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ABSTRACT. 

The magnetocrystalline anisotropies of gadolinium, terbium, 

dysprosium and holmium have been investigated using a torque 

method. Measurements were made on single crystal oblate spher-

aids, the major planes of which contained either the hexagonal 

i 

axis or the basal plane of the crystals. The. torque magnetometer 

used automatically balanced the torque produced :tn the spec:lmen by 

applying a current through a small coil suspended in a galvanometer 

magnet, the servomechanism being provided by a light beam and photo-

cell amplifier system. Fourier analysis of the tor~ue curves by 

computer provided values for the appropriate anisotropjr const~:~.nts. 

Torque measurements were made in the temperature range from 55°K 

to room temperature, and in applied magnetic field strengths up to 

12.5 kOe. Because of the comparatively s·~ll field st;rengths avail-

able it was not possible to obtain any appre·cieble movement of the 

magnetisation from the basal plane in the cases of ferromagnetic 

Tb, Dy and Ho, ancl therefore no values could be assigned to the 

anisotropy constants. In the paramagnetic and antiferromagnetic 

temperature ranges the torque curves were described comp~etely by 

one anisotropy constant i/.1 , nltliough the presence of s.train in the 

specimen could greatly distort the curve. The anisotropy·constant 
.. ,. 

in the basal plane, ~4 , was measured for Gd, Tb and Dy. The easy 

d!rections in the basal plane were .the a-axis for Gd, and the b-axis 

for Tb and Dy, although changes of easy direction were observed in 

Dy at pemperatures where the anisotropy was small. A torque meas-
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urement made in the basal plane of holmium just above the critical 

field showed twelvefold symmetry in the antsotropy energy, but the 

main energy mininrum occurred at the b-axis. Comparison of the 

temperature variation of ~4 with the· prediction of Zener's theory 

was satisfactory only in the case of Gd. 

For torque measurements in the (10!0) plane for· antiferromagnet

ic Dy, the occurrence of ferromagnetism as a magnetio field larger 

than the oritic~l value was rotated acros19 the basal pla·ne enabled 

the temperature variation of the critical field to be determined. 

The variation was found to be in agreement with other workers. 

Determinations of~1 for Ho showed a change of easy axis from the 

basal plane to the c-axis in the antiferromagnetic region, and back 

to the basal plane when the syste~ became.ferromagnetic. This be-

haviour contradicted neutron-diffractton measurements but is con-

firmed by magnetisation measurements. In the paramagnetic region 

a variation off/.1 as H2/(T-9) 2 wa"S established. 
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1. 

INTRODUCTION 

It is only comparatively recently that the magnetic properties 

of those rare earth metals which exhibit ferromagnetic ordering have been 

investigated. The six elements, gadolinium, terbium, qysprosium, holmium, 

erbium and thulium, are the onlY ferromagnetic elements known outside the 

iron group transition elements, but their ordering takes place in a manner 

very different from that of iron, nickel and cobalt. Gadolinium appears to 

be a normal ferromagnet, but the other five elements exhibit antiferramag

~etism in a certain characteristic range of temperature, and in this 

region the ordering assumes a structure which is periodic about the 

C axis, either helicoidal or sinusoidal. This property has aroused great 

interest in these metals, both theoretical and experimental. In the 

last few years much experimental data on the physical properties in 

general, and the magnetic properties in particular, has been collected, 

while theoreticians have had considerable success in the explanation of 

these properties. However, production of sufficiently pure materials 

has only lately permitted the growth of single crystals and therefore the 

investigation of the crystalline properties. Although magnetisation 

measurements have indicated that the magneto crystalline anisotropy is 

large in the five elements following gadolinium, no direct determinations 

of the anisotropy constants have so far been attempted. It is proposed 

to report here torque measurements of~e anisotropy made on gadolinium, 

terbium, qysprosium and ·halrilium. 
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CHAPTER ONE 

THE RARE EARTHS 

1.1 The Electronic and Phisical·Properties 

The element lanthanum is followed in the Periodic Table by 

fourteen elements which have virtually identical chemical properties. 

Because of this similarity the group of fifteen elements is placed in 

a subgroup separate from the progressive classification of the Periodic 

Table, under the. general name of Lanthanides or Rare Earths. Although 

these elements occupy the atomic numbers from 57 (lanthanum) to 71 

(lutetium) the increase in the number of orbital electrons represented 

by the increasing atomic number does not take place by the filling of 

the outer electron orbits, but by the progressive filling of the 4f 

shell, while the outer shell structure remains unch~ged thro_ughout the 

series. The electronic structure of these elements is indicated by the 

general formula:

Xe(4d)10(4f)n(5s)2(5p)6(5d)1(6s)2 

where n increases from o to 14 as the atomic number increases from 57 

to 71. Scandium (A.N. = 21) and yttrium (A.N. = 39) are usually included 

in the series because of the similar structure of the outer electron shells. 

The 5s and 5p shells thus serve as a screen for the 4f electrons, while 

the three electrons of the outer shells (5d) 1 and (6s) 2 are easily removed 

to become conduction electrons, leaving a trivalent ion. In certain of 

the rare earths the electronic configuration has an empty 5d shell, the 

electron appearing as an additional electron in the 4f shell, but in the 

trivalent ion the third conduction electron is taken from the 4f shell, so 
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that the 4f shell reverts to the configuration expected for unitary 

increase from one element to the next. 

The name 'Rare Earths' is somewhat misleading, for the 

elements are all metals. Moreover, they occur in reasonable abundance, 

the difficulty arisi.ng in separati.ng the different elements, rather 

than in findi.ng the natural ores. It is only comparatively recently 

that the development of the ion-exchange method has made possible the 

separation of the individual elements and hence the preparation of 

pure rare earth metals ( 1 ,.2) *. 

The rare earth metals are often divided into two sub-groups 

on the basis of the total electron spin in the 4f shell (3); the first 

group is from cerium to gadolinium, in which the seven vacant states 

for spins of +1/2 are successively filled. Lanthanum m~ be included 

in this group, although it is not, strictly speak~ng, a rare earth, 

since it has no 4f electrons. The second su~-group corresponds to the 

successive filling of the -1/2 spin states, and extends from terbium to 

lutetium. Such a division is rather artificial, since there is no 

marked difference in physical properties between the first group, the 

'light' rare earths, and the second, the 'heavy' rare earths: indeed, 

from the standpoint of an investigation of magnetic properties, gadolinium 

must be included in the second sub-group. 

The density of the metals generally increases with increasing 

atomic number; as the growi.ng nuclear cha:rge has a larger attraction 

for the orbital electrons, so the mean atomic radius decreases. The 

decrease is small however, the radius bei?g 1.87l · for lanthanum, and 

* Numbers in brackets indicate references on P.age 113. 
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1.73!-·· for lutetium (3). Both europium and ytterbium have atomic 

radii appreciably greater than this, but these metals are believed to 

be divalent in the metallic state. The values of the atomic radii 

and the densities for the rare earth metals are listed in Table 1.1. 

It is.not only the outer electrons which take part in the 

interionic bQndi_ng, but also the electrons of more deeply lying shells , 

as.is the case in all the transition-group metals. This very strong 

bonding results in great strength and hardness, high melti_ng points 

and ~igh metallic electrical resistivity. 

Table 1.1 lists the crystal structures of the rare earths, 

and it can be seen that at room temperature almost all have hexagonal 

close-packed structures; the exceptions are europium and ytterbium, 

which may be divalent, and cerium. The majority of the rare earths 

have a simple hexagonal close packed structure with a c/a ratio of 

approximately 1. 6. More complicated structures, which are still 

basically h.c.p., exist for lanthanum, praesodym.ium and neodymium, where 

because next nearest layers are not of the same orientation the c/a 

ratio is 3.2. Samarium has a crystal structure with a c/a ratio of 

7.2, since alth~ugh each basal plane layer of ions is hexagonal, the 

variation in the orientation of these layers is only repeated after nine 

layers.(4) 

1.2 Magnetic Properties of the Rare Earth Metals 

The magnetic properties of the rare earth metals are closely 

related to the character of the unfilled 4f shell, since it is this shell 

whic~ gives rise to uncompensated electron spins, in a manner similar to 

the unfilled 3d shell in the iron group transition elements. In the 
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latter case, however, the unfilled shell is outermost in the metallic 

ion, and interaction of the electron orbits with the crystalline field 

quenches the orbital angular momentum. In the rare earths the unfilled 

4f shell is screened from the cyrstalline field by the 5s and 5p shells, 

even in the trebly ionised atom, and the orbital angular momentum 

contributes to the total magnetic moment. Further, the screening effe·ct 

of these outer orbits might be expected to inhibit severely the direct 

ion to ion interactions whic~ give rise to ~agnetic ordering in the iron 

group transition elements, and other mechanisms for interaction must be 

sought to explain the ordering present in some of the rare earth metals. 

The very small radii of the 4f shells will also tend to minimise such 

direct interactions. 

The 4f shell, with quantum number 1=3, has seven orbitals whose 

magnetic quantum numbers are -3, -2, -1, 0, 1, 2 and 3. These can be 

filled by fourteen electrons, half with spin of +1/2, and half with 

negative spin, the seven positive spin orbitals bei_ng filled first. The 

quantum numbers for the shell, S, L and J are denoted for each element in 

Table 1.2. Since the energy_ gap between the first excited state and the 

ground state is large, only the latter need be considered at moderate 

temperatures. These values m~ then be used to determine the Land~ 

splitti_ng factor or gyromagnetic ratio g, and also the effective magnetic 

moment: 

where ME is the Bohr ~agneton, which is the magnetic moment of the electron, 

.Ah. 
4nmc 

These theoretically derived values are listed in Table 1.2. The 

effective moment is compared in Figure 1.1 (5) with experimentally obtained 
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values of the ~agnetic moment obtained from the temperature dependence 

of the susceptibility of rare earth salts (6). _Agreement is excellent 

except in the cases of europium and samarium, and these discrepancies 

have been explained by Van Vleck (7) in terms. of the small energy 

separation between the ground state and the first excited state, 

occupation of which, because of the larger J value, increases the 

effective magnetic moment. 

Figure 1.1. 

The corrected values are also shown in 

Also plotted in ~igure· 1.1 are the magnetic moments determined 

experimentally for the rare earths in the metallic state (8) and here 

again the _agreement with theory is good. The points for europium and 

ytterbium are. far from the ionic values, but both elements have very 

l~rge atomic radii, and consequently the overlapping of electron orbits 

of neighbouring ~tams coUld increase the effective number of electrons in 

the 4f shell and raise the electronic configurations to those of gadolinium 

and lut~tium respectively (5). 

The great similarity of the magnetic moments for the ionic and 

metallic rare earths indicates that the 4f shell is unaffected by the 

val~ce electrons, unlike the iron group transition metals, where the 

unshielded 3d electrons cannot be considered to be completely localised 

in the atom. 

Except for those elements at the beginning and at the end of 

the rare earth series, the elements have very large par.amagnetic 

susceptibilities: this is especially true in the case of the elements 

from gadolinium through to thulium. It is these elements which are 

found to exhibit ferromagnetism, the Curie temperatures decreasing with 
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increasing atomic number. Gadolinium becomes ferromagnetic just above 

roam temperature; the other elements have ferromagnetic Curie points 

well below room temperature. 

~agnetisation measurements have been made on all the 

ferromagnetic rare earth metals by various workers: gadolinium (9,10,11, 

12,13); terbium (14, 15, 16, 17); dysprosium (14, 18, 19, 20, 21); 

holmium (14, 20, 22, 23, 24); erbium (20, 25, 26, 27, 28); and thulium 

(14, 23, 29, 30). The absolute saturation ~agnetic moments determined 

from these measurements ~gree well with the theoretical valu~ gJ; 

com.paris·on is made in Table 1.2. The temperature dependence of this 

saturation moment obeys the T3/2 law proposed by Bloch (31) in the case 

• o~ gadolinium and holmium, but terbium, dysprosium and holmium, t_ogether 

with gadolinium at low temperatures, show a dependence of the· saturation 

moment which _agrees better with a T2 law, which is a dependence predicted 

by Niira(32), who ·considered the effect of the.~agnetocrystalline anisotropy 

on the ~agnetisation. 

Perhaps the most remarkable feature of the ~agnetism exhibited 

by the heavy rare earth metals is that in a temperature region above the 

Curie point ·the e.l~m~n.t:s:· Tb, py.,H.o ,Er ... and.- .Tiil:. t became antiferrOID:ag-

netic. This behaviour is clearly visible in the ~gnetisation data: 

as the temperature is decreased while the metal is par~etic, the 

magnetisation increases in.such a manner that the inverse susceptibility 

is proportional to temperature, in common with most paramagnetic materials. 

The Ill:agnetisation passes thro_ugh a maximum., and then decreases with 

decreasing temperature as the system becomes antiferromagnetic, the 
, 

maximum indicating the Neel temperature. Then as the temperature decreases 
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f'urther, below the ferr001:a.gnetic .Curie point, the metal becomes 

ferromagnetic, and the magnetisation increases rapidly. This behaviour 

of the magnetisation in the case of holmium (23) and dysprosium (19) 

is shown in Figures 1.2 and 1.3. 

It can be seen from these graphs that the Ne'el temperature 

is slightly field-dependent, the magnetisation maximum moving to lower 

temperatures as the magnetic field str~ngth is increased. Further, it 

can be seen for dysprosium that if the magnetis~ng field is of the order 

of 12k0e or larger, the transition to ferro~gnetism occurs at the N~el 

point, and there is no antiferr~agnetic ~egion. For magnetisi_ng field 

str~ngths below 12k0e, the temperature r~ge of the antiferramagnetic 

region decreases as the field stre_ngth is increased, the .antiferrOII':agnetic 

transition movi_ng to higher temperatures. 

The ~agnetocrystalline anisotropy is very large for the elements 

terbium to thulium, and consequently the ~agnetisation lies close to the 

preferred crystalline direction, even when fields of some tens of kilo-

oersteds are applied • High field work by Henry (33,34) has shown that in 
. 

the case of dysprosium and holmium, where the easy directions .for 

magnetisation lie in the basal plane, magnetic fields of the order of 

80 kOe are necessary to produce magnetic saturation along the C axis. 

Terbium also has an easy direction in the basal plane, but in the cases of 

erbium and thulium it is the C axis which is the easy direction (28,30). 

Neutron diffraction studies have been carried out by Koehler et 

al (35, 36, -37) in order to determine the magnetic ordering which exists 

in the antiferr~gnetic rare earth metals. For the metals from terbium 

through to thulium the antiferromagnetic ordering shows a sinusoidal 
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variation along the C axis and, except for thulium, ferromagnetic ordering 

within the a-b planes. The various types of spin structures determined 

by neutron diffraction are illustrated schematically in Figure 1.4. In 

terbium and Qysprosium the spins lie entirely within the basal plane, and 

the ordering in each of the basal plane layers is ferromagnetic. However, 

the direction of magnetisation in the plane rotates through a constant 

angle from one layer to the next. This results in a spiral structure 

about the C axis, as indicated in Figure 1. 4(-b). For holmium, the studies 

of Koehler et al indicated that in the antiferromagnetic region the spins 

are arranged in a simple spiral or screw structure about the C axis, as 

for terbium and Qysprosium. Below the ferromagnetic Curie point, 20°K 

this screw structure is retained, in zero applied field, but there is a 

small ferromagnetic component parallel to the C axis. This results in a 

conical spiral, as illustrated in Figure 1.4(-c). However, the applica~ion 

of a small magnetic field in.the basal plane results in ferromagnetism in the 

basal plane, where the full sa~uration moment of lOMB is developed ( 37). 

In the 'case of erbium and thulium, a different type of ordering 

exists. In the previous metals the easy direction for magnetisation has 

been in the basal plane, there being a large magnetocrystalline anisotropy 

between this plane and the C axis, but only a comparatively small anisotropy 

existing within the basal plane itself. In erbium and thulium the large 

anisotropy is still present between the C axis and the basal plane, but it 

is such as to make the C axis the easy direction. If the exchange effects 

involved produce a periodic variation of the spin order along the C axis, 

a spiral can exist where the spins are confined to the plane and have 

two degrees of freedom, but where the spins are confined close to the 

C axis, only a periodic variation of the C axis component of the spins is 

• 



·Table 1.3 · 

Paramagnetic 0 Structure and Turn A~~le m OK Ferromagnetic Tn, K .J.:c, -
·curie Point, °K :Te. Structure 

Tb e·=2S7 Simple spiral, .L20.5° .. 18°, .~.lc ~20 .,.u.!.c 

Dy 9=12'1 175 Simple spiral 140 Spil"a:l plus 2nd 87 
harmoni.c j-«l.C 

I 9=169 L43° .. 35° L35° • 26° I 

Ho s=ea 132 Simple _spiral 35 Non-sinuS"oidal 20 .,u..L.e 

L5o0 + 36° 
arrat!gement induced by 

Q =85 L .. 36°, spe.cinr; field 
10 layers. 

Small ;U II e 

Er 9 =42 80 Sinusoidal '52 Sinusoidal plus 20 Spiral r;i th 

f' II c harmonics. ferro.)" lie 
Antiphase domair Spiral /"'l..c 

' at low temparat· 
ures 6 Spir~l· L51 -.. 43 L=41° 

Tm Q =20 53 Antiphase domain arrange~ent 20 Fe:rro. I" II c 
alrn.os t consta~t period of' "'·63°: 

-- ~ - -
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produced. In erbium, between 84°K and 53•·5°K, and in thulium between 

56°K and 40°K, a sinusoidal variation of the spin component along the 

C axis is observed (37). In this arrangement the components of the 

moments in the C axis direction are aligned parallel, while there is no 

order among thebasal plane components. This is ~shown in Figure 1.4(e). 

Below 53.5~ in erbium, the components in the basal plane begin to order 

into some helical arrangement, while higher order harmonics appear in 

the sinusoidal form of the C axis components, which at lower temperatures 

have an "antiphase domain" type of structure, with the moments parallel 

for several layers, followed by several layers with the moments parallel 

in the opposite C axis direction, as . shown in Figure 1. 4( d.) . Thulium, 

on the other hand, never shows any ordering of the moments within the basal 

plane until the Curie temperature is reached, but below 40°K the C axis 

components begin to assume the antiphase domain structure, where three 

layers of moments pointing one way are followed by four layers with 

moments pointing in the opposite direction, as in Figure 1.4 (·f). The type 

of structure during the transition is unclear, many addi tiona! harmonics 

developing in the original sinusoidal variation. 

It has been suggested by Belov et al (38", 39, 40) that gadolinium 

has a Ne'el point of 290°K, below which lies an antiferromagnetic region, 

with a ferromagnetic Curie point at 210°K, the antiferromagnetism being 

destroyed by applied magnetic fields above a few tens of oersteds. N.eutron 

diffraction studies have shown no evidence of any periodic arrangement of 

the spins, even at zero field (41). The ordering appears to be purely 

ferromagnetic, the easy direction for magnetisation being dependent on 

temperature. This arrangement is indicated in Figure 1. 4( a) which shows 



Fig. 1.5 .Temperature dependence of the 
periodicities of the spiral 
spin structures in the rare 
ear~h metals. · 
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the positions .of the individual spins in the.he~agonal lattice,.alth~ugh, 

of course, the spins do not necessarily lie in.the basal plane. 

The periodic~ty of the spin structures in the an~iferr~agnetic 

rare earth.metals wa~ found to.be.strongly temperature.dependent by 

Koehler et al (. 37) • In the case of the spiral spin structures, the turn 

angle decreases as the temperature decreases below the N~el.point, until 

the spiral becomes unstable and.ferro~agnetism.results. For holmium 

this does not happen unless an external ~agnetic field is applied. The 

~agnetic.structure and.its dependence on temperature is summarised in 

Table 1.3 and the nature o~ the variation in the periodicity is shown in 

~igure 1.5. 
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CHAPTER . TWO 

Basic Concepts 

If a ~agnetic field H is applied to a substance, a ~netic 

moment of d, per unit mass of the substance wi"ll be induced. ds 
is related to the ~gnetisi_ng field by the equation: 

2.1 

where the co~fficientlCg, which is .scaler if measured in the direction of H, 

is called the magnetic susceptibility, and will i~ general be a function 

of H and temperature. This equation describes all ~agnetic.states; for 

diamagnetic substances Xg is small and .n:egative, and .very nearly field and 

temperature independent. For par~m~:agnetic . substances Xg is rather la:rger 

and positive, and field independent, the magnetisation bei_ng ·proportional 

to the applied ~agnetic field. The classical.theory of L~gevin (42), 

when modified by.consideration of the.quantised nature ~f the possible 

orientations of the atomic ~agnetic moments, leads to an expression for the 

susceptibility in the form (see, for example 43):-

'Xs= Ng2 T(T.t>Ml 
. 3"kT 

2.2 

where J is the quantum number for total a:ngular momentum, which is non-zero 

for substances exhibiti_ng stro_ng par~gnetism,_ g is the Land{ splitti_ng 

factor B= 1 + T('J+1).S(5+1)-L(L+1) 
2.T(l' ... 1) 

N is the number of atoms per unit mass, ~ is the Bohr ~gneton and k is 

Boltzmann's constant. The susceptibil~ty is inversely proportional to the 

absolute temperature T in this expression, a .relati·onship which is .not 

generally valid; a more universal relationship is known as the.Curie-Weiss 

law:- Xs== Cs 
T-e 

2.4 
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where _Cg is the .Curie constant per unit mass, and a is a constant known as 

the par~gnetic· .Curie temperature. 

The bulk magnetisation of a par~agnet wi~l increase with increasing 

field or decreasi_ng temperature: for a magnetic field H and absolute 

·temperature T the statistical distribution of spins about the mean direction 

leads to a value of the magnetisation of a material with N atoms per unit 

mass, of:- where x : gJ~H 

kT 

Here BJ is the Brillouin function defined by:-

BJ(x) = 2J+looth (2J+l)x - l ooth x 
""2J 2r 2J u 

Thus for perfect parallelism of the atomic dipoles, when !!. +Go, the 
T 

~agnetisation will.reach a saturation value of:-

cS t = NgJMB sa • 
Certain substances exhibit orderi_ng of the atomic magnetic 

2.5 

2.6 

2.7 

_/ moments even when no ~agnetic field is applied. Antiferromagnetic substances 

exhibit an orderi_ng of the atomic moments in an antiparallel arrB:D.gement, 

with zero resultant ~agnetisation. Xs is positive, and shows a temperature 

dependence well above the N~el point (the temperature at which the transition 

from paramagnetism to antiferr~agnetism takes place) identical with the 

Curie-Weiss law. However, in this case the asymptotic Curie temperature 

is generally n_egati ve. Xg reaches a ma.ximmn at the Nlel point, and at 

lower temperatures decreases ~ith decreasing temperature. 

In ferromagnetic substances the susceptibility is positive, very 

l~ge, and dependent on both m~gnetic field strength and temperature below 

the ferr~agnetic Curie point, Tc. Above the parBlll:agnetic Curie point, 

which is normally a few ~egrees above Tc, the Curie-Weiss law is obeyed. 
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Below Tc the atomic ~agnetic moments order and become parallel. If no 

external ~agnetic field is applied, a macroscopic specimen of the material 

will contain many small r_egions (dc:>mains) which are each spontaneously 

magnetised .but may be so arr~ged relative .to one another· as to give zero 

or small total magnetisation, thus minimizi_ng the ~gnetic ene_rgy. 

Application of an increasi_ng ~netiG field will favour energetically the 

domains with Ill:agnetisation in the direction O·f the field, and these domains 

will increase in "size at the expense of the. other domains·, thus 

pr_ogressively increasi_ng .the total Ill:agnetisation in the direction of the 

field. When this domai~ growth is completed and the material has only 

one domain, further ~agnetisation increase takes place slowly by a.pull~ng 

of the spins into th~ field direction and aw~ from the easy direction for 

~gnetisation in the crystalline lattice. .Ferr~agnetic materials displ~ 

hysteresis, in that if the Ill:agnetisi~g field is reduced to zero, the total· 

~gnetisation in the direction of the field still has a fin.ite value; 

that is to s~, the domain distribution has not returned to its original 

state. 

The actual Ill:agnetic field effective in orientating the .atomic 

dipoles is much l~ger than the externally applied field: Weiss (44) 

postulated the existence of an 'internal molecular field' expressed as:-

Hm = H8 + ~M 2.8 

where .Ha is the applied field, M is· the Ill:agnetisation, and ~is a 

proportionality constant. The molecular field is an expression of the 

exchange interaction which exists between the atomic dipoles and tends 

to al:ign them. The equations which were derived for par~agnetic materials 

on the basis of the L~gevin theory m~ be applied to jerramagnets if the 
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magnetisi_ng field is written as 2.8, to include the effect on each atomic 

magnetic moment of the surroundi_ng atomic moments. The term ~M is 

equivalent to an internal ~agnetic field of the order of !07 oersteds. 



MAGNETOCRYST~NE ANISOTROPY 

3.1 Phenomenology 

CHAPTER THREE 
16. 

In the foregoing brief remarks on ferromagnetism, the nature 

of the magnetic material was not considered. The atomic moments or spins 

will lie in a crystal lattice, and the exchange interactions involved will 

be affected by the direction in which the spins are pointing relative to 

the lattice. Thus there will in general be certain crystal directions 

in which magnetisation is easier than in others; that is to s~, the 

energy required for magnetisation is less. Such 'easy' directions are 

usually crystallographic axes. Directions in which the energy for 

magnetisation i"s maximum are, conversely, known as 'hard' directions. In 

measuring the energy of magnetisation, it is not difficult to obtain the 

difference in energy for magnetisations along the easy axis and along the 

hard axis; the total magnetisation energy involves also the energy for 

magnetisation along the easy axis as a constant which is not involved 

when changes in direction only of the magnetisation are being investigated. 

For polycrystalline substances the effect of the crystalline 

anisotropy is to add a fUrther perturbation to the parallelism of the 

magnetic spins and consequently a further dependence of magnetisation on 

magnetic field and temperature. For a single crystal the magnetisation in 

the direction of the magnetising field will be dependent on the direction 

of this field relative to the easy axis , being maximum when the field is 

in the easy axis and the magnetisation lies in this easy direction, and 

minimum when the field lies in the hard axis, and the magnetisation lies 
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between the ~agnetic field and the easy axis. As the field is increased, 

the magnetisation will move closer to the field direction. The variation 

of the energy for magnetisation involved here might be expected to depend 

on the crystal symmetry, and an expression for the energy must contain 

terms involving the orientation of the magnetisation relative to the crystal 

lattice. For cubic crystals, such as iron or nickel, this orientation 

m~ be expressed in terms of the direction cosines G<s 1 C'atcCt with respect 

to the three cube edges. Directions in the crystal which are identical 

through the symmetry of the crystal would be expected to have the same 

magnetisation energy, and this consideration allows only those terms in GC 

which satisfy cubic symmetry. (For a discussion of magnetic anisotropy 

see for example, references 5, 45 or 46). The first term must therefore 

have the form oc: + -: + oe:, which is unity, terms in odd powers of ot 

being eliminated. The fourt.h order ·term Of: + oc: + oc: can also be 

81 QIL 81. expressed in terms of Des oc, + «1oc, + et3 ocs as can the sixth order term, 

if an additional term oc:oc:oc: is included. Thus, for cubic crystals, 

the energy for magnetisation can be written to the sixth order as:-

3.1 

For iron and nickel, the two constants K1 and K2 are found sufficient to 

determine the variation of magnetisation energy with direction of the 

magnetisation. 

Cobalt has a hexagonal crystal structure, the easy direction 

for magnetisation being parallel to the C axis. The magnetisation 

energy will therefore increase as the magnetisation is rotated aw~ from 

the C axis reaching a maximum when e ' the angle between the 
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magnetisation and the C axis, is 90°, and thereafter decreasing to its 

original value when e = 180°. For cobalt it is found sufficient to use 

an expansion for E\ only to fourth order, keeping only the terms with 

the necessary symmetry: 

• • • • • • 

The angle e does not specify completely the direction of the magnetisation 

in the crystal: this is also dependent on the azimuthal angle j/ 
about the C axis. Because of the hexagonal symmetry in the basal plane, 

no term in f appears until the above expression is taken to the sixth 

order, whereupon two further ceefficients appear: 

Ek{Q,p) 5 K0 +K1sin29+K2sin49+K3sin69+K4sin69cos6p+ •••••• 3.3 

If the last term is small compared with the preceding terms, it will 

merely introduce a slight sixfold undulation in the anisotropy energy 

surface in the region of the basal plane. This 'energy surface' is a 

three-dimensional representation of the variation of anisotropy energy 

(obtained by setting Ko=O in the previous ~quations) with crystallographic 

direction, the energy bei_ng indicated by the distance of the surface from 

the origin for any particular direction. 

Generally K1 will dominate, a positive value of K1 indicating the 

C axis as the easy direction, a negative value indicating that the easy 

direction lies in the basal plane. In the latter case the sign of K4 

will indicate the position in the basal plane of :the easy direction. If 

, is measured from the (112o) or ~ axis, then a negative value of K4 

indicates that the easy direction is the a axis, while a positive value 

indicates that the easy direction is the (lOiO)or b axis. 
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The term 'anisotropy constant' applies to a constant K in an 

expression such as equation 3.3 only if all the spins in the crystal 

are orientated in the direction (9,~). Any determination of the 

anisotropy constants should be done, therefore, in an infinite applied 

magnetic field, so that a saturation magnetisation will exist al~ng the 

field direction in the crystal. Consequently, in fields less than 

those necessary to produce saturation, the apparent anisotropy constants 

would be expected to increase with increasi_ng field stre_ngth; that this 

is not necessarily so i~ gadolinium, where the easy direction can be 

dependent on field str~ngth, has been shown by Graham (47). It is 

therefore of interest to study the effect of magnetic field strength 

on the constants, which are also very temperature dependent. 

The expressions 3.1 to 3.3 for the magnetocrystalline 

anisotropy arise purely from a consideration of the symmetry of the 

crystal, and in no way involve a theory of the physical origin of 

anisotropy. Such a theory must use as its starti~g point a knowle_dge 

of the interactions which exist between the individual atomic moments and 

the crystalline lattice. 

3.2 Origin of Anisotropy 

The simple classical concept of ferr~agnetism as a parallel 

array of atomic dipoles gives an exch~ge interaction which is independent 

of the orientation of the ~aments relative to the lattice . ... An attempt 
'-. 

was made by MahaJani (48) in 1929 to explain the anisotropy by consid-

eration of the shape of the electron spin distribution in the atom, 

producing results which were qualitatively correct. 

Van Vleck (49) considered the problem in terms of the energy 
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of the exchange interactions between pairs of atomic magnetic moments, 

and the dependence of this on the direction of the moment,~, as measured 

from some crystallographic axis. Since each atomic moment is situated 

in the symmetry of the crystal potential, it is to·be expected that the 

variation of the exchange energy will exhibit the same symmetry as the 

crystal. In general this ene_rgy can be expanded in spherical harmonics 

of even order, since for both hexagonal and cubic crystals there is even 

symmetry. 

Then the pair energy can b·e expressed as: 

W(Q) :A~+ A~Y~(Q) + A~~(Q) + •••••• 3.4 

where Y~ = Jib (3·cos2Q - 1) 
4 4 

Y~ = 312 (35cos Q - 30cos2Q + 3) 
0 ]1;0 

and A0 , A~ and A4 are constants. 

Then the first term is independent of~' and should be considered to 

include the exchange energy. The second term has the same form as the 

magnetic interaction between two dipoles. If.this is the sole 

explanation for such a dependence of the pair ene_rgy, we can equate the 

co-efficient A0
2 with that for the dipole pair interaction: 

0 2 A2 : -~ M 3.5 
Jl01T}'or3 

where M is the atomic m:agnetic moment, fo is the permeability of free 

space, and r is the separation of the atomic dipoles under consideration. 

The value obtained for A0 2 calculated from 3.5 is of the order 102 - 103 

smaller than the value estimated from anisotropy or magnetostriction 

observations (5). Obviously some other effect must be looked for, in 

which a much str~nger interaction is involved. It is now accepted that 

this must arise thro_ugh spin-orbit coupli_ng. Values of the g factor 
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obtained for the iro~-group ferramagnets indicate that the orbital 

angular momentum L does not contribute to the atomic magnetic moment: 

the orbital ~gular momentum is 'quenched' by the c~ystalline field. 

This means that the electron orbits are polarised by the molecular field, 

and cannot be rotated by the application of an external field. If 

the WlAVe fUnctions of neighbouring electron orbits can be considered 

to overlap, then such an interaction is intuitively reasonable. However, 

not all the orbital angullar momentum is quenched, because the value of 

the g factor is known to be slightly less than 2, which is the value 

for a pure electron .spin contribution. Thus there remains some orbital 

angular momentum to interact with the electronic spin magnetic moment, 

and consequently a ch~ge in the direction of the spin magnetic moment 

will affect the inter-orbit coupli_ng and hence the energy of the system. 

The various ~dependent terms arising from this mechanism have been 

calculated by Van Vleck, and by analogy with the purely magnetic 

interactions, the quantum-mechanical equations are called pseudodipolar 

pseudoquadrupolar, etc. 

The situation arising in the rare-earth metals is rather more 

complex. Here there is virtually no quenching of the orbital magnetic 

moment because the shieldi~g provided by the complete outer shells 

weakens the direct exchange coupli~g between the magnetic 4f shells, 

and other forms of exchange interactions must be considered. However, 

the charge distributions of the orbitals are aligned by the crystalline 

fields by interactions to be considered later, and the effect is similar 

to that outlined above. 

Regardless of the origin of the pair anisotropy ene_rgy, the 
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expression for this ene_rgy is still in the form 3. 4, because of the 

symmetry considerations. Then a summation of the energy of the interaction 

between nearest neighbours, and possibly between next nearest neighbours 

over all the atoms in the lattice, will give the total energy of 

ID:agnetisation: 

over all i lattice sites. 

If the ene_rgy is summed for a cubic lattice, .over all the 

direction cosines GC1~~and CKs, then the lowest order term is 

aa a • t.a. 
OC1 c:x.& + OCa. OC.s + ota c:tt;, • as e.xpe cted from 3 .1. The dipolar term with 

coefficient A0
2 disappears in the summation~ and the anisotropy constant 

.. 
K1'· is a function of A4l+. In fact Van Vleck pointed out that in second 

order perturbation theory, the dipole-dipole. interactio;n does exist in 

a cubic lattice, since the dipolar interaction itself, between individual 

pairs of atomic moments, disturbs the parallelism of the system. Such 

a consideration leads to a value for the constant K1 of the ~ight order 

of magnitude. 

For a he~agonal crystal, which has also been. treated by Van 

Vleck, the lower symmetry of the crystal leads to the existence of a 

dipole term in the summation, as well as the quadrupole term. Since 

the coefficient of the dipole term is'· generally, much larger than that 

of the quadrupole term, the crystalline anisotropy tends to be l~ger 

for lower symmetry crystals. On the basis of Van Vleck's treatment, 

a value obtained for the anisotropy of cobalt is of the correct order 

of magnitude. The temperature dependence of this calculated anisotropy 

is, however, much gentler than that observed experimentally. 
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3.3 Temperattlre·nependence·of Magrtetocrystalline·ArtisotrOpY 

An explanation of the temperature dependence o:r the anisotropy 

constants was attempted on a classical basis b,y Zener (50). His basic 

assumptions were that the effect of temperature was to cause deviations 

of the local atomic magnetic moments from the direction of the bulk 

magnetisation of the specimen, the magnitude of the magnetisation vector 

i[ remaining unchEJ:Ilged. Then for each individual magnetic dipole, which 

we are considering to sample an anisotropy which is unaffected by 

temperature, the anisotropy energy can be expressed in spherical harmonics 

in the polar angles of the direction of the dipole, with coefficients 

which are those for zero temperature: 

3.7 

A summation of these ene_rgies for the whole crystal will·produce the bulk 

anisotropy energy, which is expressed as a series identical with·3.7, 

but involving the·~ values of the polar angles; .Q_ and 1 of the bulk 

magnetisation direction, and with values of the anisotropy constants 

appropriate to the temperature T. Thus a summatio~ of 3.7 over the 

whole crystal is equivalent to Kn(·T) Y~(Q~9S) for the order n, where 

t(n (·T) is the bulk anisotropy constant at temperature T occurring in an 

expression in spherical harmonics.for the anisotropy energy. If the 

anisotropy is determined at 0'1<: to find ~ (.o) , then there will be no 

deviation of the dipoles from the average direction, and a summation 

over the whole crystal is equivalent to: 

3.8 

To proceed fUrther it is necessary to determine the average 

value of wn(9;9S). Zener assumed that the distribution of the atomic 
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moments about the mean direction was a random walk fUnction, symmetrical 

about (Q ,~) , By expressing the energy in spherical harmonics in terms 

of the polar co-ordinates relative to the mean direction, Zener showed 

that the average value of wJ9,~). with respect to the randem walk 

function (R.W.) is given by: 

(wn (Q,~)) R • W, • (Pn ( cosQ ))R. W • wn (~,p) 
where Pn(cosQ)is the nth order ~egendre polynomial, arising from the 

use of spherical harmonics in the expression. Random walk theory gives 

the result that 

< ( )> -- 8-n(n+1)~ Pn cosQ R,W. 3.10 

where the temperature variation is included in -!' which determines the 

spread of the distribution function. 

The magnetisation M(T) at the temperature T is obtained from 

a summation over the whole crystal of the product of the individual 

atomic moments and the cosine of the B:Dgle between the moment and the 

direction of the bulk magnetisation: 

M(T) .. L:1 Jcos91 = M(O) (cos9)R. w. 3.11 
The average, with respect to the random walk function, of cos g is 

identical with that of the first order ~egendre polynomial, P1 (cos 9). 

Then from 3.10 
3,12 

Combining 3.10 and 3.12: 

(p n ( cosQ J) R, w·, ~ { :m} ~ 3 ,13 

Expressing the summations of the individual atomic dipole energies in terms 

of the obtained: 

3,14 
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Such a comparison between the temperature dependence of the anisotropy 

constants and that of the magnetisation was successful in the case of 

iron, where, for n= 4, t<,-~T~must be compared with 
t<l 0 

since it was the fourth order term in the spherical harmonics which gave 

rise to 1{1 . In the cases of nickel and cobalt there was no _agreement, 

but Cair (51) obtained a sufficiently close fit to the experimental 

results by taking into account the thermal expansion of the lattice. 

Zener's assumption of a crystalline anisotropy unaffected by temperature 

does not hold, of course, if there is any change in the dimensions of 

the lattice: because the dimensions of the lattice are dependent on 

the direction of magnetisation also, .due to ~a~etostriction, Zener's 

equation cannot be expected to be valid if these effects are large. 

Callen and Callen (52) have performed a similar calculation 

for the temperature dependence of the anisotropy, assuming a distribution 

of the Belt zmann form. This work predicts Zener's form for the temperature 

dependence at low temperatures, where 

1 _ {M(T)} << -
8
1 

M(O} 
3.15 

For the rare earth metals, where the orbital ansu.J:.ar momentum remains 

. unquenched, S must be replaced by (g-l).J. Keffer (53) had previously 

shown that Zener's theory was only valid for.low temperatures, Van Vleck's 

theory ( 49) holdi_ng at high temperatures. 

If the Zener dependence is valid, it must be remembered that the 

coefficients to which it applies are those of the expansion in spherical 

harmonics, equation 3.7, and not those of the simple power series normally 

used to express ~agnetocrystalline anisotropy, as in equations 3.1, and 3.2. 
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In general the anisotropy constants ~ will contain more than one of 

the constants t( , though if one constant is dominant the temperature n 

dependence will not be much affected. For the he~agonal basal plane 

which is likely to be of most interest here, the expression for the 

anisotropy energy in terms of spherical harmonics is: 

Ek(p) = ~0 + ~2Y~(p) + K4Y;(p) + ~6Y~(~) + ••••• 

where ~ is the -azimuthal ~gle in the basal plane, and 

Y~(p) • (3cos2~ + 1)/4 

Y~{p) • (35ooa~o + 20cos2~ + 9)/64 

Y~ {p) = (231cos6p + 126cos4,6 + l05cos2.o + 50)/512 

This expression can be written in terms of cos6p, cos4p and cos2p, 

3.16 

and differentiated with respect to ~ to obtain the torque L {~) produced 

by the specimen when the magnetisation is held at an angle ~ to the 

easy direction: 

L(~) = 693tt6sin6p+ ~1(4+63116] sin4p+[~2+§~4+105t<6~ sin2p 
256 l16 64 2 8 206 . 

where, according to Zener, the temperature dependences of the constants 

would have the relationship.:. 

t(6 oc f~~~n 21 • J 
tt( ~ {M(T)llO 

4 M(o)J 
• 
' 

J .c{~}3 
"2 ~ 

For basal plane torque measurements the coefficient K4 of the s ln6p 

term would also h~ve the{:~~n 21 temperature dependence, but the 

coefficients of sin2,0 or sin4,6 terms present would contain f<6 and 

would therefore have no simple temperature dependence. Altho_ugh these 

3.17 

3.18 

last two terms ~ight be expected to be small in the basal plane, the 

coefficients t<t and 1(4- can be appreciably la_rge, if they are opposite 

in sign to 1<'6 

Callen and Callen (52) have also shown, using quantum mechanical 



methods, that in the par~agnetic region (T~c) 

M CT} fit: {~H)J} n . n . . !VI 

Consequently, "for the axial anisotropy 

S\li:r1}2 t< 2 oc K1 «' lM ( 0) 

and for the basal plane: 
6 

t( oc K oc:fM(T)l 
6 4 l'MTOJJ 
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Since in the paramagnetic region the ~agnetisation is proportional to 

3.19 

3.20 

3.21 

the strength of the applied field, and inversely proportional to (T-Q), 

this relationship provides a field and temperature dependence for the 

anisotropy constants. 
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· · CHAPI'ER . FOUR 

THEORY OF MAGNETISM IN THE. RARE EARTH METALS 

4.1 The Magnetic Structure 

Altho~h no sufficient theory for ~etic anisotropy in the 

rare earth metals has so far been advanced, as is the case for other 

ferromagnetic materials, the general ~agnetic structures of the heavy 

rare earth metals have been explained qualitatively, and in same cases 

quantitatively, notably by Kaplan (54), Elliott (55), and Miwa and 

Yosida (56). Elliott has also written a useful review of the theories (57). 

Whatever the exchange interaction involved, it must be capable 

of produci.ng the helical spin. structures observed in terbi1m1, dysprosium, 

holmium, erbium and thulium. Such structures were predicted in rutile 

type structures by Yoshimori (58), on the basis of an exchange interaction 

between the localised ionic electrons and the conduction electrons. 

The conduction electrons are polarised by the spin of the ion, and, because 

of this polarisation, tend to al:ign the ne_ighbouri_ng ions. Thus in second 

order perturbation theory there is an effective interaction between the 

ionic moments. Rudermann and Kittel (59) determined the interaction to be 

of the form: 
4.1 

for a spherical Fermi surface, where E
0 

is the F~rmi energy and !Q the 

electron wave vector at the surface~ Ji and ~ the total a:ngular momenta 

of the ith and jth ions, Rij the .separation of the ions, and K is the 

coupling constant. The function F has the form (xcosx - sinx)_fx4, 
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which gives the interaction an oscillatory form; that is, the coupling 

between the ions will be alternately ferromagnetic and antiferramagnetic as 

ions further from the ith ion are considered. The interaction is also 

long-range, supplyi.ng the ingredients necessary for the formation of 

the observed spiral type structures. 

This type of interaction has also been developed by Yosida (60) 

while Kasuya (61) and de Gennes (62) first proposed this interaction 

as applicable in the case of the rare earths. 

The coupling constant K, being related to the overlap of the 

conduction and ionic electrons, probably varies but little along the 

rare earth series. The main variation is likely to arise from the 

factor (g-1)2J2, which falls rapidly, in agreement with the observed 

trend, the Nlel temperature decreasi?g al~ng the series. 

The direct Heisenbe!g exchange due to overlap of the ionic 

shells is expected to be very small for the rare earth metals, because 

of the screening provided by the 5s and 5P shells: even in the transition 

metals where the unfilled 3d shell is outermost, the direct exch~nge 

contribution is now th~ught to be small. Because the charge clouds are 

highly anisotropic in the lattice, the exch~nge is no lo.nger of a simple 

,li.~j· form, but has complicated terms containing h:igher· powers of. J. 

Since the dependence of the coupli.ng in the rare earths appears to be 

relatively simple, the direct exchB:Oge can play no very large part. 

On the assumption of a simple Heisenberg form for the exchange 

where the coupli.ng is of the type 

- d(R1 - R.) (g-1) 2 J 1 .J. J- -J - -J 
4.2 

the exchange energy can be derived for the lo.ngtitudinal wave type 

orderi.ng as 
4.3 
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where J z is the component of the total angular momentum along the 

C axis, and 

j<sl .. [:R j<.!!l cos <s.Rl 
where R is the interionic separation for the ions under consideration, 

and s is a vector parallel to the C axis which determines the 

periodicity of the ordering. For the helically ordered spins: 

Ex = -Nj(s) (g-1)2 J~Y 
where Jxy is the canponent of i[ in the basal plane. The factor of 

1/2 is necessary in the expression for the longtitudinal waye because 

in l~ers where Jz is small (at the nodes) there is very little 

ordering. To minimise the energy~ (g) must be a maximum: if j<.!!) 
is large only for nearest neighbours then this occurs at s = 0, 

resulting in ferromagnetism for positive 9(R) and antiferromagnetism 

of the normal type for n.egative j(R). For the spiral structures 

4.5 

observed q :I 0 and this requires ~(R) to be long range and oscillatory, 

indicating the Ruder.mann-Kittel interaction. 

If such spiral structures are energetically favourable compared 

with a ferromagnetic arrangement (and in the case of the longtitudinal 

wave structure the larger entropy compared with a ferromagnetic structure 

can lower the free energy and so stabilise the system) it is the 

anisotropy energy which determines which configuration will be stable. 

If the easy direction lies in the basal plane, then the helical structure 

will result; if the easy direction is along the C axis, then the 

longtitudinal wave is stable. 



If summation is carried out only as far as second nearest 

neighbour l~ers, assuming each basal plane l~er to be ferromagnetic, 

then 

where A
0

, A1 , and ~ are the coupling constants for self-energy of a 

l~er, between nearest neighbour l~ers, and between next-nearest 

neigh hour l~ers , respecti vel.y. The intervals along the C axis are 

of :cY-2 , since the unit cell contains two interl~er distances. Then 

the maximum for j ( q ) occurs at 

cos~qc = -A1/ 4A2 

31. 

, 
The values of the paramagnetic Curie temperature and the Neel temperature 

are sufficient to determine the A values: for dysprosium the values are 

(57) • 
' 

.indicating the type of oscillation neces~ary to produce these structures. 

By taking into account the effect of an applied field on the 

ene_rgy of the system, the var~ation with temperature of the critical 

field necessary to send the system ferromagnetic can be calculated, and 

4.n 

4.7 

the derived dependence has the same form as -the expe~imental curve (55). 

Nagamiya et al (63, 64) have suggested that the transition at the critical 

field~ is incomplete, tpere remaining a fan-structure in the spins, 

about the field direction. Further increase in the field reduces the 

spread of the fan, until full ferromagnetic ordering is obtained at 

Kaplan (54) has considered the longtitudinal wave structure 

in the molecular field approximation and shown that the basal plane 
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components would be expected to order at same temperature below the 

I 
Neel point TN, as is seen in erbium. Yo~ida and Miwa (56) have 

also indicated that it is possible for a cycloidal spin structure to 

exist, resulting in a simple spiral in the basal plane, together 

with a sinusoidally varyi_ng C axis component. 

The fact that the periodicity of the spin structures decreases 

with temperature has been treated by de Gennes and St. James (65) 

, from the point of view of scattering of the conduction electrons due 

to the 4f spin disorder, and by Elliott and We_dgewood ( 66) on the 

basis of the existence of 'superzone boundaries' in the Brillouin zones, 

introduced by the periodicity of the spin structures. These latter 

produce ene_rgy gaps in the conduction electron spin wave spectrum. The 

variation of the ene_rgy_ gaps with magnet is at ion, and therefore with 

temperature, produces a variation inthe exchange interaction, and 

therefore in the periodicity of the ordering, which agrees well with 

the observed temperature dependence. Miwa (.67) has also produced a 

unified theory to combine the effects of both"the above theories. 

4.2 The Magnetic-~isotropy 

The crystal field, which gives rise to the ~agnetic anisotropy, 

is of interest • Since the susceptibilities close to the orderi_ng 

temperature approximate to the free ion values the exchange interactions 

must dominate over the crystal field; ~agnetic fields approaching a 

hundred kilo-oersteds are necessary to produce saturation in crystal 

directions other than the easy directions, however, and the contribution 

of the crystal field must be large. 

The potential ene_rgy of an electron at position (r 1 Q ,,& ) in 

the he~agonal lattice can be expanded for a particular J manifold as:-

• 



Table 4.1 

Tb Dy Ho Er Tm 

0 v2 oc _L j__ j_ II II 

V~tJ II L L II II 
v0 

lf 6 II L II L II 
vs 'g 

6 '30 0 30 0 30 

Symbols JL, ~. and I I indicate the tendency 
of the crystal _fiel~ to orientate the· moments 
perpendicularly, at6En angle, or parallel to 
the c-axis • For V 6 the angle·s· indicate the 
orientation with respect ·to the a-axis. 
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0 2. 0 0 4 _ _o 0 6. 0 
V = V2(r )«Y

2
(J) + V4(r )~Y4 (~) + V

6
(r >¥Y

6
(J) 

6 6.. r. 6 -6 \1 + Vs<r i~ LY6 (J) + Y6 (J~ 

where the Y~ (!!) are the operator equivalents on i!_ of spherical 

harmonics, and or, ~ and lf are. constants which can be evaluated. 

The (rn) are mean values of rn over all the 4f electrons, and the 

are constants depending on the form of the lattice, and on the 

distribution of the ch~ges: since this is not known precisely, only 

approximate values for the terms V~(rn)may be obtained. It is in 

fact the signs of the constants CC , ~~and ~ which determine the 

anisotropy, the other factors varying but s~ightly along the series. 

The dominant V~ . ~erm is equivalent to 

2:'
1 

(3z~ - ri) a <r2>oc(3J~ -· J(J+l~ 
and has the form of the dipole term in the anisotropy expression. 

The values obtained for the V~ factors. indicate that in all cases 

the charge clouds lie largely in the basal plane. If OC is 

positive this produces a moment in the z direction, i.e. along the 

hexagonal axis. If Of is n_egative then the moments lie in the 

basal plane. 

For each element, the tendencies of the various terms to 

4.8 

4.9 

produce moments parallel or perpendicular to the C axis may be calculated. 

These contributions are shown in Table 4.1 (55), where it can be seen 

that the term V~ in all cases describes the experimentally observed 

behaviour, Tb, Dy and Ho havi_ng moments in the basal plane, and Er and 

Tm along the C axis. Er has a secondary tendency to have some moment 

in the plane, and H·.J to have some moment along the C axis; hence the 
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observed conical spirals. The term V~ predicts the easy direction in 

the basal plane, and these too are in general _agreement with experiment. 

Although the theory still leaves something to be desired in 

thew~ of quantitative results, it supplies a satisfactory explanation 

of the observed ~agnetic behaviour in the heavy rare earth metals. 
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CHAPTER . FIVE 

PREVIOUS MEASUREMENTS 

5.1 The Measurement of Magnetocrystalline Anisotropy 

There are various methods available for the measurement of the 

anisotropy constants. The most fUndamental is a determination of the 

energy from an integration of the magnetisation curves, since the 

energy for magnetisation in the direction (Q,p) is given by: 

E(Q,p) : ~~s H di 5.1 

where the magnetisation is in the direction of the magnetising field. 

The anisotropy constants may then be determined from an examination of 

the difference in energies required for ~agnetisations in the different 

crystallographic directions. For this method either a precise knowledge 

of the d~agnetising factor for the specimen is required, or the specimen 

may be cut in the form of a 'picture frame~ when the closed Ill:agnetic 

circuit eliminates the involvement of a demagnetising factor. In this 

case a separate specimen is required for each crystallographic direction 

investigated. 

A determination of the anisotropy constants can also be made 

for a si.ngle crystal using ferr~agnetic resonance techniques at 

microwave frequencies. The magnetic field necessary for resonance is 

dependent on the crystal direction in which it acts, since the existence 

of anisotropy is equivalent to an additional external magnetic field 

pulli.ng the spins into the easy direction. From the variation of the 

resonance field with the crystallographic direction of magnetisation an 

analysis can be made for the anisotropy constants. The method is not 

satisfactory for constants higher than first order, however:. If the 
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sample is polycrystalline, then the anisotropy will affect the shape 

of the resonance, as the ~agnetic field is swept through the resonance, 

but an analysis of the line shape for the anisotropy constants is not 

very precise. 

The most commonly used method for measuring crystalline 

anisotropy is that of the torque magnetometer, as described by Williams 

(68). In its simplest form the apparatus consists of a torsion fibre 

and rotatable head. The specimen, in the shape of a thin disc of 

known orientation, is suspended from the fibre in a magnetisi?g field. 

If this field is applied in a direction other than the easy direction, 

a torque develops as the specimen tries to rotate until the easy 

direction lies in the field direction, this bei.ng the minimum ene.rgy 

position. The torsion head can then be rotated until uhe specimen 

returns to its original position, when the torque developed is known 

from the angle thro.ugh which the head has .been turned, and the constants 

of the torsion wire. By determi~i?g the torques developed as the field 

is applied over a complete range of crystallographic directions, a simple 

analysis of the torque curve obtained will . supply the anisotropy constants. 

The ene.rgy for m:agnetisation in a heX:agonal crystal is 

defined in equation 3.3. The torque developed is equal to the rate of 

change of ~agnetisation en~rgy with crystallographic direction: 

L(Q) = -4lEk(Q,.~) 
lQ 

if the field is·rotated in a plane includi?g the C axis, and 

L(p) • -)Ekco,,.n 
ljJ 

if the field is rotated in the basal plane of the crystal. 

The resultant expressions for the torques developed, obtained by 

5.2 

5.3 
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differentiation of equation 3.3 are: 

T_,(Q) = -[K1+K2+i~(K3+K4cos6tn]sin2Q + [~•~(K3otK4cos6,5)]sin4Q 
- ~(K3+K4cos6~)sin6Q + •••• 5.4 

16 . 

for the plane containing the C axis, and 

L(,5) = 6K4sin6i 5.5 

for the basal plane. This method of investigation of the anisotropy 

was employed in the measurements reported here. 

Torque determinations of the anisotropy constants of gadolinium 

have been made by Corner, Roe and T~lor (69) and Graham (70, 71) for 

Graham (47} has also investigated the 

field dependence of the constants. Corner.et al found it necessary to 

employ the third constant K3 to fully describ~ the torque curves 

obtained, whereas Graham used only the first two constants. The values 

obtained are not in perfect agreement: the easy direction is the C 

axis above 240°k, and lies on a cone about the C axis below this. 

However GrBham reports the easy direction is in the basal plane below 

225°k, whereas Corner et al report the angle between the easy direct~on 

and the C axis to be a maximum of 70° at 220°k, and the spins lie at 

an a:ngle of 30° to the C axis at 37. 5°k, the lowest temperature used. 

This latter behaviour has been confirmed by Will et al (41} using 

neutron diffraction techniques, but Birss and Wallis {72) have made 

torque measurements which indicate that the easy direction is intermediate 

between the directions found by Corner et al and Graham, tending to 

move t~wards the basal plane at h~gher field str~ngths. The variation 

of the anisotropy constants determined by Corner et al and Graham are 
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shown in Figure 5.1. 

The anisotropy in the b~sal plane, constant K4, has also 

been determined by Darby and T~lor (73) and by Graham (74). This 

was found to be smaller by a factor of at least 100 than the 

anisotropy constant K1 ,and the easy direction in the basal plane 

is the a axis. 

In consideri_ng gadolinimn. it: must be remembered that it is 

essentially different from the other ferromagnetic rare earth metals 

in that the ordering transition, though not sharp, appears to be 

from parBm;agnetism to ferrrnll:agnetism with no antiferromagnetic phase • 

• Belov et al (38, 39, 40) have suggested that in fact gadolinimn. 

exhibits antiferrrnll:agnetic orderi_ng in applied fields below a few 

oersteds, with a Nlel point at 290°k and a ferr~gnetic Curie point at 

210°k, but there seems to be no strong evidence for this. The la:rge 

temperature range of the proposed antiferromagnetic state would appear 

as an exception to the behaviour of the series, where this temperature 

interval is decreasing with decreasing atomic number. Al tho_ugh the 

exchange interactions i~ gadolinium are similar to those in the other 

heavy rare earths, the anisotropy is much smaller (the constants 

oc 1 ' and 't in equation 4. 8 be ins. zero (57) , altho_ugh a small periodic 

crystalline potential persists), and is insufficient to stabilise the 

oscillatory spin structures. 
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'CHAPTER SIX 

THE APPARATUS 

6.1 The Specimens 

The specimens used for torque measurement must be single 

crystal, and have cylindrical symmetry about the axis of rotation 

relative to the applied magnetic field. The specimens used by Graham 

(47, 70, 71, 74) were in the form of thin discs, but an oblate 

ellipsoidal shape produces a more uniform field within the specimen, 

and it is this form which has been preferred for previous torque 

measurements at Durham ( 69 , 7 3) • 

For measurement of the anisotropy constants K1 , K2 and K3 

the plane containi.ng the major axes of the ellipsoid .must also contain 

the C axis of the crystal (the C-axis specimen) while for determination 

of the basal plane anisotropy constant K4 the plane of the ellipsoid 

must contain the basal plane .of the crystal (the basal plane spec~men). 

In order that the specimen should have a reasonably small demagnetising 

factor, the ratio of the major axis to the minor axis of the ellipsoid 

must be l~ge, or, if a disc, the ratio of the diameter to the thickness 

must be l~ge. The specimens used had a diameter to thickness ratio of 

approximately 10 to 1, with a diameter of approximately 5 IlDllS. 

The. gadolinium C axis specimen used by Corner, Roe and Taylor ( 69 ). in 

their determination of the anisotropy constants K1 , K
2 

and K
3 

was 

machined to shape by a process of electrolytic polishing in a solution 

.of orthophosphoric acid, the specimen bei~g mounted on a rotating spindle 

to preserve the cylindrical symmetry. The.outline of the specimen was 
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projected on to a screen and compared with an enlarged version of 

the required ellipsoidal cross-section, machining continuing until this 

shape was achieved. The gadolinium crystal was originally cut from 

a single crystal provided by Johnson Matthey and Co. Ltd. {Wembley). 

The. gadolinium basal plane specimen used by Darby and T~lor 

(73) for a determination of K4 was also used for further torque 

measurements in the present invest_igation. This specimen, and 

specimens of terbium, dysprosium, holmium and erbium, were prepared 

usi_ng the procedure described above by Metals Research Ltd. (Cambridge) 

from single crystals grown by Metals Research from polycrystalline 

material provided by Johnson Matthey. Si_ngle ·crystals of terbium, 

dysprosium, holmium and erbium were produced under a joint.research 

contract with the Physics Department of the University of Oxford. 

The crystals were obtained by zone melti~g the 99.9% pure metals. After 

some difficulty when the zone refined samples contained many closely aligned 

crystallites with a spread of 5 to 10 d_egrees, rather than a true single 

crystal, C axis specimens of terbium, dysprosium and holmium and basal 

plane specimens of terbium, dysprosium, holmium and erbium, were 

obtained. Of these, the dysprosium C axis specimen contained crystallites 

with an angular spread in the plane of the ellipsoid of 3-4°, and a 

second holmium C axis specimen with a rather more severe crystallite 

spread (10°) was produced. 

After initial measurements on the terbium and dysprosium basal 

plane specimens it became apparent that the torques produced at nitr_ogen 

temperatures were too large to be held by the counter-torque system. 

Consequently, to make measurements at these temperatures it was necessary 
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to obtain specimens of smaller volume. These Metals Research were unable 

to provide, the raw material then available not being suitable for the 

production of good single crystals. However, samples in the form of 

very thin discs had been prepared for the Physics Dep~tment of the 

University of Oxford, and were then be~ng used in the Physics Department of 

Sheffield University. Basal plane specimens of terbium and dysprosium 

and also a C axis specimen of terbium, were made available from this 

source by Dr. D.M.S. Bagguley of Oxford University and Professor E. W. Lee 

of Sheffield University. Because these specimens were so thin., the 

cylindrical symmetry in each case was poor, there being indentations in the 

circumferences. X-r~ diffraction also indicated that there was an 

overall crystallite spread in each crystal of the order of 7°. 

The orientation of each specimen used was examined by X-r~ 

diffraction, usi_ng the Laue back-reflection technique. The ellipsoidal 

specimen was mounted on the end of a small brass tube, which was clamped 

on a goniometer, the carefully machined end of the tube ensuri_ng that the 

plane of the ellipsoid was perpendic~ar to the axis of the tube; a fine 

hole down the centre of this tube was used as a collimator for the X-r~ . 

beam, so that the system could be ~igned prior to the mounti_ng 0f the 

specimen, which was examined with a microscope to centre it on the mounti_ng. 

The orientations of the crystal axes could then be determined to within t1° • 
· In many cases difficulty was experienced because of the existence of a 

surface layer on the crystals. Alth~ugh these films wer~ generally 

polycrystalline, in a few instances the film showed a crystalline alignment 

with the rare earth crystal, which resulted on the X-ray photograph in 

multiple spots around each spot position for the underlying lattice, 

presenting the appearance of a preferentially aligned system of crystallites, 



Table 6.1. 

Specimen 'i'.'Iax imum ~ Maximum Mass Dernagnet:l.sing Remarks· 
Diameter Thickness Factor, N/4.,. 

ems. ems. x103 gms. 

Gadolinium basal o.44l::t:o.oo2 o.o29o:o.ooos 25.85:1:-0.05 0.052 
plane ellipsoid 

Terbium c-o.xis · 0. 490:tO. ·001 0.0580:1:0.0005 53.10:i:0.05 0.091 
ellipsoid 

. 
Terbium c-axis 0.408i"0.003 o.o2a2zo.ooo5 28.65:t0.05 0.012 Indentations in 
disc circumference 

Terbium basal 0.492~0.002 0.0540:1:0.0005 5o.oo:to.o5 0.079 
plane ellipsoid 

. 

Terbium basal 0.3?7:l0.002 o.o240:lo.oo05· 20.95=l'0.05 0.012 Indentations in 
plane disc circumference 

1 

Dy"sprosium 0.4?6*0.004 0.0467:i:0.0005 42.75zo.os 0.070 crystallite 
c-axi~ ellipsoid . spread 3-4 

Dysprosium basal 0.493:t0.002 o. oso5:to .-ooo5 52.95~0.05 0.091 
plane ellipsoid 

Dysprosium basal 0.423-:t0 .. 003 0. 0115=*'0. 0005. 12.15:t0.05 0.003 Indentations in 
plane disc circumference 

Holmium c-axis o.4ag-zo.oo3 
ellipsoid . 

0.0427=l'0.0005 43.30.:1-0.05 0.068 

Holmiwn c-a.xis 0.495::t0.002 o.o4so:t:o.ooos 45.35'*0·05 0.068 Crystallite ellipsoid spread "'100 

Holmium basal 0.497:t0.003 0.0445:!:0.0005 49.so:to.os Oo0f38 
· plane ellipsoid 
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rather than a single crystal. A quick etch in an etching fluid consisting 

of 50% nitric acid and 50% acetic acid removed such layers to reveal the 

true natures Qf the specimens, which wer~ generally true si?gle crystals, 

except in the .. :above-mentioned cases for dysprosium and holmium, and for 

the thin discs of terbium and dysprosium, where continued etchi?g failed to 

remove the crystallite spread, and in fact revealed grain boundaries. In 

all the specimens used the required crystal axes were in the plane of the 

ellipsoid, within the accuracy with which such orientations could be 

determined. 

The ellipticity of the specimens was checked by usi.ng a. photo-

graphic slide projector to throw a focussed shadow of the ellipse on to a 

screen, where the shape was traced on t~ graph paper and could then be 

compared with a plotted ellipse of the appropriate dimensions. 

~he phy~ical dimensions of the specimens were determined us~ng 

a travelling microscope, and the specimens were we.ighed on a chemical 

balance. It was not necessary to know the volume of.the crystals, since 

although previous anisotropy constants for gadolinium have been expressed . ·. 

per unit volume, it is more convenient to express the constants per unit 

mass, when corrections for thermal expansion became unnecessary. This has 

been pointed.out by Graham (74), when the constants determined by him were 

expressed in e.rgs per. gram. 

letter, as~. 

Such constants will be denoted by the script 

The specifications of the crystals used here are listed in Table 

6.1. The dem:agnetisi.ng factor for each· specimen was obtained as N/411 

from Bozarth (45). The saturation magnetisation in the rare earth metals 

is of the order of 300 e.m.u. per gram, which corresponds to 2 ki~ogauss. 
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Tak.i_ng the de~agnetisi_ng factor as 0.07, a d~agnetising field of 

approximately 1.5 KOe is indicated where saturation exists. The field 

strengths quoted thro_ughout this report remain uncorrected for this. 

6.2 The Torque Magnetometer 

As mentioned previously, a convenient method of measuring the 

anisotropy constants is by a determination of the torque developed when 

a single crystal of the material under investigation is suspended in a 

magnetic field, the torque being measured as that provided by the 

suspendi_ng fibre when the specimen is returned to the position occupied 

in the absence of the magnetic field. Manual rotation of a torsion 

head ( 68) to provide the necessary restori_ng torque is apt to prove 

tedious: an automatic method of balanci_ng this torque would be desirable, 

and such a system has been described by Croft, Donahoe and Love (75). 

In this apparatus the specimen is attached to the coil of a moving coil 

galvanometer. Current is fed to this coil, which moves in the appropriate 

galvanometer permanent magnet, and sufficient counter-torque is thus 

developed to bri_ng the specimen back to the null position. The necessary 

feed back is provided by the use of a mirror attached to the specimen 

mounti_ng: a fixed lamp shines on to the mirror, the reflected beam of 

light illuminati~g a pair of photocells, the difference signal from which 

is amplified and fed to the counter-torque coil. Appropriate calibration 

of the counter-torque coil supplies a measurement of" the torque produced by 

the specimen, through a determination of the current in the coil. A 

further advant_age of the system is that the suspension does not move 

appreciably since it is held in the equilibrium position, and change in 

the torsional constants of the suspendi_ng wires due to temperature changes 
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is not important, as it is when the restor~ng torque is supplied by 

a twisting of the suspension. 

This system was further developed by Penoyer . (r-6) and by Pearson 

and Guildford (.77 ·, 78); the torques measured here were la:rger than in 

the above system, and the result~ng torque curves were plotted directly 

on an X-Y recorder. This latter refinement was not adopted; since the 

torque curves were to be subjected to computer analysis numerical values of 

the curves had in any case to be obtained, and the extra complexity 

introduced by such a system was not considered to be justified. 

Previous determinations of the anisotropy constants o~ gadolinium 

have been made at Durham by Corner, Roe and Taylor ( 69) and Darby and 

Taylor .(73). The torque magnetometer used for these measurements was 

constructed originally by Roe (79). This instrument was available for the 

present work, but several modifications were made to the constructional 

details, and a further.description of the ~agnetometer is necessary. 

6.3 Construction of the Magnetometer 

Figure 6.1 shows a cross sectional view of the instrument body . ' 

and suspension mounting in (.a), and the suspended coil and specimen holder 

in (·b). A.recta:ngular plate of 1/2" thick brass formed a base for the 

instrument; on this was constructed a rectangular box of 1/4" brass sheet, 

the top and one end being removable and sealed with neoprene gaskets to 

render the system vacuum-tight. This box housed the permanent magnet which, 

with the torque coil, provided the basis for the counter-balancing system. 

This magnet was adapted from a 6" G.E.C. portable ~oving coil ammeter, and 

provided a radial field when used in conjunction "\-Tith a soft iron core. 



The axis of a hole in the top of the hous~ng was aligned with the axis of 

the cylindrical pole.-gap, and above this was mounted a bracket to support 

the upper suspension of the system. The inside of the brass box was 

lined with Mumetal sheet, to exclude str~ fields from the electromagnet, 

thus preventing disturbance of the balancing system. A demo:untable plate 

on the side of the box carried vacuum-tight e~ectrical lead-throughs and 

the pumping arm. 

A three-quarter circular trough was bolted round the foot of 

the suspension bracket, a flange on the latter sliding in a groove underneath 

the trough, so that the bracket could be rotated through a small angle for 

adjustment of the specimen orientation. The trough was provided for 

dampi~g of the suspended system, and could be filled with vacuum oil. The 

tro.ugh and bracket were surmounted by a glass dome, which seated on an 1 0 1 

ring, and formed an easily removable and effective vacuum j~cket. The 

use o~ glass for this cover obviated the provision of a window opposite the 

~ mirror mounted on the specimen holder assembly. 

The lower part of the suspended system was housed in a 31" long 

tube, the upper portion of which was brass and was surrounded by a headpiece 

for the cryostat dewar. The lower portion of the tube was of stainless 

steel tube, 1/2" diameter and 0 .010" wall thickness. This provided. good 

heat insulation for the specimen holder, and was demount~ble from the upper 

brass tube, providing access to the specimen holder. The stainless steel 

tube also carried at its end the lower suspension anchorage, which was 

• covered by a brass cap which could be screwed up on an '0' ri.ng. Altho.ugh 

the 'O' ring was held at nitrogen temperatures the system remained vacuum

tight. 
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The suspended part of the apparatus consisted essentially of a 

holder for the specimen, the counter-torque coil, and the mirror necessary 

for the photocell feedback system. Since the specimen had to be cooled to 

low temperatures it was desirable and convenient to make the specimen 

remote from the counter-torque coil and upper suspension. Accordingly, 

the specimen holder is attached to the lower end of a long 1/8" diameter, 

thin walled stainless steel tube. The upper end of this tube locates 

in the lower end block of the coil, and is locked with~ grub screw. 

The coil former was constructed from 1/3211 brass sheet, the side 

members bei_ng curved to fit closely to the soft iron core of the balancing 

~agnet, so that it was necessary to remove this core with the coil; the 

core was bolted on to a collar which could then be screwed to the magnet, 

with sufficient clearance between the core and the pole pieces for the coil, 

when correctly al_igned, to be free to rotate through some 45° about the core. 

The end blocks of the coil former were removable, to permit windi?g of the 

coil, and the former was coated prior to winding with polyurethane, to act 

as an insulation. Further insulation was provided by a strip of P.V.C. 

tape wrapped around the former, and on top of this 100 turns of a double 

strand of No. 40 S. W. G. enamelled copper wire was wound, produci_ng two 

virtually identical coils. The method of calibration rendered unnecessary 

a knowle_dge of the number of turns or the cross-sectional area. The coil 

leads were anchored to a small t_agboard fastened above the coil, and the 

leads were insulated from the former by fine P.T.F.E. sleeving. The t_ag 

board also secured a copper-constantan thermocouple, which was fed thro_ugh 

the lower end block of the c"oll into the 1/8" diameter stainless steel tube. 
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A 1/4" diameter brass rod was pushed into the upper end-block 

of the coil, and secured by ~ grub screw. On to this was attached the 

aluminised galvanometer mirror, 1 em diameter and_ 100 ems focal length; 

black wax was used to secure the mirror, since it facilitated minor 

adjustments to the position and angle of the mirror. Above the mirror 

the dampi_ng vanes were mounted: these were held by one screw and could 

quickly be removed. The vanes were fashioned to move in the dampi?g 

trough with a small clearance from the walls and floor of the tr~ugh. 

The suspendi_ng ligaments were made from 0.005" diameter beryllium-

copper wire. This was soldered into small holes drilled axially in the 

brass rods at each end of the assembly. The end of the lower suspension 

was simply soldered into a brass sl_ug, which could be secured by_ grub 

screws in the anchorage provided in the outer stainless steel vacuum jacket. 

The upper suspension ligament was soldered into a short le_ngth of brass 

rod, which·was machined with shoulders so that it could rotate smoothly 

on the end of a bored-out le_ngth of O.B.A. studdi_ng. This studding carried 

a nut and collar arr~ngement which bore on to a conically coiled spring, so 

that alteration of the torsi~n in the suspension was achieved by adjustment 

of the nut. The coil spri_ng also absorbed the slight cha:nges in the length 

of the assembly caused by temperature changes. The whole suspension could 

be rotated by twisti_ng t·he uppermost brass rod·~- without affecting either the 

position of the anchorage or the tension of the suspension. This was found 

to be more convenient than rotation of the whole suspension bracket. The 

suspended assembly was centred relative to the permanent magnet and core by 

manual adjustment of the top suspension anchor_age in a slot milled in the 

bracket. A system of adjusti_ng screws as used in the original apparatus 

was found to be unnecessary. 
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The top section of the suspended assembly is illustrated in Figure 6.2. 

Connections to the coil leads were made via the tag board, the wires being 

coiled to lessen any torque they m~ have produced on the suspension, 

although since the instrument is null reading this torque was unlikely to 

vary. The thermocouple leads were treated in a similar manner, and all the 

leads were attached to a t_ag board fastened above the permanent magnet, before 

bei_ng taken out of the instrument thro_ugh the hollow vacuum-sealed lead

throughs. 

The specimen holder screwed on to a brass fitment soldered to the 

end of the stainless st~el suspension tube. A sectional view of the holder, 

which was made from 3/8" diameter tufnol rod, is shown in F:igure 6.3. 

All the material used for the suspended coil and specimen holder was non-

ferroiD:B-gnetic. The screw fitting top section of the holder permitted 

insertion of a carbon resistor for ~emperature measurement if necessary, 

while the bottom section was a push-fit into the middle section, and had a 

slightly dished end to accommodate the ellipsoidal specimen. A brass grub 

screw in the side of the specimen mount located in a groove cut in the skirt 

of the middle section: it was found convenient to mount each specimen on a 

separate bottom section, when the locating screw ensured that, when inserted, 

the specimen alw~s maintained the same orientation relative to the instrument. 

Small holes bored thro_ugh the tube allowed the circulation ·of, a .heat excha:nge 

gas, and the copper-constantan thermocouple used for temperature monitoring 

was threaded down the axial hole of the holder, so that the junction was in 

thermal contact with the specimen. 

The lower suspension ligament was soldered into a brass fitting 

at the end of the specimen holder, the suspension being anchored into the 



vacuum jacket as mentioned previously. 

Roe had determined that the most successful means of attachment 

of the specimen to the holder was by means of 'Sellotape' adhesive tape. 

Since some of the original objections dealt with the difficulty of obtaining 

a bond at low temperatures, trials were made with resin-type adhesives. 

A strain gauge resin was found to.be satisfactory as an adhesive at nitrogen . . . 

temperatures, but its use introduced such l~rge str~ins in the specimen as 

to ch~ge appreciably the shape of the torque curve .obtained. From this 

point of view 'Sellotape' was found to be quite satisfactory, and this 

method of mounti_ng continued to be used. The specimen was placed in the 

dished end of the mount, and four narrow strips of 'Sellotape' were placed 

diametrically across the specimen, and stuck down on to the holder. A 

fifth strip was then stuck circumferentially, securing the ends of the · · 

radial strips. This mounting showed no s_ign of allowing the specimen to 

twist· in the holder, and appeared immune to thermal cycling. 

6.4 The Automatic Balancing Equipment. 

The system was first employed usi_ng the photoc~ll amplifier 

constructed by Roe (79). The basic layout of the feedback mechanism 

followed standard practice, and is similar to that used by Pearson and 

Guildford (77), altho~h the electronics differ somewhat. 

A beam of light from a ~ixed source was reflected from ~ galvan-

ometer mirror attached to the torque~ magnetometer, and the ~eflected beam 

was focussed onto a split photocell arrangement. The signal p~oduced by 

the light beam at each photocell ~Sl amplified by a D.C. amplifier, and 

the difference signal applied to the balancing coil in a manner.such that 

the coil moved back to its equilibrium position, where the reflected light 
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shone equally on both photocells, giving zero difference signal A torque 

applied to the suspended system would then cause the reflected beam 

to move off the equilibrium position, and the conductance of one 

photocell to increase while that of the other photocell decreased. 

The light spot would move awey- from the central position until the 

amplified difference signal provided a torque on the coil which was ju~t 

sufficient to balance the torque applied. If the torque applied was 

sufficiently l~ge to move the reflected beam past·:. the midpoint of one 

of the photocells {the point for maximum conductance), then the feed

back m~chanism was insufficient to hold such a torque. 

The suspension therefore moved through half of the angle sub

tended by the centres of the photocells at the mirror, when the ~orque 

applied changed from the maximum torque in one _direction which the 

servo-system could hold,_ to the· maximum torque in the opposite direction; 

To reduce the effective sep~ation of the photosensitive surfaces of the 

two cells a beam splitter was used, as shown in Figure 6.4. This con

sisted of two silvered mirrors mounted at 90° to each other, and housed 

in an aluminium box, the inside surfaces of which were painted matt 

black to cut down-unwanted reflections. The-light beam entered through 

a slot cut in the front of the box, and was split by the mirrors, which 

reflected the light on to the two photocells mounted on either side of 

the mirror holder. The position of the mirrors relative to the slot 

was adjustable by a screw which projected through the side of the box. 

The light source used was a focussable galvanometer lamp housing, with 

a 20 volt, 150 watt projector lamp. The beam from this was reflected 

_ by the mirror on the ID:agnetometer, the gap in the dampi_ng tro_ugh per-
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mitti_ng access to the mirror. 

With the beam splitter the effective separation of the photo 

cells is approximately two cent~metres: since the photocells were 

distant same two metres from the mirror, this corresponded to a 

maximum rotation of the specimen and suspended assembly thr~ugh half 

a degree, which was better than the accuracy with which the orientation 

of the specimen could be determined. 

A di_agra.m of the photocell amplifier built by Roe is given 

in Figtlre 6.5. The photocells used are Mullard 90 CV, and are photo-

emissive. Under equilibrium conditions the photocells receive equal 

illumination and are both conducting. The operating conditions for 

the EF 41's and 6V6's are then identical. The cathode load currents 

drawn by the 6V6's are therefore also identical, and it is these 

currents which constitute the currents through the twin coils of the - . 

balancing system. Since these two coils are connected in opposition 

there will, be no torque applied to the coil. 

If now a mechanical torque is applied to the specimen, the 

system will r.otate and the light beam will move off the central position, 

so that one photocell receives more illumination than".the other, and 

the conduction current in this photocell will increase. This drives 

the grid of the appropriate EF41 more positive, so that the valve 

current increases and the plate potential drops, making the grid 

potential of the 6V6 more negative. Thus the current through the 

balancing coil in this half of the amplifier will drop, while the reverse 

process causes the current in the other coil to rise. The difference 

in the two coil currents produces a torque which counteracts the torque 
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originally applied. Obviously, the inequality in illumination will 

only increase to the point where the torque developed by the feedback 

mechanism is equal to the applied torque, and the difference current 

produced will provide a measure of the applied torque. This difference 

current was monitored by a suitably calibrated Pye scalamp connected 

across two standard 22Jl. resistors carrying the coil currents, as 

shown, and three switched resistors provided three current ranges. 

Two controls were incorporated for zeroing purposes: the 

variable resistor in the cathode line of one 6V6 provided a coarse zero 

adjustment, while a 500 K~ potentiometer across the cathode loads of 

the photocells and centre-tapped to ground provided a less 'sensitive 

zero position control. In fact only a small adjustment of either 

control was sufficient to overcame the servo-action of the amplifier. 

The bias of the EF41's could be set by adjustment of the centre tap 

of a 100 K.n. potentiometer strapped between earth and the -240 volt 

supply. This control also had a marked effect on the zero setting. 

The system therefore had three adjustments, and in order to 

obtain maximum torque-holding the settings used were critical. The 

system was used to make torque measurements on a ba~al plane specimen 

of gadolinium, where the torques involved were comparatively small (of 

the order of 100 dyne-ems) and much trouble was experienced with drift 

of the zero position during the plotting of each torque curve. Later 

work on the available specimens indicated that the maximum torque the 

servo-mechanism could hold, which was approximately 1000 dyne-ems, 

using the 100 turn coil, would be insufficient. The figur~ given here 

is considerably smaller than the torques measured by Roe, but adjustment 

of the zero and bias settings failed to increase the available counter-
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torque. This m~ have been·due to agei~g of the photocells and/or 

amplifier valves, in which case rebuild~ng of the amplifier may have led 

to an improvement. 

However, the instrument is essentially a current device: it 

is desirable to use a low-volt_age, and comparativ~ly high .current, 

supply with a coil formed from fewer turns of thicker wire, rather than 

the higher volt_age, low current device described above. Hence tran-

sister circuitry is indicated. Further, the circuit described in 

~igure 6.5. is inefficient in that the torque is supplied by the 

difference in the currents .thro.ugh the two coils, so that the full 

current-carrying capacity of the coil system is not utilised. There 

is no particular adva.nt.age in this arrangement, and it would be simpler 

to use a single coil, with an amplifier which supplies a reversible 

output current • 

The amplifier constructed was based on a pair of Mullard ORP -94 

photo conductive cells. These cadmium sulphide cells were chosen for 

their superior sensitivity and low impedance, which in the system used 

changed from 4oon. at full illumination to 18 KA unill"UIIiinated: the 

equilibrium resistance was 620.l\.. The ORP ·94 was also convenient 

because it had the same base as the 90 CV us~d previously, and there-

fore required no modification of the beam splitter: in other circumstances 

a double photoconductive cell unit may have been desirable, rather than 

two separate cells. 

The circuit of the D.C. amplifier is shown in ~igure 6.6. For 

consideration of .its operation suppose that a torque is applied to.the 

suspension; then one photo conductive cell will be illuminated more than 
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the other, and its resistance will drop. This will increase the 

negative base voltage of the OC200, and therefore of the OC 35, which 

is controlled by the OC 200. The resistance of the OC 35 .is 

accordingly decreased, and more current flows through the transistor. 

Consequently the potential of that end of the torque coil becomes more 

positive, or rather, its negative potential is decreased. The reverse 

process in the other half of the amplifier gives that end of the coil a 

higher negative potential. Thus a current will flow through the 

torque coil, unless there is equal illumination on both photocells. 

The direction of this c~rent will depend on which photocell is most 

illuminated; the coil was so connected that the torque developed 

opposed the torque applied. The coil ·current was determined by a 

Pye Scalamp placed in parallel with the torque coil, with fiye switched 

resistances t~ give five current ranges, plus one open circuit position 

which was found to be useful for zeroing the Scalamp. The 82o.n. 

resistance across the Scala.m.p ensured critical dampi_ng. 

When a photoconductive cell was not illuminated it was found 

that its resistance was sufficiently large to cut off that half of the· 

amplifier. This corresponded to a maximum current of approximately 

300 milliamps through the torque coil, which had 150 turns wound from 

30 s.w.g. enamelled copper wire, with a total resistance of 10~. 

It was considered unnecessary to incorporate zeroi_ng devices of the type 

employed in the original amplifier, since it was immaterial whether 

zero coil current correspon~ed to zero applied torque or not. From 

the point of view of full utilisation of the counter-torque.available, 

it was desirable that at equilibrium there was as little torque due 
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to the suspension as possible, and for this reason before measurements 

were taken the suspension was adjusted to produce an essentially zero 

balancing current. For the most sensitive ranges, where the small 

balanci.ng current present showed as a non ... zero deflection on the 

galvanometer, the galvanometer zero was adjusted manually. This zero 

tended to cha:nge with the temperature of the specimen, presumably due 

to a twisting of the lower suspension caused by thermal expansion or 

contraction. For this reason the galvanometer- zero was adjusted where 

necessary between runs. 

It was, however, found convenient to provide a control which 

would adjust the coil current, so rotati~g the coil and mirror until 

the reflected light beam was br~ught on to the photocell beam splitter. 

This was.achieved by switching across each photocell a resistance 

approximately equal to the in-balance resistance of the cells, and 

adjusting the centre t~p on the emitter resistors of the OC 35's until 

the ~ight spot was central on the cells. The parallel resistors were 

then switched out, the servomechanism tak~ng over to hold the system. 

This system was found to be very satisfactory: zero drift 

with time was n.egl.igible and warm-up time, which necessitated a wait of 

an hour or more with the previous valve circuitry, was eliminated.'l'he 

maximum torque available with the coil used was 2 x 104 dyne-ems. The 

limitation on the torque which can be developed in a coil is the amount 

of current which can be carried without resistive heating of the coil 

becoming serious; with the volume available for the torque coil in the 

~agnetometer, a coil of approximately twice the number of turns used 

would have been possible, with no heating problem, and it would not have 

been difficult to modify the transistor amplifier to provide the 
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necessary power. However, much trouble was experienced with 

oscillation of the system at these high torque levels, and the torque 

obtained could not have been increased without a more sophisticated 

damping mechanism. 

Although the trough was provided for oil-bath dampi_ng in 

the original apparatus, it was found to be unnecessary with the 

small torques available, a 30 microfarad capacitor.across the two 

coils providi_ng sufficient electrical d8,Jnpi_ng, at the expense of the 

response time. However, in the transistorised version strong 

mechanical damping was necessary_. To provide this the damping vanes 

were doubled, and ran in a viscous oil. All vacuum oils available were 

not sufficiently viscous to prevent oscillation. Eventually an 

automobile gearbox oil of viscosity S.A.E.90, Castrol 'Hypoy', was 

found to be adequate even when the appara1ius was evacuated, the oil 

o~tgassing after a few hours under vacuum. 

·An inconvenience in using oil for damping was that the 

suspended system was no longer free enough for the coil to be centred 

in the permanent magnet. For this reason the vanes were made easily 

detachable. The presence of the oil alsq made the equilibrium position 

of the suspended assembly less definite, producing small but' observable 

variations in the zero torque value as recorded on the galvanometer. 

The -25 volt supply required by the amplifier was _provided 

by the circuit shown in Figure 6.7. Although such a servo-system should 

be independent of fluctuations in its power supply voltage, it was felt 

that in view of the zero fluctuations observed in the previous counter

torque current it would be desi~able to stabilise the .supply against 

volt_age variations. This was done by comparing the output volt_age 
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obtained from the variable voltage divider, provided by the 25~ 

potentiometer, with the controlled voltage appearing across the Zener 

diode OAZ 240. Any increase in the tapped negative voltage will 

increase the current through the transistor OC71, decreasing the 

negative voltage of the OC84 base, and dropping the transistor current. 

This makes more positive the bases of the two OC35 1 s .runni_ng in 

parallel, increasi_ng their resistances and thus dropping the output 

voltage. A decrease in the tapped volt_age produces the reverse 

process and decreases the resistances of the OC35 1 s, increasi_ng the 

output voltage. Alteration of the setting of the 25 .n. potentiometer 

changes the OC71 collector current and hence the resistance of the 

OC35 1 s. Thus the stabilised output volt_age is variab],.e, from 18 volts 

to 28 volts. The output voltage varied by less than 0.1 volt for 

current changes from zero current to the full current drawn by the 

balanci_ng system. 

6.5 Temperature·control 

It was required to.measure the torque curves over a r~ge 

of temperatures, requiring same form of control of the temperature. 

Because of the comparatively l~ng period of tim~ (about 10 minutes) 

involved in the plotting of a torque curve,·dynamic measurement as the 

apparatus warmed up from nitr_ogen temperatures was not feasible. It 

was only possible to make measurements to pumped nit~ogen temperatures, 

as there was only a single dewar available for the measurements. 

With a pole gap of 4.88 ems in the electromagnet, the space available 

for a double dewar system was rather limited, and it was not possible 
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to obtain dewars to fit the apparatus at the time of the experiment. 

An extra copper coupling unit was used to cap the 6" diameter glass 

dewar used, so that it could be connected to the headpiece of the 

magnetometer. B,y using a rotary vacuum pump and a one inch diameter 

pumping line an ultimate pressure over the nitr_ogen of 15 mms of 

mercury was obtained. This corresponded to a temperature of 55°k: 

at this ,point the nitrogen was solid, and the arrangement only permitted 

measurement for a space of same fifteen to twenty minutes, after which 

all the solid nitrogen in the dewar tail had evaporated, and the 

temperature commenced to rise. At this point the pressure over the 

nitr_ogen had to be increased until the nitr_ogen liquefied and refilled 

the tail, whereupon the system could be pumped _again. 

For temperatures above nitrogen an electrical heater system 

was preferred. Roe had used as a coolant nitrogen gas which had 

previously been passed through liquid nitr_ogen, followi_ng P_earson {78). 

Adjustment of the flow rate of the exchange gas provides a control of 

the temperature. However, the system had several drawbacks: long time 

intervals were necessary before equilibrium was reached; adjustment 

of the flow rate for a particular temperature was critical and not very 

repeatable; and lastly, the lowest temperature obtainable was same tens 

of degrees above that of liquid nitrogen. A heating coil of 'Kanthal' 

resistance wire was wound around the 1/2" diameter stainless steel tube 

of the vacuum jacket, at the level of the specimen.Insulation and 

location of the coil was achieved by the use of 'Sellotape'. The total 

resistance of the coil was 7.A and the heati_ng current was supplied 

from a 24 volts D.C. supply, through a rheostat. To prevent the heat 

from the coil being employed solely in boiling off the surroundi_ng liquid 
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nitrogen, a second stainless steel tube of 3/4• diameter, with the 

lower end closed, was pushed over the heating element and its insulation, 

as shown in Figure 6.1. It was found unnecessary to pump this enclosure, 

the heat supplied from the heating coil producing no serious increase 

in the rate of boil off of the ni tr.ogen, except at temperatures where 

solid carbon dioxide in methanol could better be emplqyed as a temperature 

bath. At this point the bubbling of the nitr.ogen disturbed the lower 

suspension of the apparatus, and the balancing current was no longer 

steady. Because of this the bath of crushed solid carbon dioxide in 

methanol was used to provide a temperature of 197°k. For temperatures 

above this, up to room temperature, this bath was used in conjunction 

with the heating coil. 

The heating coil was very satisfactory: the current was 

calibrated .against temperature for both liquid nitr.ogen and carbon dioxide 

temperature baths, and attainment of specific temperatures was found to 

be repeatable. The time required for thermal equilibrium to be reached 

varied from 15 to 30 minutes, dependi.ng on the temperature change 

involved. The temperature, once attained, was stable within t1 °K 

over the period of time necessary for the plott~ng of one torque.curve, 

which was approximately ten minutes, and generally remained within these 

limits for the time required for a complete run using a range of magnetic 

fields, which involved three quarters of an hour or more. 

In the case of one specimen (holmium, C axis in the plane .of 

the disc} the use of liquid neon as a coolant was attempted to obtain 

temperatures well below the 55°k obtained by pumpi.ng ni tr.ogen. The 

capped dewar system was used, as for pumped nit~ogen. Liquid neon 

bei.ng rather expensive, only one litre was used. A glass syphon 
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transferred the neon from the stor_age dewar to the apparatus, the 

stor_age dewar bei_ng pressurised by means of ~ football bladder, 

which, on squeezing, supplied sufficient pressure in the dewar to 

force the liquid neon over the transfer syphon and into the magnetometer 

dewar. The neon boiled off more quickly than anticipated, and could 

only be used for a single run. The rapid boiling of the liquid in 

the ID:agnetom.eter dewar disturbed the readi_ngs obtained, and .the 

experiment was not very successful. 

6.6 Temperature Measurement 

Thro_ughout the temperature range used, the temperature was 

measured by a copper-constantan thermocoupile, which was threaded down 

the narrow bore stainless steel support tube of the specimen holder, 

and had the recording junction in contact with the specimen. The 

leads were led from the apparatus thro_ugh vacuum seal lead-throughs, 

so that they were unbroken. The r~ference junction was. held under 

melting ice in a glass funnel, so that it remained at 0°c. A Pye 

portable potentiometer was used to measure the e.m.f. developed by the 

thermo- couple, and calibration of the thermocouple in liquid nitrogen 

and solid carbon dioxide in methanol gave agreement with the standard 

tables for copper and constantan. (American Institute of Physics 

Handbook, 2nd Edition, McGraw-Hill (1963), ~- 18). 

6.7 The Electromagnet 

The ID:agnet for which the apparatus had o~iginally been built 

was constructed by Roe and is fully described by him (79). This 

electromagnet was used for the present investigation. 
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The two coil cases of the ~agnet each contain about 580 turns 

of 0.25" x 0.08" resin insulated copper strip wound about the 10 em 

diameter soft iron cores in 34 l~ers, with 17 turns per l~er. Thin 

Tufnol strips separate each l~er, and enable the cooling water to 

circulate throughout the coil. The two soft iron cores also serve 

as cylindrical pole pieces, havi_ng a separation of 4. 88 ems. 

Cooling is by a closed pumpi_ng system, circulati_ng distilled 

water thro_ugh the magnet, and then through a multiple tube heat 

exchanger, where the heated water is cooled by continuously flowing 

mains water. 

The magnet was powered by a 50 kilowatt, 200 amps D.C •. Supply, 

provided by rectification of the mains supply. A s~ight ripple in 

the voltage output was insufficient to affect the measurements in any 

w~. 

The magnet had a resistance of just over lA with the coils 

connected· in series. At the maximum current which could be .supplied, 

the field obtainable was 12.5 kOe. The ~agnet currei1t versus field 

relationship was calibrated usi~g a Grassot Fluxmeter, and the calibration 

curve is shown in ~igure 6.8. The field was uniform to within 

:!: 1/2% over a volume of 3 ccs, which was more than adequate for the 

experiment. 

The electro~gnet ran on a railway track, so that it could be 

pushed into or out of the experiment~! position. The magnet could also 

be rotated about the vertical axis: rotation was limited to 200° because 

of the current cables and cooling water hoses attached to it. 
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6.8 Arrangement _of the APparatus 

The magnetometer was supported on a rigid frame work built 

from "Handy Angle" girders, which bri_dged the magnet railway, and 

was bolted to the floor of the laboratory. The thick brass baseplate 

of the ~agnetometer was shimmed to make the suspended specimen holder 

and its support tube vertical. The position of the baseplate was 

adjusted on the framework until the specimen was accurately placed 

at the centre of the magnet gap. The baseplate was then clamped firmly 

to the supporting frame. The photocells and beam splitter were bolted 

to a rigid angle iron tower to one side of the magnet track, and some 

two metres distant from the ~agnetometer axis. To this tower the 

projector lamp and the D.C. amplifier and power supply were also 

fastened. Vibration of the projector lamp, galvanometer mirror, or the 

beamsplitter were found to be neg~igible, alth~ugh a sharp knock to the 

magnetometer supporting frame was sufficient to cause some oscillation 

of the balancing current. · 

The specimen could be replaced by removal of the stainless 

steel tube supporti_ng the bottom suspension, after first slackening the 

lower suspension retaining screw. This exposed the specimen holder.; 

the lower section, on which the specimen was mounted, could be removed 

and replaced by an identical section hold~ng a different specimen. The 

lower suspension ligament, with its brass attachment rod, was attached 

to the new specimen holder. 

With the specimen holder so exposed, the orientation of the 

specimen relative to the magnetic field could be determined. A 

special stand for a travelling microscope was constructed, so that the 
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mic~oscope could be mounted directly on a diameter of the magnet and 

at right angles to the field direction. This was then focussed on 

the specimen holder, which was oriented so that the reflected ~ight 

beam fell centrally on the beam splitter, in the equilibrium position. 

The magnet, and hence the microscope, was then rotated until a fine 

scratch previously scribed on the holder was centred on the cross-

hairs. At this point the ~agnetic field direction was at right angles 

to the diameter on which this scratch 1~, and the angle on the 

electrom~gnet scale at which this occurred could be related to the 

appropriate point on the torque curve. X-r~ diffraction of the 

specimen, still mounted on the holder, determined the orientation of 

the crystal axes relative to the scratch, and hence to the torque curve. 

This comparison could be made to t5°, which was adequate, since in all 

cases investigated the easy direction coincided with a crystall_ographic 

axis, as indicated by the symmetry of the curves. 

After removal and replacement of the lower suspension p:,-int, 

it was necessary to recentre the balance coil in the permanent ~agnet. 

The dampi_ng ·vanes .. were removed to enable the attainment-- of a perfectly 

freely suspended system, and the position of the upper suspension point 

adjusted until the coil and its dependent rod swung freely. The damping 

vanes were then replaced. 
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CHAPI'ER SEVEN 

EXPERIMENTAL PROCEDURE AND ANALYSIS OF THE TORQUE CURVES 

7.1 Calibration of the Torque Magnetometer 

Calibration of the torque magnetometer was based on a 

consideration of the relationship between the torque produced and the 

magnetic flux through the coil. The torque produced by a coil of 

effective area A in a magnetic field stre_ngth H and passing a current 

i is given by:-

L = A Hi 

provided H is the component of the field in the plane of the coil. Since 

a radial field is us~d for the magnetometer, this torque will be 

independent cf the orientation of the coil. 

current thr~ugh the coil is:-

L/1 = AH 

Then the torque per unit 

7.2 

Thus a calibration of the coil involves only a knowl~dge of 

the factor AH. If the coil is now deflected through an angle Q 

there will be a flux change thr~ugh the coil given by: 

.ff': AHQ 

Then measurement of j) will provide a.determination of the 

factor AH • Experimentally the coil was connected to a Grassot.Flux-

meter, of sensitivity 7098 Maxwell-turns per em when used in conjunction 

with a lamp and scale at a distance of 1 metre from the fluxmeter mirror. 

The ~agnetometer suspension was twisted away from the equilibrium 

position until it was hard up _against a piece of plasticene. The 

suspension and coil were then pulled through a small deflection and 

allowed to swi_ng back onto the plasticene, which prevented oscillation. 



The angular movement of the coil during this process was determined by 

measuring the distance travelled by the light spot formed by the 

reflected beam on a scale placed in front of the beam splitter. At 

the same time the correspondi.ng flux change thro.ugh the coil, as 

determined by the fluxmeter deflection, was noted. The measurement 

was repeated many times, to give a sensitivity for the 150 turn coil 

used of 68.9 ± 0.3 dyne ems per milliamp. 

7.2 Calibration.of the Recording Galvanometer 

The P,ye Scalamp galvanometer used for record~ng the counter

torque current had a sensitivity of 0.032 micro amps/mm, and a resistance 

of 48.J'\.. The galvanometer was arranged in parallel with the coil and 

had a set of five resistances, each of which could be switched in series 

with th~ galvanometer, to change the sensitivity. Th~ galvanometer 

was thus bei.ng used as a multirange voltmeter. Since the smallest 

of the switched resistances was 15 K~ while the resistance of the 

counter torque coil was lOA , calibration could be achieved accurately 

by measuri.ng the current supplied to them both from an ammeter and rheostat. 

This current was measured on .a substandard ammeter of 150 milliamps full 

scale deflection, and the corresponding deflection on the Scalamp was 

measured as the current was systematically increased. The calibration 

was performed for ranges 1 and 2, for deflections to ~oth right and left. 

Both calibrations were perfectly linear, and deflections to ~ight and 

left gave identical calibrations. The substandard ammeter was not 

sufficiently sensitive for calibration of ranges 3, 4 and 5. This was 

achieved by comparison of the readi.ng obtained on one range with that 
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obtained on the ranges above or below, with no ch~ge of current. This 

was repeated many times for each pair of ranges to establish the scaling 

factor for each pair. 

The calibration gave the sensitivitie~ for the five ranges 

as Range 1:48.0 ma/cm; 2:14.5 ma/cm; 3:4.71 ma/cm; 4:1.-44 ma/cm, 

5:0.496 ma/cm. 

When used with the 150 turn coil, the torque sensitivities were: 

Range 1:3310 dyne ems/em; 2:996 dyne ems/em; 3:325 dyne ems/em; 

4:99.3 dyne ems/em; 5:34.2 dyne ems/em. 

7.3 Plotting the Torque.Curve 

The upper suspension was adjusted until the reflected beam fell 

on the centre of the beam splitter. The position of the beam splitter 

could then be adjusted sl_ightly to produce zero balanci.ng current. The 

glass dame was then replaced and the system evacuated. This produced 

some OU:tgassi.ng of the dampi_ng oil., particularly if the oil had been 

removed from the tr~ugh and replaced. Duri_ng this .Oll;tgassi.ng. it was 

found convenient to switch on the automatic balancing system, for if the 

suspension was not held in the equilibrium position, the violent bubbling 

of the oil in some cases moved the suspension point slightly, causing 

the coil to catch on the permanent ~gnet assembly. Oll;tgassi_ng ceased 

after a few hours, whereafter, provided no further disassem~ly of the 

n~:agnetometer was performed, future runs could be made without an oll:tgassi.ng 

period. 

The magnetometer dewar was filled with the appropriate coolant, 

and the heater current adjusted.to provide the required temPerature. 



If the temperature required was critical (as, for example, when working 

at the N~el point)further adjustment of the heater current was generally 

necessary to provide a final cha:nge of the temperature over a few d_egrees 

to the required value. 

When the specimen thermocouple indicated that the temperature 

·· was steady, the electr~gnet was switched on, the current bei_ng adjusted 

to give the required field setting as obtained from the field calibration 

curve. 

To record a complete torque curve the magnet was then rotated 

in steps of 10° for the C axis specimens, where the torque curves were 

of the 2 Q type, and in steps of 5° for the basal plane specimens, 

where the torque curves had a more rapid angular dependence. At each 

orientation of the field, the counter torque current as indicated by the 

Scala.mp was recorded, and the torque curve could then be plotted in 

terms of magnet orientation and Scalamp deflection. 

7.4 Analysis of the Torque Curves 

From the symmetry of the rare earth crystals , all the torque 

curves must have.at least two fold symmetry. Thus determination of 

a torque curve for rotation of the applied magnetic field through 180° 

is sufficient. The relationship between torque and the anisotropy 

constants was discussed im Chapter Five. If the direction of the 

magnetisation in the crystal is specified by the B:D-gle Q, the polar 

angle from the C axis, and the angle ,5, the azimuthal angle in the basal 

plane measured from the a axis, then the torque developed is given by 

equations 5.4 and 5.5. Provided the experimental torque curve has 

precisely this ideal shape, a knowledge of the value of a few points on 
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the curve is sufficient to determine all the constants. However, it 

is obviously better to analyse the whole curve for the constants and 

determine the best fit, when the significance of any deviations from 

the predicted shape may be considered. Such deviations may arise from 

·the presence of shape anisotropy, or mis-orientation of the specimen, for 

example. It is convenient to make a computer analysis of the curve. 

For the C axis anisotropy as indicated in 5.4 it appears to 

be sufficient to analyse for the sin 20, sin 4 Q and sin 6 g components. 

For the basal plane anisotropy, as in 5.5, we expect only a term in 6~. 

In the work of Corner, Roe and Taylor (69) allowance was made during 

analysis for the fact that the magnetisation would tend to lie between 

the direction of the applied field and the easy axis if the applied 

field stre_ngth were insufficiently great, while the ~gle Q is taken 

as the direction of the applied field. This produced a distortion of 

the apparent torque.curve so plotted, in which the torque maxima were 

moved towards the hard directions. In the cases where such a distortion 

was observed in this work, the extent of the distortion was found to be 

highly strain dependent, and application of the above correction was 

hardly justified. For the C axis anisotropy measurements with the metals 

in the ferro~agnetic state the distortion was very marked because the 

fields applied were insufficient to pull the magnetisation appreciably 

out of the easy direction. This effect was investigated, and _again the 

correction could not be used effectively. 

In the case of the basal plane anisotropy measurements, the 

constant K4 is in all cases much smaller than the constant K1. Thus any 

misorientation of the specimen produces a component of K 1 ;"..(and K2 and 

K3 if present) in the basal plane torque curve, givi_ng rise to terms in 



2 p and 4~ as well as in 6~. . If the axis of the specimen normal 

to the major cross-section is not accurately parallel.to the axis of the 

magnetometer, or if the sample has not a perfect cylindrical symmetry, 

then there will be an additional torque due to var.iation of the shape 

anisotropy energy with the ~gle ~ givi.ng primarily terms in ~ 

Further, since the anisotropy constant K3 is a coefficient of terms in 

6 Q it might be expected to contribute to the 6~ component. The 

analy~is for this situation has been carried.out by Darby and TS¥lor 

(73) and involves defining the direction of magnetisation relative to 

the crystallographic axes, rather than the axes of symmetry of the 

specimen. The analysis shows that if the angle between the crystallographic 

C axis and the axis of rotational symmetry of the specimen, Qcis small, 

then the coefficient of the 'sin 6~ term is unaffected by the mis-

orientation; the contribution of the constants K1 , K
2 

and K3 gives 

rise to a term in sin 2 ~ as: 

2 ' ) .L L(/J) = Qc(K1+2K2+3K
3 

sin2p 7.4 

This expression was used as a basis for the basal plane torque curve analysis, 

and a curve fit was obtained which was satisfactory. The a:ngle Q c was 

found to be small ( ~5° ) in all cases, as determined by X-rS¥ 

orientation of the specimen on the specimen holder. Since the sin 6~ 

component is only affected by K3 in the order Q~ the amplitude of the 

hexagonal component may be equated to 6K4: in the C axis determinations 

no. K3 component was observable, in any case. 

7-5 com.puter'Anaqsis 

There were two types of torque curve to analyse: that for the 
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C axis specimens, where it was required to determine the amplitudes of 

the 2 Q, 4 Q and 6 Q components, and that for the basal plane specimens, 

where it was required to determine only the 2 ~ and 6 ,5 components. 

The analysis used was of the Fourier type, usi_ng the fact that 

~"sin(mQ)sin(nQ)~Q = 0 if m~n, rr/2 if m=n 7.5 

for m, n int_egers . 

Thus to determine the sixfold component in a mixture of twofold, fourfold, 

or any other components in Q each point on the torque curve was multiplied 

by the appropriate value of sin 6 Q and the curve int_egrated numerically. 

The resultant integration for all components except the sixfold term was 

then zero, while the value obtained for the total int_egration from 0 to 1T 

was n""/2x the amplitude of the hex_agonal component. 

quadratu~ 

integral 

The int_egration was carried out usi.ng Filon' s numerical 

formula (see, for 

~:f(x)sin(mx)dx 
example , 80) . This states that if the 

is divided into 2k parts, each of. le_ngthh , 

on the x axis, then 

~~ f(x)sin(mx)dx 6 h{oclf(a)cos(ma)-f(b)co·s(~b)] + ~s11 + 1s'S1} 7.6 

where S, = -
11 

[f (a) sin (ma) +f (b) sin (mb >] t-2~f (a+2hj) sin ( [a+2hj)m), 

S
1 

= r::r(a+h(2j-l) )sin [Ca+h(2j-l) )~, · and 
,p11 

GC ~:. 1. + 
Q 

~ = l+cos2Q - sin20, 
gi g'i 

¥ = 4 ( s 1nQ/Q3 - cosQ/i
2

) , where Q = rnh. 
The factors 0< 1 ~ and 1S can be expressed as a power series in Q , and 

2 
for small Q, where powers of Q or. greater are ignored, the formula . re.duces 

to an application of Simpson's rule. The only 

of the formula is that .f(x) must be such that 

condition for validity 

J: f(x)dx can be 

evaluated usi_ng Simpson's rule. This is the case here. 

The integration was performed over 180°, and the starting angle. 
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a, was chosen such that the function was zero (ie zero torque) at x = o 

or 180°. The interval h was either 5° or 10°, depending on the 

interval at which the torque measurements were taken. The integration 

was done using an Elliott 803 computer, the pr_ogra.mmi.ng being done in 

Algol 60 on a five hole punched tape system. 

For convenience the numerical integration usi.ng Filon' s 

equations was turned into a procedure in several parameters, since the 

same programme could then be called upon for analysis for any of the 

anisotropy constants. The parameters invol.ved were the number of 

torque values read in from the curve, an array of these values, the 

initial value of x (where x now corresponds to Q or !J in the torque 

equations) determined by the condition that f(x) shall be zero at x = ~ 

or 1F' for the particular component required, and lastly, the order of 

the component required (2, 4 or 6). 

The anisotropy constants were then calculated: for the 

c-axis anisotropy, usi.ng equation 5.4:-

K1+K2+15K:3/16 : -~ ~- FiJon 1 s Procedure (2nd order) 
where K;3 = K3+K4cos.6p, 

Filon 1 s(4th order), 
and 

:-··i X 

- _2 - ii' X Filon 1 s(6th order). 

For the basal plane anisotropy, usi_ng equation 7. 4:-

6K4 = i x Filon 1s(6th order), 

and Q~(K1+2~+3K3) =;. x Filon 1s(2nd oro.er). 

7.7 

7.8 

The programme used also provided a print out of the torque curves calculated 

usi_ng the values of the anisotropy constants obtained by analysis, so that 

the fitted. curves could be compared with the experimental curves. This 

was particularly useful for those basal plane torque curves where there 

2 
was an appreciable contribution from the Q0 (Kl + 2K2 + 3K3) term. 



. -72. 

The fit obtained (e .• g. see Figure 8.1) was in all cases found to be 

satisfactory, indicati.ng that the treatment of Darby and TEcy"lor was 

adequate. In the case of the holmium basal plane sample, it was also 

necessary to analyse for a twelve fold component, to obtain a satisfactory 

fit. 

It was also found convenient to have the pr.ogra.mme calculate 

the 'error' in the curve fitti?g, in the fprm of the sum of the squares 

of the differences between the experimental torque values and those 

calculated using the constants obtained from the computer analysis. 

Altho.ugh this had no meani.ng as far as the errors on the values obtained 

for the anisotropy constants were concerned, it was a useful indication 

of the reliability of the different analyses, and would also indicate 

any large errors made in the punchi?g of the data, of which there was 

a substantial quantity. Furthermore, the programme was made to cha:nge 

the value of the anisotropy constant in steps of a few percent about the 

obtained value, and recalculate the error. This indicated the sensitivity 

of the analysis for the constant: the error was gene~ally a minimum at 

the value obtained, or at most for values of the anisotropy constant not 

more than 4% awey from the obtained value. 

One of the parameters required by the Filon's procedure was the 

initial value of x. In cases where one component dominated in the 

torque curve, the point where the curve crossed the axis could be taken 

as the origin for x. However, in curves where there were several 

components of the same order of magnitude, the resultant torque was not 

necessarily zero at x=o .• An approximate value for the position of the 

zero could be obtained by inspection. A range of values about this point 

was then used for a trial set of analyse~ for the anisotropy constant 
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required, and the errors so calculated plotted to determine the value 

of the origin which produced a minimum error in the fit. 

This method of analysis is reasonably quick and simple: any 

component can be analysed for provided the position of the origin is 

fairly well defined. There are more complicated methods of analysis 

which will determine a large number of components without a knowledge 

of the origin for each component. However, such methods require a 

large amount of computer time. The analysis used in all cases. gave a 

satisfactory fit to the experimental data, except in those cases where 

the curve could not be expected to conform to a simple trigonametrical 

series, because of the presence of domains, or modification of the 

anisotropy by strain, etc. Any description of these curves in terms of 
. . 

coefficients of a trigonametrical series is likely to be complicated, and 

will in any case be meaningless, since the symmetry supplied by the crystal 

lattice has been modified. 

7.6 Accuracy of the AnisotropY Determinations 

It is difficult to assign uncertaintie.s to the values of the 

anisotropy constants. Individual torque measurements could be made with an 

accuracy of :1:2% but the method of analysis of the curves provides no means 

of evaluating the error involved. The results of changing the values 

obtained for the anisotropy constants s~ggest that the probable error is 

less than 2%. The temperature was known to within ±1 °K • However, the 

presence of rotational hysteresis in the curves tended to produce two 

values for the constants, for rotation of the applied field in opposite 

directions, which differ by rather more than would be suggested by these 
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figures. When the hysteresis was very l~ge,_ generally at low field 

strengths and where the torques obtained were very small, the difference 

was as much as 10%, and in a few cases even more. Similarly, the presence 

of strain in the specimen could change the anisotropy constants by 10%. 

The occurrence of such large discrepancies is indicated in the results. 

For the other determinations, the error in the values of the anisotropy 

constants should be appreciably less than this. 
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CHAPTER "EIGHT 

RESULTS AND DISCUSSION 

8.1 The Measurements 

Torque measurements have been made in the temperature range 

from 55 ok to room temperature on the si_ngle crystal specimens available, 

and the resultant curves have been analysed to give values of the 

appropriate anisotropy constants. 

as follows:-

The specimens investigated were 

(·i) Gadolinium ellipsoid, basal plane contained in the plane of 

the ellipsoid. 

(ii) Terbium ellipsoid, with the C axis and an a axis in the plane 

of the ellipsoid. Terbium disc, with the C axis and an a axis 

in the plane of the disc. 

(iii) Terbium ellipsoid, with the basal plane in the plane of the 

ellipsoid. Terbium disc, with the basal plane·in the plane 

of the disc. 

(·:i:v) Dysprosium ellipsoid, with the C axis and an a axis in the plane 

of the ellipsoid. 

(.v) Dysprosium ellipsoid, with the basal plane in the plane of the 

ellipsoid. Dysprosium disc, with the basal plane in the plane 

of the disc. 

(vi) Holmium ellipsoid with the C axis and an a axis in the plane of 

the ellipsoid (two specimens). 

(vii) Holmium ellipsoid with the basal plane in the plane of the 

ellipsoid. 

In addition, an erbium ellipsoid, whose plane contained the basal plane 

·of the crystal,_ gave no observable signal at temperatures down to 55°k, and 
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applied ~agnetic field strengths of 12.5 kOe. At such temperatures the 

critical field value is of the order of 16 kOe, according to Flippen (81) 

and the system would be in the antiferromagnetic state, where any basal 

plane anisotropy might be expected to be small. 

Results obtained on the various rare earth metals will be 

treated in order of increasi_ng atomic number of the metals. 

8.2 Gadolinium Basal Plane Anisotropy 

Values obtained for the anisotropy constant ~4 for gadolinium 

have already been published, both from measurements on the crystal used 

here (73) and also from measurements by C. D. Graham (74). The repeated 

measurements on the sample used here are of some interest because the 

measurements have been extended to slightly lower temperatures, and also 

because a more sensitive computer analysis has shown that the basal plane 

anisot~opy persists to somewhat higher temperatures than was previously 

indicated. 

A typical torque curve obtained for the gadolinium basal plane 

specimen is shown in Figure 8.1. It can be seen that appreciably large 

components in 2~, and possibly 4.~, appear in the curve, as well as the 6p 
term expected from the basal plane anisoiiropy. The computer analysis 

determined the contribution of the 6~ component and the summed 

contribution of the 2p and 4~ components. These computed values 

were then used to plot a torque curve for comparison with the experimental 

curve. This computer fit is shown in Figure 8.1, and can be seen to be 

in satisfactory agreement with the experimental plot. 

The resulti_ng "'-4 values are plotted _against temperature in 
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Figure 8.2. It should be noted that most of the torque curves involved 

were obtained on the original torque magnetometer, where zero drift was 

a problem, and this accounts for the relatively large scatter of the 

points. However, the §<4 vBlues were checked usi~g the transistorised 

~agnetameter and found to be consistent. The §{4 value approaches 

zero near 150°k, in _agreement with the results of Graham, while earlier 

investigations using this crystal Sll:ggested a disappearance ~f f(, 4 at 

approximately 130°k. The larger 4(4 values obtained at lower 

temperatures confirmed the earlier measurements. 

The values obtained by Graham are indicated in Figure 8.2 by 

the squares, and are in satisfactory _agreement with the values obtained 

here. 

The inset di_agra.m shows the approach to saturation of the fl.+ 
values. At all temperatures saturation was reached at approximately BkOe, 

which is a s~ightly lower field strength than that indicated by Graham as 

necessary for saturation. Graham's crys~al was cylindrical il'.l. shape, and 

therefore the field~ not have been as ho~ogeneous as in the_case of 

an ellipsoid. 

X-r~ orientation of the specimen showed that the easy direction 

is the (.112.0) or a axis, corresponding to a n_egative value for §1,4 and 

in agreement with Graham. The basal plane anisotropy is at all times small 

compared with that between the C axis and the basal plane. 

than 1% of the corresponding value of i/,1 • 

#t4 is less 

Figure 8.2 also compares the temperature variation of 1/.4/p 
"'4-·0 

with that of ( d~.)~ using a value of - Boo e_rgs per gram for R4.o , 
the anisotropy constant at o0 k, and values for d/o_ given by Graham. It 

can be seen that the two curves are in approximate agreement. Since the 
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value of ~. at 150°k is 0.83 Zener's theory might be expected to be 

valid in the temperature range invest~gated. 

8.3 Terbium - C Axis anisotropy 

The maximum lll:agnetic field available was 12.5k0e, while 

magnetisation measurements on terbium by Hegland, Legvold and Spedding (17) 

indicate that at such fields the magnetisation along the C axis is only 

10% of the saturation: value. Because of this it is to be expected that -- "' .. 
when terbium is ferromagnetic, the spins will not move very far out of the 

basal plane on application of such a comparatively small field along the 

C axis, and that any torque curve measured in the ferromagnetic region 

will not therefore give a true indication of the anisotropy constants 

of the crrstal. When such measurements were made, it also became apparent 

that the torques developed by the system were at least an order of 

magnitude l~rger than the maximum compensating torque (20,000 dyne-ems) 

which the magnetometer could supply. At temperatures below the Curie 

point, the system was not able to hold the specimen in the null position 

at applied field strengths greater than about 3k0e. Conse-quently, the 

only useful measurements which could be ~ade were in the paramagnetic region. 

The torque curves obtained were all of a simple sin 29 type, 

so that the only anisotropy constant required is ~~· The signs of the 

torques were such as to indicate an easy direction in the basal plane of 

the crystal, which was orientated by X-r~ diffraction techniques. 

The ~1 values obtained are plotted ~gainst temperature for various 

applied fields in Figure 8.3. It can be seen that the anisotropy is 

becoming v~ry large some ~en degrees above the Nlel point for the higher 
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field values. 
, 

Below the Neel temperature the torque values obtained 

were larger than the maximum torque measurable by the magnetometer, 

except for fields below about 3k0e. For such fields the amplitude 

of the torque curve varied little with decrease in temperature, so 

there would appear to be little increase in magnetisation with decrease 

• in temperature at low field values, where all magnetisation must lie 

in the basal plane. 

fields up to 3k0e. 

It therefore seems likely that domains exist at 

The dependence of the tls values on the 

applied magnetic field strength is shown in Figure 8.4, where several 

isotherms are plotted. Callen and Callen (52) predict that in the 

paramagnetic r~ge the anisotropy. constant #lt. (or, more properly, 

~2, the equivalent coefficient in the expression for the anisotropy energy 

in spherical harmonics) will be proportional to _the square of the 

magnetisation, M2(T,H). Hence it follows that: 

t( GC (1(H) 2 

2 
H2 

·-2 
(T-Q} 

The dependence on H2 is demonstr~ted in Figure 8.5. Here the plot for 

244°k curves upwards sharply at higher fields, but this is not seen in 

the 237°k values, and cannot be taken as evidence of any change in the 

magnetic ordering, as a small temperature change during the measurement 

8.1 

would, at this temperature, have a la:rge effect on the slope of the curve. 

For the temperature dependence the choice of Q is not obvious. In all 

one-ion theories M(T,H) defines the distribution of the spins, and is 

assumed isotropic. In the paramagnetic ~egion M is certainly not 

isotropic, and altho_ugh the ~versus T plot is linear and has the same 

gradient whether the magnetisation lies in the basal plane or along the 

C-axis the intercept on the temperature axis differs. Where the easy 
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Fig. 8.7 Typical torque curve for ferromAgnetic terbium, showine the 
deviation from a true sinusoidel curve. 
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direction lies in the basal plane, the par~gnetic Curie temperature 

Qb is higher than that for the C axis ~0 • Consequently, it seems 

reasonable to take for the value of g in equation 8.1 the average 

value for the paramagnetic Curie temperatures ( Qb+Qc )/2 = Qav. 

The dependence of the gradient of the fl, versus H2 lines 

-2 . 
on (T-Qav) is plotted in Figure 8.6, using a value for Qav of 

222°k, obtained from Koehler (37). From the few points available the 

plot appears sufficiently linear: it is to be noted that the point which 

lies well off the line corresponds to the values obtained at 244°k, which 

were in any case suspect. 

A typical torque curve is shown in Figure 8.7. It will be 

noted that the curve is not a true sinusoid, but is distorted so that 

the maximum torque occurs closer to the C axis than the basal plane. 

This distortion was only found in the ferro.magnetic measurements, the 

paramagnetic torque curves being perfectly sinusoidal. Two terbium 

C axis specimens were available, one bei_ng ellipsoidal, and the other 

a thin disc of approximately half the mass of the ellipsoidal specimen, 

enabling measurements to be taken to slightly lower temperatures. A 

torque curve at 223.5ok in an applied field· of 2.7 kOe is shown for each 

specimen in Figure 8. ·7, where the distortion is more marked for the 

cylindrical specimen than for the ellipsoid. It is of interest to 

consider the causes of this distortion. 

In the fer~~agnetic ·region the magnetic fields in which torques 

could be measured were small eno_ugh to justify the assumption that the 

spins remain in the basal plane for any orientation of the applied field. 

This situation is shown in ~igure 8.8. 
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basal 

c 
axis 

Fig. a.a 

As. the applied field direction is rotated from the basal plane 

towards the C axis there will be some component of the field, HcosQ, 

remaining in the basal plane and maintaining the ~agnetisation in 

its original direction. The torque will be: 

L(Q) = MHsinQ 8.2 

This expression increases to a maximum of MH at Q= 90°, and as the 

field sweeps across the C axis the ~agnetisation in the basa~ plane 

• will suddenly flip to the reverse basal plane direction. Consequently, 

the torque will change discontinuously from a maximum value in one 

direction to a maximum value in the opposite direction. 

However, when the field component in the basal plane is 

sufficiently small, the system wi~l consist of domains whose magnetisation 

will lie in the basal plane along each of the easy directions. The 

results of Hegland, Legvold and Spedding indicate that the easy direction 

is the b axis, so that it is to be expected that some domain pattern 

will exist in which the magnetisation in the various domains will lie 

along both positive and negative directions for each of the three b axes. 

As the field in the basal plane is increased those domains with 
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magnetisation in the field direction are energetically favourable and 

grow at the expense of the other domains, and the magnetisation in the 

easy direction is not now constant. For very low field strengths the 

magnetisation is a function of the field component in the basal plane, 

and we can rewrite equation 8 .• 2 as 

or 

L(O) oc (HcosQ)HsinQ 

L(Q) oc sin2Q 

Then at low field strengths the torque curve tends to the sin2Q 

type, as is observed. For somewhat higher fields the basal plane 

8.3 

8.4 

component of the applied field is only sufficiently small for the 

existence of domains when the direction of the applied field is near to 

the C axis. Thus as the field direction nears the C axis the magnet-

isation in the basal plane direction reduces, and the discontinuity 

in the sinO curve is smoothed out. As the field stre_ngth is 

increased the change in sign of the torque at the C axis·will became 

more abrupt, as observed. 

If we assume that all the magnetisation lies in the basal plane 

and that the torque is completely defined by MH sing then the magnet

isation data supplied by Hegland, Legvold and Spedding may be used to 

~redict torque curves. Interpolation of the isothermal magnetisation 

curves will determine the value of the magnetisation M present in the 

basal plane direction for the appropriate value of the component of the 

applied field in this direction, the component gradually decreasing as 

the field is rotated away from the basal plane and into the C axis direction. 
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terbium specimen with curves (solid line) calculated on the bas
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This value for the magnetisation can then be used in equation 8.2 to 

calculate the torque for a range of orientations of the applied field. 

. 4 ok 4 ok The torque curves thus obta1ned for 21 .5 and 5. kOe, and 125 and 

2.7 kOe, are shown in Figure 8.9 where they are compared with the 

experimental curves obtained for the cylindrical crystal. The 

agreement at angles close to the basal plane is remarkably good. At 

larger angles the experimental curves are closer to a sin2Q function 

than the calculated curves. Curves obtained for the ellipsoidal 

specimen indicate an even gre~ter deviation from this prediction, but 

the precise pattern of domains existing in the crystal must depend to 

a large extent on the shape of the sample. 

~e N~el point of terbium is 227.7°k, as determined by the 

neutron diffraction studies of Koehler et al (82) and the ferromagnetic 

• Curie'point is 220°k. The critical field at the N~el point is only 200 

Oe, and anisotropy observations must be made at applied field strengths 

smaller than this if the antiferromagnetic region is to be investigated. 

The torques developed at such fieldJwere too small for useful measurement, 

although they appeared to be of the sin 2Q type. 

lh order to investigate the shape of the ferromagnetic torque 

curve at higher fields than could be used with the automatic torque 

magnetometer, a simple torsion wire balance was set up, using a rotatable 

torque head and a short l~ngth of beryllium copper wire. As the 

magnetic field was rotated about the specimen the torque head was 

rotated manually to bring the specimen back to the zero displacement 

position. The torque curves obtained were similar both in shape and 
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magnitude to those reported for the dysprosium specimen (Figure 8.21) 

showing the behaviour predicted above, whereby as the applied field was 

increased the initial sin20 type curve becomes more and more distorted, 

the m~imum moving towards the C axis. At fields above 6kOe the 

torque reached a maximum value some 15° from the c axis, and at angles 

of the applied field closer to the C axis the system became Unstable, 

the specimen flipping from the maximum torque position in one direction 

to that in the other direction. At 12k0e a maximum torque of 2 x 107 

ok dyne ems/gram was developed at 77 • The specimen was still far from 

saturation at this field, and such a torqu~ cannot be taken as an 

indication of the anisotropy, which must be considerably larger than 

that given by such torque values. 

8.4 Terbium: Basal Elane Anisotropy 

Torque curves were obtained for the ellipsoidal terbium 

basal plane specimen from 55°k to 220°k, for applied magnet field 

strengths up to 12.5k0e. The torque curves were found to be of the 

sin S,tS' type, components in 2,6 and 4,eheing compar.ati vely small except 

at the higher temperatures. A~ temperatures below 100°k the torques 

developed became too large at maximum field for the servomechanism of 

the torque ~agnetometer to hold them. A disc-shape specimen of 

approximately half the mass of the ellipsoid was available and enabled 

torque measurements to be made down to 55°k at field strengths of 12.5 kOe. 

At temperatures above 220°k no he~agonal component was observable, only 

a 2,iS component from the C axis anisotropy remaini_ng. Thus the basal 

plane anisotropy is only observable in the ferromagnetic region. 
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Fig. 8.10 Low field torque curves for the terbium basal plane specimen, 
showing rotation~l hysteresis. Temperature ts 77°K. 



Considerable rotational hysteresis was observed, and this 

became troublesome at low field strengths, computer analysis for the 6p 
component produc~ng values for the torque curves for opposite directions 

of field rotation which differed by up to 50% at the lowest field 

strengths used. If the two torque curves obtained for field rotation 

in opposite directions were averaged, then analysis of the average plot 

gave a fl-4 value which .agreed with that obtained by averaging the 

separate 1(.4 values obtained from the individual curves; this latter 

value is taken for the f(~,. value here. However, since domains exist at 

these low field values, the meani.ng of the anisotropy constant obtained 

is problematical. 

Low field torque curves for the ellipsoidal specimen at 96°k 

are shown in Figure 8.10 in which the rotational hysteresis can be seen. 

This hysteresis persists to the highes~ fields used, although at 12.5k0e 

the difference between the curves is less than 5% at the maxima. Thus 

hysteresis is appreci~ble.at field strengths above technical saturation, 

where all magnetisation processes should be reversible. It is possible· 

that the rotational hysteresis is due to domains existing in low field 

r.egions on the e.dges of the specimen, and if this is the case the disc 

shaped specimen, in whi.ch the field will be less homogeneous, would be 

expected to show a greater degree of hysteresis, as is found to be the 

case. 

.fJt temperatures below ll0°k the torque curves began to deviate 

noticeably from a sin 6p form, the torque maxima becoming closer to the 

hard direction. This was more marked in the disc shaped specimen than 

in the ellipsoid. The distortion was affected to a large de@ree by 
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the way in which the crystal was mounted on the specimen holder, and it 

was found that in the cases where the deviation from a sin 6/J curve 

was large, the amount of rotational hysteresis present was also large. 

A preliminary method used to mount the specimen was by a resin adhesive 

of the type used for strai~ gauges, and this produced such a large 

distortion of the torque curve as to produce what was almost a saw-tooth 

trace, _again with a large amount of hysteresis. A specimen mounting 

using 'Sellotape' adhesive acetate tape was eventually foUQd to be the 

most satisfactory, in that the torque curves obtained were reproducible, 

and showed a minimum of deviation from the sinusoidal, together with the 

smallest amount of rotational hysteresis. The very thin disc shaped 

crystal, when mounted on a dished specimen holder intended for the 

ellipsoidal specimens, also gave a very distorted torque curve, the 

distortion decreasing when the crystal was attached to a flat specimen 

holder. It therefore appears that any strain present in the specimen 

will greatly increase the deviation of the torque curve from the 

sinusoidal form, and is therefore presumably distorti?g the crystalline 

anisotropy energy by broadening the energy minima and sharpening the 

energy maxima. Since the presence of strain will ch~ge the lattice 

parameters sl_ightly, it is to be expected that the anisotropy ene_rgy 

surface will be affected, and the ~ymmetry of the lattice, and hence 

of the torque curve, presumably lowered. It seems possible that a 

strain free crystal would have a perfectly sinusoidal ene!gy surface in 

the basal plane at all temperatures, and that this distortion produced 

in the lower temp~rature measurements represents a straining of the 
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crystal duri.ng thermal contraction. If this is so, then the disc 

shaped crystal, which had a thickness of only 0.24 mms, would be 

expected to show a greater ~egree of distortion in the torque curve than 

the more substantial ellipsoid. This was observed for all three disc 

shaped specimens (terbium C axis, terbium basal plane, and dysprosium 

basal plane) • 

'lhe result of this deviation from the sinusoidal is that 

the computer analysis for the 6~ component produced a somewhat lower 

value for 4/,4 than would be obtained by consideration of the overall 

amplitude of the torque curve. Since it became apparent when the 

effect on the torque .curve of the specimen mounti.ng was bei.ng invest.igated 

that the more the specimen was strained the greater would be the overall 

amplitude of the distorted torque curve, it is better to use the result 

of the 6/J analysis for the f/.4- value, rather than the torque curve 

amplitude. 

The rotational hysteresis is ~so strain dependent, and if this 

hysteresis is purely a domain property the presence of strain, which will 

impede the movement of domain walls, can be expected to affect the 

hysteresis. Another possible effect of large strains, in producing 

dislocations in the crystal lattice, will be to cause local discontinuities 

in the anisotropy energy surface. Since there will be an angular 

distribution of the individual spins about the mean ~agnetisation direction 

due to thermal perturbations, and this spread might cover many dislocation 

produced anomalies in the energy surface, rotation of the applied field 

might produce a differently shaped distribution for one direction of 

rotation than for the other. Such a mechanism could produce rotational 
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hysteresis ~~ field str~ngths beyond the domain region. 

X-ray orientation of the specimen showed that the easy direction 

lay in the b axis, in agreement with the ~agnetisation measurements of 

Hegland, Legvold and Spedd~ng (17), and corresponding to a positive 

value for 1'.+ Variation of fl
4

with temperature at various values 

of the applied field is shown in ~igure 8.11. Isothermal variation of 

fl.,
4 

with applied field stre_ngth is shown in Figure 8.12. From this it 

can be seen that at temperatures below 100°k s·aturation of the f/.4 

value has not been reached at 12.5k0e, although the magnetisation 

saturates at 3k0e. Generally, the value of ~4 increases with 

decreasing temperature. However, at low field strengths the anisotropy 

constant appears to reach a maximum and then decrease as the temperature 

is further decreased. At this point rotational hysteresis is large, 

and there is some deviation from a purely sinusoidal curve. The latter 

phenomenon is not the reason fo'r the dec.rease in ~+ with d~creasing 

temperature: the decre~se is observed whethe~ the v~lue for ·~4 is 

derived by computer analysis or from the torque curve amplitude. 

The distortion of the torque curve increases with increasing 

stre_ngth of the applied field, which may indicate strains produced by 

magnetostrictive effects. At field stre.ngths low enough for the existence 

of domains, the torque curves become sinusoid~!. The difference between 

the computer analysis value forfl~ and that obtained from the torque curve 

amplitude is nowhere more than 10%, while the anisotropy constants 

obtained from the ellipsoidal and disc-shaped specimens differ by more 

tharr this, particularly at low field stre_ngths. Since the field in the 

disc-shaped specimen will be less ho~ogeneous than that in the ellipsoid, 
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' the effective mass of the disc will be less than the true mass 

and will lead to a measured 4/.4 value lower than is actually the case. 

The disc-shaped specimen was also a poor crystal, there being a spread 

in the grain orientation of some 7° and this again will reduce the 

measured value of 4l4 . 

'Jhe obtained .§l
4 

values are plotted against the reciprocal 

of applied field str~ngth in Figure 8.13, in order to obtain the infinite 

field value of the anisotropy constant. The extrapolation was very 

ok ok 
inprecise for the 55 and.77 measurements, since at the maximum 

available field strength saturation was only b.eginni.ng at these 

temperatures • The fl4 values at infinite field so obtained ar~ plotted 

. against temperature in Figure 8 .14. In order to compare this 

temperature variation with the predictions of Zener's theory it is 

.J.} ok necessary to .know the saturation value of '7"-4 at 0 , whereas the 

lowest temperature available for experimental measurements was 55°k. 

Hence extrapolation to o0 k cannot be done with confidence; The value 

so obtained, 3 x 105 ergs pe~ gram, is likely to be a maximum value, 

since if the variation of ~4 follows ~hat of the anisotropy in 

gadolinium as found by Graham.(74), there will be a tendency to 

saturation at low temperatures. 

Pigure B .14 c-ares the tenu>erature variations_ o~ {fly fl } 
and ( %

0 
)a.

1 
using values for the magnetisatio:tJ. ·obtained by Hegland 4-.• 

et al. The .agreement is poor, and cannot be improved by another choice 

of the IJ value. 
T\..4,0 

Callen and Callen (52) have shown that Zener's 

theory should hold for temperatures where 

1 - I/Isat < 0.7 8.5 



ok 
This would be true for temperatures less than 174 

90. 

but in this case it appears that the temperature dependence is some-

what_ gentler than Zener's theory predicts. Zener's theory makes no 

allowance for changes of lattice parameters with either temperature or 

~agnetic field strength, and in view of the large magnetostriction 

exhibited by terbium (83) some modification m~ well be required. 

'llle basal plane anisotropy for terbium is some 400 times 

larger than that for gadolinium, a ratio which appears to be true in 

order of ~gnitude for the fls. value also. 

8.5 Pysprosium: C axis AnisotropY 

The N~el temperature for the paramagnetic to WQtiferr~agnetic 

transition in dysprosium is 178.5°k, and the antiferramagnetic to 

ferro~agnetic transition occurs at 85°k. Furthermore Flippen (81) 

gives the critical field near the N~el point as 12 kOe. Thus although 

measurements of anisotropy were not possible in the ferromagnetic 

~egion because of the low field stre?gths available and the torque limit 

of the ID:agnetometer, it was possiQle to make anisotropy measurements 

in the anti-ferroiD:agnetic ~egion, as well as paramagnetic measurements. 

For the specimen in the par~m~:agnetic region the torque curves 

obtained were of the sin 2Q type, as was observed for terbium. 

Thro_ughout this paramagnetic region the anisotropy constant 1/.1 

determined for dysprosium is very much smaller than the constant for 

terbium. The roam temperature valu~ for dysprosium is 4.6 x 103 ergs 

per SI:atn, while terbi 1m1: gives a cJl1 value of 4. 8 x 104 e_rgs per_ gram at 

fields of 12.5 kOe. In the ferrOlll:agnetic r_egion, below 85°k, the 

torque curves obtained are also of the sin 20 type, although here the 
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measurements could only be made at field stre_ngths below 3k.Oe because 

of the large torques produced. X-ray orientation of the sample showed 

that the easy direction lay in the basal plane, in _agreement with the 

neutron diffraction studies of Koehler-et al (82). 

For the antiferromagnetic r_egion, 85°k to 178. 5°k, the shape 

of the torque curve obtained depended on the strength of the applied 

n~:agnetic field. A typical set of.curves is shown in Figure 8.15 for 

a temper~ture of 158°k and a r~ge of applied field stre_ngths from 

11.1 kOe to 12.5 kOe. When the applied field strength is below a 

certain critical value the torque curve is of a simple sin 2Q type, 

similar to the curves obtained in the paramagnetic region. When the 

field stre_ngth is further increased large values of the torque b_egin 

to develop on both sides of the basal plane direction, the B:Ilgular 

extent of these two torque maxima increasing as the applied field is 

increased. The cause of th~se large torque values is, of course, the 

onset of ferr9~gnetism, occurring whenever the component of the applied 

field in the basal plane exceeds the critical field. Since the basal 
. . 

plane,is the easy direction for magnetisation the torque occurring when 

the applied field exceeds the critical field and lies in the ~asal plane 

will be zero. As the field is rotated out of the basal plane direction 

the torques produced correspond to part of that ferr-omagnetic torque 

curve appropriate to temperature and applied field stre_ngth, that is to 

say a sin 2Q curve of large torque amplitude. As the field is rotated 

further from the basal plane direction the component of the field in the 

basal plane will drop below the critical value, and the system becomes 

antiferro~gnetic once more, the torques decreasing at this point to the 
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value appropriate to the antiferromagnetic tQrque curve. It is to be 

noticed that there is no very rapid change from h_igh to low torque 

values at this point, as might be expected for a sudden transition 

from ferromagnetism to antiferr~agnetism. It is possible that field 

inhomogeneities in the crystal cause the transition to take place in 

different volumes of the crystal over a r~ge of field str~ngths. 

Since the component of the applied field, H, in the basal 

plane is Hcos 0(' if OC is the angle between the basal plane and the 

applied field direction, ferro~agnetism will exist while 

8.6 

where H
0 

is the value of the critical field at the temperature of the 

specimen. Thus the ferromagnetism will be observed to disappear, i.e. 

the torque curve will revert to the small amplitude sin 2Q curve 

appropriate to antiferromagnetism when the applied field is at an 

~gle o< to the basal plane_ given by 

-1 I OC : cos (He H) 8.7 

Thus the critical field value can be obtained from the set of 

torque curves by determini_ng the maximum value of the applied magnetic 

field strength which will produce an undistorted sin 2Q curve; it is 

to be expected also that the cosine of the maximum ~ngle of the applied 

field to the basal plane direction at which ferr~agnetism still exists 

will vary as the ratio of the critical field to the applied field. 

In general this is true, alth~ugh the ~gle 0( tends to be a few ~egrees 

larger than predicted by equation 8. 1. In Figure 8.15 it can be seen 

that the critical field is appr·oximately 11.5 kOe at 156°k, 
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From these results the value of the critical field through-

out the antiferr~agnetic temperature range could be determined. 

The values obtained increase from zero at an indicated Curie 

temperature of 84°k, to 11.8 kOe at approximately 167°k, as shown in 

Figure 8.16. 

Flippen (81). 

This ~grees reasonably well with the values given by 

The torque curves obtained for the dysprosium C axis crystal 

indicated no detectable rotational hysteresis, as was the case for the 

ellipsoidal terbium C axis specimen. Rotational hysteresis was only 

troublesome in the basal plane measurements. In the case of the disc-

shaped terbium C axis specimen, rotational hysteresis was present, but 

it has been pointed out previously that the hysteresis is to some 

extent a function of mechanical strain in the crystal. 

In the antiferrOID:agnetic r_egi6n, where the applied field was 

greater than the critical field-the ~1 values were obtained from the 

amplitude of the antiferro~agnetic section of the torque curve, since 

the curves were accurately sinusoidal in this r_egion. Figure 8.17 shows 

the variation of the ~'1 values with temperature.· for various applied 

field strengths. In the paramagnetic region the anisotropy constant 

increases with decreasing temperature to reach a maximum at the N~el 

point. In the antiferrolll:agnetic r_egion fls decreases with decreasi~g 

temperature until the magnitude of the applied magnetic field exceeds the 

critical field value at that temperature, whereupon the system is driven 

ferromagnetic and very large torques are produced. These large torque 

values exist only while the applied field is at a relatively small angle 

to the basal plane, and hence it is not possible to estimate f/, 1 in the 

ferromagnetic region. For applied field strengths well above the 
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Fig. 8.19 Plot or~1 versus H2 for dysprQsium above the N~el 
temperature. 
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critical field the torques obtained are too l~ge to be measurable 

with the magnetometer. 

The position of the maxima in the §/. 1 versus temperature curves 

at the N:el point was field dependent, movi~g to lower temperatures as 

the field strength is increased. 
, 

This field dependence of the Neel 

point has been found to exist in all the rare earth metals· which 

exhibit antiferrolll;S-gnetism (.17, 23, 24, 28, 30). Extrapolation 

of the positions of the maxima to zero applied field ~grees well 

with a N~el temperature of 178.5°k (23). 

The U,1 values are plotted against applied field strength for 

various.temperatures in Figure 8.18 and against the square of the field 

strength in ~igure 8 .19·. It can be seen tha~ in general there is a 

linear dependence of This is true for both the para-

ID:agnetic and the antiferrOID:agnetic r_egion, indicating that in the anti-

·ferromagnetic region, where a spiral spin structure exists, the effect 

of an applied field is to produce a ~agnetisation which is directly 

proportional to the field, as. in the more normal two-sublattice type' 

of antiferr~agnetism. For the two temperatures close to the N:el 

point, 171°k and 179°k, there is an abrupt change of slope at higher 

fields. At these temperatures f/,.
1 
is cha:nging rapidly with temperature, 

and the gradient change may be due to a small temperature cha:nge 

during the measurements, rather than a field induced change in the 

magnetic ordering. The gradient change for the 137ok plot m~ well 

indicate a cha:nge in the orderi_ng. at field stre_ngths below the critical 

field: certainly the amplitudes of the antiferr~agnetic torque.curves 

are increasi_ng rapidly at values of the applied field just below the 



"" • '• 0 
i&, 

ctl 

~r 
0 -" ""'J 

~ 
3 

~ , 

.. 
(/~ 
7i 

I 
~l' 

' - .-'t 'ct: ,.,. ..,.,. ,..',, ~ 
.. '< 

/ ', ,, 
.................. + 

"J)YSPRoSIUt1. 

0 I c , -, I I I I • I I I I I I I I 
0 I A ~ a ~ L ~ 

Fig. 8.20 Plot of ~~versus (T~e)* for dysprosium in the para

magnetic region. 



Fig. 8.21 Torque curves obtained for the 
dysprosium c-axis specimen in 
the ferr.omagnetic state, using 
the simple torsion--wire balancg • 

. Curves ware all recorded at 77 K. 
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critical field. As for terbium the temperature dependence of~~i 
~(Ha) 

was considered from the viewpoint of a 1 2dependence. 
(T-Q} 

The plot 

against 1 
2

, Qav = 145°k (37), is shown in Figure 8.20, but 
(T-Qav> 

there is a marked departure from linearity some 15°k above the N~l 

point. The 

this is seen 

function was plotted against 1 21 gc = 121 ok, 
(T-Qc) 

to be not only more linear than the previous plot, 

and 

but 

there is also no deviation from linearity until the temperature falls 

below the N{el point. 

In order to investigate the field dependence of the 

ferr~agnetic torque curves for dysprosium, a simple tor~ion wire 

balance was used, as described for terbium. The torque curves so 

obtained at 77°k are shown in Figure 8·.21. The mechanism for this 

change from a sin 2Q type curve to a sinQ form has already been · 

discussed for.terbium. It can be seen ·that for small values .of the 

applied magnetic field the curve is a symmet"rical sin2Q function, 

but that as the field is increased the curve becomes more nearly a 

sin"Q expression with a discontinuity at the C axis. For the 6kOe 

torque curves, and at h_igher fields, the system became unstable near 

the C axis, the specimen suddenly twisting through an angle of nearly 

lff0° to the opposite maximum torque position as the angl~ of the 

applied field to the C axis decreased. In th~ field region where this 

instability existed, the point of instability_ grew closer to the C axis 

as the field was increased. The curve for 17 kOe had a definite 

maxim"Wll in t_he torque values just before the system became unstable' 

and it is to be expected that as the field is further increased the curve 

will approach a s1n2Q function once more, as the spins are pulled 
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further from the basal plane and are able to sample the crystal anisotropy. 

The magnitudes of the torques developed were very similar to those 

observed for terbium: the maximum torque at 17k0e was 6 x 107 dyne 

ems per gram. 

8.6 Dysprosium: Basal Plane AnisotropY 

The torque curves produced by the ellipsoidal dysprosium 

specimen with the basal plane in the plane of the ellipsoid were 

measured for applied field strengths up to 12.5°k, and for temperatures 

above 55°k. No basal plane component of the anisotropy was observable 

above 160°k, and in all cases the observed basal contribution was 

hexagonal. At temperatures below 100°k the torques became very l~ge, 

and the torque curves were asymmetric, the maxima. of the sin 6p curve 

moving away from the easy direction, which X-ray orientation of the 

crystal showed to be the b axis. 

Because at the lowest temperatures the high field torques 

were beyond the range of the magnetometer, a second disc-shaped specimen 

of approximately half the mass of the ellipsoidal specimen was used. 

This specimen had a hollow on the circumference, and some shape anisotropy 

was.to be expected. The asymmetry in the torque curves shown by this 

disc shaped specimen was greater than that shown by the ellipsoidal 

specimen, and was very dependent on the strain produced in the crystal 

by the mounti.ng, as discussed for terbium. Typical torque curves are 

given for both the dysprosium specimens in Figure 8.22. 

Changes of s.ign in the anisotropy constant ~4 were discovered 

for ~igh field measurements at temperatures above 135ok, and for low 
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field measurements below 100°k. The higher temperature reversals were 

very field dependent, and occurred at field strengths just above the 

critical value. At applied field str~ngths below the critical field 

no hexagonal component was observed, altho_ugh a sin2¢' component with 

a large ~egree of rotational hysteresis was present. At these 

temperatures, as the field is decreased, the value of ~4 is at first 

positive (b axis easy) and then goes thr~ugh zero to become negative 

(a axis easy). At this reversal the observable anisotropy is small, 

and, as the field decreases further, quickly vanishes, the system 

becoming antiferr~agnetic as the critical field value is reached. In 

two cases, the measurements for 149°k and 142°k.at applied fields of 

8.9 kOe and 7.5 kOe respectively, the torque cUrve was observed to 

undergo a second reversal, the b axis becoming easy once again, 

although the anisotropy was extremely small here. The set of torque 

curves for 142°k is shown in Figure 8.23. The curve for 12.5 kOe 

corresponds to a positive val~ .of f{
4

whereas at 11.2 kOe there is 

very little hexagonal component compared with the. sin 2rl term, 

although analysis indicates the l{
4 

value is still positive. The 

curve for 8.9 kOe shows that ~4 is'reversed in sign, the a axis.being 

easy, while at 7.5 kOe the ~4 value is _again positive, but small. 

For fields below 7.5 kOe, no hexagonal component was observable. 

The value of the a.Bisotropy constant 1(.4- is plotted as a 

function of temperature for various values of the applied field in 

Figure 8.24, the inset showing the reversals in 4{
4 

which occurred at 

small values of the anisotropy constant. It can be seen.that here 

_again there is considerable discrepancy between the anisotropy constants 
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obtained for the ellipsoidal and the disc-shaped specimens. Unlike 

the result for terbium, however, f/.4. here is larger for the disc-

shaped specimen. The reason for this is not understood. 

At the lower temperatures reversal occurs only at fields 

below approximatelY 1.5 kOe and does not appear to be very field 

dependent. As the field is increased from zero the easy direction 

is at first the a axis ( .§l
4 

negative), cha:ngi_ng to the b axis 

( f(,. positive) as the field increases. 

The field dependence of §l4 is shown in ~igure 8.25, the 

inset show~ng the ch~ges in easy direction at the higher temperatures. 

It can be seen that the anisotropy constant is far from saturation 

at the lower temper~tures. 

A survey of the Ill:agnetisation measurements of .Jew and 

~egvold (21) as tabled in their report, indicated that the easy direction 

(i.e. the axis showi_ng maximum magnetisation) in the basal plane changes 

from the a axis to the b axis as a function of temperature and applied 

field stre;D-gth. However, their results predict that for temperatures 

below 100°k the easy direction should be the a axis for a large range 

of the applied field strength: for· example, at 90°k the change in easy 

directio~ from a axis to b axis does not take place until a field of 

12 kOe is applied. An easy axis change from b to a with increasing field 

is also indicated at very low field strengths. Alth~ugh the ~igher 

temperature 4l+reversals observed here _agree approximately with those 

predicted from the measurements of Jew and Legvold, there is no _agreement 

at the lower temperatures. Both of the dysprosium single crystals 

showed an easy direction in the b axis for most of the range of field 

str~ngt~s used, and measurements on the two specimens gave _agreement over 
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the position of the easy direction ch~ges. Thes~ results indicate 

that a plot of the value of the applied field at the transition versus 

temperature is a steadily decreasing function of field with temperature, 

and not a function which passes through a minimum and then increases, 

as predicted on the basis of the measurements of Jew and Legvold. 

This comparison is made in ~igure 8.26. It is perhaps of interest to 

not~, however, that the temperature-field position of the knee on the 

~4 versus field plot in ~igure 8.25 lies close to the line of the 

low temperature, ~igh field a axis easy to b axis easy transition found 

in Jew and ~egvold's measurements. Thus this transition, although not 

found in the torque measurements, occurs after the initial fairly rapid, 
' 

rise in ~agnetisation, just as do the other transitions, which occur 

after the rise in ~agnetisation at the critical field value. That there 

should be such a lB:I"ge dis_agreement between ~he. :two sets of measurements 

is rather . surprisi_ng. The trans"i t ion, presumably, must be very 

sensitive to the values of the lattice parameters, ·and it would be 

interesti_ng to invest.igate the effect of strain on the transition points. 

Any comparison of the temperature dependence of ~4 with 

Zener's theory is likely to be unprofitable, because of the comparatively 

small temperature range over which the anisotropy has been investigated, 

and because of the lack of saturation of the anisotropy constant at the 

maximum field stre.ngths available. The same objection which was broached 

in the case of terbium, on th~ grounds of the lB:I"ge ~agnetostriction, 
2.1 

is also valid here (84,85). The function (cf~do) becomes 0.01 at 110°k, 

so that it seems probable that {.fl¥Jt.Jwiu ~all oU somewhat less 

rapidly, as was observed for terbium. Also the Zener theory cannot 
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account for reversals in the sign of f{.
4

, altho_ugh fl
4 

is very small 

when this occurs. 

8.7 Holmium: C axis anisotropy 

,Holmium shows a paramagnetic to antiferramagnetic transition 

at a Nlel temperature of 132°k. A transition to ferromagnetism occurs 

at a temperature of 20°k in zero app~ied field, and the maximum critical 

field is 26 kOe (81). Thus only the paramagnetic and antiferramagnetic 

r_egions could be investigated. 

The torque curves obtained were in all cases .of the sin2Q 

type, with no asymmetry and very little rotational hysteresis. In the 

paramagnetic r~ge X-r~ orientation of the specimen showed that the easy 

ok 
direction was in the basal plane, but at 110 th~ torque curves inverted 

and the easy direction 1~ in the C axis. This behaviour of the torque 

curves is shown in Figure 8.27. 

The temperature variation .of the fl,, values for various applied 

field strengths is plotted in Figure 8.28. In the param_agnetic region 

the anisotropy increases with decreasing temperature, reaching a maximum 

at the N:el point, this maximum movi_ng to slightly lower temperatures 

as the field increases, but agreei~g well with a N~el temperature of 132°k, 

as determined by Hegland, L~gvold and Spedding (17). 

Below the N:el point the jl1 values decrease rapidly, fl.s 
becoming positive (C axis easy) below 110°k, the torque curves remaini_ng 

purely sinusoidal. The temperature at which reversal occurs is not field 

dependent. At lower temperatures the anisotropy constant becomes maximum 

at 90°k, decreases to a minimum at 63°k and is risi_ng slightly at 55°k. 

A second ellipsoidal crystal was available for measurement, but 

the specimen had a crystallite spread of same 10°. The anisotropy values 
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obtai?ed for this crystal were accordi_ngly rather lower than for the 

si_ngle crystal specimen: also this specimen showed a reversal in sign 

of the anisotropy constant at a temperature some 3° higher than for the 

first crystal, and there was also a further minimum in the anisotropy constant 

values at 87°k. Thus although the temperature variation of the 

anisotropy constant is in general the same for the two specimens, there 

is some discrepancy in the details. 

Because of this anisotropy reversal, the behaviour of the crystal 

in the ferrOID:agnetic r_egion was o£: great interest. As there was only a 

si?gle dewar available for the apparatus measurements at helium 

temperature were not possible, and liquid neon was considered as a 

possible alternative. One litre of neon was transferred to the ~agnet-

ometer dewar and the torque curve at .12.5 kOe measured. Because the 

neon boiled off rather more quickly than anticipated only one run was 

possible, and during this run the neon lev.el was at the level of the 

sample, resulti?g in an equilibrium temperature of 33°k. The results 

obtained duri_ng the run were sufficient to show that the system became 

ferro~gnetic at applied fields greater than 6 kOe, and that for an 

applied field str~ngth of 5.4 kOe the torque curve was of the· sin2Q 

type,_ givi?g a value for ~s of approximately 3.2 x 104 ergs per gram. 

The antiferromagnetic anisotropy constant is therefore risi_ng sharply 

below 50°k. The easy direction is still the C axis. For applied 

field strength~ greater than 6 kOe, ferro~agnetism developed when the 

field direction was close to the basal plane direction, in a similar 

manner to the onset of ferromagnetism observed in the dysprosium C axis 

specimen. Thus in the ferromagnetic crystal the easy direction is _again 
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in the basal plane, as indicated also by the directions .of the torques 

produced. Further runs at neon temperatures were not practicable 

because of the cost involved. 

However, it was discovered that if the maximum field str~ngth 

.available (12.5 kOe) was applied to the specimen at a temperature of 

55°k, which was the lowest .temperature obtainable by pumpi_ng on 

nitr_ogen, the critical field value was exceeded and ferrOID:agnetism · 

developed when the applied field direction was close to the basal plane 

direction. When this happened, the easy direction changed from the 

C axis to the basal plane. The torque curve obtained is shown in 

Figure 8.29 and, inset, the .s.~gested composition of the .curve. . It was 

found that at these low temperatures there was a la:rge amount of 

rotational hysteresis present, as is indicated by the broken curve in 

the di_agra.m. 

Thus it would appear that the easy direction for magnetisation 

in holmium is in the basal plane in the paramagnetic and ferromagnetic 

region, but along the C axis in the a.ntiferromagnet·ic r_egion. The first 

of these observations agrees with magnetisation measurements by Strandburg, 

~gvold and Speddi_ng (24), and with neutron diffraction studies by 

Koehler et al (37). An easy di~ection along the C aiis in the anti-

ferromagnetic region would not conflict with the magnetisation measure-. . . 

ments, since in this region there is no appreciable difference between 

the magnetisation produced by ~agnetic fields along the C axis, or in the 

basal plane, indicating that the anisotropy is not large in this r_egion. 

Inspection of the ~gnetisation curves shows that at 30°k and· an applied 

field of 5 kOe, which is below the critical field vaiue at this 
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temperature, the ~gnetisation produced in the basal plane is approximately 

15 e.m.u. per gram, whereas that produced in the C axis direction is 

35 e.m.u. per gram. This would indicate the C axis is the easy direction 

at this temperature, and that the anisotropy is much b_i_gger than at 

nitr_ogen temperatures. 

However, the neutron diffraction studies of Koehler et al have 

indicated a simple spiral structurEl for the antiferromagnetism, with all 

the spins lyi_ng in the basal plane. Below the Curie point a small 

ferrolll:agnetic C axis component was observed, but not at higher temperatures. 

This cannot be the case if the easy direction is the C axis, as suggested 

by the torque measurements. Some C axis component must exist, and, 

· further, for ~ given applied field strength the ~agnetisation produced 

along the C axis must be larger than that produced in the basal plane. 

~igure 8. 30 shows that the anti ferromagnetic f(,.,. values v~ as H2 , so 

that the C axis component is either paramagnetic or antiferro~gnetically 

ordered. If the component is antiferr~agnetic it will vary in some 

periodic manner along the C axis, otherwise it must be completely 

disordered in zero field. If orderipg does exist, then it is possible 

that the arrangement is similar to that found in erbium ~d thulilml where 

an antiphase domain system exists along th~ C axis, as shown in Figure 

1.4 (f). In this case it is not unreasonable to suppose that a magnetic 

field applied along the C axis will produce a larger ~agnetisation in 

this type of spin a.rrB:D.gement than will be produced by the application 

of the same field in the plane of the spiral spin con~iguration in the 

basal plane, since in the former case all the spins are in the line of the 

field and distortion of the periodicity will produce ~ growth of the-

favourably oriented 'domains', whereas in the latter case the field 
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merely produces a sl_ight distortion of the spiral. 

Alth~ugh the studies of Koehler et al were in zero applied 

field, it is difficult to understand why the existence of such a 

C axis component was not observed, unless the phenomenon is field 

induced. 

~igure 8.31 shows the linearity of 

80.5°K{37~As for dY-sprosium, linearity is 
, 

Neel point is reached, the plot curving over below this temperature. 

The critical field at 55°k appeared to be 11 kOe, and a . 

measurement at 63°k showed that a field strength of 12.5 kOe was just 

sufficient to induce ferromagnetism. These values are slightly lower 

than the critical field values determined by Flippen {81) which are 

approximately 12.5 kOe at 55°k and 14 kOe at 63°k. However, the 

critical field value determined at 33°k was 6 koe·, and a measurement 

at 20 kOe usi_ng the torsion wire magnetometer. gave a value for He of 
I 

19 kOe at -77°k, both values _agreeing well with Flippen. 

8.8 Holmium: Basal Plane Anisotr~ 

Since the basal plane anisotropy in the rare earth metals only 

appearsto be observable in the ferromagnetic range, it was expected 

that torque measurements would only be possibie where the critical 

field could be exceeded. This was found to be the case. In fact it 

was only possible to obtain torque curves for 55°k and two or three degrees 

higher (the lowest temperatures obtainable) and field strengths above 

12 kOe. Thus the critical field values as determined here appear to be 

slightly ~igher than for the C axis specimen. 
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Because the torque.curves obtained were for fields only just 

above the critical value, where the ~agnetisation is increasi~g very 

rapidly with field, the curves were not reproducible. However, the 

shape of the curves was very in.teresti_ng, in that they exhibited a 

twelve-fold ~amponent. A typical torque curve is shown in ~igure 8.32 

where it can be seen there is also a sin 2:i component present. There 

was also considerable rotational hyste~esis, as was observed in 

dysprosium just above the critical field. 

Because of the sin 12~ term the curve had to be analysed 

using an expression for the anisotropy which included h_igher terms 

in p. Expressing the anisotropy energy Ek in spherical harmonics 

yn(Q,~) and adding three extra terms of twelf'th order to the expression m 

used for the previous calculations: 
0 0 ~ ~-0 ~ ~-0 ~ 6 "6 ~) 0 0 ( ~)· Ek • A2Y2(Q,p)+A4~4{0,p}+A6~6(0,p)+A6Y6{0,p +Al2y12 Q,p 

6 6 12 12 
+A12yl2(0,p)+A12yl2(0,~}+... 8 •8 

Of. these extra terms only Y12 can include a factor containing 12/>, ( 86): 12 . , 

the other terms will hav~ coefficients containing f{.'l.' ~2,1{1 ,~4 , 
and two other constants. 

Y12 = constant x sin12o cos12..t. 12 p 8.9 

If this term is added to the energy expression, and the expression for the 

torque determined using this modified expression·, we find: 

L(p} • Q~[~1+~+~}sin2~ + 6~sin6~ + 12~sinl2p + ••• 8.10 

assuming that are all negl~gible. 

Here is an additional anisotropy constant required to describe 

the twelvefold dependence of the basal plane anisotropy. 

Computer analysis of the torque curves evaluated f{.,..' fl~, 
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and Q~[fl1 • ~2 + ~3] and gave a curve fit indicated in Figure 8..:32. 

A perfect fit cannot be expected, as at the point of measurement the 

magnetisation, and therefore the torque values, are very sensitive 

to small changes of temperature or field. 

From the computer analysis the contributions of .JJ n 
7\.s. , "'"' 

and fl, z, could be subtracted from the torque curve, leaving only the 

contributions of f/.4 and f(., Integration of this torque curve 

gave the shape of the anisotropy energy surface in the basal plane. 

X-ray orientation of the crystal determined the positions of the a 

and b axes relative to this curve, which is. shown in ~igure 8. 33, in 

which it can be seen that although both a and b axes are energy minima, 

the minimum. at the b axis is much deeper than that at the a axis. This 

agrees with the magnetisation measurements of Strandburg et al (24), 

in which the approach to saturation is slower for magnetisation in the 

a axis than in the b axis. 

Computer analysis gave a wide range of values for ~ .. and ~~ 
from analysis of different torque curves taken at a nominal 55°k and 

12.5 kOe. These values vary from +400 to +1200 ergs per gr~ for ~4 
and from +120 to +500 ergs per gram for ~r' the variation being due 

to the gre~t sensitivity of the measurement to changes in temperature 

or field strength. 

It must be remembered that these torque curves were obtained 

on the ~agnetisation rise occurring at the critical field: it is 

possible that at magnetisations nearer saturation the energy minima at 

the a axis will disa;ppear entirely to leave a sin 6f curve as 

observed for gadolinium, terbium and dysprosium. 
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8.9 Summary of Result~ 

Because of the limitations on the maximum torque which could 

be measured, and because the available magnetic fields were insufficient 

to pull the magnetisation out of the easy direction, only the para

magnetic and antiferromagnetic values of the anisotropy constant §l..l 
could be evaluated. The f/. 1 value increased with decreasing 

temperature in the par~m~:a.gnetic region, to reach a ma.x;imum value at 

the N~el point for the metals dysprosium and holmium, which show anti-

ferromagnetic behaviour below this temperature. Terbium becomes 

ferromagnetic at the Nlel point, except for very small values of the 

applied field.strength, and the anisotropy became so large .at this 

temperature as to be mmeasurable. For dysprosium and holmium, in 

the antiferromagnetic r_egion the anisotropy decreases ~ith decreasing 

temperature, and in the case of holmium the anisotropy_ constant changes 

sign from negative to positive, becoming large and negative _again as 

the system becomes ferromagnetic. The magnitudes determined for the 

critical fields in dysprosium and holmium _agree with the measurements 

of Flippen (81). The maximum value of the critical field in the basal 

plane of holmium is 26 kOe: presumably if a field is applied in the 

basal plane to exceed this there will be no antiferromagnetic region, 

so that as the temperature is decreased the easy direction will remain 

at all times in the basal plane, the anisotropy increasing rapidly at 
, 

the Neel point. 

As is predicted by Callen and Callen (52) the anisotropy varies 

as the square of the applied field in the paramagnetic region, and also 

in the _anti ferromagnetic region, where the magnetisation appears to be 

directly proportional to the applied field. In the paramagnetic region 
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the function \~:)' lllld there~ore il,1 at constllllt ~ield str~ngth, 
varies linearly with a function of temperature of the type ( T-Q) 2. 

However, the value of g which produced such a dependence was that of 

the average paramagnetic Curie temperature in the case of terbium and 

holmium, while for dysprosium the value taken was that of the para-

magnetic Curie point for rnagnetisation along the C axis. 

In terbium, dysprosium and holmium the easy direction for 

magnetisation lies in the basal plane, with the exception of anti

ferromagnetic holmium below 110°k, where the C axis becomes the easy 

direction, although this contradicts the neutron diffraction 

observations of Koehler et al (37). 

Determinations of the basal plane anisotropy constant §l
4 

show that there is no basal plane anisotropy observable in the para-

magnetic or antiferromagnetic regions. In all cases the ~4 
increases monotonically as the temperature is decreased, the values 

value 

, 
becomi_ng vanishingly small well belm-1 the Neel temperature. In the 

case of g~~linium the temperature dependence of 9{
4 

agrees well with 

the { %.) dependence as predicted by Zener (5o), but this is not so 

in the case of terbium. 

For gadolinium the saturation value of §l
4 

at ook is · 

- Boo ergs per gram. The basal plane anisotropy for both te~bium and 

dysprosium is a factor of approximately 500 larger than this. 

In the basal plane of dysprosium a change of easy direction from 

a axis to b axis with increasing field is observed at field strengths 

just above the critical field, and the transition is field dependent. 
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Although this agrees in part with the magnetisation measurements of 

Jew and Legvold (21) there is no evidence of a further transition at 

higher field strengths in the lower temperature portion of the anti-

ferr~agnetic ~egion. 

From the single temperature and field value invest_igated for 

holmium, the basal plane anisotropy is twelve fol~, with a deep energy 

minimum at the b axis, and a shallow minimum at the a axis. In this 

case it became necessary to define a further anisotropy constant~~· 

adding the term ~5sin12g cos12_r6" to the energy expression. 

The easy directions for magnetisation were as follows: 

Gadolinium 

Terbium 

Dysprosium 

Holmium. 

a axis (in the basal plane) 

b axis 

b axis, changing to the a axis at 

applied field strengths just above the 

critical field, as H decreases. 

b axis, with a second ene_rgy minimum 

at the a axis in the ferromagnetic 

region, changing to the C axis below 

110°k tn the antiferr~agnetic ~egion. 

Although in the C axis specimens all the torque curves obtained were of 

the sin2Q type, it is quite possible that at field stre_ngths which are 

sufficient to pull the magnetisation well aw~ from the basal plane in the 

ferr~agnetic region, the anisotropy will be such that higher order 

anisotropy constants than ~1 will be required for analysis, as is found 

to be the case in gadolinium. From the magnetisation measurements of 

other workers, however, the anisotropy between the basal plane and the 

C axis is such that the easy direction will not move far from the basal 
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plane in terbium, dysprosium and holmium. 

8.10 Suggestions for Further Work. 

O~viously, the preceding report is far from being 

a full investigation of anisotropy in the rare earth metals, 

because of the limitations :i.n the field strengths and temp- . 

eratures available, and also because the torque magnetometer 

was U..""'l.able to measure the maximum torques produced in these 

experiments. For further work very h:l.gh field strengths 

(100 kOe or more) will be required to produce saturation 

along the hard direction, and a magnetometer capable of 
9 measur:'i.ng very large torques (up 1io 10 dyne-ems} will also 

be necessary. Such high fields will necessarily be supplied 

in a solenoid, where the torque axis is perpendicular to the 

axis of the solenoid, making access difficult. A prototype 

magnetcimeter constructed with this intention is described 

in the appendix. 

Such measurements on terbium and dysprosium h~:nre very 

rec_ently be&n reported by Rhyne and Clark· (87). The anis-

otropy eonstan.t K1 was obtained. from the equilibrium orient

at:ton of the magnetic moment in applied magnetic fields up 

to 140 kOe. Measurement of the torques produced was achieved 

by passing a cur.rent through a coil containing the specimen 

and pivoted in the magnetising field, so bringing the system 

back to the null posit:ton. Measurements were made frb-m 

11 °K to near the Nfel points. The magnitudes of the anisotropy 

constants K1 for Tb and Dy were found to be very similar. 



The similarity of the magnitudes of the torques per unit 

mass produced by the Tb and Dy specimens, as measured by 
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the simple tors ion balance has already been com•nented on 

here: if the gradient at the easy axis of the torque curve 

for dysprosium is equated to the gradient o~f{ 1sin2Q at 

Q=O, the value obtaine_d for f/. 1 at 77°K in an appJ:ied field 

of 17 kOe is 3.5 x 10° ergs/gram, while the saturation value 

of fl, 1 at 77°K a~ measured by Rhyne and Clark is 5 x 107 

ergs/ gram. The order of .. p1a.gnl tude difference between tb.""·",., 
'·~ 

values reflects the lack of' satuP.ation at the low fields 

available. 

In the salT~ paper Rhyne and Clark report a determin

ation of K4 for Tb and Dy from magnetostriction dpta •. 

The values obtained agree satisfactorar11y with th~ values 

reported here. The value of ll 4 at 0°K for terbium as given 

by Rhyne.and Clark is 2.9 x 105 ergs/gram. The value obtain

ed here was 3 x 105 ergs/gram. 

It would ap-pear from tl'le measurements made using 

the disc-shape¢ specimens that strain has e. ls.rge··~ffect on· 

the crysta~line anisotropy. This is e. point requiring 

further invest:tgat1on; a small distortion of the lattice 

has a very marked effect on the anisotropy, and a systematic 

distortion of the crystal could provide useful information 

on the dependence on the lattice parameters of the anisotropy. 

Similarly, a controlled change in the lattice pe.rameters by 

t:q.e application of large hydrosts.tic pressures would lead to 

interesting-anisotropy measurements, though in this case the 

practical difficulties are likely to be severe. 



112. 

~CKNOWLEDGEMENTS. 

I would like to express my sincere thanks to Dr. w. D. Corner, 

who has supervised and guided me throughout this work. I am 

also indebted to Dr. K. N. R. Taylor for his assistance in the 

interpretat:lon of the results,· and. to Dr. M. I. Darby for advice 

on the computer ana lys i·s of the torque curves. 
-

I am also grateful to Professor G. D. Rochester, F. R. s., for 

the research facilities made available to me, and to the Physics 

Department ~7orkshop staff, especiall-y Mr. w. Leslie· and Mr. D. 

Jobling, for the construction of the apparatus. For the loan 

of the disc shaped terbium and dysprosium specimens I should 

like to thank Dr. D. M. s. Baggu:ley of Oxford University Physics 

Department, and Dr. E. W. Lee of Sheffield University Physics 

Department. 

An acknowledgement is also due to Dr. G. Lidgard, and to each 

of my fellow research students, Iv'l. B, Allenson, H. D. Ellis, 

D. R. Thompson and G. M. Young, for the discussions and suggest

ions which are valuable in any research project. 

Finally, my thanks are also due to S.R.C. for a Research 

Studentship from 1963 to 1966. 

P. H. B. 

June, 1967. 



113. 

REFERENCES • 

1. "Rare Earths", Chemical and Ep.gineering News, 43, 78, (1965). 
2. F. H. Spedding & J. E •. Powell·, J. Metals, 6, 1"!31, (1954). 
3. E. M. Savitskii, v. F. Terenkhova, & o. P. Naumkin, Sov. Physics, 

Uapekhi, 6, 123, (1963). 
4. K. A. Ga chneidner-; "Crr,sta11ograpby of the Rare Earth Metals 11

, 

Chaptel"' 14 in 'The Rare Eartha 11
, Spedding & Daane, 

5. s. 

6. P. 
7. J. 

8. K. 

9. M. 

10. J. 

11. w. 
12. D. 

13. H. 

14. H. 
15. lfl. 
16. w. 
1'7. D. 

18. K. 

19. D. 

20. s. 

21. rr. 

22. 111 ... 
23. B. 

24. D. 

25. w. 
26. R. 

27. J. 

28. H, 

29. s. 
30. D. 

editors, J. Wiley & Sons, New York, p.l90, ~(i961J~. 
Chlkazumi, "Physics of Magnetism", J. Wiley & Sons, 

New York, p.450~ .(1964). 
w. Selwood, 11 Magnetochemistry11

, Interscience, New York, (1943). 
H. Van Vleck, "Theory of Electric and Magnetic Suscept

ibilities", Clarendon Press, Oxford, (1932). 
A. Gachneid.ner, "Rare Earth Alloys", Van Nostrand & Co,, 

New York, p.22, (1961). 
Griffel, R. E. Skochdopole t: F. H. Spedding, Phys. Rev., 

93, 657, (1954). 
F. EI!iott, s. Legvold &F. H. Spedding, Phys. Rev., 

91, 28, (1953). . 
E. Henr·y, J. Appl. Phys.,29, 524, (1958)•. 
R. Behrendt, s. Legvold &F. H. Spedding, Ph.ys. Rev., 

106, 723, (1957). . 
E. Ifrgh, s. Legvold & F. H. Spedding, Phys. Rev.,~~ 

1092, (1963). 
Laipflnger, z. Phys., ..!§Q,_415, (1958}. 
~.Henry, J. Appl. Phys., 30, 99S, (1959). 
c. Thoburn, s. Legvold & pr;-H. Spedd-ing, Phys. Rev., 

112, .56, ( 1958). 
E. Hegland., s. Legvo1d & F. H. Spedding, Ph.ys. Rev., 

131, .158, (1963). 
P. Belov, R. z. Levitin, s. A. Nikitin & A. v. Ped 1ko, 

Sov. Phys. JETP, 13, 1096, (1961). 
R. Behrendt, s. Legvold & F. H. Spedding, Phys. Rev., 

109, 1544, (1958). 
Legvold, "Rare Earth Research II", E. v. Klebe, editor, 

Macmi1l8n & Co. Ltd., p.l42, (1961). 
T. Jew & 3. Legvold, u.s. Atomic Energy Commission Report, 

IS-867 I ( 1963). 
E. Henry, Bull. Amar. Phys. Soc., 4, 176, (1959). 
c. Rhodes, s. Legvo1d & F. H. Spedaing, Phys. Rev., 

109, 1547, (1958). 
L. Strandburg, S. Lev gold . & li1. H. Spedding, Phys. Rev., 

127, 2046, (1962). 
Klemm & H. Bommer, z. anorg. u. al1gem. Cham., 231, 138, 

(1937). ---
E. Skochdopo1e, M. Griffel & F. H. Spedding, J, Cham. Phys., 

25, 75, (1956). 
F. Elliott, S. Legvold & F. H. Spedd:1.ng, Phys. Rev., 

100, 1595, (1955). 
VI. Green, S. Legvold· & F. H. Spedding, Phys. Rev., 

122, 827' ("1961). 
Arajs:-J. Cham. Phys., 32, 951, (1960). 
D. Davis & R. M. Bozarth, Phys. Hev., 118, 1543, (1960). 



31. F. 
32. K. 
33. VI. 
34. ~'1. 

35. V' • • 

36. J. 

3'7. w. 
38. K. 

39. K. 
40. K. 

41. G. 

42. P. 
43. A. 

44. P. 
45. R. 

46. J. 

47. c. 

48. G. 
49. J. 
50. c. 
51. '"' •• 52. E. 
53. F. 
54. T. 
55. R. 
56. K. 
57. R • 

58. A. 
59. -M. 
60. K. 
61. T. 
62. P. 
63. T. 

64. T. 
65. P. 
66. R. 
67. li • 
68. H. 

Bloch, z. Phys., 61, 206, (1930). 
N11ra, .Phys. Rev .Tll7, 129, ( 1960). 

114. 

E. Henry, J. Phys. Radium, 20, 192, (1959). 
E. Henr·y, Phys. Rev., 117, 89, ( 1960). 
c. Koehler, E. 0~ WollBn: M. K. Wilkinson & J. w. Cable, 

"Rare Earth Research II", E. v. Klebe, editor, 
Macmillan & Co. Ltd., p. 149, ( 1961). 

w. Cable, H. R. Child, W. Q. Koehler, M. K. Wilkinson 
& E. o. Wo11an, "Pile Neutron Research in Physics", 
International Atomic Energy Agency, Vienna, p.379, (1962). 

C. Koehler, J. Appl. Phys., 36, 1078, (1963). 
P. Belov, R. z. Levitin, s. A. Nikitin & A. v. Ped'lco, 

Sov. Phys. JETP, ~~ 1096, ( 1961). . 
P. Belov & A. V. Ped 1ko, Sov. PhNs• JETP, 15, 62, (1962). 
P. Belov, I. V. Burov, Yu. V. Ergin,·A. V.-ped'ko & 

E. M. Savitskii 1 Sov. Phys. JETP, 20, 574, (1965). 
\'/ill, R. Nathans &H. A. Alperin, J. Appl. Phys., 

35, 1045, (1964). 
Langevin, J. de Physique, 4, 619, (1905)·. 
J. Delcker, "Solid Sta-te Physics 11

, Macmillan & Co. Ltd., 
London, ( 1962 ) • 

Weiss, J. de Physique, 6, 661, (1907). 
M. Bozorth, nFerromagnetism 11

, D. Van Nostrand, Princeton 
N.J., r.·555, (1951). . 

Kanamori, 'Magnetism", Vol. I, Rado & Suhl, editors, 
Ace.dem~-c Press, .New York &. I.ondon, 127, ( 1963). 

D. Graham, Proceedings of· Int. Conf. on Magnetism, 
Nottingham, England, p.740, (Sept. 1963). 

Mahajani, Phil. Trans. Royal Soc. (London), 228A, 63, (1929). 
H. Van Vleck, Phys. Rev., 52,-1178, "(1937). 
Zener, Phys. Rev., 96, 1335, (1954). · 
J. Carr, J. Appl. Pnys., 29, 436, (1958). 
Callen & H. B. Callen, .J.--phys. Cham. Solids, 27, 1271, (1966). 
Keffer, Phys. Rev., 100, 1692, (1955). 
A. Kaplan, Phys. Rev~;-124, 329, (1961). 
J. Elliott, Phys. Rev.,-n4, 346, (1961). 
Yosida & H. Miwa, J. Phys:-soc, Japan, 17, Suppl. BI, 5, (196a. 
,J. E1l:tott, "Magnetism", Vol. IIA, Rado& Suhl, ed,i tors, 

. Academic Press, New York & London, p.385, (1963). 
Yoshimor:t, J •. Phys. Soc. Japan, 14, 807, · ( 1959) • 
Rudermann & C. Kittel, Phys.- Rev., 96, 99, (1954). 
Yosida, Phys. Rev., 106, 893, (19571: 
Kasuya, Progr. Theor:-Physics, 1~, 45, (1956). 
G. de Gennes, Compt. Rend., 2_4r,l836, (1958) •. 
Nagamiya, K. Nagata & Y •· Kitano, Progr. Theor. Physics, 

27, 1253, (1962). 
Nagamiya, J •. App1. Phys., Suppl. to 33, 1029, (1962). 
G. de Gerines & D. Saint-James, Sol~ Stat.· Commun., 1, 62, (196~ 
J·. Ell:l.ott & F.· A. llfedgewood, Proc. Phys. Soc., 84,-63, (1964~ 
Miwa, Proc. Phys. Soc., 85, 119'7, (1965). -
. r. Williams, Rev. Sci. Instrum., _§,56, (1937). 



115. 

69. w. D. Corner, W. C. Roe & K. N. R. Taylor, Proc. Phys. Soc., 
.§Q, 9271 ( 1962) o . . 

70. c. D. Graha.m, J. Phys. Soc. Japan, 17, 1310, (1963).-
71. C. D. Graham, J. Appl. Phya., 34, 1341, ( 1963'). 

·72. R. Bires & P. M. \Vallis, Proceedings of Int. Conf. on M..s.gnetism, 
Nottingham, England, p.744, (Sept. 1964). 

73. M. I. Darby & K. N. R. Taylor, Proc. Int. Conf. on ~gnetism, 
Nottingham, England, p.742, (Sept. 1964). 

74. c. D. Graham, J. Appl. Phys., 38, 1375, (1967). 
75. G. T. Croft, F. J. Donahoe & ~:-F. Love, Rev. Sci. Instrum., 

26, 360, (1955). 
76. R. F. Penoyer, Proc. A.I.E.E., Conf. on Magnetism, p.365, (1956). 
77. R. F. Pearson & L. Guildford, Mullard Report No. M.R.L./2519, 

(1957). 
78. R. F. Pearson, Mullard Report No. M.R.L./290, (1959). 
79. W. C. Roe, Ph. D. Thesis, University of Dur~am, {1961). 
80. Z. Kopa1, nNumer~.cal Ana1ys is 11

, J. VIi ley & Sons, New York, 
p.408, (1961). 

81. R. B. Flippen,J. Appl. Phys., 35 1 1047, (1964). 
82. w. c. Koehler, H. R. Child, E.o. Wo11an & .r. ¥1. Cable, 

J. Appl. Phys., 34, 1335, (1963). 
83. J. J. Rhyne & S. Legvold7""Phys. Rev., ll§!, 507, ( 1965) ;· 
84. S. Legvold, J. Alstad & J.J. Rhyne, Phys. Rev. r_,etters, 

10, 509, (1963). 
85. A. E. Clark, B. F. de Savage & R. M. Bozarth, Phys. Rev., 

138A, 216, (1965). 
86. Jahnke, EriiCii &: L8sch, "Tables of Higher Functions", 6th. ed., 

McGraw-H:tll, New York, p.llO, (1960). 
87. J. J. Rhyne & A. E. Clark, .J. Appl. Phys., ~~ 1.379, {1967). 



APPENDIX 

AN ATTEMPT TO MAKE TORQUE MEASUREMENTS ON RARE EARTH SINGLE 
CRYSTALS IN LARGE MAGNETIC FIELDS , BOTH PULSED AND STATIC, 
USING PIEZOELECTRIC TRANSDUCERS. 

Al. 

In the ferromagnetic metals following gadolinium in the rare 

earth series, applied fields of the order of 80 kOe are necessary to 

produce saturation in the hard directions. Thus if the torque measure-

ments are made with applied fields in the (lOlO) plane of terbium, 

dysprosium or holmium which are considerably less than this ~nitude, 

the magnetisation will not be pulled sufficiently far from the easy 

direction for a determination of the anisotropy to be made. 

The problems involved in a torque determination are:-

(·i) The production of the high magnetic fields required. 

(ii) Since such a field will only be produced in a solenoid, where 

access is parallel to the field, the axis of the torque will 

be perpendicular to the axis of the dewar system used. Thus 

a system of torque measurement as used previously is eliminated. 

The possible solutions to (i) m~ be listed as:-

(a) A superconducting solenoid. Solenoids are now available which 

will produce fields of 80 kOe, but only in small useful volumes. 

Since working temperatures of up to 230°k (for terbium) are 

required, while the solenoid remains at the temperature of 

liquid helium, a working volume considerably larger than the 

volume required by the measuring apparatus is necessary. Thus 

the superconducting solenoid could not provide sufficient working 

volume for our purpose. 

(b) A high power d.c. solenoid. This would be most satisfactory, but 

such a system is ruled out for reasons of expense. 
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(c) A pulsed solenoid. This will provide the necessary field 

strength in sufficiently large volume, at comparatively low 

cost. For these reasons it was decided to construct such a 

system. However, since the field occurs in a pulse of the 

order of a millisecond duration, difficulties are introduced 

in the measurement of the torque. 

The pulsed magnet was constructed using a bank of 80 x 24~~ 

capacitors, which could be changed to 2 1/2 kilovolts. The capacitors 

were mounted in a vertical rack and connected in parallel by long strips 

of 1/16" thick brass sheet, running on to two 3" x 1/4" brass busbars. 

The coil used had an inside diameter of 1.1". and an outside diameter 

of 2.2". It was machined. from a solid bar of beryllium copper, by 

cutting a rectangular thread to a depth cif 0.6" with a specially shaped 

tool, at a pitch of 8 threads to the inch. The bar was then potted in 

Araldite resin CT200, used without the hardener, so that it could be 

removed by melting. The core of the coil was drilled and machined to an 

inside diameter of 1.1 11
, when the coil was removed from the resin. The 

coil had the form of a helix wound from flat, recta:ngular strip. 16 

turns were cut from the helix, end leads soldered on, and fibre glass 

washers inserted to insulate the coil. The coil was then compressed on 

a central mandrel, and the outside wound with many layers of fibreglass 

yarn, which was then impregnated with Araldite resin to form a strong 

insulating coating. Two massive stainless steel end plates, with Tufnol 

insulation, held the coil under compression. 

The condenser bank was fired through the coil by a mechanical 

switch similar to that used by Furth, Levine and Waniek (Al). A wide, 
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flat brass plate, hi_nged to one of the bus bars, bri_dged 8: gap in the bus 

bar and could be pushed down upon another flat plate attached to the 

continuation of the bus bar. Both plates were faced with a thick sheet 

of molybdenum to reduce surface sputtering, and the edges of the switch 

were carefully rounded to prevent preferential sparking at the edges. 

The gap between the two plates when the switch was closed was adjusted 

by means of spaci_ng bolts to about half a millimetre. The switch was 

held closed by a strong spring, and opened by an electromechanical 

solenoid mechanism. Switching off the solenoid fired the switch, the 

spring reducing contact bounce, and the condenser bank discharged across 

the small gap, through the coil. The switch was surrounded by fi br_eglass 

for sound insulation, but the system was found .to be surprisi_ngly quiet. 

The resultant field produced in the coil was measured to be 100 kOe, 

lasting for approximately 750 rec with three or four deca;ying 

oscillations after the first. Measurement of the field was by means of 

an indium arsenide Hall probe; the output was displa;yed on an oscilloscope 

and photographed, the induced signal for zero Hall current.being determined 

and subtracted from the signal obtained. 

The pulsed magnet· was found to be satisfactory, and deterioration 

of the switch was not very noticeable after some hundreds of firings. 

Measuri_ng apparatus could be triggered by means of a simple. contact switch 

mounted on the rod which controlled the flat plate switch. 

For measurement of torque, piezoelectric transducers were chosen. 

Because the torque axis is perpendicular to the axis of the solenoid, the 

apparatus for measurement of the torque must be contained within the 

solenoid. Piezoelectric ceramics have the small size necessary for this, 
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and becau~e of th*iThigh resistance electro~gnetic pick-up during the 

heavy current pulse in the magnet coil will be small. The projected 

arrangement was one in which the ellipsoidal specimen was contained in 

a holder with its axis perpendicular to the axis of the magnet solenoid, 

the piezoelectric ceramics, cylindrical in form, being arr~ed around 

the specimen. It is necessary to vary the orientation of the specimen 

to the field direction, and the arr~gement adopted for this was similar 

to that des_igned by Thorsen and Berlincourt (A2) for investigation of the 

de Haas-van Alphen effect. The specimen holder was surrounded by a 

gear wheel, which engaged with a spiral cut in.the end of a cylinder 

whose axis lay in the plane of the gear and sl_ightly offset from the 

diameter. The advantage of this system is that the rotational motion is 

turned thro.ugh the necessary r_ight a:ngle with a minimum number of geared 

components, return action from gearwheel to spiral is small, and Thorsen 

and Berlincourt clai~ great precision of movement. 

The apparatus is illustrated in ~igure A.l. The specimen was 

contained in a hollow cylinder, a thre.aded core screwi_ng up on to the 

ellipsoid to clamp it, and a pressure pad on the end o~ the cyiinder 

located on the ends of a battery of four piezoelec~ric ceramics, LZ-2a 

supplied by the Brush-Crystal Co. (Southampton). Each ceramic was 

cylindrical, of diameter 0.31 ems and length 0.24 ems. The other ends 

of the ceramics were contained by two sides of ~ rectangular hole cut into 

the body of the gear wheel. Thus torque applied to the specimen holder 

compressed two of the transducers, .reducing the pressure on the other two. 

The contact faces of each trans~ucer were silver plated, and all the 

pressure surfaces of the apparatus were faced with thin copper foil, to 
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which contacts were made so that the piezoelectric ceramics were arranged 

in parallel. The apparatus had to be non-conducting, because of the 

transient field applied, and two models were built, each with an overall 

diameter of 0.55", one of Nylon 66, and the other of P.T.F.E. The 

latter was not satisfactory, because the spiral gear very quickly showed 

wear. The nylon model was better, although orientation could not be 

claimed to better than+ 2°. 

The arra:ngement was tried in the pulse magnet , but the pick-up 

due to the large current pulse (which consisted of both electromagnetic and 

electro static pick-up) was extremely large, and bore little relation to 

the shape of the field pulse. The output signal as displ~ed on the 

oscilloscope contained many secondary oscillations which appeared to be 

due to mechanical vibrations in the manetometer. The pick-up signal was 

photographed and proved to be reasonably repeatable, although there was 

same variation in the higher frequency vibrations. Re-arra:ngement of 

the leads reduced the pick-up somewhat, although it was still rather larger 

than the signal expected from t~e piezoelectric ceramics for torques of the 

order of 105 dyne-ems. It was at this point that a D.C. solenoid 

producing 80 kOe in a 2" diameter core, built by the Physics Department 

of Oxford University, was made available to us. Since it was felt that 

the magnetometer was likely to produce better results in a "steady field, 

this mode of operation was concentrated upon. Because the apparatus was 

no longer required to be non-conducting, a third model was constructed 

from brass: the gear mechanism fUnctioned better when made from this 

material. The output from the transducers was connected to a o-1 volt 

vibrating-reed electrometer. The charge produced on the piezoelectric 
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ceramics by the application of pressure leaked away thro.ugh the system, 

so that the signal decayed exponentially. The le~age resistance of 

the ceramics was 1012 ohms, so that the electrometer was used on the 

1012 ohm range, when a decay time constant of the order of 30 seconds 

was observed. Since at such high field levels the field could not be 

suddenly switched on, the torque could only be measured as a change in 

torque produced when the specimen was rotated from one position to another. 

The problem experienced here was again one of noise, which obscured any 

s.ignal produced by a change in torque consequent on rotation. One of 

the sources of noise was traced to capacitative changes in the leads to 

the transducers. To combat this the gear wheel and outer pressure pads 

were earthed, and the signal taken from the pressure pad on the specimen 

holder via a miniature coaxial cable made from polythene tube extruded 

over thin copper wire. A braided copper sleeve was stretched on to this 

insulated wire, and the outside coated with conducting silver paste. This 

shielded wire was connected to conventional non-microphonic cable a short 

distance away from the specimen holder. The arrangement, though a b.ig 
. 

improvement, was not entirely satisfactory, since the cable bent as the 

holder rotated, the consequent change in capacitance of the cable producing 

a s.ignal at the electrometer; this could be seen from the fact that the 

signal was present even when the transducers were replaced by dummies made 

from P.T.F.E. The main source of noise remaining after these modifications 

arose, however, from the piezoelectric ceramics themselves. It appeat:ed 

that rotation of the holder produced vibrations in the system which were 

picked up by the transducers and appeared as a noise signal. The bearing 

system was modified in various ways, resulting in a slight improvement, 
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but the noise was finally ascribed to the vibration produced by the 

engagement of the two gears. An intermediate gearwheel inserted between 

the spiral gear and that on the specimen failed to remedy this. Thus it 

appeared that D.C. operation of a piezoelectric system would involve the 

complete redesigning of the orienting device. There was not sufficient 

time available to permit this, and in any case it seems possible that the 

mechanical vibrations encountered in this system might well be present 

in other designs. 

In view of the l~rge torques produced by magnetocrystalline 

anisotropy in the rare earth metals, perseverance with the device for use 

in pulsed fields might be profitable. Re-arra:ngement of the leads to 

the transducers,and perhaps of the positioning of the transducers themselves, 

could be expected to decrease the amount of pick-up signal produced. This 

was of the order of several volts in the system used. If the pick-up is 

rep~atable, it could possibly be calibrated for against field strength and 

temperature. In this respect a design in which the transducers were not 

rotated relative to the field would, hqwever, be at an advant_age. It is 

doubtful that such a magnetometer would be able to measure the torques 

produced by the rare earth metals in the non-ferr.OOI:agnetic ranges, but for 

the C axis anisotropy in the ferromagnetic metals, the measuring system is 

not required to be sensitive, since torques of the order of 106 dyne-ems 

mey be expected. For such torques signals of some 10 volts and more mey 

be produced by the transducers, even tho_ugh the capacitance of the connectors 

is com.parati vely l~ge. Thus a high noise level can be tolerated. 

For D.C. measurement, strain g~uge measurement of the torque mey 

be preferable to the use of piezoelectric tr~sducers. In this case the 
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signal is not transient, and mechanical vibrations produced by the 

rotation of the specimen prior to measurement do not matter. Difficulties 

ID:ight in this case be encountered in produci_ng an apparatus with the 

necessary small dimensions, although spira~ strai~ gauges of a clock-spring 

type are now produced, and these might well be usefully employed for this 

purpose. 
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