (for fields just in excess of-H2) that the plane
containing MaAand.Mb be coincident with the plane containing the crystal
- axis and the épplied field direction. It would appear, from the above
’ .considerationy that tﬁe derivation of critical field transitions for
types'IV, V and VI is unrealistic. '

lThe'thedfy has been applied with conSider;ble'success by-Néel to
Varioué'materials showing metamagnetic behaviouf. The values of the
anisotropy constants, deduced by meansof this tﬁeory,,are of the same
.order 6f maéﬁitude as those méasured'by torque methods on some ferromagnetic
fﬁaterials. The magnetic behaviour of dysprosiﬁm was very wéll accounted
~for by N€el in terms of this two-éublattice theory. However, neutren

diffraction techniques have since chown that dysprosium is a helical
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'antiferromagnet in thetemperatu;e range showing metamagnetic ~behaviour.
The,fheory, therefore, evid;ntly accodnts for the grosser fo;msiof
metamagnetib‘behaviour, butithe successful application of the theory to a
gi?éﬁ matetial ﬁustmi be considered to be evidence of a .two-sublattice
magnetic ‘structure.

From equationsj(l) and (2)zfor'th¢ paraﬁagnetic Curie point ep and the
" Néel point TN it is evident that TN must be slightly larger than ep for the
condition n'> n to be fulfilled. On applying the theory to dysprosium
Néel,obtaineé.a‘value of 16 for this ratio, using the formulae Sh ="1/n at
Ty and n'-n = 2Gp/C. -From equations (1) and‘(2)-oné:obtains:

n' T.. + 6 '
oo M b . (8)
. TN'- ep :

Using o = 157K and Ty = 178K this gives a value of 16 for the ratio; The
fwoﬂapproathes are therefore conéstenf. Reasonabla consiétency‘was'found
for erbium, where n'/n = 3.8 using the first approach and n'/n = 3 using
thersecond approach. For MnAu2 the first appreach gave n'/n = 142, which
ié particularly large, as required for the successful application of the

g theory; However , Eoﬁparison of Ty (= 370K) with ep (=451K) gives a value
of n'/n_='- 10, which is entirely inconsistent with the first approach.

MnAu2 has since been shewn. to be a helical antiferromagnet.

7.2 The M ys H Curves of Polycrystalline Samples

‘The relationships derived in the theory involve quantitiés which are
j.épplicable fo sinéle crystals magnetized paréllel or normal to the axis.
Since the experimental fesults were obtained from pélycrystalliqe samples ,
it is necessary to establish how the single crystal parameters can be
related to the polycrystalline .parameters before any application of the
relationships to the results can be made.
74201 Injtiaz Susceptibility 2

Ih the first-épproximation it has been shown (ref7"Z) that the.initial

susceptibility of a polycrystalline sample is given by:
2 . .1, S

= £ + .

J!%_ 3 '3 %
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This formula is not rigerous because it neglects the magnetic dipole
A_interaction between crystallites, and also the rotation of the (af)
‘direction on application of a field at an obiique angle‘to the axis-of a
.crystallite;f This latter is a second order effect. Because of its
simplicity, however, we shall use this relationship. Since the results
were obtained at 4.2K, which is very close to the absolute zero temperature

we can neglect Spe

A -2s. (9)

1 o n

Te2e2 The Crltlcal Field H and Saturatlnq Field H

There is avallable no satlsfactory theoretlcal approach for relatlng
" Hc in a polycryatal ‘with H2 and H4 in a single crystal, The poelycrystal
reeults ehow‘fairly sharp critical field transitions which can be assumed
to have begon and ended within a small range of field values. :It is
reasonable to assume'that the © | critical field Hz‘or‘h4 lies some-
where within this range. 'The error in measurement of HC then corresponds
to the extreme values of the range. The measurement of HC was performed
' usihg,the criterion already described (5.3.1). h

H; = Hi | Spin‘flip

H, = H2': Spin flop .

~For the saturatlng field H _the situation is 51mpler. Flrstly

we can obv1ously §W that’ saturatlon OGCUTS. above the critical fleld values
.H2 or H4, so that neither of these_oan be equated to_HS. This narrows
down the number ofjpossibilities:to the saturation being due>either to
H3 in a flop sampie or to Hl,>whichever ie the greater; _If we assume
that the magnetic dipole contribution to the anisotropy ie small with
'reepect'to the Ko gontribution, icee K~4K K~;then the easy direction of
the zero field (af) state, must be identical to the easy direction-ef the
fleld 1nduced (f) state. Therefore the saturation 1n the hard dlrectron

,at a f1eld Hl will- correspond to a h1gher anlsotropy energy than saturation

" in the easy direction at a value H2. Since the exchange'interaction is
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isotropic the anisotropy excess energy in the hard direction must be

supplied entirely from magnefostatic energy. Hence Hﬁ)P{. The crystallites
s 3

will reach saturation for various field values between H3 and Hl and therefore

saturation of the polycrystalline sample will occur at Hl'

If Ki is not much less than KO the magnetic dipole interaction will play
some part in the anisotropy. It is then possible that the easy direction
for the zero-field (af) state may become the hard direction in the fiela
induced (f) state. We then have the following ambigﬁity::

H =H or H, for finite K.

74243 Magnetigzation of Spin-flop materials for H:(H(Hs

We shall now examine the range of fields above the field value at which
all the crystallites have effectively completed -their transitions, and
below the.field value at which saturation for somé crystals is beginning.
To obtaln the resultant maghetization curve we must superpose two curves
A and B.- Curve A is the linear magnetization with susceptibility § Spe
Due to the sinusoidal nature of the anisotropy energy as a function of
‘e and 9°', the-susceptibility S, of a single crystal is linear up:to Hl.
For a pelycrystal this linearity will still held up to:saturationg but’
the saturation will not occur so sharply. Curve B will be similar to
the épin flop curve of a single crystal (fig. 7.1), but the sharp corners
will be rounded off in .the polycrystal case. ~Thus in.the range between
Hc and Hs we must superpose two linear cufves, each of which extrapolates

back to the origin. The resultant polycrystal curvé\must also, therefores

be linear and extrapolate to the origin.for a spin flop material.

7.3. Interpretation of the GdsiEe,Co) and GdS(Co,Ni) Results in terms of
the Neel Theory

7.3.1. Relationship between Hc and Zi at 4.2K.

For each type of mate;ial (II to VI) we use the expression for Hc and

Sn from Table 7.1. Eliminating n in each pair of expressions, we obtained
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“the following:
e _ M1 a_
Spin Flip iag AHC R 7 o | (10)
Spin Flop III H %olb. 7—16 - blath) (11)
= c { M2
Spin Flop IV H 2£?Xb. 1 .- ;&Qipl (12)
== c . 2
i 1 M
. . - M1 a
Spin Flip V H o= = ;zi+ T (13)
- Spin Flop vr. H % of a. & (14)
. . c x

where a = giEQiEl) and b = 2159:;512
s - Mo
If we assume that the anisotropy energies Ko and Kl remain constant
throughout the series of compeunds , then for a series of flip-type compounds
Hc Vs LAQCi should be linear, and for flop~type compounds Hg Vs l/ﬁﬂi'should
be linear.

In fige 7.2 is plotted H, vs l/?(i at 4.2K for the samples in the series
of'compounds. The curve can be divided into three portionst an initial
linear poréion for the smaller values of HC from Gd3Fe.lCo.9 for increasing
3d-electron concentration up to Gd3Co.75Ni.25; and two non-linear portions,
ffom Gd3Co.5Ni.5 to Gd3Co.l5Ni.85, and the'portion for the two ni;kel-rich

compounds Gd3Co"05Ni(.95 and Gd3Ni. The initial linear portion is consistent
with HC being a spin-flip transition where n varies with composifion while
the anisotropy remains constant. We shall call this the flip-portion.

In fig. 7.3 HC2 is plotted against 1/'%:.L for the results at 4.2K. The
flip samples of courselshow a parabolic variation here, since they gave a
linear variation for HC Vs l/@{i. The samples of the second portion~pf the
‘Hc Vs léxé,'now give a linear variation of HC2 Vs 1/351, which is consistent
with thes; samples having a spin-flop transition at Hc,’where n varies With
composition but the anisotropy remains constant. We shall call this the
flop;porfion. |

The final pertion of these curves, for the two nickel-rich'compounds
cannot be classified into either of the two types of transition. Bécausé

of this, and the various other strange behaviours of these two compoeunds s
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€.g. two cfiticgi fields observed, we shall call thig the complex pertion.
It may be recalled, from the shapes of the M vs H curves, that these
three portions correspend closely to the three qualitatively different types
of M vs H curve. The flip portion corresponds to samples without any linear
portion in the M vs H curves between the field valués HC andAHs. The flop
portion correspends to samples which show a linear variation in M vs H for
a small range of fields between HC and Hs’ this linear pertion extrapolating
to the origine This is what is expected from a flop transition, even for
polycry$tailine material (7.2.3). For samples showing:pomplex behaviour,
such a linear portion in the M vs H curve existg, but it extrapolatgs to a
" negative intercept on the M éxis at H =0, fhe;e three groups of the series

of compoeunds will be considered in the following sections.

. 7.3.2 Spin-flip Behaviour

From the HC Vs 1/;(i variation we can obtain values for the sublattice
magnetization-and the anisotropy from the measurement of ‘two quantitiess
the gradienf and the intercept on the H, éxis. | |

Frqm equations (10) and (13) we see that the gradient is equal to NPVé
for both types of flip behaviour. Assuming & = %, as is theoretically
expected, we obtains

5.8 + O.6/‘B/Gd

(1.51 + 0.15) x 10° A/m B | (15)

M

Therefore the spontaneous magnetizationbM/2 of either sublattice is:
=M = 6 ./
M, = M= (0.76 + 0.07)x 10° A/m.
" .
If we assume that each gadolinium ion exists as a Gd3 ien, contributing
Zﬁ%, this leaves 3.9}% per transition metgl atom, to be distributed. among
the polarizations of 3d-electrons and other conduction electrons. This is
a -large moment per transition metal atom and is to be compared with the excess
moment above the mement expected from the Gd3 ions, as obtained from the
saturation magnetization in the highest field 160 KOe. This excess moment

was 1 + O.%/IB ,per transition metal atom. These two excess moments, one

positive and the other negative, need not be equal in magnitude if we
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arrange the moments as follows:

H=0 ~ " H=léoKoe

A I N

3647) () (A 3687 (o) (2d)

Zlpg  —me P My Zlpg - LpB My MB
We divide the excess moments_into my and m.s the moment per transition
metél atom due to.the 3d electron polarizatien and conduction electron
polarization respectively. We also assume that the 3d moment is weakly
coupled tb-the Gd moment, |

"For H=10and H = 160 KOe respectively we have:

H
O

m, +m = 3.6_t1.8/4AB/TM ' from H

my - m = 1.0 o,3/ué/'rM from H

From these two equations we obtains

I+

160 KOe.

-+

m, = 2,3

4 _l.O/“B/TM
m, = 1.3 1‘.0/48/1"1\4

The "saturation mement of pure iron 2.3}%/Fe, and cdbalt lz}ﬁ%/bo,

I+

agree with the value of my within the experimental error.

‘Thevcbnguétion électron.polarization m corresponds to a value
04 + Og}ﬂ% Gqg atomi The saturation mement of puré‘gadolinium metal
‘is 7,53}%/Cd, leaving 0,53ﬁ%/Cd'to be acc&unted for by the conduction
electron'polarization. The two values are equal within the errTor. However,
we have assumed that mc.is directed opposite to the Gd moment in the Gd3B
compeunds, which is ajnegative conduction electron polarization, whereas

for pure Gd metal the conduction electron pelarization is pesitive.
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The above derivatioh of m, and my is based upon.tﬁe_aa-hoc aesumption
that the spins are arranged as illustrated above. It alsoidepends upoen the
quantitative application of the Néel spin-flip formulae for Hc as a function
of M, the sublattice magnetization, Since ‘the theory is expected to be
appliceele‘oely in a semi-quantitative fashion the value of M deduced from

A the gradient of HC Vs l/;bi'should be treated with reservation. Theifact
that it agrees well within an order of magnitude with the expected sublattice

.magnetiiation, ;ﬂ%/Cd is as much as can be expected from the theory. Another

_ reason for not treating this value of M too quantltatlvely is that H and

:K are 1nfluenced, as will be seen later (7.3. 8) by time dependence whlch,
though it is not expected to affect the magnitude of M very much, may affect
it sufficieﬁtly to invalidate the above values of m, and m,. The measured

d

value of‘M160 is reliable, however, and is very close to the saturation. M160

for Gd3Co agrees with that obtained by Féron et al. in" statlc fields at
70 xoe, ( ref. 7- 3).
From equations (10) and (13) the intercept of the Hc Vs ldti curve on
the HC agie is equal to - %/2M for flip II and +°/2M for flip Ve The measured
intercept is - 3 + 1 KOe. Substituting the value of M = 5, 8 + 0. 9/§/Cd, we

T

obtain the anlsotropy constants

K+ K = (45 % 2.2) x 107 V¢ flip II (A )

~
}

1
AVKO +K) = =454 2.2) x 10° Y/ £1ip v (8 )

This is of the same order of magnitude as.the anisotropy of ferromagnetic

gadoliniﬁﬁ: It also agrees well w1th the anlostropy obtalned by Féon et al.

(ref 7.3) for Gd Co, 5.1 x lO5 J/m . They: obtained n from H assuming the

tran51tlon to be type v (fllp) They then substltuted this value of n, and

the experimentalvvalue of;zé,at 4.2K into the expression for N of type V,

assunﬁxm;)% = %'sn, in order to obtain the ahisotropy constant KO+K1¢

7.3.3 Spin Flop Behaviour

The flop poftion of the Hc2 Vs léza.curve is linear. and extrapolates
to an intercept at 460 kOe2 on the HC2 axis. From this intercept and the

gradient the following were deduced:



A
-K = 5 J/3 -p
K =K =4£9x10° “/n (An)
: 5j(3 Ap
K +K =7 38x10 /m (An)
These then give: p
- - Js 3 p
K =3 145 “/m (")
. : n
- A
K = %235 7/ (P

n
The alternative signs refer to Ap,(the-upper sign)-, and An (the lower sign).
For Ap spin structure the type of transition must be flop III. For An spin
structqre the type of transition is assumed to be flop IV, sinco flop VI
requires the Hc2 vs.l/?ﬁi'curve to e&trapolate to the o;igin;' When, for
.the flio samples, we assumeo an.Ap structure, we obtained a positive
(Ko +.Kl) value of 4.5 x lO5 J/hB. . This is opposite in sign to that
obtained above and entirely -different in magnitudes We also obtain a sign
disorepancy assuming oo An structure and the same difference in magoitude.
This:would mean that Ko + K1 changes sign as we change the composition
- on going. frem flip type to flop type behaviour. This is unlikely.

In the HC2 Vs 142:1 plot it is evident that the linear behaviour
drawn through the experimental points is not unique, becuase of the large
errors involved; We shall now attempt to find another linear variation
which‘intercepts the experimental.values within the error indicated on
the grapﬁ,oand at the same time correspond to the value of KO + Kl as
obtained in the flip region.

The equation (14) for flop VI is

H == (Ko + Kl)

c’ 3’%

The intercept on the ch axis is zero. From the value of KO + Kl obtained

1

for fhe flip compounds, the expected linear variation for the flop compounds
has been determined, and is indicated by the dashed line labelled (1)
on the HC2 vs'l/?(i curve. Since the experimental points are nowhere

near this line, we shall reject flop VI as a possible type of transition



91

in these:bompounde. .For Flob VI to be applicable we_would require K0 + K1 =
13'3753.

If we assume the flip compounds are type II (Ap), then the flop compounds
must be type III (Ab)j If we assume the. flip compounds to be. type V (A Yoo
:the flob ¢ompounds mdet be type Iy (Ah). In flg. 7.3 is shown the

1
the flip compounds of type II (V). This expected behaviour,‘labelled (2),

expe¢ted behayiour for type III (IV)using the value of KO +.K. obtained for ‘

is the best fit to the experimental results, and corresponds to an assumed

valuevof-Kol-,Ki = 20 x 105 {/m3;
L | 57,3 A
K, +K =14.5x10 /m> ‘(AP)
. n
5 J,.3 AL
K - K =220x10” “/m> - (A:)

From these equations we obtained:

‘ : . A
K = +12.3 x 10° Y/ (.Py
o} A
- 53,3 A
K =+ 7.8 x10° /m° (")
. n

Despite the fact that theee values give.the best fit, the fit is not
Qery'goode It maf be that the anisetropy paramefer-Ko varies for |

the flop transition. Since the value of K, - X required for the
best'fit is an order of meghitude_larger than'Ko + Kl, the deduced values

1"

a result of twd entirely different sources of anisotropy,vthe probability

: of Ké.and K, .are similar in magnitude. Considering that KO and,'Kl are

of thelr belng 51m11ar in magnltude is very lows Therefore, the values
of’ K - Kl, K ‘and Kl deduced above should be treated with reservatlon.
This remark,of course, does not apply to KO + Kl'

7.3.4'Caleulatidn of n, the inter-sublattice exchande coefficient.

- For the spin flip: samples of type (An) the values of n can be obtained
/u.La ot . - . :
by means of either of the fonnulae. s

. RN :
'v. ): : ) {i n A LN ‘A L dte
Y N gt e
H = : or 512 = B .‘———"'

n( -r)
oo VR S
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Since M .and r were obtained by combining these two formulée, the value of n
for a .sample calculated by means of Hc orzi_' should be identical, except
foi experimental scatter.of results. In table 7.2 these values of n are
given, together with Hc and xi at 4.2K, in MKS units, where X is defined
by M/H. Since the above expression for xi is valid for all (An) types
the va‘luels of n for the flop samples have also been determined. It is
possible that this methed of- obtaining n is not appl’icable to the complex
samples, but the values obtained are also included for completeness. The
values of n are plotted in fig. 7.4 as a function _of composition. The

~ exchange energ'y/l%n.Mz/dr varies from 5.8 x lO5 J/m3 for Gd3Co up to

56 x 10° 3/m> for GdzNi.
Table 7.2 ' n values for KA“) sbin structure .-

Ht’: . x n

Sample 6, i ’
(x 10° A/m) B : - from Zl from HC
GdgFe \Co_g 0.159 1.67 0,09 0.20
Gd3Fé.O5Go'95A 0.358 0,792 0.53 0. 47
GdCo 0.716 ' 0.584 0,83 0.94
Gd3Co°§Ni.l 1.33 | 0.315 1.80 1.74
Gd3Co, 75Mi o5 1.9 0.229 2.60 | 2.60
Gd3Co.5Ni.5 2.7 1 o.9e | 3.0 ; -
GdyCo s Ni o 2.98 0.168 |  3.65 -
Gd3C6.25Ni.75 3.18 | 0134 466 -
Gd3Co;15N;.85 3.38 0,109 5,80 -
GdGo oehi oo 3.84 0.104 | 6.0 -
GdjNi - 3.9 0.079 8.10 -

7035 Relationghig between HS and .![Zi' at 4.2K
From the expressions for s_and h; for (Ap) and (An) spin structures
we obtain the rélationship:

_ 2M 1l
Hl =3 X for (A.p) and (An).

1
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From the gradient of the H) vs 1/75i plot (fige 7.5) which is linear
for the flip compounds and extrapolatés to the origin, we obtain the value
of the sublattice magnetization’which gives
M ; 5.4 t O.?/b%/Cd.
This-agrees, within thé experimehtal error; with the value 5.8 + O.9A%/Cd
obtained from the Hc Vs 1/251 plote In the HS vs léZ& plot the flop samples
4depa;t_from the linear behaviour of the'flip sampleé. The first twe flop

sampies near this depadﬁre are included in the plot.

7¢3.6 Calculation of n', the Intia-sublattice Exchange Coefficient
The Nfel temperature is given by equation (2):

=G

Values of TN.and.n have already been .obtained for each compound. Values
of C, the Curie comstant, have yet to be obtaineds In the absence of

paramagnetic susceptibility data, C must be calculated from the formula:

ff‘e 2

C = of B n.‘p.2
iFi

sk Zi

where p is the effective paramagnetic mement in Bohr maghetohs;‘and n, is

fhe concentration'(m-3) of each type of magnetic ion. The suffix i refers

to the i'th type of magnetic ion. We are concerned, for these pseudobinary
compounds with three types of magnetic ion. We can assume that the gadolinium
ien possesses the.fuil anvalué’z/UB,of the Gd3+ ion. For the transition metal
.ions we use the values obtained by Sucksmith and Pearce '(re'lef-) for pure

Fey Co and Ni, from the paramagnetic susceptibility.

Metal p (effective magneton number)
Fe 3.2
Co 3.15

- Ni 1.78
Gd 463
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In obtaining n, we use the fact that the (abc) ‘unit cell of the crystal
structure contairs 12 Gd ions and 4 T™M ions. For the value of the unit cell,
we take the value

(abc) = 424 x 1070 3,

This is the average value of abc for Gd3Co and Gd3Ni. The maximum error in

abc introduced thereby is only 1%. C is then calculated to be:

C = 0.0733 <p£f>

where <pef§>= 63 + 3 [x 3.22 + (1-x) 3.-152] for Gd3Fex(Xol_x-.

and <pef§>= 63 + %[x 3.15% + (1-x) 1.7821 for GdyCo Ni, _ .
: . X

For GdNi (‘peif)= 64.1 and fér GdCo (pef?): 6603, If the TM moments
are ignored- the change introduced into C is only 1.7% for Gd3Ni and 5% for
Gd3Co. Thus, if it is not valid to assume the TM metal mements in the Gd,B
compeunds to be equal to those in pure Fe, Co or Ni, the effect upon the
calculatédhCur&ecogstant is small,

The values of<gef% ‘,C, T&, n' +n, n', and/ n'/n are given in Table 7.3 .
Using equatien (2) we obtaih n' + n and since ﬁ has already been calculated,
we obtain n‘g the intra-sublattice exchange coefficient. n' and n are plotted
in fig. 7.6. The ratio n'/n is very large for the flip compounds, as required
by the theory. The ratio n'/n becomes rather small for Gd;Ni. The Néel
condition, n541>> l; is not'fulfilléd for this compound, and it is therefore
not expected to be expiicablewin terms of the Nfel theofy. This is, in fact,
the case.since Gd3Ni shows complex behaviour.

The ratie n'/n = 59 for Gd3Co° F€ron et al. obtained n'/n = 136 for
Gd3Co. fhis is because their value of Hc’ to whiﬁh n is proportional, was
obtained from static field.measurgment@, giving HC = 4 KOe approximately.

This is about half the value, 9 KOe, obtained in the pulsed field measurements.

K] . .
n tatic field, _ 136 = 0.3

n'/n (pulsed field) 59
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H (Pulsed field)
e .

. = % = 2,25,
Hc (Static field)

Thus the discrepancy between pulsed and ‘static field measurements can be

ascribed to the time dependent behaviour of the magretization.

7e3.7. ;E%NQLAt’T = T&) and its relationship with HC at_4.2K _

~ In fig. 5.2:) the variation of BAI:fN is shown as a function of
‘composition. Frcm'eqﬁation (3) léz&N is equal to ns and therefore the
Values ef n according to;‘% are givenjin fige 5c£ll directly, no écaling
factor being required. These values of n are appreciably different from
those obtaiﬁed using Hc anduta, both at 4.2K, assuming An type strucfure.
However, the general trend is the same and the order of magnitude- of the
two sets of valués is the same.

For flip samples we can derive the relations:

H_ = %" i — 2K Flip 11 ()

. N |
_M ] )

H = > X  flip V (An)

. N A
Fig. 747 shgws the v§r1at10nof Hc Vs IAZTNo The point for Gd31?‘é‘_Co.9

is anomalous because of the impossibility of measuringjt% near the Nfel

temperature (5.3.4)."Apart from this, the flip compounds give an excellent

linear variation of Hc Vs 1/aﬂT s With a negative intercept on the Hc axise
N

- Therefore the flip samples are probably of type II, with Ap spin structure.

1

Ihe‘negative intercept gives a value for Klz

| K, = (6.2 £ 0.6) x 10° 3/,
Recalling thevaluerof.KO + K1 (= 4.5 + 2.2 x lO5 J/m3), as obtained from
the—'HC v5~l/3¥i curve for T = 4.2 K, we see that these two quantities-Kl
and KO + Kl are equal within the experimental error. Therefore we can deduce
that KO is small compared with Klo This is reasonable if one considers
that Gd almost certainly exists as an S state ion (L = 0) and any interaction
with the crystal field must be of second order, and therefore small compared

with the magnetic dipole interaction.
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If we can neglect KO, then the expressions for Sh reduce to the same

formulas

s = 0
] for K &£ K.,
"o (1- __El____) o 1
2

/ﬂ%n M

_ Then the values of n obtained fronljzi at 4.2 K , which were valid only
for,(An) type become now valid for both (Ap) and (An) typess:

From the gradient of the Hc Vs 1/2:T curve we deduce that, according
. °N '

toxr and H s

N .

M= 15.5 /AB/Gd.

This is an anomalously large magnetization value, which is too large by a
factor of two above the gJ value of Gde This is probably due to the
difference in the time dependent properties at 4.2K and at T = TN’ as will

be discussed in the next sectione

7.4s Effects of Various Corrections
7.4.1 Time dependence |

| fime dépendent behaviour in magnetic materials, commonly known as
magnetic after- effect, can be said to be occurrlng when the shape of an
M vs H curve depends upon the rate at which H is varied. This means that,
in order to observe the equilibrium values of M as a function of H, an
experiment must be performed with a variation of H which is slowe The
time taken betweeﬁ-measurements must be large compared with some characteristic
time'Z'which is a property of the material being stgdiedf It can therefore
be conéluded that the pulsed field measurements of M vs H do not giQe the
‘équilibrium curvese.

The results of Féron et al. are probably closer to the equilibrium
‘values. Their values of Hc are smaller than the pulsed field values by a
factor of apprp¥imately 2. If we normalise the pulsed fieid Hc values
by halving each value we probably can‘éimulgte the equilibrium values.

Since time dependence is a phenomenon Which appears only at low temperatures,
the values ofj‘T are probably close to the equilibrium values and hehce

N
no correction need be made.
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The H¢ Vs l/tKTN curve, when corrected for time dependence will then .
have a gradient which is half that of the uncorrected curves The value of
M deduced will then be half the value l%/ﬁy«kiobtained from the uncorrected
curve. This is then.close to the gJ value of the Gd3+ion.

A similar correction must be made to the HC Vs l/t{i curve for T = 4,2K.
However, this does not necessarily reduce the gradienf by half since;zi
(at T = 4.2K) is affected by time dependence and the values of both Hc and ;(.
must be modifiede The value of %i obtained by Féron et al. is O.37/‘B/K0e
per Gd at 4.2K for Gd,Co. The pulsed field value is Oﬁlgﬂ%/KOe per Gd, which
is approximately half the value obtained in static fiélds. Thus, in correcting
for time-dependence of Hc ami)%} both at 4.2K, Hc must be halved and)@.
must be doubleds This means that the HE Vs lﬁZ&y'linear portion for flip
materials will maintain almost the same gradient, so that the value of
M= 5.%/ﬁgASd will need no correction.

The time dependence correction will halve the yalues of the negative
intercepts on the Hc axis in the HC Vs 1%251 curve and the_HC Vs L"‘T CUIVEe

N

Hence the values of Ko + K. and Kl will both be halved, and the conclusion

1
that xo«Kl will still be valid.

A small hysteresis was observed for most samples. for field values
greater than.HC. Gd3Co°9Ni°l showed a more pronounced hysteresis than any
of the other sampless This sample was therefore chesen for mére detailed
investigation (5.3.1). The hysteresis was found to depend strongly upon
the rate of change dH/dt of the applied field (fig. 5.6), Moreover, it
appeared from the linear variation of hysteresis with dH/dt that the
hysteresis would become almost zero for dH/dt = 0, i.es in static
field expériﬁents. This is what might be expected from time dependent
behaviour. Taylor observed the time dependent behaviour of.DyCoNi
(ref 7!5?) and found that the hysteresis increased with the rate Qf change
of field. | |

The difference between this and the Gd3B timé dependent behaviour
is that in DyCoNi, which .is ferremagnetic, the hysteresis spans both

positive and negative field values, centred symmetrically about the origin
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whereas for the Gd3B compounds the hysteresis is centred about the field
value Hc' Both of these fypes of time dependent behaviour éan be understood
in terms of some mechanism, e.g. intrinsic pinning of narrow.domaih walls,
which causes a delay in adopting the equilibrium magnetization expected
for a given field. This delay will give rise to an M v H curve which is
displaced towards high field values for increasing fields, and towards

low field values for decreasing fields. This appears as a hysteresis,

the hysteresis:being zero in very slow experiments as appears to occur in
Gd3B as dH/dt approaches zero. The static experiments of Féron et als
would be ‘expected therefore, to give a critical field vélue for Gd3Co which
is equal to the average of the rising field and lowering field values of

Hc obtained for Gd3Co in pﬁlsed fieldse. This is nét’the Case, since the
static HC value 1is approximatély half the pulsed field valuec.. Thus the
sample magnetization is delayed with respect to the equilibrium values with
risipg field, as expected. However, after saturation, when the field value
is decreased; the sample appears to be anticipating its'equilibrium'
magnetization values. Cohsider a sample magnetiéed to éaturation; if then
the\applied field is decreased slowly until H = O and M = O, then the state
of the sample must be different from the state which it would have if the
field were decreased rapidly to H = O, giving M = O. If this were'not the
case, then the sample would violate the second law of Thermodynamics. It
woﬁld then be poésible fo have a refrigeration cycie in which negative work
is d&ne by the fielde The cycle would consist of a slow field rise from the
state (H=0, M - 0) up to saturation, (which mugt-be a unique state whether
approached rapddly or siowly) followed by a rapid decrease of field to
 (H = 0, M= 0). Negative hysteresis would be observed in this cycley which
could then be repeateds Since such a cycle is impossible to repeat,
accdrding‘to the second law of Thermodynamics, the state at (H= 0, M= 0)
must. be non-unique and must depend upon the rate at which it was
approached. . This wotild involve a,differencg in the magnetic spin structure,
'in the two states at (H =0, M= 0), or pefhaps some other differenee

in the configurational entropy.
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7e4¢2 Ihe Demagnetizing Field

Because of the extrehehzbrittle nafure of the specimeﬁs it was not
pessibie tq obtain spheréidai samples for magnetization measurements. This
precludes any accurate estimate of the demagnetizing field. It was, however,
ensured that the samples,when mounted, were oriented with the largest dimension
parallel to the applied field direction in order to minimise any demagnetizing
field,

Some estimate of the magnitude of the demangetizing: field is however
necessary. We assume the worst pgssible casey i.e. that the samples are
spherical. For such samples, the demagnetizing field is equal to -3 M where
M is“the magnetization. This corresponds to about 7KOe for a saturated
sample, and about 2KOg for a sample which is about'tofundergo a transition
to the'(f) stafe. ~Thus the Hc values need a correction, whidjis similar
in magnetude.to the error of measurement. The?‘i values must éiso be
corrected. Since Hc:{i‘mUSt be unaffecteds the effect of such a correction
upon the Hc vs‘fo%‘curve is to shift every'point towards the origin by a
co.nst‘ant distance in the (Hc., 1/xi‘) planes As a resplt*, the -quantity
K, + K, changes its value from 4.5 x 10° J/m° to 1.5 x 10° /.

The effect upon jX%N is larger than upoen 7‘i at 4.2K because;zTN
is a larger: susceptibility. The correction shifts the Hc Vs l/jCTN-curve

so that the curve intercepts the origin (fig. 7.8). It would now be

. possible for the flip samples to be either of type.II {with K, = 0) or

of type. V. | '

The Hs.values must be decreased by 7KOe on being corrected. For the
sample Gd3Fe;lCo°9'(fig. 7.9) this results in a negative cerrected value
of Hs. ‘This is physically unacceptable and shows that we have been more
. pessimistic than necessary when we assumed the samples to be- spherical.
In‘thé absence of any reliable means of estimating the demagnetizing field
we shall assume it to be considerably smaller than thét for spherical samples.
This is justified.first, by the consideration of Gd3Fe Co.g and secondly,

by the precautions which were taken in meunting the samples.
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Sihée H_ for Gd3Fe.1Co.9 is evidently of the same order of magnitude
as the demagnetizing field it would appear that, on decreasing the 3d-
electron concentratidn, we may be approaching a truly ferromagnetic
composition, with an infinite initial susceptibility, for aAlittle more

than 10% Fe substitution in Gd3Co.

7¢4.3 Temperature Variation during a Field Pulse
The work done by the applied field in magnetizing a sample from M= 0

to M ;ng the saturation magnetization, is given in l/ﬁsxﬁva

S

//ﬂ) H. dM

Vo
This is.equal”hyf% multiblied by the area in the(M,H) plane‘bounded by
the M vs H.curve, fhé M axis, and the line M ='Ms. This area is largest
for Gd3Ni. We shall consider this material in order to estimate the
order of magnitude of the maximum possibie temperature rise during a pulse.
Since - only an order of magnitude value is required we approximate the Mvs H
curve to a straight line from the origin up to (H-=:Hé, M= Ms). We assume

the adiabafic condition in which all the work done is converted to heat

which is retained by the samples
/;A.M H
0S5 ¢ = C AT
2 p
where Cp is the specific heat pef m3, and AT is the temperature rise. Making
use of the specific-heét‘of gadelinium metal at 4.,2K, Cp = 10 cal/aeg mole,

and.éssuming that it is not much different from the specific heat of Gd3Ni,

we obtainy using H_ = 100 KOe and M, = 1.5 x 10° &/m,

AT = 3K
Thié temperature rise is too small to affect the quantities measured at
4,2K to any significant extent. In'addition, the flip samples will have

considerably -smaller temperature rises bécause of the smaller values of Hs'
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705, Estimation of the Maonetip‘DiDole Interaction between Gd ions

In order to establish to what extent the magneétic dipole interactron
can be responsible for the observed anisotropy, the following order of
magnitude calculation was mades We estimate firstly the energy difference
between two Gd3+ ions with both spins parallel and with both spins anti-
parallel,

‘ The line joining the ions is perpendicular to the spin dlrectlons,and
of .length R, where R is the nearest nelghbour dlstance. This energy is
S ’__zp?‘o ~ (16)
' " 4TR
where p is the magnetic moment of one ion. Secondly we consider the energy

difference between two parallel spins with their spin directions parallel

and perpendicular to the line joining them. This energy difference is

2 .
SYSER-NE S (a7)

Equation (16) gives an energy difference between (af) and (f) alignement.

Equation (17) gives an anisotropy energy. Since.the isotropic‘component |
of interaction between 5 pair of dipoles is of the same order of magnitude
as the anlsotroplc component, we would expect the value of Kl to be of the
same order of magnitude as the compoenent of/urWi due to the dipole term

incorporated into n (7.12).

We subsitute into equation (17) the following values:

R%a/2 = 305, AoUo ) p = 7/AB, to obtain the Value

=25

E¢’ - E,5, =197 x 10 J. per pair of atoms.

Each atom has Z nearest neighbours. Ip é highly symmetrical structure

(eege simple.cubié)_the total field on an ion is ZEeTO 5 siqce the various
components from the aligned nearest neighbours cancel out. However, for.a
highly asymmetric crystel strucrure this'cancelling out does not eccer and
the resultant field will be a considerable fractien of Z multiplied by

the field_resulting from a nearest neighbbur. Thus the energy of interaction

of one ion with Z nearest neighbours will be 197 x 10-25 Z Jouless Since 12
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30

atoms occupy 424 x lQa )?9 we obtain the dipole ihteraétion energy

12 X 197.Z x 10~
424 x 1070

AE® 4, I

The factor %'appears because the interaction is between pairs of dipoles.

. The result is:

AE A& 2 .87 x 100 I/m>.

The neareét reighbour distance is ~ a/2. However the next nearest neighbours

aré not very much further, Hence they will also exert a large influence..
Inspéction of the crystal structure diagram (fig. 7.10) givés 6 as a reasonable
estimate for Z. The estimate for AE cannot be made accurately here but, for

an order of magnitude estimate we can say that A E is a not too small fraction
of 17 x 1O5 J/m3 because of the low symmetry of the crysta1 structure. Therefore
the magnetic dipole interaction is probably responsible for the anisotropy
energy 4.5 x 10° 3/n’s

7.6 Effect of the Average 3d-electron Concentration

Rigorously, the average 3d-electron concentration is as yet unknown.
It is generally assumed that the number of 3d-electrons;}ncreases by one if
Fe is replaced by Co, or Co by Ni. If, however the 3d band is full, as may
well be the case in these compounds, this extra electron will go into the
conduction band and thus will probably have sp character. Since this is not
definite we shall retain thé above nomenclature and refer to this quantity
as the "3d-electron concentration", but it mu;t'be remembered that strictly
speaking what we really mean is the " Valence electron concentration". We
shall ﬁot change the expression because Fe, Co and Ni are usually thouéht
df as 3d-elements. |

The result that Hc for Gd3 (Fe Lo) becomes zero at the game composition
for which the Fe3C structure breaks down is a remarkable coincidence. It can
be concluded that, if fhis is not due to pure- chance, the existence of the Ee3C
phase 1s associated with the existence of a positive value of Hc. The structural

and magnetic properties are related and depend upon the average 3d-electron
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concentration (hereaffer referred to as A 3dC). The change in A3dC will

be aceompanied By changes in the othef unrelafed parametérs;°which'will not
vary linearly with composition from Fe to Co to Ni. It vas in order to

examine this aspect that fhe Gd3(Fe,Ni) compounds were preeared and examinéed

It was found that the A3dC was not the onlyAfactor in determining thetformation
of single phase samplee, because the foreign phases did not appear at;the
composition Gd3Fe Ni (which has the same A3dC as Gd3Fe Co ) but rather

«55 .45 17,9
at Gd,Fe Ni However it was found that the A3dC was probably the only

3 73,7
factor controlling the existence of an Fe3C phase in these samp;eé,-whether
or not this phase corresponds to the desired composition. This is because ,
after the onset of the formation of foreign phases, the Fe3C st;ncture, probably
of composition Gd3Fe°2Ni'8 continued to exist for increasing Fe concentrations,
as shown by the fairly sharp X-ray diffraction lines, and also.by-the maintenance
of the HC value of this‘composition. These X-ray lines then rapialy_became
blurred between GdgFe (Ni . and Gd3Fe.6Ni;4, indicating that no FesC phase of
any composition existed for higher Fe concentrations than that of Gd3l=e.55Ni.45
approximately, -

Hc and Hs appear to be dependent mainly .upon the A3dC, as shown by the -
following two considerations: _
(a) Onzﬁarying the composition»ih Gd3(Fe,Co) and'Gd3(Co,Ni) from Fe to Co
to Ni, the A3dC is the only parameter which varies linearly with compositien,
eXCept for related parameters such as nuclear charge. AAny other unrelated
paramete;s will have a discontinuous gradient at the Gd3Co compositian. If
HC or Hs depehded on one of these other  parameters then the Hc and Hs curves
would also have a discontinuous gradient with respect to composition at Gd3Co.
Since both vary smoothly it can be concluded that they are affected mainly by
the A3dC.
(b) Over the small range of existence of Gd3(Fe,Ni) it has been shown that
Hc is the same function of A3dC in the'(Fg}Ni) pseudobinafies as 'in the (Co ,Ni)
pseudobinaries. " This is seen clearly in fig. 5424, Furthermore the transition

from'compiex to flop-type behaviour oceurs_at the same A3dC idvthe two series

and Hs reaches a maximum at this A3dC value in both series.
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7.7 IThe Exchange Interaction

It may be'recalled (7.12) that the inter-sublattice,interactioh was not
purély of‘éxchange energy origin, but had, incorporated into it, a term
derived frdm the isotropic component of the magnetic dipole interaction.
Whilst this inter-sublattibe interaction energy (/}gnAM%/4) in Gd3Co, which
equals 5.8 x lO5 J/m3, couldibe accounted for entirely by the magnetic
dipole interaction, the dipole interaction is too small to account for the:
iﬁter-sublattice interaction energy_(56 x 10° J/m3) of GaéNi. The strong
antiferromagnetism of the flop‘and complex compoun&s'therefpre indicates that
~the isotrepic dipole component of n is only a small fraction of n in these
compéunds._.Antiferromagnetic exchange must thereforé be'opefating:between
the sublaftices. Ferromagnetic‘exchange mﬁst be operating within the sub-
lattices~sin§e the intra-sublattice interaction is stronger than the inter-
sublattice interaction. Since we are concerned with genuine exchange
interactions between rare earth ions, we are forced to consider these in
terms of the.conéepfs of the RKKY theory. This has been the most successful
- theory.so far in éccountipg for the exchange interactions between localised
rare earth iqﬁs. A brief'outline of the theory follows. ,

7.7.1 Ihe RKKY Theory (Rudermann. Kittel, Kasuva. Yosida)

The exchange mechanism in this theory was derived originally by
Rudermann and‘Kittel (ref 7.6) in connection with the coupling of nuclear
spins, and later developed by Kasuya (ref77) and Yosida (ref7.8) for the
cases df excﬁanée'coupling'between localised iénic spins in a lattice. The
theory assumes a free electron model for fhe éonductioh electroné. A localised
ion of spin Si interacts with the conduction electrons spins by'exchange. The
result is that the'conduction electron spins become polarized in the vicinity

of the ion. This polarization is given by:

| 5 . R
Pi(r) _ orz- s. sin 2 kF;_ 2 ke cos 2 kgr
> N 3
4V EF A (2 kFr)

. where r is thé distance from the ion centre, Z is the atomic'density of

conduction electrons, V the atomic volume, Ep the Fermi energy, kg the Fermi
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wave vector modulus,. [1 the exchange energy between the ionic spin and a

conduction electron spine The polarization is oscillatory, decaying aé

cos.2kFr

-3 at large distances.
(2kFr?

If another similar ion of spin §j is situated a distance rj from the first ion,

the conduction electron polarization will in turn intem ct by exchange with

the second ion with an interaction energy

The result is that the two ions are effecfively_coupled,'indirectly, via the
conductiqn‘electrons, with an éxchangé interaction which'variés in the same
oscillatory mahner as the conduction electron polarizatién; The oscillation
wave length will depend upon k?. Since the rare earth ions are specified
bylthe quaptum,number Js rather than by S, it is necessary.to repléée Si and
S, with the projection of S onto J, which is equal to (g-1) Jo In the
molecular field approximation the theory predicts a paramagnetic Curie

temperature Gp which is preportional to the de Gennes factor.

o, = A (g-1)% 7 (1),

A is a function of Z, , }V’.kF and EF as well as'theispacial configuration
- of the interacting ions. For the rére earth metals, as one goes from one
‘element to the next across the series, A will vary only slowly for a given
crystal structure. This is because the extra electron added per atom from
element to.element across the series. goes into the 4f shell, affecting the
de Gennes factors bﬁt does not go into the conduction band. Thus, the
properties of the conduction band, upon which A depends, remain fairly
constént for'a given crystal structure.

One would therefore expect a linear relationship between ep and the
de.Genhes factor for the heavy rare eérth metals, all of which have the same

crystal structure h.c.p. (except for Yb). These rare earth metals follow

the expected linear behaviour remarkably well (ref.7.9 ).
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The band electrons in the rare earth metals are derived from 6s and 5d
t&pe orbitalss Most of the rare earth metal ions exist with a tripositive
charge, e.ge Gd3+ and the metal contains, therefore, three conduction electrons,
of sd type per atom. Band calculations on gadolinium .metal give results which
show an-appreciable deviation from the free electron model for the conduction
electrons and the Fermi surface (ref'zp) is far from spherical. The calculated
density of states curve shows a narrow energy band with a density of states
, about three times larger than that expected for free electrons.

This is due to the strong m1x1ng of 6s and 5d states near the Fermi
energy. Gadollnlum metal has an. absoluteé saturation magnetlzatlon which is
O.5§/MB .per atom in excess of the gJ value of the Gd3 ion. This is
generally regarded (ref7.lo) as being due to the polarization of conduction
electronss Such a large excess cannot be accounted for by free electrons,
because of their low density of states. " The excess is, howeQer, consietent
with a higher density of states, as derived frch band - calculations. The:
high electronic specific heat of gadolinium also requires a high density of
states models The free electron model‘gtves a density of statee which is eight
times too low, whereas the band calculation gives one which is only twoe times
too low-to account forlthe electronic specific heat.

The calculated density of states curve of gadolinium is an irregular
shaped function of energy. Similar calculations have been made fcr the other
rare earth metals and it was found that the density of states and the Fermi
surface changed in detail only,from elemeht to element for the hcp crystal
structures. This lack of rapid change 1n the Fermi surface accounts for why
the heavy hcp rare earth metals give the expected linear relation between
<] ahd the de Gennes function, even though the assumption of a spherical
Fermi*surface is wrong. The RKKY theory assumes a spherical Fermi surface,
in which case A is readily calculable. For an irregular shaped Fermi surface
the calculation of A is made very much more complicated; This however does not .
affect the valldlty of the Gp vs de Gennes function linearity as long. as we
maintain constant the conduction electron characteristiCSc Since the calculated

density of states curve is an irregular function of energy, we expect
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the exchange characteristics to depend stfongly on conduction electron
concentration which, in the pure ‘R.E. metals, is constant. - The lanthanide
contraction will have some effect upon the Fermi surface shape. Therefore

the exchange characteristics must vary slightly across the series.

"7.8. The Conduction Eléctrons of Gd=rich compounds with the 3d=Elemepts
It is generally accepted that, if onebegins with a 3d transition metal

By, and alloys-it with an.A element, rare earth or yttrium, to make the
stoichiometric compound AxBl-x’ then the A atom, e.ge Gd, contributes electrons
- to the 3d bands On going progressively to rare earth richer stoichiometries,
increasiﬁg Xy the 3d band becomes gradualy filled « The fiilir@ of the 3d
band manifeéts itself in a decrease of the 3d moment. The problém is of course
more comblicated because the top of the 3d band is probably_npt éharp. It
overlaps the much widei conduction band which probably becomes gfadually 3d
in character near the top of the 3d band, with no sharp dividing line.

vAs regards any spontaneous moment due to the non=4f electrons we can make
two geheralizations; On the one hand, any spontaneous moment arising from 3d
band splitting has been found always to align- itself antiparallel to the
tare earth spin moment pfbje;tion on Jo This means that ip the‘light rare
earths we have ferromagnetic alignement of the rare éarthvahd 3d moments if LS
and for the heavy rare earths we have ferrimagnetic alignement, such as
for Gdo On the other hand the conduction electron polarization of Gd metal
is parallel to the Gd moment, giving rise to an excess absolute saturation
magnetizafion which is O.5?/%/Gd in excess of the gJ valué...It Ié reasonable
to assume that, on alloying Gd with a 3d element the conduction electron
polarizatioh will still'exist and that the RKKY type of coupling will not be
radically changed, as long as the 3d band is full. The saturation moment will
then still exceed the gJ value. If one .then increases.the 3d element concentration
a point wili be reached wmére the'Fermi‘level encounters the top of theA3d band ,

which will then develop holes and will be able to contribute to the spontaneous
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magnetization. -This magnetization, as we have seen, opposes the Gd moment.

if it exactly equals the .conduction électron polarization,iwhich'we presume
still exists, then the spontaneous magnetization of the material will equal
that expected from the gJ value of Gd. On further decreasing x the absolute
saturation magnetization will become less than the gJ value per Gde Fig. 7.11
§hOWS the absolute saturatiqn maghetization per Gd atqm, of the deNil-x
and Gd Co, _ compounds.

"qu the Ni compounds on decreasing x from 1, thé magnetization remains
.roughly constant at a value between 0.3 and O;?/%/Cd above the g¢gJ value, for
Gd3Ni and GdNi. Ihis can be accounted for by conduction electron polarization
of the type found in Gd metal. On further decreaging x we cbme to Gd Ni2,
which appears to bé the type.of material mentioned‘above,_in which the 3d
moment almost cancels out the conduction electron polarization to give
apéroximately the gJ'value'foi the magnetization, It would thergfofejappaér
thafvwe encounter‘the top of the 3d band at GdNi2, or at least aﬁproach some
condiction band levels which are developing 3d -character. For the Co compounds ,
the éxcessimbment above the gJ value in.Gd3Co can be accounted for by conduction
electron polarization, as in GdaNi and pure Gd metal. However, 6n a further
slight decrease of x, we rapidiy come to the compound Gq4Coé which has a moment
per‘gadolinium atom-less than the gJ value. This suggests that the Fermi

level of Gd,Co, is in the 3d band, or at least so near the top of the 3d band

473
“that the copduction eléctrons at EF haQe some 3d character. Y4Co3, incidentally,
is ferromagnetic, with a small'spontaneous momenﬁ'of 0,0%/é/Co, apd supports
the view that the 3d bqnd:is not quite full at the 4:3 stoichiometry of the
cobait compoundse vIt seems therefore that the Gd3Co Fermi level is not far
above the top of the 3d band. ,
7.9. The Structural Stability of Gadoli niun-rich Compounds with the 3d Elements

For a given stoichiometry AxB » if it forms a stable crystal structure

1-x
with the Fermi level within the 3d band, it is postulated that this stability
will be lost for ‘the séme stoichiometry with the Fermi Levei above the top

of the 3d band. Similarly, if another stqichiometry is stable with the Fermi
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level above the 3d band, then it will be unstable for the Fermi level within
the 3d band.

By means of this postulate it is possible to understand why Gd Co3
ex1qts,whereas Gd Ni, does not existe Referring to fige 7.11 the Fermi

43
level appears to be within the 3d band for Gd Co,. However, for the Ni

47-3°

compounds- the moment curve predicts a Ferml level well above the 3d band
at the'4;3 stoichiometry, and therefore Gd4Ni3 does not exist. Similarly,
GdNi exists with the Fermi leyel above the 3d band, but the moment curve
at the 1:1 stoichiometry would require the 3d band to be unfilled for GdCo.
Hence GdCo does nd:'exisf. The 3d band is by no means full in GdCoQ, and.
not quite»full'in_GdNiz, hence both these eompounds-exist; |

It i also possible to understand, by means of the above pogtuléte,

3C structure‘breaks down when Fe is substituted for Co in'Gd3Co.

It may be recalled (7.7.2) that the Fermi level for Gd4Co is not far above

why the Fe

the top of the 3d band (beCdUSG on going from Gd3Co to Gd4Co3 we acquire a

3d moment). Going frpm Gd;Co to Gd4C03 Towers the Fermi level by reducing
the number of conduction electrons (3 per Gd atom) contribpﬁed'by the Gd.

We can similarly lower the Fermi level on substituting Fe for Co in
Gd3Co. By so doing, the top of the 3d band is rapidly.encountered, sinpe the
FeéC structure becomes unstable for only 10% Fe substitution. The Fe3C
structure of Gd3FexNil_xlbecame unstable, on incréasing the Fe content,
earlier than expected from the point of view of conduction electron
concentration. From this point of view the Fe30 structure was predicted to
became unstable at 55% Fe, whereas it becomes unstable at 20% Fe. This might
‘be due to the extra stresses set up in the lattice by the fact that Fe and .
Ni are not neighbours in £he periodic table. However, the last FQ3C compound
£o fofm,'Gd3Fe.2Ni_8,persisted for higher Fe concentrations up to approximately

55% Fe substitution, which has the same conduction electron concentration as

that of Gd,Fe 'Co 9*

It may be that the postulate is applicable even to non=single phase

material, in which the Stability of any Fe3C phase present is sensitive to the
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average conduction electron concentration in the whole multiphase

sample, and breaks down when the Fermi level encounférs the 3d band.

7.9.) Justification for the stryctural stabjlity rule

ThiS‘ruLa,és yet empirical, states that if a structure A is stable when
the Fermi ievel EF intersects the 3d band, it will probably become unstable
when EF is raised above the top of the 3d band, and will then be replaced by
another structure B, or a number of new cr?stal structures. It also stateé

that if a structure B is stable with E. above the top of the 3d band, then B

F
will probaﬁly become unstable when EF is lowered fo the top of the 3d band,
and will be’réplaced by structure A or a numbér of new structures.

. The physical justification approaches.the_problem‘firstly.of'the onset
of ihstabilify in A as EF is raised. It is Well established that the 3d band
in fhe fransition metals of the iron group has a high density of states N(E),
and that thié bahd is overlapped in energy by a much Qi&ér conduction band
which haélconsequently a low density of states. The fop of the 3d band will
therefore not be sharp butAwill be chafacterised:by wave functions which have
" both 3d charaeterkand non¥3d.(prbbably s) character. This hybridization region
we shall divideninto th'parts:_Sd, which hasvméinly'S'éhéfacter.and low:dénsity
of étates; and Ds, which has mainly 3d character and higher'density of states.
The. band région'well above the top of the 3d band we shall call the S region,

which has a lower N(E) than the Sd region. The D region is the 3d band proper

with negligible s character, and highest N(E).

S Conduction band

Hybridization
region

3d band

AE

f—> N(E)
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For the structure A, stable with EF in the D région, we can raise ‘the
Fermi level by.replacing someof the atoms of a certain vélency, é.g. Fé,
with atoﬁs of a.higher valency e.ge Co.’ When EF encounters the fegion
with low N(E) the continued addition of valence electrons is only possible
with a large increase in the energy of these added electrpns‘ Though the
conduction electron energy is by no means the only factor influencing the
stability of a certain structure; it is ceftainly one of the relevant'factors.
This large increase in energy will'make'the structure.A‘enéfgetically less
favourable qnd there will probably exist another stfubture”B which'haéva
lower ene?gy.i If.sﬁch.a struc£ure B exiéts, then A will_bec@mevungtable and
be répleced by B, which may remain stéble when EF ié reised fufther.

Conversély5 if we start with strubturg B stable in the S region and lower
'EF’ the‘stIUCtuye B should remain stable as long as N(E) reﬁains low, since
EF will lower rapidly for a giQén feduétion in vaiencé electron density.- When
EP encounters a high N(E), there ic a greater likelyhood of there being some
other'structureu A in which the total electron energy is lower than that
which Would be found if structure B continued to exist.-

It is proposed that the Fe G struCture'of’the Gd3(Fe,Co,Ni)_alloys can
be regarded as such a structure B, which becomes unstable somewhere ih fhe
: hybridization region, perhaps between the deéndithe.Ds regions. ' Structure
Bis howéver, not replaced'by_a single structure A, buf a ﬁumber of structurés,
"since the alloys become multiphase, pure gadolihium'being one of the‘phases

-in A.

"7;lO.The Exchange Interaction in the Gd3B Compounds

| Since the 3d band appears fo be full for these compoundss no cooperative
exchange within the 3d band can take place and hence we can have no moment from
the 3d eléctrons. The problem is now simplified to the consideration of a
material consisting .of localized Gd momehts in a éea of conduétiqn electrons.
Thus_the.RKKY type of.coupling between the Gd moments must preyéil, and will

probably be as applicable as in pure Gd metal.
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7.10.1 Applicability of RKKY Theory to the A;B compounds where A is a heavy

trivalent Rare Earth.

The RKKY theory (7.7.1) predicts a linear relationship between Gp, the
paramagnetic Curie temperature and G, the de Gennes function, as the rare
earth ion is variéd as long as the cphduction band characteristics remain
consfant. A lanthanide contraction will, of.course be present, which will
cause éomevdeparture from linearity of Gp vs G. Fig. 7;l2~énd fige 7.13
:show the variatio?s of Tc and ep with the de Gennes function Gvfor the

Aqu and A3Ni.compounds. Tg, interestingly, shows almost a linear variaticn

in both A.Co and A,Ni,y which the RKKY theory does not predict. The behaviour

3 3
of Gp i; approximately linear for the A3Co‘compounds, suégésting applicability
of‘thé.BKKY fheory with ponstant EF’ but departs entirely from linearity

in the A3Ni compounds becominginegative fdr Ho-énd~Er.' The curve is,
however, Smoofh except for Dy, though not linear, and it may be that the

smooth lanthanide contraction is affecting the linéarity in tﬁe A3Ni compounds.
This wguld inv§lve4a change in EF and kF’ Sdch;sensitivity of;the Fermi.

: level suggests é low density of state;’at EF' 'It appe ars thereféreg fhat

RKKY ‘coupling may be applicablé to the'ASNi compounds; but with a lower

density of states at the Fermi level than in the A3Co compounds.

7.10.2 Application of RKKY Concepte to the Gd.B Compounds

The Néel temperature, which is a measure of the strength of the exchange
field acting on a magnetic ion, decreases on going from Gd3Co to Gd3Ni-. This
is consistent with a lowering of the density of states of the conduction
" band as was deduced above. A low density states will make the band less
susceptible. to pelarization and it will therefope be‘lesé efficignt as a
medium Qié‘which the indirect exchange betwéen localised ions can operate.
~ Thus the'ordering:tempefature must bellowered if thé density of states
lowers.

Op varying the composition from Gd3Co to Gd3Ni the strong ferromagnetic
intra=-sublattice exchange>cdefficien£ n' decreased in strength, whilst the

weak antiferfomagnetic inter-sublattice exchange increased in strength, The
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RKKY,theofy caters for such contfadictory behaviour as folloW5¢ Figqure 7.14
represénfs‘échemgtically_the‘condugtion electroh pola;i;ation Pij‘as.a
funqtioﬁ of'di$fah¢e x from the ion~i to a nearby ibn J» which is influenced
by the:ﬁolarization. The interaction between iand j is éroporfaionl to pij
ats j due to ie 'It,isfproposed that, in Gd3Co the interaction between i

and j, is strong and (fm) so'that bo#h.belﬁng to the same sublattice, and
that j; is.in.the other sublattice, interacting weakly.with i (and j2).

Singe theAcqndUction electron concentration ;hanges on going from Gd3Co
tb Gd3Ni the Fernmi surfécevwill éhange and,theﬁﬁyginfluehce the indirect
exchaﬁge_%pﬁgfqét@?qrbgtweenlany two ions. This involves g,change in KF
the Fermi wave vector, which will. directly influence the wavelength of the
conduction-eleéfron poléfization oscillations. Let the’polarizétidn be given
' by durve A for Gd3CO.and,cur§e B for Gd3Ni. It can be contrived,és shown in
the figure, for the (fm) interaction beﬁween i and j2 to decrease, while the
(afm) interaction between i and jf inbrgases.-n' will therefo;e decrease
whilé-n increases. .

ft could perhaps be that the disappearance of antiferromagnetic behaviour
fof'a composition‘near to Gd3Fe’ Co'9 means that'j1 is near a hode in the
polarization oscillations fof this compositione‘ It must however be borne in
mind that the real situation is far more complicated than this pictorial
representation éf the interaction because the Fermi surface is far frém
sphericaI, hence the value'of kp will depend on thediréction of jl and j2
with respect to i. Without detailed knowledge of the shape of the Fermi
Asurface, subﬁ conjecture about the detailed nature of the exchange is
hazardous.

| _Metémagnetic behaviour appears to exist in the de9°1-x and deNil_x
compounds-onlyifor the stoichiometries with a full 3d band. The RKKY
type of interaction ﬁan account for the many varieties of'complex‘spin
stoucture in the rafe earth metalse. Many of these are antiferromagnetic
with helical t&bes of spin orientations through the lattice. There is no
reason to expéct thé spin st;ucture in Gd3Ni,to be any more simple, since

we probably .have an RKKY type of coupling here also. The existence of a

(o8
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3d moment, however, in the compounds between rare earths and transition metals,
.destroys this complexity and introduces simple ferromagnetic coupling.between
the rare earth and 3d mements,fbklightTRgEé'stif L;>t55’and ferrimagnetic
coupiing for the heavy rare eerth53,both types of coupling being collinear.
The reason for this is as followss The‘Sd transition metal moments of Co
and Ni have, for all compounds studied been found to'ceuple ferromagnetical ly
with each'otﬁer. Such TM - TM coubling is strong as compared with the RE - RE
coupling. This is deduced from the fact that, for any given stoichiometry
the Gurie temperature depends mainly upon the type of transition metal 3d
element, and is relatively insensitive eo the type of rare earth ion in the
lattice, eveh.for stoichiometries which are not particularl? rich in transition
metal. Since the 3d elements, Co and Ni are such strong ferromagnetsj; the
TM - TM and TM- RE interaction will dwarf any RE - RE interaction. Sieee the
TM moments align:: ferromagnetically with each other, and ferrimagneticaily
with the Gd moments, any tendency for a complex spin structure of Gd ions due
to Gd-Gd- RKKY exehange is too~small-tolassert iteelf. It is suggesfed that,
in going from Gd3Ni to Gd3Co, the conduction electrons are initially non=3d
in character'for Gd3Ni, but gradually develop some 3d-character which tends
- to suppress the complex Gd3Ni spin structure, and simplifies it into a two-
sublattice collinear antiferromagnetism for the flip compeunds. The next
step inAtbe eimplifieetion procesenie then to suppress even the two-sublattice
" antifefromeénefiem Qﬁeh £he fop of the 3d band proper‘is eecountered, at which
point the SFructure becomes unstable.’
7.11 CongLieien

The Néeiﬁtheory was applied with reasonable success in accounting for
the metamagnetism of the spin-flip Gd3B compounds.” The magnitide of the
anisotropy was deduced assuming constant anisotropy energy across the
series of compounds, and found to be of the same order of magnitude ae that
of pure gedolinium metal in the ferromagnetic states. The magnetic dipole
intem ction was found to be adequately largevenough to account entirely

. for the anisotropy. Thus we did not have “to resort to aesuming'an inter-
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action of the Gd ion with the‘crystai field in acccunting for the.anisotropy.
Such an intem ction would probably not have remained constant across the
serieéf However, for a given magnetic moment and for constant lattice
parameters the magnetic dipole interaction cannot change apross:the series
of compounds; Thus our‘iniﬁial assumption of constant anisotropy is
confirmed, but.its resuits, to be probably corrects:

By considering the Gd3B compounds in relation to the other rare earth
rich étoichiometriés,_the empirical rule was deddced and justified, Dr
deciding when a crystal structure isllikely to become unstable. This stated
that fhe crystal structure stabiiity depended upon the Fermi level being
either above or below the top of the 3d band. The antiferromagnetism between
Gd ions depended up0n>the absence of 3d magnetic'moments, because such moments
induced a collinear simplification of the spin structuie'which could not cater
for'the Gd momenfs not being parallel to each other. Thus the éorrelation
between fhe structural stability and magnetic behaviour was establishea. Such
correlation was found experimentally to occuls |

The time dependent behaviour of the compounds is an aspect which is as
yet not understoode An understanding of this phenomenon could be arrived
at by a research programme using static magnetization measurements, as well‘
as pulsed field measurements in mhich the field‘oscillafion frequency can be
changed, so that a large range,of.rate?of-change-of-field can be investigated'
uponlfhe~same~sampleo

It 'would be interesting to investigate'the pseudobinary systems Gd4(Co,Ni)3
and Gd(Co;Ni) in order to investigate how the stability of the compounds
depends ubon the relative.position of the Fermi_level with respect to the
top of the 3d band. This would.provide further evidence of the applicability

or otherwise of the structural stability rule mentioned above.
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