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Abstract. 

Nickel. An optical grid method has been used to check the anomaly in the 

AlOO, T curve (Corner and Hunt 1955) in a nickel crys.tal. The results 

appeared to confirm the ru1omaly but as the method could not be calibrated 

independently there was considerable doubt about their accuracy. 

A solenoid capable of giving fields of 10,500 oersteds has been 

constructed, and magnetostriction measurements carried out using the 

capacitance bridge method of Corner and Hunt, on the [100] specimen in the 

temperature range 20 °K to 630 °K, and on the [111] specimen in the 

temperature range 78 °K to 630 °K. The results shol-T that the A 100, T anomaly 

does not exist. Reasons are fP.ven for the error :i..n the optical grid method, 

and the results obtained by the capacitance bridge method are di.scussed in 

relation to those of Corner and Hunt, and to the theoretical equation of 

Vonsovsky (1940). Extrapolation of the A,T curves to 0 °K gives 
\ -{, 1 -6 
Alll = -28 X 10 , AlOO = -57 x 10 • 

Gadolinium. A zone melting apparatus has been constructed for the purpose 

of segregating the impurities in a piece of polycrystalline gadolinium in 

order to grow a single crystal. The grain size has been increased but no 

single crystal has been produced. 

Magnetostriction and intensity of magnetization measurements have been 

made on an ellipsoid of polycrystalline gadolinium in the temperature 

0 0 
range 78 K to 350 K. The restlits show that gadoliniu~ has a large 

volume effect, and the volume magnetostriction is proportional to the 

square of the paramagnetic magnetization above the Curie point. 



0 The saturation magnetization shows an anomaly at 150 K, and 

0 
becomes zero at 233 K. 

The contribution of the volume magnetostriction to the thermal 

expansion of gadolinium is shmm to be too small to account for the 

thermal expansion anomaly except in the immediate neighbourhood of the 

Curie point. 



Nomenclature. 

~L -L = linear magnetostriction. 

= change in length, ~Lor a specimen of length L, when 

placed in a magnetic field. 

A saturation magnetostriction. 
tN fi:!L) 

W y = 3 \C v = volume magnetostriction. 

I = intensity of magnetization ( N.B. all results are 

expnessed in c.g.s. units). 

Is spontaneous or intrinsic magnetization. 

Iv = paramagnetic magnetization. 

cr- = magnetic moment per gram. 

JC = susceptibility. 

Ha =applied field. 

H internal field. 

D = demagnetizing factor. 
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Chapter 1 

INTRODUCTION 



1.· 

CHAPTER ONE 

INTRODUCTION 

1.1 Ferromagnetism. The theor,y of ferromagnetism is based on the 

following two hypotheses put forward b,r Weiss in 1907. The first is 

that the parallel alignment of the atomic dipoles is due to the existence 

of a molecular field, proportional to the intensity of magnetization. 

The second is that a ferromagnetic contains a number of small regions, 

domains, which are spontaneously magnetized. The resultant magnetization 

of the specimen is determined b,r the vector sum of the magnetic moments 

of tl1e individual domains. 

These hypotheses allow two of the most important characteri-stics 

of ferromagnetics to be explained. A development of Langeviir 1 s(l905) 

thepr,y of paramagnetism gives a linear relationship between the 

reciprocal of the susceptibility and the temperature above the Curie 

point, the point below which the magnetization is present without the 

application of a magnetic field. At temperatures just approaching the 

Curie point, the experimental curve deviates from linearity, giving a 

lower critical temperature tha~ that obtained by extrapolation from the 

linear behaviour at higher temperatures. The other successful 

prediction of the Weiss·. theor,y is, that using reduced units, there is a 

unique relationship between saturation magnetization and temperature 

below the Curie point, know as the law of corresponding states. 

The Weiss theor,y in itself, offers no explanation for the existence 
1 

of the molecular field ( N 10 oersteds). Its origin was' first explained 
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2. 

by Heisenberg (1928) as due to electron exchange forces of a quantum 

mechanical nature. These forces, basically an electrostatic effect 

arising from the exclusion principle, arise from the overlapping of 

orbital wave functions. In effect, they appear as spin-spin coupling 

bet..reen atoms, though they have nothing to do with the magnetic moment 

of tm ·electron. 

Another important contribution to the theory of ferromagnetism 

from the quantum mechanics is that it gives a gyromagnetic ratio of 2, 

in close agreement with experiment. This shOYrs that electron spins are 

mainly :responsible for ferromagnetism, though the orbital contribution 

cannot be neglected, as seen from the fact th~t the measured ~;romagnetic 

ratio::: of the common ferromagnetics are nearer 1.9 than 2.0. 

The quantum mechanics modifies the molecular field theory by 

allowing for the discrete orientation of the carriers, effectively 

eJectron spins, rather the....'1 a continuous di::rtri"b..lticm. Thi.::J g:i.ves better 

oereemen t i·Ti th experiment in the la:u of ~o·r·rP.s!londj_ng fl t11 tP.s t.h.nl1 t.h.'=' 
I 

classical theory, but, as Hith the X 1 T curves, the modification still 

does not fP_ve an entirely satisfactory agreement. This is most evident 

in the case of gadolinium, in vrhich there are seven electrons in the 

incomplete 4 f band, where the experimental points (figure 1, Spedding 

et al 195.3) for~r lie \vell belm.r the theoretical curve for j = J: 
<>o T 

L 
up to e = o. 75 1 then lie vrell above the curve. 

Heisenberg showed that the energy of interaction of atoms i,j, 

bearine spins si J sj contains a term 

F. = -2 J .. ~. s. 
-ex: l.J ""l.o J (1) 

i·There Jij is the exchange integral related to the overlap of the 



electronic charge distributions tJ). Spontaneous magnetization 

necessitates that this exchange integral Jij must be positive, though 

a positive Jij does not necessarily cause ferromagnetism. T~is may be 

suppressed if electron migration causes a large spreading of energy levels. 

Slater (1930) has calculated that a substance may be ferromagnetic if the 

ratio of interatomic distance (r11b ) to the orbital radius ( To ) is larger 

than 3, but not much larger, e.g. 

-rob 
To 

Fe 
.3.26 

Co 
3.64 

Ni 
3.94 

Cr 
2.6 

l:·ln 
2.94 . 

Gd 
3.1 

The different types of lattice that can be ferromagnetic have been 

studied extensively (t-leiss 1948). The necessary calculations are so 

complicated that it is neceEJsD-ry- to approach the problem of the 

ferromagnetic lattice from two limiting cases. By a comparative 

deduction from the results of both of these cases it is possible to 

obtain fair agreement with the essential ferror.tagnet.ic characteristics. 

Heisenbere' s model, vihere the electrons responsible for ferromagnetism 

alv~ays remain in the same atom, assUJnes that all states having the same 

resultant spin for the lvhole crystal, have the same energy. In the 

collective electron approach houever, the electrons responsible for 

ferromagnetism are alloued to circulate freely throughout the lattice, 

and Stoner (1933) asswnes a specific density of ener~J levels. These 

tHo approaches can be thought of as beine complementary to each other, 

not opposed. 

1. 2 Anisotropy. Though numerous details still avrai t a generally 

acceptable explanation, the general basis of the theoretical treatment 

is agreed with the exception of two important effects, magnetocrystalline 



anisotropy and magnetostriction. The effects may be shown to be related 

(Kittel 1949), and any satisfactory explanation of one l·rill automatically 

suffice for the other. 

B.y magnetocrystalline anisotropy is meant the fact that it is 

considerably easier to saturate a ferromagnetic crystal in certain directions 

than in others. The 11 easy11 directions are the [100] in iron, the i1uJ 

in nickel, and the hexagonal axis in cobalt. The origin of anisotropy 

is not really understood, but the following suggestions have been made. 

Classical dipole-dipole interaction contair.s only the second power of 

cosines so the resultant anisotropy energy can therefore exist only· in 

crystals l·ri th a symmetry lm·Ter than cubic. Presumably, the dipole-dipole 

interaction contributes a small part of the observed anisotropy of cobalt 

at room temperature. There is a quantwn mechanical dipolar contribution 

to the anisotropy in cubic crystals due to the fact that the spins are 

not completely parallel. The main part of the anisotropy is probably 

accounted for b,y spin-orbit interaction, effectively coupling the spins 

of adjacent atoms through the ordinary orbit coupling. Electrostatic 

fields and overlapping wave fUnctions bind the orbits to the lattice 

directions, thus binding the spins to the crystal structure. 

The magnitude of the anisotropy is best expressed as the difference 

between the energy required for magnetization in the easiest and most 

difficult directions. At room temperature the values for nickel, iron 

and cobalt are about 
~ 

1.7 X 10 , 
6 -3 

and 5.9 x 10 ergs em respectively. 

For cubic crystals, the anisotropy energy per unit volume may be expressed 

in terms of the direction cosines, ol t)o<:J,o<.J relative to the cube edges, 

and it may be shown by consideration of lattice symmetry that the fourth 
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degree terms are the lowest possible. The energy can.usually be expressed by 

(2) 

Figure 2 shows ho"t-T the anisotropy constants of nickel vary l·ri th temperature. 

The importance of the value of the anisotropy constants and their 

temperature variation cannot be over-emphasised, as such knowledge is a 

basic requirement for the quan.titati ve treatment of magnetostriction and 

magnetization curves. 

1.3 Magnetostriction. The magnetic energy of a ferromagnetic consists 

of the anisotropy, exchange, and magnetostatic energies. These vary with 

the state of strain of the substance, and so it will deform spontaneously 

if the deformation reduces the total energy (magnetic and elastic). The 

three magnetic energies respectively give rise to linear magnetostriction, 

volume magnetostriction, and the form effect. The linear magnetostriction 

(henceforth referred to as rnagnetostriction) is usually of the order of 

a few parts per million, while the volume magnetostriction, (~) is ~uch 
~w -tO/ 

smaller. (e.g. N i , ""fti ""-10 I ae.. ) • A comprehensive reviel-1 of l·rork on 

magnetostriction has been gi-ven by Lee (1955). 

Though the variation of magnetostriction with applied field shows 

entirely different characteristics for the different ferromagnetics 

(fig.J), they can all be subjected to the same sort of general analysis. 

Consider figure 4, which shows a schematic rep;resentation of magnetiz·ation, 

linear and volume magnetostriction of polycr,ystalline iron as a function 
AL 

of field strength. The T, H and the I,H curves can be divided up into 

the same three sections. In A, an initial expansion occurs in the same 

field region as: the domain boundary movement, and usually takes place in 



6. 

a field of a few oersteds. In B,domain boundary movements are completed 

and the magnetization is increase~ b,y domain vector rotation, A contraction 

occurs until all the rotations are complete, both saturation magnetization 

and saturation magnetostriction being reached at the same field strength, 

usually "" 1, 000 oe, Any further change in the magnetization can take 

place only qy causing an increase in the intrinsic magnetization (C). The 

subsequent magnetostriction is then primari~ a volume effect, 

proportional to the field strength. 

1.31, Linear Magnetostriction, 1.311 Phenomenological Theory.(Cubic crystals) 

By minimising the total energy of a crystal, i, e. the crystal anisotropy 

energy, the magnetostrictive energy, and the elastic energy, Becker and 

Doring (1939), following the work of Akulov (1928), obtained the following 

where K 1 = anisotropy constant, li1 s are constants dependent on temperature, 
J:J ~:J ~ J 

s = o(,oc!:~ "to(Clo(J+o(3o<. 

' 
is the direction cosine of the 

magnetization, (3 the direction cosine of the strain, both with respect 

to the crystal axes. h 3 represents a volume change associated with domain 

vector rotation and is usually small, The value of these constants for 

nickel are (Bozarth and Hamming 1953) 
(, 

h 1 X 10 

Nj -68.8 :!:. 3.8 
' h Gl. X 10 

-36.5 :!:. 1.9 

6 
h3 X 10 

-2.8 .! 3.8 

1: ' h~ X 10 hs- X 10 
+ + -7.5 - 5.2 + 7.7 - 3.1 



7. 

These show that normally h 3 , h-+- and hs- can be taken to be equal to 

zero, and then equation 3 ~educes to 

dJ .)_ ) ( ,J ;} .;_ ~ ~ OJ I ) -e = ,;J.. J..,./00 ~, f3' + olt1-j3J.. + o(3 (33 -3 

+ 3 ),, (ot.,oi.OJf'f3J. + o<.a.o(3(1:J(33 t oi.JDllfJ f3') 
(4) 

B,y averaging over all directions, it follows for a polycrystalline 

substance 

(5) 

The corresponding equation to(3)has been worked out for hexagonal crystals 

(Bitter 1937) and the constants for cobalt measured (Bozarth and Shenrood 1954). 

Bitter obtained the following expression, which is the same as that obtained 

for cylindrical symmetry 

!!!. = ;1., (~-I) (11.2 f I.J. (r4p~ -t-o(~ t~) 
e + t.3 ( c~.. 3 (l~ + <XJ. fh) + J.. (A.., - A 3 )ot.J. o( l/"/3 

t J.!..1-o<.'f31 (o1..3f3 +ol..aJfJ.) 
(6) 

where o<.i. and (3i are \·lith respect to orthogonal a."Ces such that O.z: 

corresponds to the c. axis and O.x or 0.;' to one of the hexagonal axes. 

Cylindrical symmetry is an adequate approximation for cobalt. For 

hexagonal symmetry, eight constants are required if the saturation 

magnetization is parallel or perpendicular to the direction of measurement, 

and eleven if not. 

The above treatment is purely formal. It enables the characteristics 

of the material to be represented in terms of constants which are 

experimentally determinable, but it makes no attempt to explain the origin 

of them. 
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1.312 The Origin of Magnetostriction. ~culov (1928) and Becker (1930) 

considered the problem as one of purely magnetic interaction of dipoles 

at lattice points. For a perfect cubic lattice, (Kittel 1949) this does 

not give rise to anisotropy, but if the lattice is allowed to deform 

spontaneously, there is a small contribution to the anisotropy. The 

minimisation of the total energy gives values o~ magnetostriction and 

anisotropy (table 1) l.·rhich, vrhen compared with experimental values, show 

that spin-spin interaction can account for only a small part of the 

magnetostriction and anisotropy. 

Table 1 

Dipolar Magnetostriction and Anisotropy of Iron and Nickel 

A1oo x lOG ~111 x lOr. K. (=!lK)x 10+ 
calculated 

Fe 4.9 

N• 0.15 

-1.5 

-0.05 

+ 0.004 

+0.00004 

) 6 ) 6 
AlOO X 10 Alll X 10 

observed 

20.7 -21.2 

-45.9 -24.3 

-~ 
Kx 10 

-5.9 

where K 1 = K
0 

+ 6. K :: measured anisotropy constant, l\
0 refers to the 

unstrained crystal, A K that caused by magnetostriction. One interesting 

result from Becker's calculations is thatA<XJ;. The results of Doring(l936) 

and Corner and Hunt (1955) on nickel show this to be true over the 
0 0 

temperature range 270 K to 470 K, but nqt generally true. 

The next suggestion (Bloch and Gentile 1931) was that the orbital 

moments are rendered inoperative by inhomogeneous crystalline fields. The 

energy of orbital momentum depends on the orientation of the orbital 

moments relative to each other, and on their orientation with respect to 

the crystal axes. The spin moments are coupled to the orbital moments, 

and hence to the lattice, b.Y spin-orbit coupling. Van Vleck (1937) developed 
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this idea, and showed that this coupling was of the right order to give rise 

to magnetocrystalline anisotropy, and hence magnetostriction. 

Vonsovsky (1940), using the Heisenberg model, took into account both 

spin-spin and spin-orbit coupling. He obtained expressions of the form 

~ 100 
IJ. 

[At B f (T)J = x"it 
A.111 

1~ [At B
1

f (T) J (7) = y-r .loo 
I I 

where A,B,A ,B are constants, X,Y are terms containing the elastic moduli, 

and f(T) is an exponential function of temperature. By using reasonable 

values for these constants, equation 7 gives values of A100 andAlll of 

the right order of magnitude. The first term in each case corresponds to 

the.t derived by Becker and .1\kulov on the basis of spin-spin coupling, and 

the remainder, the contribution due to spin-orbit coupling. A knowledge 

of the variation of A with T l..dll therefore be of value in estimating the 

contribution due to spin-orbit co~pling. 

Recently, Fletcher (1955) has attempted to calculate the magnetostriction 

on a collective electron basis, using a tight-binding wave function 

approximation vri th spin-orbit coupling as a perturbation. The results have 
) _, 

only been calctuated for nickel at absolute zero, giving AlOO = -187 x 10 
) -6 

and ltlll = -44 x 10 · 

1.313 ~~netostriction below saturation. 1.3131 Polycrystals. Lee (1958), 

using as a basis Brown's (1938) statistical treatment of domain boundary 

movements, obtained the distribution function for domain vector rotation 

for cubic and hexagonal crystals (only where the hexagonal axis is the 

easy axis). He was then able to construct curves for Fe, Ni and Co using 
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both sets of results. Figure 5 shows the curves compared with typical sets 

of experimental points. The Ni curve (using AlOO = -45.9 x 10-(, and 
) -6 
/t 111 = - 24.3 x 10~ ) fits the curve rather 1-rell, but the Fe curve 

sho1-rs a significant divergence. There are no figures for cobalt to allow 

a comparison to be made. 

1.3132 Single Crystals. It is possible to calculate magnetostriction 

curves l-rhen the magnetization proceeds in a knmm manner, i.e. no 

overlapping of the different magnetization processes. The distortion of 

the whole crystal may be calculated b,y considering the number of domains 

of different orientations corresponding to particular values of the bulk 

magnetization. 

For K, < 0 this gives for t.he follol-ring directions (Fowler 1936) 

[111] L reaches saturation in very low fields, then 

AL 

L 

:l 
"\ .I 

= A. Ill 1f 
J_ 

Before the knee of the cu_~e, corresponding to I~ 

is no magnetostriction. After the knee, 

AL '\ (_l. l ..L) 
L = A 100 J I; - J... 

(8) 
I 

= .iJ , there 

(9) 

[110] 
I to -
.r~ 

There is domain rotation before and after the knee, corresponding 

For 

and 

0 

~ 
3 

~ 
=J3 

.1:! 

" 1~ 
I~ 

~If 

~ 
~T 

~I 

:J 
AL _3_ ~ I 
T = ~ A111 .If 
AL _ "\ ('3- .l;J _ j_ \. ]_ ) 1-; 
L - A1oo ~if d.F" -'f. A.m I~ 

Corresponding equations may be obtained for K 1 > 0 

(10) 
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Masiyama 1s results (1928) on nickel (fig.6), and Kaya and Takaki's 

(1935) results on iron give general agreement with this theor.y, though 

none of the predicted sharp bends are found. This is to be expected since 

some domain vector rotations will occur before all the domain boundar,y 

movements are complete. 

1.314 Previous Results. 1.3141 Polycrystals. The divergence of the 

measured values of A at room temperature for nickel can best be seen by 
-~ 

considering the values obtained by Masumoto (1927), A = - 47 x 10 , and 
-(o 

Schulze (1931), ,A= - 25 x 10 • Even a combination of experimental error, 

ilppurity, and difference in heat treatment cannot account for the difference. 

The main cauae is probably a difference in the demagnetized state, caused 

by some preferred crystal grain orientation. The same reason probably 

accounts fer the different curves and absolute values ( fig. 7 ) of the)., 

T curves of Doring (1936), Kirkham (1937),,Dyakov (1947) and Sucksrnith (1950) 

The demagnetized state taken up b,Y.' a specimen \·!ill depend on the method 

of preparation of· the specimen, and its method of demagnetization, factors 

which should be standardized. Unfortunately,. in the latter case, this is· 

not possible· unless all measurements are made on specimens or.· standard 

shape. 

Both Doring and Kirkham also measured the intensity of magnetization 
J. 

of their specimens, and. from their results it can be deduced that ,{ o<. Is 

from room temperature: up to 473°K. Dya.kov1 s curve differs considerably 

from those obtained by the other workers. His work was: undertaken to 

provide, experimental proof of a relationship obtained by Akulov (1939) 

~ !OO, T = ~IOOJ 0 ( I - ~ ) 
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where e is a constant. 

1.3142 Single Crystals. Takaki (1937) measured the variation of A 111 

and A 100 over the temperature range 273oK to 1,020°K for iron (fig.8) 

using remanence as the reference state. The A,T curve is complicated 

and presumably shows considerable spin-orbit coupling. 

The only measurement of the temperature variation of the 

magnetostriction of nickel single crystals has been made by Corner and 

Hunt (1955). Room temperature measurements have been made by various 

workers, however, and these will be discussed first. 

Table 2. _, 
Magnetostriction Constants of Niclcel at Room Temperature.(all values x 10 ) ______ , 

Constant" ~aeiyamf Becker and Mason Bozorth and Corner and Hunt 
J.rect Doring Hamming (Direct) 

hl -27 -40 -68·8 '! 3•8 

h2 -47 -46 -36•5 t 1•9 

h3 O(assumed) O(assumed)- 2•8 t- 3•8 

I h4 I -51 -36 + 
- 7•5 - 5•2 

h5 -52 +54 + 7•7 !· 3•1 

)...100 -53 -50 -51 -51 -52 

AllO -36 -32 -37 -31 

A.1u -27 -20 -19 -24 -19 

Masiyama (1928) used an optical method to measure the magnetostriction, 

the specimens being in the shape of oblate spheroids, major axis 2 ems·, 

minor axis 0•1 ems. He measured A in the (100~, (llOl and (111) planes, 
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and obtained results which could be expected from the lattice geometr,y. 

Some doubt· must be cast on the absolute values however, as different 

values of ) were obtained from the s~e directions in different planes. 

This inaccuracy must be present in .the· values obtained by both Becker and 

Doring (1939) and Mason (1951), as they used Ma.siyama1 s figures to 

calculate the values of the constants h, - hs which best fit the results. 

Bozorth and Hamming (1953) used strain gauges to measure the 

difference in the magnetostriction between different directions in the 

same plane on disc specimens. They then used a similar method as that 

used by Becker and Doring to calculate the values of h1 - hs from 

their own results. Corner and Hunt's values were obtained directly b,y means 

of a capacitance bridge arrangement. They used specimens in the shape of 

prolate ellipsoids, major axis 1·8 ems, minor axis 0•27 ems. The only 

agreement in the values of h betl·reen the different workers is that h3 ~ 0. 

ie. there is ver,y little change in volume ~ssociated with the rotation 

of the domain magnetization vector. Agreement between the other values 

can hardly be expected since the values on which Bozorth and Hamming's 

results· are based are more accurate. than those of Masiyarna. A better 

method of comparison seems to be to use the values of ~ , both observed 

and calculated. Good agreement i~ obtained l..rith AlOO, ·but not·. with A 110 

and especially Alll. The differences inA 111 must be due to uncertainties 

in the reference state. 

The tempe~ature variation of A 111 and A 100 obtained by Corner and 

Hunt (fig 9) shows for the [100} direction., an anomalous maximum in the 

strain at about.l25°K. As part of the present work undertaken has been 

to check this anomaly, a full discussion of the temperature variation 
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l-rill be given later (2.210). 

From the foregoing discussion, it is obvious that the main cause of 

difference betlveen the values of A obtained by different l·TOrkers is an 

uncertainty in the reference state. The one 1nost commonly used is the 

demagnetized state, which ideally is one in which the domain magnetization 

vectors are distributed uniformly over all possible directions. Kaya and 

Takaki 1 s results on iron shO\·I that in the demagnetized state, the domain 

magnetization vectors need not necessarily be distributed equally along 

all the directions of magnetization. The demagnetized state is used as the 

reference state for all measurements in this thesis, and is obtained by 

successive reversing of the applied field. from a value sufficient to 

oaturate thn 3pccimcn to zero • 

.An alternative reference state is that of remanence. Takaki, in his 

l·rork on iron Cl.,....fstals (demagnetizing factor 0.003), which have onJ.y 

s·i.x d:i.rections of ensy magnetization, asstuned that at remanence, the 

resultant magnetization lies along the axis of hi.R spf~~~jmc:ms., Thns thA 

domains Hill align themselves in the three easy directions nearest to 

the field direction in proport:i.on of their direction cosines H'i"Gh respect 

to the field direction. Such a distribution does not hold in the case 

of nickel, with eight directions of easy magnetization. The distribution 

of domain magnetization vectors is then not generally in any specifically 

defined proportion in the four easy directions nearest the field direction. 

Bozarth and Hamming, in their measurements, used the difference 

between the magnetostriction measured in different directions in the same 

plane, and thus any error due to differential domain vector orientation 



15. 

did not arise. This seems to be the best method, but unfortunately 

experimental conditions did not permit its use in the work described 

in this thesis. 

1.4 The Form Effect and }~etocaloric Effect. These two effects are 

factors which may influence the magnetostriction measurements, and so 

a brief description of them is given here. The demagnetizing factor (-D) 

of a specimen depends on its shape, so a change in dimensions will cause 

a corresponding change in the energy associated with t~e demagnetizing 

field. This is known as the Form Effect. Becker (1934) has calculated 

the effect for a prolate ellipsoid and found the total volume strain (~~), 
1 DI;a. 

CAlf= "l" If 

the longitudinal magnetostriction (ALL)-r = J DIJ'[3
1
K + J.a'J] (11) 

the transverse magnetostriction (AC )f trans.= J DI~l3 1< - +;] 
"t-rhere K = bulk modulus, !J = torsional modulus, a = a constant depending 

on the e.ccentrici ty ( e ) of the specimen given by 
" e;:;~. J' 

a = ->;a - ;,; ( I ~~e } 

The magnetocaloric effect is the increase in temperature caused by 

an increase in the spontaneous magnetization when a field is applied. 

This increase in temperature then causes an increase in length of the 

specimen and so may effect the magnetostrictton measurements. Fortunately, 

a large field is needed to produce any appreciable change in temperature, 

and the effect rapidly decreases at temperatures above and below the 

Curie point, 1trhere it has its maximum. Nickel (Weiss and Forrer 1926) 

gives an increase of 1.25 ° K on the application of a field of 20,000 
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0 

oersteds at its Curie point, iron an increase of 2,0 K in a field of 

8,000 oersteds (Potter 1934). 

1.5 Object of the investigations, In ~ evaluation of the energy due 

to strain in a ferromagnetic, an accurate value of the magnetostriction 

is required, An investigation of this process will give some knowledge 

on the internal forces in a ferromagnetic crystal, and also be of use 

in investigating magnetization processes, 

There are various w~s of changing the magnetostriction constants 

(i.e. changing the interactions responsible for magnetostriction) e.g. 

varying the composition of alloys, altering the crystallographic order 

in alloys, but the most important influence is temperature. The 

temperature variation is of great value in estimating the·contribution 

due to spin-orbit interaction (Vonsovslcy), 

By making measurements on A at very low temperatures, a reasonable 

extrapolation to a.bsolute zero may be made And this ~:i.ll prov:i d.e 8, t.eRt. 

on theoretical calculations made at that temperature (e.g. Fletcher 1955). 

It l·Ta.s l...rith these requirements mainly inmi.m that the present uork 

on nickel and gadolinium has been carried out, The first part of the 

work is concerned with checking the anomaly in the AlOO, T curve for 

nickel (Corner and Hunt), as· they were unable to achieve complete 

saturation with the apparatus used, and the·values of)L 100 below 150 K 

were obtained by extrapolation, It was' thought desirable that the results 

in this region should be checked by bringing the specimen to complete 

saturation, As no work whatsoever has been done on the magnetostriction 
.QL 

of gadolinium, the second part is concerned with ~ , T measurements over 

as much as- possible of its ferromagnetic range, 



Chapter 2 

THE TEHPERATUP..E VARIATION OF THE f<IAGNETOSTRICTION OF NICiffiL 
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CHAPTER TWO 

THE TEMPERATURE VARIATION OF THE tUGNETOSTRICTION OF NICKEL. 

These measurements were made on the original crystals used qy Corner 

and Hunt, Circumstances required that two different experiments be 

carried out before a satisfactoryA, T relationshi-p-could be--obtained. 

The first one, an optical grid method, gave results which were in 

keeping with theA 100, T anomaly, but unfortunately it was found 

impossible t9 provide an independant calibration for the system, The 

trend of the curve suggested that it would be very interesting to make 

magnetostriction measurements at still lower temperatures, In order to 

do this, the capacitance bridge method of Corner and Hunt was used, and 

this showed that the results obtained from the optical method· ·were wrong and 

the anomaly did not exist, The suggested reason for the error in the 

optical measurements is given in 2.210, 

2,1 Optical Grid :t-1ethod, 

2,11 Apparatus, 2,111 General Considerations. From a knowledge 

of the temperature dependence of the anisotropy coefficients (Bozorth 1951) 

the field required to saturate the specimen in the (lao] direction at 
0 

80 K would be about 5,000 oersteds, This presented no difficulty as a 

large electromagnet capable of giving a field of 20,000 oersteds with a 

pole gap of 15 ems (pole pieces 30 ems x 40 ems) was available~ A 
0 

convenient method of obtaining various temperatures between 80 K and 

ro~m temperature is b,y means of a thermal potentiometer, A column of 

liquid (iso-pentane) has its lower end immersed in a liquid nitrogen bath 
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and its upper end at room temperature. The specimen m~ be brought to 

any desired temperature in this range b,y adjustment of its position in 

the column. With this arrangement any change of length must be 

transferred to a point above the iso-pentane column at l-lhich it will 

be more convenient to mount whatever device is to be used to measure the 

changes of length. The electromagnet produces a horizontal field and a 

mechanical lever is required for transference of the contraction of the 

specimen. The lever can then be coupled to an electrical or optical 

device for magnification. Strain gauges could not be used in this case 

as the nickel specimens were in the shape of ellipsoids. These vrere 

prolate ellipsoids, in the [100] direction, major axis 1.770 ems, minor 

axis 0.275 ems, demagnetbing factor 1J:::0.491, in the [111] direction 

major a:xis 1. 770 ems, minor axis 0.276 ems, D=O.L1.95. At. room temperature, 
II (}. II 

the rigidity modulus is 7.7 x 10 dynes/em , the bulk modulus 17.6 x 10 
.;. (4 L) -t"l cil. 

dynes/em , givine a magnetostrictive form effect (1.4), T/ f ~3 x 10 I , 

which is small enough to be neglected. 

The use of. the electromagnet made.• it impossible to employ the 

extensometer and associated apparatus of Corner and Hunt, for the following 

reasons. The extensometer was constructed mostly of Invar, because of 

its low temperature coefficient of expansion, and it was considered 

unwise to construct a ne\-1 one out of non-magnetic material because of 

the thermal drift that would result from changes in ambient temperature. 

Thus the extensometer \-IOUld have to oe·placed \-tell aw~ from the pole-

pieces of the electromagnet because of magnetic shielding difficulties. 

If it were placed above the magnet, the length of lever required to bring 

out the deflection l-Tould be of the order of 60 ems, which makes it 

impracticable. 
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!nether possibility was to bring out the displacement through a hole in 

one of the pole pieces, b,y means of a sliding rod in tube arrangement,to 

the extensometer fixed to the outside of the magnet. The rod and tube 

would have to be of the order of 100 ems, and as the magnet current 

required to produce a field of 5,000 oersteds is 30 amps, the subsequent 

heating of the magnet coils would produce a temperature variation between 

the rod and tube. After careful consideration it was decided that the 

best method would be to couple the lever to an optical amplifier. 

The specimen is mounted in the centre of the magnet gap by means of 

a lever arrangement of vitreosil. An optical magnification system, 

using grids and a photo-electric cell similar to that developed b,y Jones: 

(1951), is held at a fixed distance away from t.he lever by means of three· 

vitreosil rods. Displacement of the free end of the specimen causes a 

rotatlon of a galvanometer mirror attached to the lever; giving a 

proportional output in the photo-cell. Temperature changes are produced 
0 

by suspending the specimen in a pyrex tube of iso-pentane (F.P. - 160 C) 7 

the bottom of the tube being immersed in a vacuum flask containing 

liquid nitrogen. As random temperature fluctuations of the specimen 

can produce length changes of the order of its magnetostriction, the 

fluctuations are compensated b,y a non-ferromagnetic metal in thermal 

contact with the specimen. 

2.112 Optical system, The principal parts of the optical 

system are shown in figure 10 
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M S L · FIG. 10. 0pticBl system. 

Lens L focuses the image of source S on the mirror m. G, and G, are .... 

two grids of identical spacing, each at a distance equal to the radius 

of curvature of m from m. G~ is split into two halves, slightly 

separated so that the lines and spaces in one half are exactly out of 

phase with those in the second half. Thus if the spaces of the image 

of G1 1 formed by m on G~ coincide ~rlth the spaces of one half of G~, 

that half will allow light to pms·through, while the other half will not. 

By moving either G 1 or G.;~, , a position can be found where the same 

amount of light passes through each half of G~ , and the system balances. 

Prisms P, and P~ collect the light into C, and C~ respectively, the 

two halves of a split cathode photo-electric cell. The difference in 

output of C.:~, and C~ is measured by a galvanometer. If m rotates, the 

image of G, moves across. G~ , the system no longer balances, and one 

half of the cell receives more light than the other. 

The purpose of the concave mirror M is to stabiliz:e the position 
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of the source, as well as to increase the amount of useful light. M is. 

placed so that the image of the filament is formed just beside the 

filament, so that if this should sag slightly in one direction, the image 

would move in the opposite direction. 

The amplification of the above system depends on the amount of 

light given out by s, the spacing of the grids, the distance of ~~e grids 

from m, and the sensitivity of the output galvanometer. Of these, the 

distance G,m must necessarily be fixed, and it is considered unvrlse to 

run a projection lamp at its stated value due to shortening of its 

lifetime. The output varj_atj.on from maximum to minimum must not exceed 

a measureable deflection on the galvanometer scale, i.e. 50 ems, 

determining the sensitivity of the galvanometer requil'ed. The maximum 
--1-

change in length of the specimen is about 10 ems. Using a 4 to 1 

magnification ratio on the lever, a..."ld with the grids at 100 ems from the 
-~ 

lever, the image grid displacement is about 4 x 10 ems, giving a grid 

of 15 lines / inch. 

2.113 Lamp house. The lamp house (fig. 11) consists of 1/16 ins. 

brass sheet, rolled into the shape of a cylinder, mounted on a duralumin 

rocker to allow the necess~ degree of freedom. A Chance ON20 heat 

filter is placed bet,o~een the projection bulb and the condensing lens, 

( f = 3 ins A= 2.73 ins ) to save the lens from distortion due to heat, 

and also to cut out infra red radiation which contributes to the fatigue 

of photo-cells (Preston 1946). The bulb, an Osram projection class F, 

12 V 48 w, is run at a lower rating than normal to ensue long life. Power 

is supplied b,y four 22 AH, 12 V batteries connected in parallel. Due to 
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the heat generated, the bulb is cooled ~J blowing a continuous stream of 

dust free air up past the bulb by means of a blower. A baffle (not shown 

in fig. 11 ) placed immediately above the bulb, allows the air to escape, 

but no light to enter. 

2.114 Grids. The grids are made by winding a master gr~d ~f wire 

of 60 lines I ins, and photographing this grid using Ilford 11 Form ali th It 

plates to give exceptionally high contrast. A series of grids are then 

obtained by enlargement, of 30, 25, 20 and 15 lines I ins for different 

sensitivities. The reason for not Hinding the master grid of 15 lines I 

ins is that the thickness of the wire mruces it impossible to get rid of 

BIIy small imperfections which develop in the winding. The grids 

themselves are clamped between two pieces of milled duralumin to a depth 

of about 2 m.m., one side being packed with a layer of compressible 

paper. The two collecting prisms are mounted in a similar manner behind 

the image grid o.Jld in front of e C5_ntel CiT 40 split cathode photo-elect1·lc 

cell. A spring loaded kinematic ball bearing slide consisting of two 

milled duralurnin plates, brass rods and steel balls, supports the object 

grid, the parallel movement of which is controlled by a brass screw of 

60 turns I ins. 

2.115 Temperature compensator and mechanical lever. The mounting 

of the specimen and the mechanical lever is shown in figure 12. 

Temperature compensation is achieved by the aluminium thimble expanding 

in the opposite direction to the speqimen. Over the ·temperature range 
0 () 

0 K - 470 K (Nix and :t-1acNair 1941) the fonn of the thermal expansion 
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curve of aluminium agrees closely with that for nickel, though their 
-f.;tl 

coefficients of expansion are different ( Ni = 11,32 x lOtK, 

AL = 20.96 x H)j'K), AllO\..rance is made for the fact that the nickel 

specimen is held at points removed from its end, in the calculation of the 

actual length of thimble required, 

The lever, made of Vitreosil, gives a magnification ratio of 4:1. 

It consists of a fixed T piece, 13 mm square; the actual lever, a T piece 

6 mm square, being spring loaded against an agate knife edge and the 

specimen. The agate knife edge is attached to the main T piece l·ri th 

11 Araldi te 11 • Location of the lever is provided by means of a V - shaped 

cut to fit the lmife edge, To ensure that the lever can only move in the 

desi!'ed direction, motion perpendicular to that direction is prevented by 

tl-ro spring loaded rollers fixed to the main T piece by a Duralumin support, 

As any excess pressure on the specimen ~lll cause a large effect on its 

magnetostriction, the spring loading of the lever is made o.s· small as: 

possible consistent vrith the worl<.ing of th~ lever.. In t:his case it tur:nG 

out to be equivalent to a force of 25 gms v~., which is negligible. 

2,116, Mirror suspension, Originally it was intended to suspend 

the mirror from A and B, (fig.l2) by two fibres and bring out the deflection 
0 

by means of a 45 mirror at C, The introduction of this other mirror caused 

the image of the obj.ect grid to lose its contrast, and so the method was 

discarded, The suspension S brings out the deflection direct,l..rithout the use 

of an auxilliary mirror, It consists of i ins square brass rod with 1/32 ins· 

brass sheet, 6 ems x·l.5 ems, soldered perpendicular to it at the 



centre. The rod rests on the moveable arm A and the fixed arm B by 

means of two 8 BA brass screws passing through the rod at equal distances 

from the bra.ss sheet. These screws have their ends ground to needle­

sharp points so that actual contact takes place over a negligible area. 

The mirror, front surface aluminised, r = 100 ems, is stuck to the 

brass susp_ension she~t with one small spot of Duraf'ix,- teo- much Durafix 

causing· the mirror to become distorted. No change in the radius of 

curvature of the mirror can be detected after the Durafix has been left 

to dry for about 24 hours. A damping vane immersed in light mineral oil, 

is attached to the lower end of the suspension to damp out oscillation. 

2.117 Temperature measurement and control. To measure the temperature 

of the specimen, a copper constantan thermocouple is used, the fixed 

junction being kept in a miA~ure of ice and water, the other junction 

strapped to the head of the temperature compensator so that it touches 

the ppecimen. The e.ru.f.::J. U.eveloped by the thermocouple are measured, 

corresponding to an accuracy of t ~K, b,y a null potentiometer arrangement 

in which the e.m.f. is balanced against that from a 2v lead-acid cell. 

The null detector is a Tinsley galvanometer, with built in lamp and scale, 

and the accumulator voltage is standardised against a Weston-Cadmium cell. 

Thethermocouple was calibrated b,y using the following fixed points, the 

freezing point of mercury (-39°0), the freezing point of carbon 

disulphide (-112°0), and the temperature of liquid nitrogen. Auxilliary 

points used \-lere the freezing points of carbon tetrachloride, and of 

ether. The temperature of the liquid nitrogen ,.,as checked b,y using an 
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oxygen vapour pressure thermometer which is very sensitive in the range 

of 190° C to - 197 ° C. 

The mechanical lever is suspended in a pyrex tube, 5 ems diameter 

and 25 ems long, which for temperatures above - 160°C1 contains iao-pentane. 

A vacuum flask containing liquid nitrogen surrounds the tube so that the 

bottom of the tube dips into the liquid nitrogen. By varying the height 

of the flask, different temperatures can be produced in the specimen. 

Below - 160 ° C, the freezing point of iso-pentane, the pyrex tube is: 

left empty, the top lightly packed with cotton wool, ·and the tube fully 

immersed in liquid nitrogen. 

2.11A Remanent field and Electromagnet. With a. pole gap of 20 ems, 

the remanent field at the centre of the magnet is 7 oersteds. This value 

varies over a short time inte~1al after the application of a large field, 

but as the average time between taking measurements at different 

temperatures i-ra.s about two hours, the remanent. f'·i. P-1.0. wnn ta"ken to be 

constant. The best method of resolving this difficulty would be to 

remove the specimen from between the pole pieces to a field free region 

between each measurement, bu·t. using the present measuring system this is· 

impossible. The field was compensated by means of a pair of coils fixed. 

to the sides of the vacuum flask slider (fig.l3). 

Figure 13 shows'the arrangement of the apparatus. The mechanical 

lever is held at a fixed distance from the lamp holder assembly b,y means 

of three vitreosil rods, 13 mrn square. Any part of the apparatus from 

which reflection m~ occur is painted matt-black. The whole of the 

o_ptical·. path between the grids and the lever is enclosed in a light-tight 
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hardboard box, (not sho\om in the figure) 1 and the grids, photo-cell and 

upper part of the lever are enclosed in matt-black aluminium covers. 

The field in the magnet was measured by means of a search coil and 

a standard fluxmeter, with lamp and scale at a distance of 1.1 metres, 

giving a sensitivity of 7060 Mruafell turns / em on the scale. Tests on 

the uniformity of the field in the centre of the gap, showed it to be 

uniform over the necessary volume. The magnet power pack incorporates 

a t.'lu-ec phase rectifying unit loTi th separate tappings for each cur·rent, 

the lowest value being 15 amps, i.e a field of 2895 oersteds. As it was. 

desirable to have a variable supply at low fields, a separate power pack 

was used to give any field up to 31 000 oersteds. 

The field fotu1d necessary to produce technical saturation at liquid 

nitrogen temperatures was 6,000 oersteds, determined from intensity of 

magnetization measurements. This gave rise to a field at the photo-electric 

cell, approximately 100 ems from the centre of the gap, of only 4 oersteds. 

This did not affect the cell, so no magnetic shiel.cUng was necessa.ry. 

2.12 Calibration and measurements. Trial measurements showed that the 

use of a split grid was unnecessary, as· the extra sensitivity was not 

required. Two identical grids were then used, and the two halves af.the 

split cathode coupled together. The output current was: measured by a 

Tinsley galvanometer, type 4500 A, sensit.ivity 1200 m.m.if A at one metre. 

Ideally, the output of such a system is of the form shown overleaf. 
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B B 

Points A correspond to cut off, B to full transmission. In practice, 

however, the turning points in the curve are not sharp, due to optical 

defects in the system, so for accurate measurements, deflections should 

alw~s be on the linear portion of the curve. 

~fuen taking measurements, the lamp voltage is adjusted until a 

movement of the grids from cut off to fu .. ll transmission gives a 

galvanometer deflection of about 50 ems. This lamp voltage is then used 

for all measurements. It was found impossible to produce a small 

displacement by an independant method to calibrate the system in situ 

The coupling to the system of ~hing rigid, e.g. cantilever or bellows 

arrangement; is impracticable, and the use of a temperature differential 

would tend to cause drift. The best method then available is to use the 

value of Jl100 at room temperature as a standard. Unfortunately this 

gives only one displacement, not a range, so it cannot detect any errors 

due to non linearity in the measuring system. If the turning points A,B 

show marked curvature, only a small portion of the curve will be linear, 

and the output corresponding to a large deflection will. be constant no 

matter where the starting point on the curve. It is better to use a range 

of known displAcements, and so it was decided to use the values of 

magnetostriction at low temperatures obtained by Corner and Hunt. 
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The method of taking measurements is as follows. The object grid 

is adjusted to a point such as C on the output curve, and the deflections 

noted over the whole range from zero field to that required to produce 

saturation. A curve of deflection against applied field is drawn, and the 
.OL 

portion up to a field of 11600 oersteds compared with the T , H: curve 

(at the same temperature) obt_ained by Corner and Hunt. The value of )._ 
AL 

is obtained by standardising the measured curve on the T, H curve. 

Between each measurement, the specimen is brought back to its reference 

state, i.e. the demagnetized state, b,y successive reversals of the applied 

field from a value sufficient to saturate the specimen, to zero. 

At low temperatures, the vacuum flask is filled with liquid nitrogen, 

raised up round the tube containing the specimen, and after about a 

quarter of an hour, conditions are steady enough for measurements to be 

taken. Measurements of deflection against field are obtained· as the 

specimen is allowed to l-rarm up to 170 ° K. 

2.13 Intensity of Magnetization measurements, 

2.131 Design of apparatus. For a full analysis, values of both 

magnetostriction and intensity of magnetization are required, so it \·ras 

decided to make intensity of magnetization measurements on the same 

specimen as used for magnetos·lirict.ion measurements. Hunt (1954) gives 

an expression for the flux linkage of a coil of finite dimensions with 

a uniformly magnetized prolate spheroid. If a coil of length 2 L, inner 

radius r 1 and outer radius r 2 is placed symetrically and coaxially round 

a spheroid of major axis 2 a and minor axis 2 b, then an approximate value 
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of the flux linkage is 

I 

8 7T~ b;~ I L n, na (.,.il_,.J 
e (12) 

b:l)"l 
where e. = ( I - cr and n I and n Dl are the numbers of turns per unit length 

parallel to and perpendicular to the axis. For the theory to apply, L 

must not be greater than t the length of the spheroid, i.e. about 0.4 ems. 

The inside radius cannot be less than 0.25 ems as. the former must encircle 

the specimen, and to ensure a good temperature distribution, the outside 

radius cannot be much greater than 0.5 ems. The fllDOileter available, has·· 

a sensitivity of 7060 ~~ell turns per em when used with a lamp and scale 

at 1.1 ·metres. Assuming the scale can be read to t mm, and to obtain 
~ 

-~-% accuracy, the flux linkage required is 7 :x 10 11a."'CW'ell turno. Thuo 

the diameter of the t·rire used in the coil must not be greater than about 

0.024 ems, the former, (figel4) is of duralurnin, the 1:rirl<iings 36 gauge 

anodised aluminium wire, in the central section of length 0.084 ems, and 

irmer dial!leter 0,.50'7 ems, there being 424 turns in 11 layers, the outer 

layer being flush with the former. The specimen is held in position by 

two brass screws passing through the end of the former. 

The search coil measures changes in flux due to changes in both the 

intensity of magnetization of the specimen, and the field, so an auxilliary 

coil is used to compensate for field changes·. For an ellipsoid, uniformly 

magnetized along its major axis, the field F parallel to that axis at 

points on the equatorial plane is given by (Peake and Davy 1953) 
.1. 

F=f ~TTob I (13) 
( a J. "" b.1. )'i 

;1. .J-

wkt. .f=i~. (/+() J.+l I 
(1-te-. -_, (I -tfi)i 
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where a and b = semi axes of the ellipsoid, I = intensity of magnetization. 
z 

e = eccentricity of ellipsoid, . e = ae 
For the specimen considered, B =· 0.3906j I so that for values of F less 

-~ ~ 
than 0.5 x 10 I,/ must be less than 1.28 x 10 , i.e. Z > 2.8 ems. This 

means that the compensating coil must be at least 3 ems aw~ from the I 

measuring coil. 

_The compensating coil is of nearly identical dimensions to the I 

coil, having 521 turns in 13 layers, i.e. greater flux linkage, this 

enabling accurate compensation to be achieved by adjustment of a shorting 

resistor. A duralurnin clamp, suspended by means of a 0 BA brass rod in 

the pyrex tube, holds the two coils at the desired distance apart. I~w 

temperatures are produced br~ the same method as in the magnetostriction 

measurements. A thermocouple junction is ·strapped-to the former of the 

I coil and the temperature measured by the potentiometer arra.ngemente 

The value of the shunt resistance needed at different temperatures is 

determined in a trial run with no specimen in tho I coil. 

2.132 Measurements. Hunt (1954) gives 

I H 61 
== ~-,r~ AH 

(14) 

where I = intensity of magnetization in the specimen, H = applied field, 

A H = throw produced in flttxmeter with no specimen in coil, b. I = throw 

produced in fluxmeter by establishing an intensity I in the specimen with 

the field throw compensated, R is a dimensionless factor dependant on the 

shape of the specimen and the search coil core. In this case, R = 0.112(5). 

~ 
H is found by establishing known fields in the coil, and noting the 

fluxmeter deflection. At low temperatures, flux coil contraction makes1 
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negligible difference to the linkage with the intensity of magnetization 

of the specimen. A correction is applied (0.5% / 100 ° K) to compensate for 

contraction of the specimen. 

The value of the intensity of magnetization corresponding to unit 

deflection is then given b.r 

I = 26.4 cgs. units/ em. 

2.14 Results. 
AL o 

Table 3 shows values· of T , and I at 78 K, for various 

applied fields from zero up to that required to produce saturation. 

A 100, Is, I values are set out in Table 41 and A 100, T, together tri th 

Corner and Hunt 1s curve, shown in graphical form in figure 15. 

Figure 15 seems to coni'irm ·the anomaly, but considerable doubt must 

be cast on the accuracy of these results due to the cali"bration process. 

If the turning points A,B, in the output curve (2.12) are not Rharp, or 

if the mirror suspension (2.116) slips when the change in length of the 

specimen exceedR a certain amount~ then the results obtained from this 

experiment must necessarily confirm the anomaly. As the temperature 

decreases, the change in length of the specimen in a constant applied. 

field is smaller, so a calibration based on these values, assuming the 

above faults occur, gives results which decrease with decreasing 

temperature. 

The critical test is to make measurements at liquid hydrogen 

temperatures, where, if the anomaly is present,AlOO will show a marked 

decrease in magnitude. For very lot.,r temperature work, the cold chamber 

must be air tight, otherwise the liquid hydrogen would rapidly boil off. 

The present method of bringing out the displacement, a mechanical lever, 

cannot therefore be used. Hith this consideration in mind, it.was 
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T A B~L E 3. 

~mgnetostriction in the [100] direction 
at 78~C 

- ~11.10 "' Ha I H L 

100 0 204 0 
150 0.2 273 16 
200 2.1 300 53 
300 4.6 323 141 

T A B L E 4e 

400 7.7 338 234 
500 10.9 344 331 
600 13.8 361 1.23 
700 17.0 376 515 
800 19.5 388 610 
900 22.0 399 704 

Temoerature dependence of saturatj.on 
.. magnetostriction. 

- ~1.10 
, 

T°K I L 

1000 24.4 411 798 
1500 33.9 445 1281 
2000 38.9 471 1778 
2500 41.8 490 22-59 
3000 43.4 504 2752 
3500 .. ,., 514 3247 44·.G 
l~OOO 44.7 520 3744 

78 45.3 525 
87 45.8 525 

109 51.6 524 
122 53.2 524 
1~.8 55c.l. 5?.3 

I 173 55.0 -
4500 45.1 523 4242 
5000 45.2 524 4742 
5500 45.3 525 5241 
6000 45.3 525 5741 
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decided to construct a solenoid capable of producing fields large enough 

to saturate the specimen at 20°K, and to use the capacitance bridge 

apparatus of Corner and Hunt to measure the magnetostriction. This was 

made possible b,y means of a grant to purchase a generator capable of 

delivering the necessary power. 

2.2 Capacitance Bridge Nethod. The bridge was constructed by Corner· 

and Hunt, so only a brief sketch, necessary to understand its working, 

is given here. A full description of the bridge is given in Hunt's 

thesis (1954). 

In figure 16, if C 3 and elf are approximately equal, and a displacement 

is given to the middle plate of tho differential condenser, the change 

in output voltage ca11 be shown to be 

I Vdl [ I 4t\~] dV = T i-r~(TJ 
(15) 

l·rhere V is the alternating voltage applied to the h:ridee: t, the mee.n 

separation on each side of the differential condenser, a t the difference 

between the separation of each side. Equation 15 assumes that 

IRI >) :lc; > Jc3 ,where R is the input impedance of the amplifier, 

and the frequency of the oscillator. Hence if the bridge is 

zeroed with C 3 and C + each within 5% of their maximum value 

I V d1 
"d .. V = OJ..t (16) 

to within 1%. 

The oscillator gives a peak to peak output of 100 V at a frequency 

of 10 kc/s, and with t about 0.01 ems, c, and Ceil are of the order of 150 p.F. 
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C 3 and C ,_ are each 1000 pF, so R must be greater than 3 :t-1. Under these. 
3 

conditions, the output voltage per em. displacement is 5 x 10 V. 

The point E (figure 16) is at earth potential in order to reduce 

sputious pick up and give better stability in the valve voltmeter. This 

means that the oscillator output must be equally balanced about earth 

potential, and so the use of a push pull circuit is all advantage. This. 

has the further adva~tage in providing less distortion than the single 

sided type. As the circuit lvhich it drives is of sensibly constant 

impedance, the oscillator has no buffer stage. Due to str~ capacitance, 

inductance, and resistance in the circuit, the output voltages from each 

..1!-arm of the oscillator are not exactly ().. out of phase with each other. 

Th:i.s fault is remedied by insertil"_g a. 2 K !"L resistor in each lead from the 

oscillator to the bridge. These re~istors, together vdth the balm1cing 

condensers are mounted. :i.n a screonil"'_g box.. One of the balancing condensers 

is fitted with a Muirhead slow motion drive which allows the z·ero to be 

set with su.f'ficient accuracy. 

Figure 17 shows a block diagram of the extensometer circuit. The 

detecting circuit is comprised of a cathode follower, and a three stage 

amplifier followed by a rectifier. The cathode follower, input impedance 

3.3 N: .1\.. in parallel with 0.2 pF, provides· the necessary high impedance, 

and is placed as near to the differential condenser as possible so as not 

to lower the impedance presented to the condenser. The amplifier has· 

variable degrees of negative feedback, giving overall gains of 

30,45,60 and 120, and the rectified output is displayed on a tes.t meter of 

resistance 20,000 oluns/volt~ This is normally used on the 12 volt range. 

To avoid any feed back between the amplifier and the oscillator, two 
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separate power packs are used, both of which are stabilized to reduce 

mains voltage fluctuations to a minimum. 

The circuit is normally used with one of the series resistors 

(figure 16) at zero, one of the balancing condensers at maximum, and the 

other, with the slow motion drive, within 5% of its maximum, the same 

conditions under which it is calibrated. One of the balancing condensers 

can be sl1unted by a 12 pF condenser to ensure that the bridge is working 

satisfactorily. When this is in circuit, it causes an output voltage, 

which for a given amplification should be constant. 

2,21 The Differential Condenser, A cross· section of the differential 

condenser is sho~~ in fieure 18. To ninimise the effects due to 

fluctuations in the ambient temperature, the following parts are.made 

of Invar, the three spacers :G which maintain the correct distance between 
I 

the fixed. plates C J C , and the three screHs H l·rhich support the 

condensera In the original condenser, the centrE"~ rod A and t.hFl mov:i.ne 

plate .tv1 (not fully sholm in figure), were also made of Invar, but with 

the stronger fields used i.n this experiment it was impracticable to reduce 

the str~ field sufficiently to avoid errors due to magnetostrictive 

strain of the plate, and so a brass plate was substituted. This produced 

no noticeable zero drift in the time interval required for magnetostriction 

measurements ( N ~ minute). · 

The plates C 
1 

C are mounted on Tufnol blocks which are separated 

from each other by brass rings D and E and the spacers G • Screl·rs 

H , allow a vertical movement of the condenser of about 1 em. Rod A 
I 

is supported by two flexible plates· of steel, L and L , each 0.005 11 thick, 
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which are themselves held b,y the tl1ree screws J • These plates allow 

vertical movement of the rod A , but no lateral motion. In order to 

preserve the insulation of A and M , the flexible plates do not bear 

directly on A , but are held off b,y insulators. Since it is never 
I 

possible to set the central plate exactly parallel to C and C , the 

separation varies from point to point, resulting in a slight increase 

above the calculated sensitivity. 
I 

Screws K and K bring out the leads from C and C , and A forms 
I 

the connection from the moving plate. The flexible plates L,L are set 

at earth potential so that the plates c,c are t..rell screened. Three 

screwed rods (not shown in figure) screwed in brass plate B pass through 

holes in ring E ., Tlle condenser is held f:i.rmly in position on the plate 

B by three ru-bber springs in compression on the three screwed rods. 

A quartz rod Q (ground to fit tightly in the end of rod A ) , 1..rhich 

moves relative to B , transmits the small displacements to be measured 

to the conden~er. 

For equation 16 to hold, the differential condenser must be adjustable 

to within 5% of its plate separation. This corresponds to a rotation of 

any one of the three screwed rods H (40 turns /inch) of 1/120 of a turn, 

which is possible using a screwdriver. A movement of this order applied 

to any one of the three screws will not bring the condenser axis out of 

the vertical sufficiently to affect the accuracy. 

2.22 Calibration. The extensometer is calibrated b,y displacing the 

central moving plate through known distances on the second lever of a 

double lever cantilever system. Using a OB.A. screw, it is possible to 
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-3 
displace the end of the first cantilever a distance of 10 cms,giving 

a corresponding displacement of the end of the second cantilever of 
-'I 

approximately 2 x 10 ems. The calibration of the cantilever itself 

is checked using an optical interference method. A lens and glass plate 

system, illuminated b,y sodium light, is mounted on the cantilever system 

so as to show Newton's rings. The screw movement is noted for the 

passing of each fringe, and the reduction ratio of the cantilever system 

calculated from a large number of readings. 
-~ + 

'rhis ratio, 2.41 x 10 -0.2%, 

is used for the calibration. 

Figure 19 shaHs a typical calibration graph for the bridge. Changes 

in output voltage vary linearly with displacement of the central plate of 

the differential condenser over the range 2 V to 12 v. Th{;Jl'e ls a ::;l:tght 

change in sensitivity Hhen the condenser is dismantled and reassembled 

due to the slight variation in the average gap \·rhich is produced. When 

this is done, the instrument is recalibratcd. No change in sensitivity 

on (eqn.l6) keeping constant both the applied voltage and the gap on either 

side of the central plate of the condenser. Tho ·usc of power packs with . 

output stabilized to ! 0.2% for both oscillator and amplifier enables the 

sensitivity to be maintained with the same order of constancy. The gap 

lridth is kept constant by eliminating temperature gradients in the 

condenser. The use of Invar in the construction of the condenser minimises. 

this effect. A Mu-metal box encloses the condenser, serving the dual 

purpose of magnetic and temperature shielding • 
. I 

The two steel flexible plates· {t,L figure 18) which hold the central 

plate in position, oppose the displacement of the central plate. This 
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(, 

restoring force is calculated to be 2.6 x 10 dynes / em displacement, 

and causes a systematic error in the condenser calibration, and an error 

in the magnetostriction measurements. The error introduced on the 
-3 d 

calibration beam is approximately 10 d, where is the displacement to 

be measured, and so the error can be neglected. The error introduced 

b,y compression of the displacement rod ( length 30 em, diameter 0.3 em) in 
-3 

the magnetostriction measurements, is 1.6 x 10 d and again can be neglected. 

2. 23 Solenoid. 'rhe field necessary to produce technical saturation in 

the l100] specimen is about 5,000 oersteds at 70 ° K, and 7,000 oersteds 

at 20 ° K (Bozarth 1951). Allowing a safe margin in these values, the 

selenoid is designed to produce fiolds of up to 10,000 oo:r.steds. 'l'he 

power is obtained from tl.ro Lister Diesel generators, each capable of 

giving 120 amps at 100 volts. 

The design of the solenoid is based on one described b,y DaP2els (1950). 

'l'he basic theo:ry of solenoids for tho production of large ma..:,anetic fi H l.dA 

has been worked out extensively for various shapes of coils ( e.g.Cockroft 

1928, Bitter 1936)~ The field H (oersteds) at the centre of a coil.with a 

rectangular section 1dnding space is given by 

vi )-l H = G( ..!!2.-a,p (17) 

where W is the power (watts) dissipated in the coil, or (ems) the inner 

radius of the winding space, f (ohm em) the resistivity of the winding 

material, G a dimensionless: factor depending only on the shape of the . 

winding space,~ the ratio of the volume of the winding space occupied by 

the conductor to the total volume of winding space. The maximum value of 
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G is 0.179, when the outer radius of the winding space is 3a,, and the 

axial length 4a, • 
-C. 

Approximately, W = 44,000 l-ratts,f =·2 x 10 ohm cm,a•"" 3" ems, 

~N0.75, G"' 0.15, giving a field ll"'ll,OOO oersteds. The heat 

produced is removed continuously qy passing cooling water through the 

coil. As the mains water is of variable conductivity and purity, distilled 

wa:ter is used as: the coolant, and the distilled l·Tater cooled by mains. 

water in a heat exchanger ( 2. 24). The l-rinding material can consist of 

either bare copper strip, adjacent turns being separated from each other, 

or copper tube. The former is used as· it gives a higher tt. filling factor Lb 

]J ( eqn.l7) ~ 

2.231. Theory.. The solenoid was· intended for use in obtw.n.i.ng 

sat1rration values of magnetostriction, so the field distortion over the 

specimen length, 2 ems, at the centre of the solenoid can be of the order 

of 0.1 %. The axial length of the oolcnoid is approJd.mately 20 ems in 

order·to keep the distru1ce between the specimen and the differential 

condenser to a reasonable value. 

To obtain the required field uniformity, a gap is left at the centre 

of the rectangular winding space, making a system similar to a Helmholtz 

double coil. In figure 20, the field at point P on the axis of the coil 

is approximately equal to that due to the rectangular section ABCD, minus: 

that due to the region omit ted, annulus U V ~-

LetA a,= width of section omitted,a;,. =oe.a,, b =jJO•, :t. =fa,, "( = uniform 

current density· flowing in the coil ( e m u / crf ) • The field, 
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. 1 [ . -' . I-' I o<.. I ] ~ 
-J.TrrQ,A ~ T -~ T - (o(~+ f~i + .<i+J~ 

If § is small, and for a unifonn field ( ~ )]'o = 0 

i.e. _ ot... 
3
13 -* J t 3 ~ ( I -o~. - j = o 

(I +o<'~--1)1: 
(18) 

If a1 "'3, and 2b "' 20, ($ == 3. 

Hhen of..-:/~ ~ 3, A = Oal8. 'l'his eives a field uniformity \·rell -vrithin the 

required limits (figure 21) •. The value used was A = 0.19 "t-rhich gives a 

maximum theoretical field distortion within the central 2 ems of the 

solenoid of 0.03%. 

The total resistance of the copper strip used for winding the ~olenoid 

was made equal to the optimum resistance of the generators connected in 

series, .i.e. 0.85-A.. This .is a small value so care loJ"as taken in the 

construction of the solenoid to keep any contact resistance due to soldering 

to a minimum. Adjacent turns of copper strip are separated from each other· 

by loJ"indine nylon filament, 0.3 mms diameter, round the strip, with a pitch 

of 0.5 ems. This allows ample room and presents practically zero impedance 

to the flow of cooling water. 

2.232 Construction. The minimum diameter of Dewar that allows a 

reasonable amount of cooling agent round the specimen and associated 
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apparatus is 2 t", giving the effective inside diameter of the solenoid 

of 2~e. This diameter then fixes the axial length and outside diameter· 

of the solenoid. 

The solenoid consists of 22 flat coils, or 11 pancakes 11 , wound with 

copper strip t" x 17 gauge. The nylon thread was wound round the copper 

strip, using a simple mechanical arrangement. The inner end of the strip 
7 

is soldered onto a thin brass tube, 2~1 0/D, 2'76 11 I/D, length -fl•, using 

a lo\-r contact resistance solder. Electrical contact betHeen pairs of 

these tubes is made by soldering a thin -flt strip of brass across the gap 

betlveen the tubes. The \·Tinding of the strip onto the tubes 1..ras done by 

hand. The final ~JI of the last layer is bent backwards over itself and 

soldered onto anotheT length of copper strip. This strip is •~apped once 

roundthe outside layer a~d then soldered onto itself, thus holding the 

la._yers of the pancake in pofli.tiono Pancakes are insulated from each other 

by thin paxolin wheels, 1/1611 thick, \-rith 8 spokes, 2-3 mms Hidth, to 

present n..n J.H.tl.e i.rnpedance as possible to the flow of coolinc 1.m.t.~r, The 

gap in the centre of the solenoid is produced by using a thicker tufnol 

wheel, similar 1...rheels being used at either end of the solenoid to provide 

collecting spaces for the cooling water. 

The pancakes, when wound, are in pairs, insulated from each other by 

a paxolin wheel. The centre tube of the solenoid consists of a brass tube, 

· 1~1 long, 0/0 21' 11 , 1/0 2-f'•. A few layers of 200 gauge Melinex polyester 

film are 1.~apped round the tube for ·insulation, and the double pancakes 

slipped on the tube, with a paxolin wheel placed between each pair. 

Electrical connection is made between adjacent pairs of pancakes on the 

outside by soldering a small piece of copper strip across· the two outside 
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layers of each pancake. Further layers of Melinex are wrapped round the 

outside of the pancakes until it is just possible to push the assembly 

into the outside cylinder of the solenoid, a brass tube 911 long, ~t 

0/D x 10 gauge. Figure 22 is a photograph of the pancakes assembled on 

the centre tube, and figure 23 a photograph of the solenoid with the 

apparatus used for measuring magnetostriction assembled in position. The 

end cheeks of the solenoid are t• thick Tufnol, held together by six long 

steel rods, ~~ diameter, screwed at the ends. The cooling water enters 

through -~Jr pipes at three inlets at the middle of the solenoid, and leaves: 

at two outlets on each end cheek4 All joints connected with the solenoid 

are made water tight with Gaco rubber rings. Power is supplied to the 

solenoi.d through tl·JO terminals, one in each end cheek. The terminals . are 

t• diameter brass rod, . and connection is made to the end pancakes by 

soldering a copper strip from the inside of the -terminal to ~1e outside 

rim of the pancake. 

2.24 J-Ieat Exchanger. The pump available delivers 20 gallons per minute 

against a pressure of 1 atmosphere. The surface area of the copper strip 

available for cooling purposes in the solenoid is very nearly equal to the 

total surfac.e area of copper used, so that heat transfer inside the 

solenoid must be highly efficient. Thus it can be assumed that the power 

applied to the solenoid is effective~ applied to the cooling water.for 

calculation purposes. 

A power consumption of 50 K W ldll cause an increase in temperature 
0 

of the circulating distilled water of about 10 C. McAdams (1933) gives. 
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the heat transfer coefficient, h, for turbulent flow of water inside a 

pipe as 

where D = inside diameter of pipe in inches, G = weight velocity of water 

( (lbs/sec)(sq.ft) ), and t= \.rater temperature in°F. Using an-§-•t diameter 

pipe, a flow of 20 gallons / min {i.e. turbulent flo,.r), and with t -v 80 ° F, 

equation 19 gives h = 4.75 x 10~ (B.t.u./ hr.)( sq.ft.) (Of). Thus if 

the average temperature difference between the surface of the solid and the 

body of the liquid is -v 10 ° F, then the total beat transferred through 
S' 

unit surface of the solid is 4.75 x 10 (B.t.u./hr.)(sq.ft.) i.e.~l70 

\·Tatts /em • t·!i th 50 K. W. applied to the solenoid. and us~uming efficient 

heat transfer to the distilled water:, the total cooling surface area 

needed in the exchanger is 300 aq.cms. As it is impossible to achieve 

these ideal conditions ln practlce, the exchanger is designed to give a 

much larger cooling surface (.,.... 2_,000 sq1!cm~ ) 1:.h;m ce_l_cul.ated ... 

'l'he exchang•.:~r consists of twenty five, 2t ft. lengths of -~ 11 inside 

diameter copper tube packed inside a 3 ft. long, 211 1/D brass outer tube 

(fig.24). The tubes and connecting pipes are all hard soldered into 

position. Four quadrant baffles are soldered at regular intervals insi"de 

the main tube to ensure turbulent flow of the mains \orater. 

2.25 Performance. The field produced b,y the solenoid was measured using 

a search coil and fluxmeter of sensitivity 7060 Maxwell turns/em with 

lamp and scale at 1 metre. The field is linear '\oti th solenoid current, 
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the maximum current of 250 amps. produciP,g a field of 10,500 oersteds. 

Two identical search coils were used in opposition to measure the field 

uniformity. These shoued 0.3 % difference in the field betl·!een the centre 

of the solenoid and a distance of 1 em along the axis from the centre. 

This distortion is larger than that predicted by the calculations, but 

still within that required for the experiment. The increase in distortion 

is probably caused by a non ~form winding density in the coils. 

2.26. Specimen holder and general arrangement of the apparatus, The 

specimen is mounted in an aluminium thimble to compensate for thermal 

expansion (similar to the one used in 2.115), which is supported by the 

top face of a small quartz tube fused to the bottom of the main quartz 

tube (fig.25). This face is ground parallel to the ground flanged top 

of the main quartz tube, ctiRl perperi.dicular t.o the axis of the tube itself. 

The geZJcral arrangement of the apparatus is shown in figure 26. The 

spA~ i tncn /i rests in an alumir.i1.un tempera.tu:L'u ~.;umpens a tor (not shown in 

figure), and is held in the quartz tube B, the flanged top of 1-rhich is 

held firm in the central brass. tube C by two brass collars and fibre 

washers. The differential condenser is separated from the brass plate D 

by three quartz rods E. Brass plate F actually consists of two plates, 

and the upper ends of the quartz rods E pas~ through holes in the bottom 

plate and press against the top plate. The legs of the differential 

condenser pass· through holes in the top plate and press against the bottom 

plate. Thus the legs of the condenser and the quartz rods bear onto the 

plate F at the same level and so the thermal expansion of F is effectively 

eliminated. ·The system is firmly held against plate F by three screwed 
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rods (not shown in figure) which are screwed into plate F and into collars 

fixed on plate D. 

G is an t 11 thick mild steel plate which is used as the base plate 

for magnetic shielding. This plate is mounted on an aluminium frame JI, 

which is itself supported by three vertical brass 0 B A rods (not shown in 

figure) on the Handy Angle support surrounding the solenoid (figure 23) • 

The cha~ge of length of the specimen is coupled to the condenser by 

a twin bore quartz rod. This rod is also used to tru~e out the thermocouple 

leads, the thermocouple junction being in contact with the specimen. In 

order to stop ice forming roUL~d the displacement rod and restricting its 

movement at the point where it leaves the cold chamber, a small bellm.rs J 

is soldered onto plate D. A brasa: collar r.o.l dnr-ed to the top of the 

bellows holds a rubber 11 0 u ring a.eainst the displacement rod, the bellows 

being slightly extended so as to hold the rod firmly against the specimen~ 

Above 80 ° K this is found to be unnecessary. 'l'he inlet tube for the liquid 

hydrogen, and outlet tube for tho hydrogen gas are of Pyrex, and are 

sealed in position \·.ri th Are.ldi te. The space bet\omen the outside tv,be and 
-S" 

inside tube of the inlet tube is pQmped down to a pressure of 10 mm. Hg, 

and then sealed off. The outlet tube for the hydrogen gas is a conventional 

non-return valve. 

A B-45 pyrex cone is attached to the brass disc K lvith Araldite. This 

allows a vacuum tight joint with the B-45 socket of the Dewar vessel. 

The apparatus assembled in the solenoid is shown in figure 23. The 

solenoid is mounted on a Handy Angle framework which rests on a 

galvanometer pillar. The specimen holder and associated apparatus is 
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mounted on a separate Handy Angle framework \·Thich is bolted, using Sorbo 

rubber as washers, to the galvanometer pillar. This arrangement does not 

transmit any of the vibrations caused by the water circulating in the 

solenoid to the displacement measuring apparatus. The vibrations transmitted 

to the solenoid from the water pump are reduced to a minimum by firmly 

bolting the pump to the laboratory floor. 

2.27. Method of producing temperature variatj_on. Temperatures above 

300'k were obtained by fill~ng the Dewar with Silicone Liquid ~B 550 

and heating the liquid by means of a heating spiral placed inside the 

Dewar. A copper-constantan thermocouple \vas used over the. whole range 

of temperatures, the e.m.f.s. being measured by a bridge arrangement 

(2.117) to an accuracy corresponding to '!. t °K. Temperatures from 80 ° K 

0 
to 300 K \-rere produced t-.r filli:n.g the Dewar with liquid nitrogen a..""J.d 

allovdng this to boil auay, measurements being made as the apparatus \varmed 

up to J>fi(Jln t.em.pe~e.tu.!'e., It t..·re.s. found ncccooa..ry to fi::r. a P..fl'eX tu'L(:I (L) 

(fig.26) round the central quartz tube to stop the vibrations caused by 

the boiliD~ of the liquid nitrogen from being tra~smitted to the 

displacement rod. The lmvest temperatures lvere produced by filling the 

Dewar, previously cooled to 80 °K, with liquid hydrogen obtained from 

Liverpool University. 

The Pyrex apparatus used for transferring the liquid hydrogen from 

the storage Dewar to the displacement measuring apparatus is shown in 

figure 27. The space between the central transfer tube and its outer 
-S 

jacket is pumped down to a pressure of 10 m.m.Hg, and then sealed off~ 

A is a safety valve, B a football bladder, and C a tap at a fixed distance 
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. aw~ from the main tube so as not to freeze up. The end of the transfer 

device is joined to the inlet tube of the displacement measuring apparatus 

by a section of pure rubber, and the junction covered with cotton wool. 

To transfer the liquid hydrogen, tap C is closed, the hydrogen gas pressure 

builds up due to boiling of the liquid hydrogen, causing the football 

bladder to expand. 'l'he bladder is compressed by hand, forcing hydrogen 

gas do~m into the storage Dewar, which in turn forces the liquid hydrogen 

up through the transfer system. 

2.28 Experimental Procedure. The electronic bridge circuit became 

sufficiently steady for accurate measurements to be made within e.bout 

10 minutes of switclung on. Room temperature measurements were made each 

d~ before the temperature of the system was varied to provide a check 

that the apparatus \·las \-mrking correctly. Then, for low temperatures, 

the Dewar \·laS filled with liquid nitrogen and the temperatures of the 

.;;y;:)tt:tu ullo~.,reu i..o settle. This usually took about, ~- hou.-~'. 'l'he differential 

condenser was zeroed and the correct working of the bridge verified by 

S\o~i tching in the 12 p. F. condenser in the "balance arm. l-1easurements \o~ere 

then made of the output voltage of the bridge corresponding to various 

currents through the solenoid up to that required to produce technical 

saturation. Similar measurements were repeated as the apparatus warmed 

up to room temperature. Between each set of measurements, the specimen 

was demagnetized. 

For very low temperatures, the specimen was initially cooled down 

to 80°K before the liquid hydrogen was introduced. Conditions were steady 

enough at 200K to allow a number of measurements of saturation 
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magnetostriction to be made. These \·tere repeatable to within l% .. From 

20°K to about 50°K hO\orever, the rise in temperature \otas quite rapid, causing 

very unsteady conditions. These are reflected in the scatter of the points 

between these t\-ro temperatures in fig. 28. Above 50°K there l-Ias a slow 

steady increase in temperature, allowing accurate measurements of 

magnetostriction to be made. 

Conditions were quite stable for high temperature measurements, 

though above 600°K, the Silicone liquid gave off a large amount of 

vapour, ~~d tended to cause some zero drift. 

It was possible to obtain a complete set of magnetostric;tion 

measurements at reasonable temperature intervals in any one of the above 

temperature ranges, ic 20°K - 30001( or 300°K - 630°K, in one d~. A 

series of runs were made to obtain a large number of points on the 

T curves, and so increase their accuracy. 

For the sake of completeness, it was_ decided to obtain a A 111, T 

curve over practically the same temperature range as the A100, ·r curve. 

2.29-Results. Values of magnetostriction in applied fields from zero up 

to that required to produce technical saturation l-rere obtained in the 

[!..oo] direction from 20°K to 630°K, and in the [Ill] direction from 

78°K to 630°K. The saturation values of the magnetostriction ore tabulated 

in table 5, and shO\m ih graphical form in figure 28. As the general 

shape of the ~L , H curves is the same for all temperatures, values o~'iLhoo, 
H are given for one temperature only (table 6). 'rhe reason for choosing 

this temperature is that the values are needed for comparison with those 

obtained qy the optical grid method (2.14). 
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TABLE 5, 

Temperature· ~ependence of saturation magnetostriction in the 
[100] and [111] directions, 

[100] 

T °K 21 28 44 53 68 78 99' 109 121 
(, 

-~X JO 56.8 55.0 58.6 57.0 57.0 57.0 56.3 56.3 56.5 

T °K 157 165 186 198 212 226 241 257 265 
c. -Ax JO 56.2 56.4 56.4 57.0 56.7 56.5 56.3 56.2 55.8 

T °K 291 315 342 373 379 388 397 '.405 423 

-Ax 10
6 

55.2 53.1 51.9 48.0 47.3 46.9 45.5 M,.8 41·3 

T IC 41.1 '464 483 498 511 521 534 543 558 

-A.x la13s.o 34·4 29.8 28.0 25.9 24.3 20.6 19.0 16.4 

T TF lli76 5~l,. 591 r.;a;:; . 602 608 61.0 614 619 ll.. ..-.;.; 

(, 

-Ax JD 12.5 11.1 9.8 8.5 7.2 5.9 5.4 4.0 2.7 

T °K 662 623 624 627 
& -Ax JO 1.7 1.4 1.2 0 

140 

56.5 

273 

55.3 

432 

40.3 

568 

14.8 

.. ,..,q I 
O".J. 

2.2 
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TABLE 5. 

Temperature dependence of saturation rnagnetostriction in the 

T °K 78 

-A X 10~ 28.4 

T °K 212 
c. -ft X 10 26.1 

T °K 365 
c. 

-_A X 10 18.6 

T °K 548 

-Ax 10c. 8.3 

T °K 603 

-)X 10 
c. 

3~5 

[100] and [111] directions. 

[111] 

101 108 124 145 

28.5 28.2 28.4 27.9 

230 250 273 293 

25.6 24.4 24.0 23.1 

380 401 420 450 

18.1 16.9 16.1 13.5 

559 566 571 575 

6.9 6.1 5.9 5.5 

606 610 613 617 

3~.3 2~8 2.4 2.0 

TABLE 6. 

161 176 190 

27.7 27.3 26.5 

305 325 340 

22.2 20.8 20.2 

477 505 511 

12.4 10.8 10.0 

581 585 590 

5.0 4.6 4-3 

619 621 62~. 

1.7 1.3 0.45 

:t-Iagnetostriction in the [100] direction at 78 °K. 

Ha 200 400 600 800 1000 1500 2000 
AL (, 

- yx 10 2.0 8.0 13.4 18.6 23.6 34.0 43-4 

H·a 2500 3000 3500 4000 4.500 5000 6000 
~ 

- bl X 10 51.8 55.6 56.4 56.7 56.8 57.0 57.0 L 

205 

26.5 
.. 

350 

19.3 

530 

8.7 

597 

3.9 

628 

0 
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The field required to produce technical saturation in the [10~ 

direction is 5,500 oersteds at 78°K and 7,500 oersteds at 20°K. 

Before the results are discussed it is important that an estimate of 

their overall accuracy be made. An estimate of the accuracy of one 

measurement relative to another was made qy stripping and re-ass~mbling 

the apparatus, and then repeating the measurements. Saturation 

magnetostriction measur:ements were repeatable to within 1% of the value 

at room temperature, magnetostriction measurements to within 3% of the 

saturation value at room temperature. The increase in the relative 
6L 1 

uncertainty of the T , H over the A measurements is most probably due 

to the method of making the measurements. It required two operators for 
AL 

L ' 
H measurements because of the poor control by the governors on 

generator output, one to \vork the governors, the other to note the 

corresponding bridge output voltage. Thus there must be some error 

introduced due to the timing mechanism betl-Jeen the t\..ro operators. 

A combination of an uncertainty in the effective length of the 

specimen for ruagnetostrict:i.on measurements, the angles between the 

crystallographic axis, the ellipsoid axis, the solenoid axis , and 

possible errors associated with the calibration, cause an uncertainty 

of not more than ~ 5% in the overall accuracy. There is also uncertainty 

in the measurements due to usi_ng the demagnetized state as the reference 

state. This must be greateil" in the [111] direction than in the [100] 

direction, since in the former the specimen axis is one of the easy directions 

of magnetization and the demagnetizing effect will tend to produce 

magnetization along this axis. This is not the case in the [100] direction 

where the eight directions of easy magnetization are all equally directed 

1.-Ti th respect to the specimen axis. 
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2.210 Discussion. A comparison between the AlOO, T curves of this 

experiment (fig.28), and of the optical grid method (fig.l5), confirms 

the doubts expressed about the results in the latter (2.14) The mirror 

suspension must have started to slip once the lever arm had moved a certain 

distance, and so it is inevitable that the results obtained, using a 

calibration based on magnetostriction measurements at different temperatures, 

should confirm the anomaly. The results obtained in low fields, ie. the 

fields used by Corner and Hunt, agree in both experiments. This is shotm 

in figure 29 in which are plotted the respective values at 7S°K, the 1m-Test 

temperature at which measurements were made using the optical grid method. 

The results, then, o9taincd from the optical grid method must be considered 

unreliable, a..11d the discussion that follows is concer.ned solely uith thoac 

results obtained using the capacitance bridge method. 

Above 1500K values of AlOO agree t·ri thin experimental error vri th those 

of Corner and Hunt, and there is little difference in the general trend 

of the AlOO, T curves, but below 150°K the value of AlOO is constant.. It 

is over this ree;ion that Corner and Hunt had to UGe extrapolated values. 

The discrepancy between their results and the present ones is due to their 

method of extrapolation. This is shown by considering figure 30 which is 

a plot. of their values of intensity of magnet~zation, I, against 

magnetostriction at 112°K, the 1m-Test temperature at which results are 

available. It is possible to draw a curve through these points, assuming 

Is = 523 c.g.s·. units from the l111] specimen, giving AlOO = -55 x 10-~ 1 

a value consistant with the pres~nt results. 

The general trend of the Alll,T curve follows that of Corner and Hunt, 

but the Absolute values of Alll are 20% higher. This is most probably due 
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to the effect of stress on the specimen. l~en the differential condenser 

is dismantled and re-assembled, a different setting of the centre plate 

will result in a change in the value of the stress applied to the specimen. 

This effect should be more pronounced when applied to a specimen in an 

easy direction of magnetization, ~~ increase in compression causing a 

decrease in tlJe value of the magnetostriction. 

Forces applied to the top of the moving plate of the condenser 

eive the values of A. 111 and A100 shovm in table 7. 

Table 7. 

Variation of saturation magnetostriction with force in [111] and [loa] directions 

Force(gms.wt.) 250 350 450 750 950 
h _6 - 11 X 10 23.1 22.5 

·-
21.6 19.1 17.5 

A ' - 100 X 10 55.2 55.2 55.2. 55.7 52.0 

These results t_ake into account the fact that a force of 250gms.tvt. is 

required to move the centre plate from one fixed plate to the other, They 

shmr that an increase of 200 gms.t..rt. in the force applied to the [111] 

specimen from the differential condenser will bring both sets to within 

experimental error of each other. 

From figure 28 it is seen that the )~., , T curves are becoming parallel 

to the T axis at low temperatures, and a reasonable extrapolation to 
)_ -(, -{, 

absolute zero may be made. This gi ved Alll = -28 x 10 and AlOO = -57 x 10 

which are of 
)_ -(, 

the same order as those calculated qy Fletcher (Alll == -44. x 10 

AlOO = -187 
-G 

X 10 ). 

It should be possible from A, T and Is, T variations to obtain an 

estimate of the relative contributions of spin-spin and spin-orbit coupling 
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to the magnetostriction. Hunt (Thesis 1954) plotted values of ~0 
against (~~ ):J.., and obtained the difference between ·t;he experimental curves 

.o A. d. 

and the theoretical curve ~0 = G: J (fig.Jl). This difference has no 

direct significance as the theoretical curve used should have been 

A .l.s 

~0 = ( 
.. )J. 

K Io , \.There K is a term containing the elastic constants of nickel. 

The change in the slope of the curve will make a large difference to the 

deduced contribution of spin-orbit coupling to the magnetostriction 

It has been suggested that Vonsovsky' s equation (1.312) could be 

used to separate the two effects. This can be written in the form 
c D } l = - Jt (A- B [-L( I - e-rr) - ·.I- r I .. p ·- rr )] (ll r; L ( c J,.I> '· .... 1 

\-rhere K, A, B, C, D are temperature independant constants, and L is the elastic 

consta."lt. As Vonsovsky himself states, this equation is only a preliminary 

attempt to deduce a qualitative explanation of the discrepancy betHeen the 

experimental resuJ_ts a..TJ.d the •:Jlementary classical theory of magnetostriction 

of Becker and Akulov, Ro nothing more tha.TJ. general agreement betuecn the 

equation and the experimental resu.l ts CB.J.""1 be mq1ect.ed ~ 

Assuming C'-'D ( eqn. i ) , 

1): =- f ( E -t Fe -rr) HI) 
I:. 

\-rhere F"' ~. C and D are energy terms which contain the energy difference, 

the electrostatic interaction, exchange integral, and transfer integral 

between s and p electrons. No measurements of the temperature variation 

of the elastic constant,L, appear to have been made for nickel, but 

measurements have been made on copper \-lhich has a similar band structure, 

and these show that approximately L decreases linearly vdth increasing 

temperature. 

Thu~ according to equation (ii) the I~ , T variation should be similar 
-IT 

to aT. e. , T variation superimposed on a term "torhich increases linearly with 
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increasing temperature. Vonsovsky 

c 
Assl.Uning i. can have values between 

c 

ofT. e.-{1- is shmm belmv 

0·5" 

-1~ c 3 
givesC"'IO ergs, i.e. 1:.-v 1~10 

3 ~ 
10 and 10 , the temperature variation 

TEMPERATURE 

E (eqnii) is positive, ar~ with CND, F is positive, so the final curve is 

the same as that shmm above but "Yiith the axes turned through the 

appropriate angle. 

Figure 32 shO\·lS o. plot of~:~ a T in the r100) .,· rlJJ.l Cli.!'ectiol'l..s. and for .J.S I 1.; .. .... • 

a polycrystalline sample ctliculated from the formula 

'-3) +~") 
f.. p - S ,A. Iii !i f-..100 

I 

The intensity of magnetization had been previously measured (2.13) from 

78~ to room temperature, a.Tld as the results agreed to lvi thin 1% with 

those of Corner and Hunt, the latter values are used over the· vrhole range 

in obtaining figure 32. Both the experi~ental l, T, and Is , T curves are 

very nearly parallel to the T axis at 78 °K, so it is safe to assume that 

the curves in figure 32 can be extrapolated back to 0 °K. 

At 627 °K, the Curie point,l~o before I8~o, givingb = o. The Is 

values vrere obtained in applied fields of 300 oersteds so it is probable 
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that the true r, value, i.e. in zero applied field, is less than the 
). 

measured value for that particular temperature, and 1: may tend to some 

non zero value at temperatures approaching the Curie point. 

The experimental curves of I1 ,T in figure 32 are quite different 

from the type given by Vonsovsky 1 s equation, though agreement call hardly 

be expected Hhen even at 0 °K, experimental and theoretical values of 

only agree to within a factor of 2 or 3. Vonsovsky 1s equation does not 

represent the eJ~erimental results and so it is impossible to use it as a 

basis for estimating the degree of spin-spin, and spin orbit coupling 

to the magnetostriction. 

~ The trend of the It , T ctiTVe agrees vdth that obtained by Doring(l936) 

Hho investj.gat.ed the variation above 273 °K. The rea~;on Hhy the curve is 

0 a stra:i.ght. Une over such a large temperature range, 400 K, is simply 

clue to the opposine slopes of the fr, T cu.:rves in the [106j a..11d [ ll~ 
directions. 
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CHAPTER THREE 

THE 1'EMPERATURE VARIATION OF THE MAGNETOSTRICTION OF GADOLINIUM. 

3.1 Introduction. Gadolinium, a member of the rare earth group of 

metals, is known to be ferromagnetic with a Curie Temperature of 
0 

290 K (Trombe 1937). This metal is known to have a saturation 

magnetization very nearly equivalent to the parallel alignment of 7 

electron spins per atom. Since there are 7 electrons in the incomplete 

4 f band, it seems probable that these are the carriers of magnetic 

moment in gadolinium. The element is_ thus a simple type of ferromagnetic 

compared with the more common elements in which the magnetization is 

equivalent to a non-integral number of spins per atom. 

In the common ferromagnetics, ferromagnetism is associated with an 

incomplete group of d electrons. The d band, though narrow compared 

with the s band (Slater 1936) is still of considerable width, so that 

intra and inter-atomic interactions may be comparable. In gadolinium 

however, the bands associated with the 4 f electron states may be 

sufficiently narrow for the intra-atomic interactions to predominate over 

the inter-atomic, thus simplyfying the necess~ theoretical treatment. 

Trombe, and later Elliot et a1 (1953), have measured the 
0 

magnetization in fields up to 20,000 oersteds, the former down to 78 K, 
0 

the latter to 20 K. These fields are not large enough to produce 

technical saturation, and so saturation magnetizatio~ values were found b,y 

extrapolation. There is some disagreement between the two sets of results, 



58. 

Trombe 1 s values in the region of 80 ° K are some 4% higher than those of 
~ 0 0 

Elliot, and his results follow a ()o< T law from about 250 K to 0 K, 
..3-

whereas Elliot's follow aer-o< T Dl lalf over the same temperature range. 

The interesting point however, is that the absolute saturation 
~ 

magnetization obtained by Trombe by extrapolation of the T curve, 

253.5 c.g.s. units, is nearly identical to that obtained by Elliot by 

k + . 
extrapolation of the T J. curve, 253.6 - 0.9 c.g.s. uru.ts. This is some 

2% higher than would be predicted if only the spins of the 4 f electrons 

contributed to the magnetization. 

3.2 Preparation of specimen. 3.21 General considerations. Owing to 

the scarcity and expense of gadolinium, it 'vJBn only possible to obtain 

10 gms ("" 1.5 c.c.s). This had been prepared by Johnson, l•latthey and 

Co., Ltd.., from the oxide of purity 95%. The resulting metal conformed 

to the follow:i.ne analysis. 

Praseod;ymium 0.1 c1 
!fJ 

Neodymium 1..5 (ff 
JO 

Samarium 0.2 % 

Iron 0.005 % 

The effect of these impurities 'vrill be neglible on magnetic 

measurements on polycrystalline gadolinium, but they will greatly influence 

the possibility of growing a single crystal. It was therefore decided 

to try and increase the purity by zone melting (Davis et al 1956), with 

the intention of obtaining a single crystal, provided there was no phase 

change on cooling the gadolinium from its melting point. Using this 

method, a rod of the material is held in a continuously evacuated 
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enclosure, and electrons from a heated tungsten filament are accelerated 

towards the rod by a potential difference of a few K.V. until a molten 

zone is formed. The molten zone is then made to traverse the rod b.Y 

relative motion of the rod and filament. Purification is achieved b.Y 

successive traversals of the molten zone which also increases the grain 

size with the possibility of obtaining single crystals. 

In order to use the above method, the gadolinium had to be in the 

form of a rod. This ~eant breaking up tho sample aJJ.d heating it in a 

crucible above its melting point (1350°0). Gadolinium is unfortunate in 

that it is an extremely efficient 'getter', i.e. it combines vigorously 

with oxygen, nitrogen and hydrogen when heated, and so it must be heated 

in either a vacuum or in an inert t.=~.t.mosphere. The OI"'~Y substaJlce sui table 

for a crucible, in that it does not form an alloy Hith the gadolinium, 

is tantalum, and this must be degassed before use at a temperature of 
G 

2,000 C in an atmosphere of argon, purified by passing over heated 
0 

magnesium turn.i.nen at 500 c, and then through a mixture of 25% Na and 

75% K. The degassing of the crucible was carried out in a high frequency 

induction furnace which was made available b,y the kindness· of I.C.I. 

Research Department, Billingham Division. The crUcible was. of 

cylindrical shape, inside diameter t ins, wall thickness 0.01 ins. The 

melting of the gadolinium was carried out in a platinum wound furnace, 

also loaned by I.C.I. and produced a rod, after turning off the tantalum 

crucible in a lathe, approximately lt11 in length. 

3.22 Zone melting apparatus. The vacuum chamber consists of a bell 

jar, 12 ins diameter, 14 ins high, sealed b,y means of an L shaped rubber 
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gasket on to a machined flat mild steel base plate. A vacuum of the order 
-5 

of 10 m.m. Hg pressure is obtained in a continuously pumped system, 

using the usual combination of rotary pump, diffusion pump and liquid 

nitrogen trap. '1'he. diffusion pump is an Edwards two stage mercury 

diffusion pump, type 2 ~12. A mercury diffusion pump is used in preference 

to an oil diffusion pump to avoid oil vapour cracking on the hot specimen 

and causing carbon contamination. 

The cathode A (fig.33) made from 0.01 ins diameter tungsten wire, 

is held by screws passing through the mild steel blocks B. These blocks: 

are attached to two vertical silver steel rods C fixed to two Edwards 

type 7 A electrodes, which take the current through the base plate. 

Fastened to each of the mild steel blocks is a tantalum focussing shield D 

(upper focussing shield is omitted in fig.33) to limit the vertical spread 

of electrons. The distances are such that the gap between the plates 

is about t ins, the size of the holes in the plates is the smallest 

possible allowing the specimen to pass through, and the diameter of the 

cathode about t lns largero 

The specimen is held at each end b,y 0.03 ins diameter tungsten wire 

springs, in V-shaped grooves cut into mild steel blocks. These blocks 

are mounted on two silver steel rods E supported b,y another mild steel 

block, and the whole frame mounted on a i ins diameter silver steel rod 

F passing through a rotary 11011 ring vacuum seal in the centre of the base 

plate. This rod is geared to a motor which gives a traver~ing speed 

of 1 em/min. 

The cathode arrangement and associated parts are surrounded b,y an 

earthed shield of tin plate, 7 ins diameter, 7 ins high, with a small 
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pyrex \·Iindow let into the side for observation purposes. The cylinder 

acts as a radiation shield and stops the deposition of the specimen on 

the walls of the chamber should violent outgassing occur. 

The H.T. system (fig.34) is a convential full wave rectifier, 

capable of giving 300 rnA at 1800 V. When the specimen first melts, 

considerable outgassing is like~ to occur, making hand control of the 

emission current virtually impossible.· An emission control system is 

therefore used in which the bombardment current is kept constant by 

automatically adjusting the catho.de temperature. 

The bombardment current, Ie (fig • .35) develops a voltage Ie Rv 
across a resistor Rv• This voltage, of the order of a feH hundred volts, 

is compared \·lith the output volt:::.ge from a 0-300 v variable D.O. supply, 

the difference being fed into the controller (fig.36). In the controller, 

the primary of transformer Tn1 is in series \·lith a. Variac T1 , and the 

primary of the heat transformere Two tb.yrat.rons are connected across the 

eecondury of T~ , a.""ld \·Then these are not conductinF. thA ·imr.Ada.l'l.ne of' 
.. ~ • a~""' .:.. 

T.,t, which acts as a very high inductance, determines the cathode current. 

\<!hen the thyratrons are conducting however, the cathode current is 

determined mainly by its mm impedance, as T~ presents a resistive 

impedance of only a fe\·T ohms. T1 is set so that under this condition, 

the cathode is copiously emitting, the input signal V - Ie Ry then 

adjusting the thyratron firing time so that the power supplied to the 

cathode maintains the bombardment current at the desired value. 

To prevent any hunting due to thermal lag in the cathode, the time 

constant of the input can be varied from ~20 sec. to 5 sec. A pair of 

contacts on the H.T. relay is placed in series· with the primary of Toz. 
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to ensure that the cathode heater supp~ is cut off if the H.T. supply 

fails. If this were not done, a large positive voltage would be applied 

to the thyratrons ifthe H.T. supply failed, and the thyratrons would fire 

over their entire range with the possibility of holding the cathode 

temperature at an excessively high level. To increase the range of control, 

the thyratron grids have a small alternating voltage applied to them, 
-rr 

lagging the anode voltage in phase by a (Younge and Bueche 1952), 

3.221 Method of operation, Trial runs were carried out on ~· 

diameter polycrystalline rods of nickel. To avoid kinking when it first 

melted, the specimen was cut in half, and mounted with the two halves 

in line ~touching in the cP.ntre, 
-s 

'.i'he pressure Has reduced to 10 mm Hg, 

the tl-ro ends brought opposite the filament, H.T. switched on, and the 

cathode current gradually increased until the emission current was sufficient 

to make the specimen red hot. It was arranged so that the upper half 

l·ras hotter than the louer, so that as tho emi.ssion current was increased,. 

the small gap between the two halves was bridged. The specimen frame waR 

then lmrered until the starting point of the proposed length of travel 

was opposite the cathode, In the actual zoning process, the surface 

only of the metal was melted first, a traversal made, emission increased 

so that a greater depth melted than previously, another traversal made, 

and so on until the specimen was completely outgassed, 

In the case of nickel, very little outgassing \-TaB observed, and 

single crystals l-rere produced after only two traversals of the molten 

zone. 

The gadolinium rod was only about lt 11 long, so in order to use as 
.... 



great a length as possible for zone refining, the tantalum crucible was 

left attached to one end of the specimen, and not machined off along the 

whole length. The bottom end was .allowed to rest in the recessed end of 

a tantalum rod. By using this method of mounting the gadolinium, it was 

possible to use about 1 11 of its length for zone refining. The same method 

was used for the zone refining as that described for the trial runs on 

n~ckel, except that before pumping down, the vacuum chrunber was flushed 

out with argon to remove any traces of air in the syst.em. 

The gadolinium contained quite a number of n air pockets u, so that 

it Has difficult to obtain a wiform diameter rod after the passage of a 

molten zone along the \..rhole length. After two passes, the gadolinium was· 

tak.en out of tho zone mel tnr, a.nn a. small p<H.' I:, len of ito ourfar.e hi_gh ly 

polished with very fine grade emery paper. 'l'he only suitable reagent 

found for etching the surface \·las a very dilutA :=;olu_tion of sulphuric 

acid and ferric chloride. All the normal etching reagents ~~ovP.n 

nnsuccessful as they invnri.~bly formed inert films with the GUrface of 

the gadolinium.. Examination u.."1der a microacope showed some 'small crystal 

grains in the gadolinium, indicating that a few more passes in the zone 

mel ter may produce a single crystal. Due to the length and shape of the 

specimen however, it l..ras only possible to make two more passes. 

The et,ched surface of the final specimen showed that the grain size 

had increased, giving grains of the order of 1 mm. A back reflection 

X-ray photograph of the surface, taken with a 6 em. cylindrical camera, 

showed a marked thickening of the lines in places, indicating some degree 

of preferred orientation. Thus even though a single crystal was not 

produced, it is very probable that the specimen is of greater purity than 



the original, as the impurities will have been segregated to one end of 

the gadolinium. It \.J"as decided to make polycrtJstalline measurements, and, 

when it was possible to obtain a purer sample of gadolinium, to attempt 

work on single crystals. 

3.23. Shaping of specimen. The maximum length of ellipsoid obtainable 

from the sample Has about 1. 8 ems. The specimen \.J"as turned down in a 

lathe until it was possible to hold it in a '!11 collet. From a knowledge 

of the length of the specimen available, the correct shape of the ellipsoid 

was calculated, and a11 enlarged replica drat.m on graph paper. The size 

of the replica was determined by the size of the profile of the specimen 

proj acted onto the paper from an optic~u. syste1:1 mounted· on the lathe. 

One half of the specimen \.J"aS carefully filed down nntil it fitted the 

profile, the final removal being obtained by using v.:rr--y fine eme:c-y paper. 

'!'he specimen was reversed and held in a specially made collet, and the 

second half filed dot·m to the correct shnpc.. The :Jho.pi.ng of the cll:i.p:1o.i.cl 

produces strains in the surface l~ers of the specimen, so the surface 

layers were removed by etching. 

The final length of the specimen was 1.746 ems, and its actual shape 

is shown in table 8. Y, and yril are the diameters at a distance x from 

each end of the specimen Yc is the calculated diameter for a perfect 

ellipsoid having the same major and minor axes. The measurements ·Here made 

\dth a microscope, used for nuclear emulsion work, having vernier scale 

movements in two perpendicular directions. The microscope can qe read 

to ! 0.0001 ems, so that the difference between the calculated and 

experimental values of the ellipsoid must be due to irregularities in the 
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latter. The specimen is slightly larger at its ends than a true ellipsoid, 

and this m~ cause slight non-uniformity of field inside the specimen. 

The calcuJ.ated demagnetizing factor, D , from the values in table 8 

is 0.498 so the value used in the results is 

D -· 0.5 

Table 8 

Dimensions of the gadolinium ellipsoid 
( All dimensions ems x 10~3 

) 

X y, Ya. Yc. 
50 107 101 92 

100 143 133 128 

150 168 160 154 

200 l88 180 175 

250 205 l97 192 

300 219 21.2 206 

350 2.32 225 220 

400 24.3 237 230 

450 251 25.3 240 

500 258 257 248 

550 265 264 256 

600 269 268 262 

650 272 27l 266: 

700 272. 271 270 

750 274 272 272 

800 274 27.3 27.3 

900 274 274 274 
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I•iagnetos tri ction measurements. Only one slight modification of 

the apparatus used for the magentostriction measurements on nickel, was 

needed for the measurements on gadolinium. The temperature coefficient 

of expansion of gadolinium between 120 ° K and the Curie temperature, 290 ° K, 
-(, 0 

is very small, -2 x 10 / K (Bannister et al 1954), and so it was decided 

to dispense with the temperature compensator. The gadolinium is held in 

a brass thimble, similar in shape to the aluminium temperature compensator, 

but holding the specimen so that its bottom encl. is at the salne level as 

th.e top of the small quartz tube in the specimen holder (fig.25). 

Magnctostriction measurements were made in the temperature range 

7S° K to 320 ° K, us:i.ng 1:\h3 techniques described in 2.2S. 

3.4 Intensity of magnetization measurements, A similar method to that 

described in 2.13 vias used for the I mcasuremf.lnts on eAi!o 1 :i ni:um, the only 

difference being in the method of compensating for the effect of field 

ch:meen, The search coil measures changes in flux U.ue i.:.o chnngeo in both 

the intensity of magnetization of the apocimen, o...."ld the field, so to 

compensate the effect of the field change, the secondary of a mutual 

inductance is put in series \.Jith the search coil. The primary of the 

mutual inductance is in series with the solenoid, so b,y suitably adjusting 

the value of the inductance, the e,m,f, produced in the fluxmeter circuit 

by changes in the solenoid current can cancel that due to the flux link~e 

of the field with the search coil. The primary of the inductance is made 

of 5/161t 0/D copper tubing, wound into three layers, each layer being 

separated from the next b,y polythene sheet. The necessary cooling is 

produced b,y mains water flo\v.ing through the coil. When used at different 
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temperatures, a small correction must be applied as the flux coil expansion 

makes the compensating flux change produced by the mutual inductance no 

longer equal and opposite to the flux change due to the applied field, 

Expansion of the flux coil and specimen make negligible difference to the 

flux linkage with the specimen. 

The search coil consists of 154 turns in 4 l~ers of 36 gauge anodised 
- - - - -

aluminium wire l·round on a former of Hinding space 0. 843 ems length and 

inner diameter 0.507 ems (similar in shape to the former shO\m in figure 14). 

The windings are kept in position by a layer of mica, which in turn is 

held in position by a·ring of copper ldre. The search coil is mounted on 

the end of a -111 diameter Tufnol rod held with its axis parallel to that 

of the solenoid. The specimen holder is surrounded by a ~;rex tube 

fastened onto the Duralumin bar, and that in turn by a Dewar. A copper-

constantan thermocouple junction is strapped to the coil former, and the 

leads, together wlth those of the search coil, brought out to a terminal 

block on the Tufnol rod. Temperature variation is produced and measured 

as in the magnetostriction measurements. 
H 

~lith the notation used in 2.132, I = *1rRttH AI, 
H 

[;.H is found by 

establishing lmown fields in the coil and noting the fluxmeter deflection. 

The dimensionless factor R, calculated from the shape of the specimen and 

search coil is R = 0.179. The value of the intensity of magnetization 

corresponding to unit deflection is then given by 

I = 71.6 c.g.s. units/em, 

3. 5 Results, ~- and I measurements were obtained over the temperature 

range 78 ° K to 350 ° K in magn~tic fields up to 10,500 oersteds. It was 
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fairly easy to obtain I measurements at any desired temperature, so th~ 

were noted at the same temperature as the 
aL 
L measurements. 

AL ~L 

Graphs of 

L , Ha , and I, Hq l.rere drawn and from these I, L , H values obtained. 

There was very little scatter in the experimental points so the curves 

were considered accurate to within 1%. The overall accuracy of the 

measurements is the same as in the nickel experiment, within 5%. In the 

I measurements, the value of R cannot be determined to an accuracy greater 

than 1%, consequently· the abf;olute va~ues of I will have a similar error. 

The results obtained are shown in tabular form in table 9. Figure 37 
~L 

shm.rs a representative select:ton of the L, H curves at varioua temperatures. 

,3.6 Discussion. 
AL 

Ali lo1 .. i tempero:liures the L , H cm.·ves are very sim:i lor 

to those of iron. 'fhey shO\.r a small increase in length corresponding to 

domai.n boundary movement, which occurs in fields 1 H,of about 150 oersteds, 

followed by a decrease in length corresponding to domain vector rotation. 

Thi~ reaches a limiting value ~~d then starts to increaoc aeatn. The 
AL I 

limiting value of L is tho saturation mr-tgnet.ostriction, A , and a:rry 

change in dimensions which occurs after that state hasbeen reached must be 

due to a volume effect dependant on an increase in the intrinsic 

magnetization. 

As the temperature increases above 78 ° K, the value of ~ decreases 
o ~L 

until it reaches zero at 233 ° ! 1 K. Above 233 ° K, T increases with 

increasing field at all temperatures for which measurements were made. The 

initial increase in length, for temperatures below 233 ° K, due to domain 

boundary movement, decreases in value as the temperature increases from 

78 ° K, but is present up to 233 ° K. 



T A B L E 9. 

Magnetostriction and Magnetization. of ~pJ._y;crystalline Gadolinium.-

78°K 90°K 104°K 
1.\L (, 6 

AL " Ha --x 10 I H - l.l'=xiO I H I H L ----.<10 L L 

200 - 0.2 - - - 0.1 400 0 -0.1 - -
400 - 0.8 788 1 - 0.6 745 28 -0.8 744 28 
600 - 1.6 1103 49 - 1.4 1131 .34 -1.9 1110 45 
800 - 1.4 1317 141 - 1.5 1303 148 -1.7 1299 150 

1000 - 0.4 14.32 284 0.2 1410 295 -0.2 1432 284 
1250 

I 
2.0 1525 477 2 • .3 1496 502 I 2.3 1496 502 

1500 4-5 1575 712 4.0 1561 720 4-0 1546 72.7 
1750 6.2 1625 937 5.3 1611 945 5.7 1589 955 
2000 7.6 1661 11EL8 6.6 1640 1180 6.8 161.3 1194 
2250 8.6 1690 1405 7.6 1668 1416 '7.6 1629 1436 
2500 9.2 1709 1645 8 •. 3 168.3 1659 8.1 1645 16'78 
2750 9~7 1723 188{3 ~ ,.,. 1691 1904 l 8.4 1654 1923 I o.u 

3000 10.1 1733 2134 9.2 1704 2148 8.6 1661 2169 
.3500 10.7 1744 2638 9.7 1718 2641 8.9 1675 2662 
4000 11.0 1747 3126 10.0 1733 3134 9.0 1695 3152 
4500 11.1 1754 3623 10.0 1743 3628 8.9 1699 3651 
5000 11.2 1761 4118 10.0 1749 4126 8.7 1704 4148 
5500 11.2 1767 4616 10.0 1758 4626 8.5 1713 4644 
6000 11.2 1776 5112 10.0 1763 5118 8.2 1718 5141 
6500 11.2 1779 5610 9.8 1768 5616 8.0 1725 5637 
7000 11.1 1786 6107 9.7 1776 6112 7.7 1733 6134 
7500 11.0 1790 6605 9.6 1783 6609 7.4 1740 6630 
8000 10.9 1799 7101 9.5 1790 7105 7.1 1747 7127 
8500 10.8 1804 7598 9.3 1795 7602 6.8 1752 7624 
9000 10.6 1811 8094 9.1 1804 8098 6.5 1760 8120 
9500 10.4 1819 8591 8.9 1810 8595 6.2 1765 8618 

10000 10.2 1829 9085 8.7 1818 9091 5.8 1774 9113 
10500 10.0 1833 9584 8.5 1822 9589 5.5 1779 9610 

1 2 3 
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T A B L E 9. 

118°K 143°K 1630K 

Al b I H - £.,.10~ I H AL o"' I H Ha --.,.1 - -xiO l L L 

200 - 0.2 400 0 - 0.1 - - -0.2 386 7 
400 - 0.9 737 31 - 0.9 788 6 -o.s- 741 30 
600 - 2.4 1124 38 - 1.9 1124 38 -1.1 1088 56 
81!)1!) - 2.0 1289 154 - 1.4 1260 170 -o.s 1231 184 

1000 0.5 1403 298 1.0 1346 327 2.0 1292 354 1250 2.7 1475 513 3.2 1410 515 4 ... 1339 581 . ..::. 
1500 4.5 1518 741. 4.1 1446 '777 5.1 1360 820 
1750 5.4 1554 973 4.6 1478 lOll 5.6 1385 1057 
2000 6.3 1575 1212 5.1. 1500 1250 5.9 1400 1300 
2250 6.8 1591 1454 ...... 1514 1493 6.2 1412 1544 -;)e,j 

2500 7.1 1604 1698 5.6 1525 1737 6.3 1423 1789 
2750 7.3 1611 1945 5.7 1532 1984 6.3 1432 2034 
3000 7.5 1618 2191 5.9 1539 2230 6.4 1446 2277 
3500 ?.5 1631 2685 6.0 1546 2727 I 6.4 1460 2770 
4000 7.2 1643 .31'78 6.0 1564 3218 6.3 1475 3263 
4500 7.0 1654 3673 5.9 1568 3716 6.2 1489 3755 
5000 6.7 1665 4168 5.8 1575 4212 6.1 1494 4253 
5500 6.5 1675 4662 5.6 1582 4709 6.0 1503 4748 6000 6.2 1683 5159 5.4 1589 5205 5.8 1509 5246 
6500 5.9 1690 5655 5.2 1597 5702 5.6 1514 5743 
7000 5.6 1693 6153 5.0 1604 6198 5.5 1518 6241 
7500 5.4 1700 6650 4.8 1611 6695 5.2 1525 6737 
8000 5.1 1704 7148 4.5 1618 7191 5.0 1532 7234 
8500 - 4.8 1715 7643 4.2 1625 7687 4.8 1536 7732 
9000 4-5 1718 8141 3.9 1632 8184 4.5 1545 8228 
9500 4.2 1725 8637 3.6 1643 8678 4.2 1550 8725 

10000 3.9 1733 9134 3.3 1647 9177 4.0 1557 9221 
10500 3.6 1736 9632 2.9 1654 9673 3.7 1564 9718 

4 5 6 
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T A B L E 9. 

175°K 193°K 213°IC 

6L I. - Alx.IOI.. .1L C. 
Ha - -xiO I H I H --xiO I H L L L 

200 - - - -0.15 400 0 -o.1 358 21 
~0 - 0.15 800 0 0 787 6· 0 702 49 
600 -0.25 1102 49 1.8 1045 87 2.0 974 113 
800 1.4 1217 191 3.7 1181 209 3.6 1106 247 

1000 3.5 1289 356 5.0 1253 374 4.8 1179 411 
1250 4.5 13.32 584 6.0 1303 598 5.5 1214 543 
1500 5.3 1367 811 6.6 1332 834 5.7 1231 884 
1750 5.7 1389 1056 6.9 1353 1073 5.8 1244 1128 
2000 6.0 1403 1298 7.1 1364 1318 5.8 12.51 1374 
2250 6.1 1410 1545 7.2 1375 1563 5.8 1260 1620 
2500 6.3 1418 1791 7.3 1378 1821 5. 7 1265 1867 
2750l' 6.4 1424 2038 7.3 1385 2057 ,5.6 126? 2116 
3000 6.4 11..30 2285 7.3 1389 2305 5.5 1271 2365 
3500 6.4 1.t.J.3 2789 7.2 1400 2800 5.3 1280 2860 
4000 6.4 1446 3277 7.1 1/+07 3297 /.1..9 1287 3357 
4.500 b.3 1457 .3772 6 .. 9 11~8 3791 416 1296 JG52 
5000 6.2 1460 42.70 6.7 1421 1.289 '··2 1301 4349 
5500 6.0 1468 4776 6.4 1428 4786 3.9 1308 4856 
6000 5.8 1473 5263 6.1 1432 5284 s.5 1316 5342 
6500 5.6 1478 5761" 5.9 1435 5782 3.1 1321 5840 
7000 5.5 1482 6259 5.6 1443 6279 2.8 1328 6336 
7500 5.2 1489 6755 5.3 1446 6777 214 1333 6833 
8000 5.0 1493 7254 5.1 1453 7273 1.9 1339 7331 
8500 4.7 1500 7750 4-7 1459 7771 1.5 1346 7827 
9000 4-5 1504 8248 4·4 1462 8269 1.0 1353 8323 
9500 4.2 1507 8746 4.1 1468 8766 0.5 1360 8820 

10000 3.9 1514 9243 3.7 1475 9263 0 1367 9316 
10500 3.6 1518 9741 3.3 1482 9759 ·0.5 1375 9813 

7 8 9 
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T A B L E 9. 

2J1°K 242°K 257°K 

~ 
~y..IO 

(, (, 
Ha_ t.L~IO I H I H AL)(.lO I H 

L L L 
-··-

200 .05 .340 .30 0.1 .3.3.3 .34 0.2 279 64 
400 -0.1 655 72 0.2 605 98 0.5 565 117 
600 -1.1 909 145 0.4 852 174 0.8 727 2.37 
800 -1.85 1027 286 0.6 952 .324 1.1 8.38 .381 

1000 -2.2 1095 452 0.7 1024 488 1.5 91.3 544 
1250 -214 11.31 684 1.0 1069 717 2.0 940 780 
1500 -2.5 1151 925 1.2 1090 965 2.4 956 1022 
1750 -2.6 1167 1146 1.5 1104 1198 2.9 966 1267 
2000 -2.5 1178 1411 1.8 1110 1445 J.J 977 1521 
2250 -2.4 1189 1657 2.0 1117 1692 3.9 984 1758 
2500 -2 • .3 1192 1904 2.4 1120 1940 4.4 988 2006 
2750 -2.1 1197 2151 2.7 1124 2188 4.8 99.3 2253 
.3000 -1.9 1201 2..399 3.1 1131 2434 5.3 997 2502 
3500 -1 • .3 1210 2895 .3.8 11.36 29.32 6 • .3 1002 2999 
4000 -0.6 1215 .3392 4.5 1144 .3428 7 • .3 1009 .3495 
4500 ! o. ]_ 1221 3890 t:; ,.. 11 ;,q 3925 . 8.3 1018 .3991 ~. t:: -. -r ... 

5000 0.8 1228 4386 6.0 1156 4422 9.3 102.7 4486 
5500 1.5 12.35 4882 6.7 116.3 4918 10.4 10.33 4984 
6000 2.1 1242 L~.379 7.4 1170 5415 11.5 1040 5480 
6500 2.8 1246 5877 8.1 1174 591.3 12.7 1045 5977 
7000 .3.4 125.3 6.374 8.8 1181 6409 1.3.8 1052 6474 
7500 4·0 1257 6872 9.6 1185 6908 14-9 1058 6971 
8000 4.6 1262 7.369 10.4 . 1192 7404 16.0 106.3 7468 
8500 5.2 1267 . 7866 11.2 1196 7902 17.2 1068 '79,.66 
9000 5.8 127.3 8.364 12.0 120.3 8399 18.4 107". 8463 
9500 6.4 1278 8861 12.8 1208 8896 19.7 1081 8959 

10000 7.0 1281 9.359 1.3.5 121.3 9.393 21.0 1086 9467 
10500 7.6 1289 9856 14 • .3 1217 9891 22.3 1092 9954 

10 11 12 
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T A B L E 9. 

-- . --

273°K 28001{ 2860'K 

£ 10" Et 
f.:~ to• Hq I H AkxiO I H I H L..)l. L.. 

200 0.4 229 85 0.5 247 77 0.7 215 93 
400 0.8 429 185 0.9 383 209 2.4 340 230 
600 1.4 583 308 1.7 519 31~0 4-9 437 382 
800 2.0 680 460 3.0 609 496 7.9 462 569 

1000 2.6 737 631 4·4 644 678 10.6 487 757 
1250 3.5 766 867 6.6 662 919 14.5 501 999 
1500 4-3 777 1ll2 8.6 671 1164 18.3 508 1246 
1750 5.4 784 1358 10.7 680 1410 21.8 515 1492 
2000 6.4 789 1605 12.6 684 1658 24.8 521 1?40 
2250 7.3 793 1854 14.7 687 1906 28.2 526 1987 
2500 8.5 795 2103 16.6 689 215~ 31.6 533 2233 
2750 9.7 798 2351 18.6 678 2411 35.0 537 2482 
3000 10.8 802 2599 20~7 696 2652 38.3 544 

,...,..,,...,..,. 
r-t~o 

3500 13.5 809 3095 24.7 703 3148 45.1 557 3222 
4000 16.2 812 3594 28.7 710 3645 51.7 573 3714 
4500 18.5 820 4090 32.9 716 4142 58.1 583 4208 
5000 21.1 827 4587 36.8 725 /~638 64.4 596 4702 
5500 23.5 834 5083 40.7 732 5134 71.0 608 5196 
6000 25.8 839 5580 44.6 739 5630 77.3 619 5680 
6500 28.2 845 6078 48.4 746 6127 83.7 630 6185 
7000 30.4 850 6575 52.2 753 6623 89.3 642 6679 
7-500 32.6 855 7072 55.8 761 7120 94.3 651 7174 
8000 35.0 859 7570 59.6 768 7616 100.5 662 7669 
8500 37.3 866 8067 63.6 775 8112 105.4 671 8164-
9000 39.5 872 8564 67.5 784 8608 110.4 680 8660 
9500 41.7 877 9061 71.3 791 9106 115.6 687 9156 

10000 41~.0 882 9559 74.8 798 9601 120.6 698 9651 
10500 46.3 888 10056 78.5 805 10097 125.0 705 10147 

13 14 15 
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T A B L E 9. 

290°K 293ffi( 294°K 

Hca ~L 10~ 
L" I H AL to" ........ 

L 
I H ~,.,o' I H 

200 2.5 182 109 1.8 93 153 1.7 
400 4-9 275 262 .3.9 147 .3"27 3.9 
600 8.2 .329 435 7.0 195 502 7.1 
800 12;.4 358 621 11.0 225 687 10.4. 

1000 16.1 .383 808 14.1 250 875 13.9 
1250 20.3 401 1050 18.1 274 1113 17.9 
1500 25.0 412 1294 22.4 293 1353 22.3 
1750 29.8 422 1539 26.7 313 1593 26.4 
2000 34.2 43.3 1783 30.7 3"27 1836 I 30.7 
2250 3'8.7 442 2029 34.9 342 2079 35.0 
2500 42.8 451 2274 .38.8 356 2322 39.2 
2750 47.2 458 2521 42.9 365 2567 43.1 
3000 51.3 469 2765 46.8 377 3811 47.1 
.3500 I 60~2 487 3257 54.5 401 .3300 ' 54-4 
4000 68.0 501 3749 62.2 418 3791 62.2 
4500 76.1 519 4240 70.2 435 4282 70.0 
5000 83.5 533 4.733 78.3 451 4774 77.2 
5500 90.9 548 5226 86.8 467 5266 84.8 
6000 98.1 660 5720 94.8 483 5758 92.1 
6500 105.2 573 6214 102.3 499 6250 99.3 
7000 112.4 585 6707 109.6 514 6743 106.4 
7t500 119.3 596 7202 116.8 528 7236 113.5 
8000 126.3 607 7697 124.7 542 7729 120.6 
8500 132.8 617 8191 132.3 555 8223 127.7 
9000 139.2 628 8686 140.1 567 8716 134.7 
9500 145.6 637 9181 147.8 578 9211 141.9 

10000 151.9 646 9677 155.9 587 9706 149.2 
10500:.. 157.9 655 10122 163.9 598 10201 155.8 

16 17 18 
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T A B L E 9. 

296°K 2980K 302°K 

H~ ~.,.,o• 
L. 

I H AL to• 1:", I H ~y.I06 
L. 

I H 

200 0.6 39 180 0.3 21 189 0.3 11 195 
~00 1.4 75 362 0.9 50 375 0.5 21 389 
. OQ 3.4 114 543 2..0 79 561 o.s 36 582 
800 6.2 147 727 3.3 100 750 1.0 50 775 

1000 9.1 168 916 5.0 118 941 1.6 57 971 
1250 1.3.4 189 1155 7.1 132 1189 2.4 72 1214 
1500 17.0 207 1396 9.7 150 1425 .3.4 86 1457 
1750 21.0 222 1639 12.2 165 1668 5.2 95 170.3 
2000 25.0 234 1883 14·8 179 1911 6.2 107 1946 
2250 28.9 247 2127 17.4 191 2154 ?~8 118 2191 
2500 32.9 258 2571 20.1 204 2.398 9.8 129 21+36 
2750 37.8 272 2614 22.8 215 2543 11.8 150 2925 
3000 40.8 284 2858 25.7 229 2885 1.3.9 150 2925 
3500 48.3 .308 3346 .32.0 256 .3372 18.1 172 3414 
4000 I 56 .. 9 333 38.31,. .39e1. 2g3 .3859 ,.,., 4 197 3902 I r-.c..• 
4500 63.7 358 4.321 45.7 .308 4346 27.0 216 4392 
5000 71.0 379 4810 52.4 .329 48.35 .31.4 2.38 4881 
5500 78.7 401 5300 59.0 353 5.324 36.2 258 5.371 
6000 86.0 420 5790 65.6 .374 5813 4J-.3 279 5856 
6500 9.3-.3 440 6280 72.5 394 6.30.3 46·4 .301 6.350 
7000 100.0 458 6771 79.3 412 6794 51.3 320 6840 
7500 107.0 472 7264 86.2 li29 7285 65.7 340 7330 
8000 114.2 490 7755 93.2 449 7775 62.0 361 7819 
8500 121..3 580 8246 99.9 467 8266 67.3 .383 8308 
9000 128.2 526 8737 106.6 487 8757 72.2 401 8800 
9500 135.1 544 9228 11.3.4 505 9248 79.4 422 9289 

10000" 141.6 562 9719 120.2 523 9739 86.1 437 9782 
10500 147.7 580 1021}0 127.0 540 10230 93.1 454 10273 

19 20 21 
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TABLE 9. 

305°K 309°K 313°K 

A'- lOti ~y.lcf ' " Hq I H I H ~ 'ty.ID I H 
1:,""1 L 

. - . -- -- -- ---- ! - ---' 

198 ' 0 7 196 200 0 10 195 0 3 ' ' 
400 0 18 .391 0.1 7; 396 

I 
12 0.2 .394 

600 0.1 25 587 0.4 18 591 0.4 18 591 
800 0.4 .36 782 o.6 28 786 0.6 23 788 

1000 0.7 4.3 979 0.9 32 984 0.9 28 986 
1250 1.3 50 1225 l.4 .36 1232 2.0 .34 12.33 
1500 2.0 61 1470 2.0 .39 1480 1.7 .37 1481 I 
1750 2.9 71 1714 2.5 46 1727 2.2 39 1730 
2000 .3.8 82 1959 .3.2 55 1972 2.7 43 1979 
2250 5.2 91 2204 .3~8 62 2219 3co2 45 2228 
2500 6.4 100 2450 4·6 71 2464 3.8 48 21~76 
2750 7.7 110 2694 5.5 79 2711 4·'+ 55 2722 
3000 9.1 122 29.39 6.6 86 2957 5.0 64 2968 
J500 12,0 139 34.30 7.7 104 3M.8 I 6.6 79 .3461 
4000 15 • .3 15? 3922 11.1 120 .3940 8.4 9.3 .3953 
4500 18.9 175 4412 1.3.5 136 4432 10.5 107 4446 
5000 22.7 19.3 4908 16.0 150 4925 12.7 122 49.39 
5500 26.8 211 5.394 18.7 165 5418 14.9 1.36 5432 
6000 .31.0 229 5885 21.7 183 5909 17 • .3 150 5925 
6500 .35.2 247 6.376 24.8 197 6412 19.8 165 6418 I 

7000 .39.3 261 6869 28.0 215 6893 22 • .3 179 6911 
7500 J;J.7 279 7.360 31~5 229 7.385' 24.7 19.3 7403 
8000 48,1 297 7851 35.0 247 7877 27.3 207 7896 
8500 52.8 .315 8.342 .38.7 265 8368 30.1 222 8.389. 
9000 57,6 335 88.33 42.3 279 8860 .32.9 2.36 8882 
9500 62.6 .351 9325 46.2 297 9.352 38.6 250 9375 

10000 67.5 369 9816 50.1 311 9844 .39.2 268 9866 
10500 ! 72 • .3 383 10309 54.1 326 10337 42.2 383 10.359 ' I 

I L ________ . - j ___ ___ j ______ ---

22 2.3 24 
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T A B L E 9. 

I H I ~JO' 

I 

25 

0 
0.2 
0.3 
0.5 
0.6 
0.8 
1.1 
1.4-
1.6 
1.9 
2 .. 1 
2e5 
2.9 
3.7 
4o6 
5.8 
7.1 
8.5 
9.9 

11.4 
12.9 
14.7 
16.6 
18.6 
20.8 
23.0 
25.4 
27.8 

I H 

7 396 
18 591 
25 787 
29 985 
29 1235 
29 1535 I 

32 1734 
34 1984 
34 22.37 
.36 25.32 
.36 2732 
.38 2982 
46 .3527 
61 .3q70 
73 446.3 I 
86 4952 

100 5450 
114 5943 
129 643'6 
141 6929 
154 7423 
168 7916 
179 8410 
19.3 890.3 
206 9.397 
218 9891 
233 10.384 

26 
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T A B: L E 9. 

Magnetostriction and Magnetization for H = 9500 oersteds. 
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FIG. 38. Temperature dependence of saturation maenetostriction. 
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Table 10 shO\·IS the va:l'iation of). wit,h T and ulso the values of 

H (oersteds) required to produce technical saturation. 

Table 10. 

Temperature variation of the saturation magnetostriction of gadolinium. 

T ° K 78 90 104 118 143 163 175 193 213 231 233 
{, 

-A xlO 11.2 10.0 9.0 7.5 6.1 6.4 6.4 7.3 5.8 2.6 0 
-;} 

HxlO 5.0 4.0 3.0 3.0 3.0 2.5 2.5 2.0 1.5 1.0 
'------L-------------- -------------------- ----- ·------- ------~ 

l~'igure 38 is a plot of A against ·r and shm.rs an anomaly at about 

150 ° K. Tho a!'proach of A towa:rc'is zero at 233 ° K is very sharp and does 

not show ~ tailing off towards the Curie point. It is probable that, 

as the volume effect is so much larger tha~ the linear mar,netostriction 

effect at higher temperatures, the former entirely masks the latter. Also, 

any such tailing off o:f A towards the Curie point would be cancelled out 

by an increase in length due to the J:t'orm effect. At room temperature, 
J (, 

for gadolinium, the compressibility is 2.58 em /Kg x 10 , and the shear 
J. ·S 

modulus 2.~9 ~g/cm x 10 , which eives a~ increase in leneth due to the 

Form effect of (1.4) 

Unfortunately, the temperature variation of the compressibility and 

shear modul'lrl.s of gadolinium has not been llleasured, but al:l the temperature 

range considered is only about 60 ° K below room temperature, their 

variation should not be large enough to effect an estimate of the increase 

in length. Saturation magnetostriction is achieved at 231 ° K in a field of 

approximately 1,000 oersteds, and table 9 shows that in fields of this 

value, the intensity of magnetization is as much as 500 c..g.s. units up to 



10 

-:. • 
~5~-------4~~-----+~~----~------~~------~ 

zooo 4000 6000 8000 10,000 

INTERNAL FIELD (OER~TEOS} 

FIG. .39. Intenoi ty of magnetization as a. f\mction of magnetic field 
strength in tho region near the Curie point. 



~~-------------+--------------~------------~ 

ll 143-.c 
r. 

...... 
~-- • 
20~--------------+---------------~--------------~ 

" 18~--------------~r---------------~------------------1 

~L-----------~--~~--------------~~-------·------~ 
1-o I·S 2·0 Z·S 

FIG.40. 

.!. :r..10
4 

H I 
Intensity of magnetization as a function of Ti-· at various 

temperatures. 



so. 
about 286 ° K. This hieh value of I will cause an increase in length of 

elll):o.2 x 10-CJ 1 l-rhich is of the right order to annul any tail-ing off 

of the A , T curve. 

The slope of the I, H curve in low fields changes as the temperature 
0 ~ is increased above about 233 K. Table 11 gives values of .I . calculated 

from the initial slope of the curves 

Table ll 

Temperature variation of the initial slope of the I,H curves. 

T°K 231 21.2 257 273 285 293 
H 

-y 0.7 0.7 0.7 1.1 1.5 3.6 

From 7S °K to 225 ° K, values of tho dema.gnetizine f'e.ctor D obtained. 

from the I, H curves, gave D = 0.5 !. 1% l·rhich is in good agreement with 

that calculated from the shape of the specimen. The value of D used over 

the whole temperature range is D = 0.5. The change in the initial slope 
H 

of jf is to be expected in the region near the Curie point where I 

measurements will include a combination of intrinsic magnetization and the 

paramagnetic. effect. l'his is shown in figure 39 which is a plot of I,H at 

various temperatures near the Curie point. The method used for separating 

the effects is discussed later. 

No saturation values of I are quoted in the results as· the number 

of experimental points available for extrapolation was too small. Fig.40 
I 

is a plot of I, ;:t at various temperatures, and shows that I is proportional 
I 

to t=l only above fields of about 71 500 oersteds. This agrees more with the 

results of Trombe (1937) than with those of Elliot et a1 (1953). The former 
I 

found I o<. H in fields above 91 500 oersteds, whereas the latter found this 

to be true in fields above 41 000 oersteds. A tentative extrapolation was~ 
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tried in order to find out whether the results would fit a I$ oC T \- or a 
~ 

I~Q( T law at low temperatures. The number of points available lvas 

found insufficient to distinguish between the tl·To. 

Figure 40 gives an estimate of the magnetic hardness of gadolinium. 

Using 

IH"T = I..o.T ( 1- t ) (20) 
-

l·rhere (a) is a constant which indicates the hardness of the material, 

figure 40 gives a -.~ 700 compared Hi th a value of 1250 obtained by Trombe 

and about 170 obtained by Elliot et al. The difference in these values is 

probably due to a difference in purity of the samples used, but they are all 

much larger than the value for nickel, "' 0.3, and that for iron,.., 6.3 

The shape of the reduced magnetization curve for gadoliniQm {fig.l) 

shows larger divergences from tl1e theoretical curve than for those of any 

of the other ferromagnetics. The main difference is in the apparent· large 

value of the intrinsic magnetization in the neighbourhood of the Curie 

point. Figure 41 shol·IS a plot of I against T for a constant internal field 

of 9, 500 oersteds (table 10). It should be possible to separate the 

intrinsic magnetization from the paramagnetic effect, and then obtain a 
. ~L) 

relationship between the latter and the volume magnetostriction lT y • 
(~C)v in constant internal field of 9,500 oersteds is plotted as a 

ftmction of temperature in figure 42, and reachec a ma.x:imum at just belol-r 

293 °K. Neasurements were made of the magnetocaloric effect in this 

temperature range, and these gave a maximum temperature rise or} °K at 

293 OK. Above 293 °K the temperature coefficient of expansion of 
. -G -6 

gadolinium is 10 x 10 / °K, below 293 °K, -2 x 10/ °K (Bannister et al 1954), 
JAL) -(, 

so this corresponds to a maximum increase in the value of l L v of 4 x 10 • 
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/ill' -(, 
Compared with_ the observed values of LT/v of -v 150 x 10 , this is small 

and for the present calculations has been neglected. 

The lveiss theory is used to separate the effects of intrinsic and 

paramagnetic magnetizations. This gives (Weiss 1907) 

T 
e 

1!. JL = Io + NIO 
arc tanh (1~ /lo) 

(21) 

where 9 is the Curie temperature and N is the molecular field constant. 

Values of T against H are plotted (figure 43) for constant values of I, 

and give, as the theory predicts,·a linear relationship. In low fields, 

the curves depart from linearity, as a finite field is required to align 

the domains parallel to the field. Thus a higher field than given b,y the 

Weiss equation will be necessary to produce a given magnetization at a given 

temperature. 

The linear part of the curves in high fields is extrapolated to 

H = o, giving the ·temperature at which the value of I is equal to the 

sponta.."leous magnetization, Is , the magnetization of a domain in zero 

field (table 12) 

'fable 12. 

Temperature variation of the spontaneous magnetization near the Curie point. 
( Is, = 71.6 ili!o) 

AI!o 0.25 o.s 1.0 2.0 3.0 4.0 5.0 6.0 7-.0 8.0 9.0 

'£ °K 304 299 296 292 291.5 298.5 288.5 286.5 284-5 200.5 279.5 

., 
Extrapolation of a plot of I5 against T (fig.44) gives a Curie 

temperature of 292 °K. Values of I 5 , T and I,T for constant H = 9,500 

oersteds are shown in figure 45. The difference bet\,reen these two values, 

at a constant temperature, is taken to be the paramagnetic magnetization, Iv • 
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These figures, together \-ti th values for the same internal field are 

shown in table 13. 

Table 13 

Temperature variation of paramagnetic magnetization and volume magnetostrictio 
(Iu= 71.6 6Iu·) 

T °K 270 280 283 286 290 293 296 300 303 305 310 315 

!J.Iv 1.5 2.25 2.75 3.75 5.25 6.5 6.5 6.0 5.25 5.0 4·-0_ 3 .• 25 

~A~tx1d' 38 73 90 118 150 153 130 93 73 62 45 32 

T °K 321 330 331 .336 339 343 345 347 350 355 358 367 

1.7 

7.7 

It is obvious from table 1.3 that the same relationship will not hold 
6L . 

bet1t1een ( T )v and ~ at temperatures below and above ·the Curie point. 

Above 300 °K, the spontaneous mst,-netization is only about 30 c.g.s. units, 

and is rapidly decreasing in value, so that above this temperature it ·is 

perrrriJ:JAi hJ e to u.se the measured ve~ues of I a::: beine; cqll:.:-J_ to Iy.. = Iy. 
Al 

and ( T \ have their maximum values at different temperatures (table 13), 

a temperature interval of about 4 °K, so the results should be compared 

at temperatures above or below these two peak values. Figure 46 shows values 

6L o 
of (Tlv, T and I,, T, both reduced to the same value at 296 K. There 

is a slight divergence in the curves in the region just above 296 °K, but 

this is probably due to normalising the curves at a temperatur.e too near to 

·that corresponding to the peak values. If the values are normalised at 

300 °K, the curves are identical in the measured range above that t.emperature~ 

Figure 46 shows that in the paramagnetic region, the relationship 



AL 
( T >v and \r is given by 

J. 

= K.~ (22) 

where K is a constant. Unfortunately it is only possible to obtain J.,. 

values beloH the Curie point down to 270 °K, as the temperature interval 

between the I measurements belolfi that temperature is too large to plot 

accurate (T,H) curves to obtain I values. Even so it appears from 

table 13 that if (A~ )v is proportional to :(. belm .. T the Curie point, 

then the constant of proportionality is different from that used above the 

Curie point. This may be due to an error in the values of \r used. 'I'he 

intrinsic and paramaenetic magnetizations overlap so much in this region 

that it is probably not correct to separate the two by a simple difference 

method as that used above. 

Spedding et al obtained a value ofO";;O.o of 253.6 c.g.s. units, lfihich 

is some 2% higher than \.fould be predicted if only the spins of the 4 f 

electrons contributed to the mae;netizati.on. The general trend of tho 

( tL~", T curve (fig.-42) suggests that volume magnetostriction is present 

do1.-m to 0 °K in 11 infinite It fields. Thus ·it is probable that ·the true 

value ofO";;o_o \.fill be lm.,rer than the measured 6;;0_0 , as the latter must 

contain a paramagnetic contribution. From equation 22, using 
-10 AL -1 

K = 5. 5 x 10 , a 2% value of the measured cJoO.ogi ves ( T ~ .v 9 x 10 • 
Lll -C. 

Such a value can reasonably be expected at 0 °K as ( L >v is 1.2 x 10 at 

78 °K in a field of 9,500 oersteds. Unfortunately measurements could not 

be made at temperatures below 78 °K to see if volume magnetostriction was 

present, as the maximum magnetic field obtainable from the solenoid 

(10, 500 oersteds) 1.-1as not large enough for that purpose. 



85. 

3.61. Thermal Expansion Anomaly, There is a marked change in the thermal 

expansion curve of gadolinium at the Curie point and also at a temperature 

of about 120 °K (Trombe 1952) (fig.47). Bannister et al (1954) have shmm 

this to be due to the c axis expanding as the temperature decreases 

bet\.reen this interval, and suggested that it is due to a magnetostrictive 

effect. 

As the temperature is increased towards the Curie point there is an 

additional volume change caused by the destruction of the spontaneous 

magnetization, and this gives rise to a linear expansion coefficient, <X""' 

i·rhere 
I dW I ~ vJ cll.\/}1_ 

o<,., = 3 ff = 3 "Mf . ~ T ~ H (23) 

clr~ . ~Is. a(IJ )T J.s negative, ~ positive, and =;)H positive, so the expansion 

anomaly should be negative, i.e. in agreement with Trombe 1s results. 

Above the Curie point, the meastrred temperature coefficient of 
~ -~ 

expansion,o(H- lOI °K, belO\.r, doim to about 120°K, -2 x 10 / °K. 

o(,. is of the right magnitude to correct for this sudden decrease in o/. 11 

below the Curie point, but "!:he magnitude decreases rapicUy as the temperature 
-r _., 

decreases, e.g. at 280°K,c:X,.."" 1,2 x 10 I °K, but at 231 °K, ol,,, ... , 3 x 10 I °K. 

Thus it appears that the volume magnetostriction effectdoes ~ot account 

fully for the thermal expansion curve anomaly, One point to note,however, 

is that the temperature at which this anomaly starts, about 120 °K, is the 

lll 
point at which the value of(~~ begins to decrease (fig.42) after the 

initial increase. If this anomaly could be allO\.red for, it may be that 
AL 

the correct ( T ~, 1' relationship is not symmetrical about the Curie point, 

but tails off much more slowly below that point. This 1-10uld increase the 

~"" value of ( 'ftf) , and hence the value of o<:"' , and may account for the whole 
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of the thermal expansion anomaly. 

Thus despite the expected simplicity of gadolinium, the results 

cannot be fully explained on the basis of present knowledge. As it is 

possible to obtain much more information from results on single crystals 

than on polycrystalline samples, future work should be concentrated on 

the production of single crystals and the measurement of their properties. 
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