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Abstract

The salient points in the theory of neutrons and neutron scattering with respect 

to the production and analysis of beams of polarised neutrons are reviewed. A 

technique for the manipulation of the vector polarisation of a beam of neutrons 

incident upon a scatterer, and the analysis of the ?;ec^or polarisation of a scattered 

beam is explained in detail, along with a description of a device that facilitates 

it. The technique is known as neutron polarimetry and the instrument is called 

CRYOPAD (CRYOgenic Polarisation Analysis Device). A method for calibrating 

CRYOPAD is given and the successful implementation and testing of this method 

is demonstrated. Three studies which make use of neutron polarimetry to probe 

the magnetic effects in certain rare-earth systems are presented.

1. The magnetic structures of the rare-earth metal neodymium are reviewed. 

The results of a study of those structures occurring in zero applied mag

netic field, made with neutron polarimetry, are presented and discussed. 

Conclusions about the directions of the magnetic moments in some of these 

structures and their evolution with temperature are drawn. A study us

ing conventional neutron-diffraction of some of the magnetic structures ob

served in an applied magnetic field is described.

2 . A conventional neutron-diffraction study of the applied magnetic field - 

temperature phase diagram of the intermetallic compound NdCug is pre

sented in addition to a review of previous work carried out on this system. 

Certain features of the scattering in zero applied magnetic field are then



explored using neutron polarimetry.

3. A review of the magnetic structures of the rare-earth metal erbium is made. 

The potential of neutron polarimetry to act as a sensitive test of the theory 

proposed to explain these structures is discussed, and the results of a study 

that attempted to perform this test are presented.
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Chapter 1

N eutron scattering

Neutron scattering is an extremely powerful tool for determining magnetic struc

tures. The spin of a neutron allows it to scatter from the electrons with unpaired 

spins from which such a structure is made up. A regular array of magnetic mo

ments at atomic sites in a crystal, immersed in a beam of neutrons with energies 

between about 1 and 0.001 eV (0.3 < A < 30Â), will give rise to a diffraction 

pattern due to these wavelengths being comparable to the interatomic spacings 

found in materials. The wavelength is related to the energy via the de Broglie re

lation A =  h/p  such that E  = h?/2mX^. The resulting diffraction pattern can be 

measured by use of a research reactor and suitable instrumentation, and details 

of the magnetic structure that generated it can be deduced.

Often this information is sufficient to solve the structure, but there are numer

ous cases where it becomes difficult. Sometimes the magnetic scattering occurs 

superimposed upon that from the nuclear structure and there is interference be

tween the two, and other times the structure is just too complicated, or confused 

by the presence of magnetic domains. More information is generally required to 

find the correct solution in these cases.

Neutron diffraction from a magnetic system will naturally depend upon the 

relative orientation of the spin of the neutrons and the magnetic moments in the

20
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Property Accepted value
Spin, s 1

2
Mass, mo 1.67495 X 10“^̂  kg

Magnetic moment, fin -1.91304184(88)
Charge 0

Table 1 .1 : Currently accepted values of some of fundamental properties of the 
neutron.

sample. The direction of the spins of the scattered neutrons will also be dependent 

upon those of the moments in the sample. By measuring the diffraction pattern 

as a function of the spin of the incident beam, and by analysing the directions of 

the spins in the scattered beams, one can solve a magnetic structure even when 

the difficulties mentioned above are present.

It is also the case that the energies of a large number of elementary excitations 

in materials, such as phonons and spin waves, lie in the range of neutron energies 

given above. Neutrons are thus a very valuable tool with which to observe these 

effects and elucidate the nature of the processes that give rise to them.

1.1 Properties of the neutron

1.1.1 The free neutron

The existence of the neutron was established in 1932 by J. Chadwick [1] at the 

Cavendish laboratory in Cambridge for which he won the Nobel prize for Physics 

in 1935. He found that neutrons have a mass comparable to that of the proton and 

carry no charge. The neutron has spin-| and thus follows Fermi-Dirac statistics. 

The currently accepted values of these fundamental properties are summarised 

in table 1.1 and details of their measurement can be found in Ref. [2].

The magnetic moment of a single neutron is polarised in the direction of its 

spin s and behaves as an Ampèrian current loop [3]. Its wavefunction, %, can be 

expressed as a coherent superposition of the two possible basis functions relating
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to the two possible states of its spin quantum number =  |  and

This is given in equation 1.1 where the coefficients a  and (3 are generally complex

with |a p  +  \j3\̂  =  1 .

1% > =  û̂ l t >  +^l 4-> (1-1)

1.1.2 Vector polarisation of neutron beams

One defines the vector polarisation of this %th neutron, relative to the direction 

of the field it experiences (defined as the z direction), as the expectation value 

of its spin operator normalised to its maximum value (equation 1 .2 ). (Jx̂  (Jy and 

(Tz are the Pauli spin matrices quoted in equation 1.3 (see for example Ref. [4] for 

their explanation).

3 ^ >
(1/2)R

= <  XI^IX > (1 .2 )

=  < t  \à\ t >  +/?*/? < i \â\ l>

+  a*(3 |d| ]/> |d| ■f>

Evaluating the matrix elements explicitly using the Pauli spin matrices one ob

tains the three components of the polarisation vector which are given in equation

1.4.

< J x  —  I  I  C T y  —  I  I  CFz — \ ( 1 3 )

Pi = +  (3*a)x + ^ ( /)* a  -  a*(3)y +  ^ (a* a  -  j3*(3)z (1.4)
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In addition to a z component of polarisation there is in general a component in 

the x-y plane which is present if the cross terms a*p and p*a in equation 1 .2  are 

non zero.

The vector polarisation in equations 1.2 and 1.4 describes the direction of the 

magnetic moment of the zth neutron and its magnitude will always be unity. The 

polarisation of a group, or beam, of neutrons is simply the sum over all of the 

polarisations of the neutrons in that beam, normalised to the number of them in 

the beam N  (equation 1.5).

p  =  (1-5)N I

One can also describe the vector polarisation of a beam of neutrons in terms 

of a density matrix operator (for example see ref. [5]). By recalling that in 

general the expectation value of an operator J  is given by < J> = tr(p J )/tr (p ) , 

the polarisation can be written as in equation 1.6. The density matrix, p, which 

contains all of the significant physics of the system, is given by equation 1.7.

Pj =  (1.6)

p = ^ ( l  +  P - d )  (1.7)

1.1.3 The polarisation in a m agnetic field

The behaviour of the polarisation of a neutron in a magnetic field is given by 

equation 1.8 (see for example ref. [6 ]). In a constant magnetic field this results in 

the polarisation vector processing in an anticlockwise sense around the direction 

of the magnetic field. 7  is the gyromagnetic ratio and is given by 7  =  ^  =  

-1.832 X 10® s - ^ T - ^

^  = -7-P X B (1-8)
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Two coils;
Incoming Neutron . . . , , OutgoingNeutron
P= + 1 1 horizontal,

1 vertical▲

II jl Resultant field By 
due to  guide field 
Bo.Bv and By applied 

by flipping coil.
By cancels with Bq

Figure 1.1: The concept of a Mezei precession flipper.

This is equation lies at the heart of the operation of almost all items of polarised 

neutron instrumentation. An example is in the operation of one of the more 

popular methods of reversing the polarisation vector of a beam of neutrons, the 

Mezei flipper (figure 1 .1). The neutrons experience a guide fleld Dq before they 

enter the flipper. The guide field preserves one component of the polarisation of 

the beam and a field B y  is applied by a coil in such a way that the resultant 

of these two fields is zero within the coils. Another fleld, is applied per

pendicular to So and B y .  The polarisation will thus precess around the axis of 

Bh  by an angle dependent upon the neutron wavelength, the length of the coil 

and the magnitude of B ^. The device must thus be tuned in order to provide a 

precession of 180°. At the polarised neutron triple axis spectrometer IN20 at the 

ILL [7], the flipper is mounted in front of the analyser, which is a Heusler crystal 

mounted in a saturation field (see section 1.3.2 for how this works). The detector 

is a standard ^He detector aligned on the (111) reflection of the Heusler crystal. 

The Heusler crystal will only reflect neutrons which are polarised antiparallel to 

the saturation fleld direction and thus when the flipper is off (|Bi| =  0 ) it is 

these neutrons which enter the detector and increment the N-f count. When the 

flipper is switched on it is the neutrons that were polarised parallel to the guide 

field before the flipper that are detected and increment the N- count. It is in this
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manner that we can measure the linear polarisation of the beam with respect to 

the direction of the guide field.

1.2 Scattering neutrons from m atter

1.2.1 The cross section and polarisation of the scattered  

beam

The process of the scattering of neutrons from m atter is described in terms of the 

partial differential cross section d^a/dHdE'. This is the number of neutrons that 

will be scattered into a solid angle dO, in a given direction, with a range of energies 

between E  and E  +  dE '. This is normalised to the flux of incident neutrons, 0  

multiplied by dO.dE'. In order to calculate such a quantity for a given system 

the Born approximation is invoked. This treats both the incident and scattered 

beams as plane waves. The interaction between the neutron and the scatterer 

is assumed to be weak and is treated using first order perturbation theory and 

Fermi’s golden rule. This assumes that the scattering is weak enough so that the 

perturbation of the scattered wave on the incident wave is negligible. For details 

see for example refs. [8 , 9]. In this approximation the partial differential cross 

section for a beam of polarised neutrons is given in equation 1.9. The effect of 

scattering upon the polarisation of the scattered beam is given in equation 1 .1 0  

[10]. These equations relate to the situation where the scattering system is in 

an initial state q with energy Eq with a probability pq (given by the Boltzmann 

factor) and goes to a final state q' with energy Eqi.
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= qq>

qq'

(1.9)

(1.10)

Here we have that ki and kf are the initial and final neutron wavevectors respec

tively, the scattering vector is given hy iî = ki — kf and the mass of the neutron 

is niQ. The trace is evaluated over the neutron spin coordinates and V(«) is the 

Fourier transform of the interaction between the neutron and the scattering sys

tem. The averaging over the neutron spin states is implicit in using the density 

matrix formulation.

1.2.2 The scattering potentials

The potential pursued here consists of nuclear and magnetic terms. In the general 

case there will also be a spin-orbit term. This is treated in detail by Blume and 

Schermer and Blume in [11, 1 2 ]. The nuclear potential, V„, is given in equation

1 .1 1  and the magnetic potential, Vm, in 1 1 2 .

_  2jrh^ f  +  1) +  ■'p 1
2/„, + l + "I

' ' ( 1.11)

V„ =
mo ^

(1.12)
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In the nuclear potential the vector n is the vector from the origin to the unit 

cell containing the current nucleus and dj is the vector from the origin of the 

unit cell to the nucleus within it. The summation is over all unit cells, n and 

the nuclei within them denoted by j .  and b~j are the scattering lengths for 

neutron spin parallel and antiparallel to the nuclear spin respectively and Inj is 

the size of the nuclear spin. In the expression for the magnetic potential ro is the 

classical electron radius, r ,̂ Si and pi are the position, spin and momentum of 

the %th electron respectively, with the sum being over each electron. The overall 

potential can be written as in equation 1.13 where To, TÎ, and Q are given in 

equations 1.14, 1.15 and 1.16 respectively.

V{k) =  ^  [To +  f i  • s  +  2'rros- Q\ (1.13)

° V  2/„, + l

f i  =  (1.15)
~r inj

K X (5 i  X « )  — —{ k  X P i ) (1.16)

The interaction between the neutron and the nucleus is on a much shorter length 

scale than the wavelength of thermal neutrons. The scattering produced is 

isotropic and can be described by a scalar parameter, the scattering length, which 

is denoted by The scattering length is strongly dependent upon element and 

isotope and its calculation from first principles remains a challenge. The scat

tering lengths of many elements and isotopes have been extensively investigated 

experimentally and are tabulated in ref. [13]. In the Born approximation it is the 

delta function that gives rise to isotropic scattering, and derived in this way is 

known as the Fermi pseudo potential (equations 1.17 and 1.18). The scattering 

length depends upon the relative orientation of the spin of the neutron and the
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spin of the nucleus if this exists and it can be shown that if one defines and 

b~j as being the scattering lengths for neutron spin parallel and antiparallel to 

the nuclear spin then 6„j is given by equation 1.19.

V„(r| =  n -  dj) (1.17)
nj

V„(k) =  —— ^ 6nj [  S { r -  n -  dj)e'’̂ ’'dr 
™o J

=  — (1. 18) 
nj

( . . . )

The interaction between the neutron and the electron arises due to the in

teraction between the magnetic moment of the neutron and the magnetic field 

produced by the spin and orbital angular momenta of the electron. The field 

created by the spin angular momentum is given by equation 1 .2 0  where si is the 

spin of the electron, A  is the vector potential due to magnetic dipole moment of 

the electron and R  = r — Vi where fi is the position of the electron.

Bsif) = ^  X ^
_ ejiQh 

47rm
V X (Sj X R) (1.20)

rftX -R  (1.21)

The field due to the orbital angular momentum of the electron, is derived from

the Biot-Savart law and is given in equation 1.21, where pi is the momentum of the 

electron. It is possible to show that these fields result in the magnetic potential 

in equation 1.12 (see for example references [8 , 9] for details).
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1.2.3 B lum e’s equations

If one inserts the potential given in equation 1.13 into the expression for the 

partial differential cross section 1.9 and the final polarisation 1.10 and carries 

out the traces using the relations listed in appendix A, one obtains (following 

Blume [1 0]) equations 1.22 and 1.23. The terms that are linear in nuclear spin 

are omitted as these average to zero for the case where the nuclear spins are 

randomly oriented.

(P (7 kf
ÿ =dUdE' ki qq'

< glTo'k' X  Q‘\n\g > + j <  >  ■ <  q'\n\q >

+  7ro ( <  q\T;\q' >< q'\P ■ Q\q > + < q\P ■ Q'\q' >< q\T;\q' > )

+  ( <  g|Q*k' > • < q'\Q\q >

+ iP  '{< q\Q*\q' > X < q'\Q\q >)
(1.22)

d^a _  k f ' s ^
U ü d E '  ~ qq>

P  < q\T;\q' X  q'\To\q >  + -  < g |f  *k' > <  q'\P ■ f^\q >

+ \ < q \ P -  f : W  >< g'lfik > - \ P { <  g \ fn q '  > ' < g'\fi\g >) 

+ ira (< g\Ta\cf >< q'\Q\g > + < g\Q'\g' >< g'\To\q >

+ i < q\P X Q*|g' > <  g'\Ta\q > - i  < > <  q'\P x  Q\q > )

+ Ÿ r l  (-:(< glQ'lg' > x < g'|Qk >)

+ < qlQ 'W X q'\P - Q \ q >  + < q\P ■ Q'\q' >< q'\Q\q >

-  P (<  g lQ 'W  > ■ < cflQ\q >)^'^

(1.23)
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Equations 1.22 and 1.23 are both general for elastic and inelastic scatter

ing. In this thesis we are mainly interested in the elastic scattering of neutrons 

from ordered arrangements of magnetic moments. The inelastic case is however 

quite analogous to the elastic case and has recently been dealt with by Malayev 

[14]. In the case of elastic scattering one can replace \q' > with \q > and for 

low temperatures one can assume that only the ground state is occupied. The 

treatment of Blume assumes that the nuclei are fixed so that the Debye-Waller 

factors are dropped, and that the magnetic moments are localised at the atomic 

positions. The result of Halpern and Johnson [15], reproduced in equation 1.24 

is used to evaluate the matrix elements < q\Q\q > where Snj is the spin opera

tor for the ion at the nj  th  site, Snj is the magnitude of the spin at the n j  th 

site, qnj = K X (Snj X k) is the projection of the spin direction onto the plane 

perpendicular to «, and /„j(k) is the Fourier transform of the spin density of the 

ion. fnj(^)  is known as the magnetic form factor of the ion and in the case of 

the rare-earths, where the orbital angular momentum is not quenched, the form 

given in equation 1.25 must be employed.

< q\Q\q > = < q\k x {Snj x k)\q >
nj

=  (1.24)
nj

L - J  +  2 5 - J

The polarisation dependent elastic scattering cross section becomes equation 1.26 

and the final polarisation equation 1.27. The nuclear scattering lengths have been 

averaged over both the nuclear spin orientation and the isotopic distribution of 

the scattering lengths for a given element and expressions for <{6 }> and <{5^}> 

are given in equations 1.28 and 1.29 respectively, where Ca is the concentration
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of the a th  isotope. The curly brackets in equations 1.28 and 1.29, { }, denote

the average over nuclear spin states while the < > brackets denote the average

over the distribution of isotopes. The final polarisation, Pf  is found by simply 

dividing equation 1.27 by equation 1.26.

d a
< {6,} > p +  n J2(.<  {6?} >  -  <  % }  >^)

n j

njn'j'
<  % ' }  >  U j { i î ) S „ j P  ■ q „ j +  <  { b j }  >  / • y ( K ) 5 „ . j / P  • q„’j

(1.26)

njn'j'
Qn'j' ' Qnj "k ' i,Qn'j' ^  9nj)

The first term of equation 1.26 describes the coherent nuclear scattering (Bragg 

scattering) while the second describes the incoherent nuclear scattering. The 

second line contains the nuclear-magnetic interference terms (terms in 7 ro), while 

the third is comprised of the purely magnetic terms (terms in 7 ^rg.)

d a
P fd n  = -P IE ® * "!' E « " " '  < ibj} >

+ P n J 2 < > - 5  < {bjV) > + < {bà  >'■

4- jro ^
njn'j'

nj

+  <  { b j }  >  Sn' j ' fn>j ' { i^)Qn'j '  ~  « <  % ' }  >  5 „ j / „ j ( « ) ( P  X q ^ j )

+  * < {^j} > Sn'j'fn>j>{K){P X qn>j>)

+ Ÿ r l  E
njn'j'

" {̂Qn'j' X qn j)  T  Q n 'j '{P  ’ Qnj) ( P  ' Qn'j')Qnj P{jPn'j' ’ Qnj)

(1.27)
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^ai^a +  1) +  b~Ia
< {b} >=

a

<  > =

2Ia +  1 

+  1) +
2/q, + 1

(1.28)

(1.29)

The first line of equation 1.27 describes the effect on Pf  of the coherent nuclear 

scattering, with the second line giving that from the incoherent nuclear scattering. 

The next three lines are the nuclear-magnetic interference terms, with the last 

two being the purely magnetic terms.

1.3 Interpreting B lum e’s equations

If the scattering is only comprised of the coherent nuclear scattering it is easy to 

see by dividing equation 1.27 by equation 1.26 that the polarisation of the scat

tered beam will be the same as that of the incident beam. This is not necessarily 

the case for the incoherent nuclear scattering. With all other terms zero the final 

polarisation is given by equation 1.30.

E ( <  {6?} > - 4  < {bjV)  >  +3 < {bj} >^)

E ( <  { i ? }  >  -  <  { b i }  > ' )
j

This term arises due to two effects, the random distribution of isotopes (which 

does not change the polarisation), and the disordered spins of the nuclei (which 

can change the polarisation). If all of the isotopes have zero spin then one ob

tains Pf — P , whereas if the sample is a single isotope with a non zero nuclear 

spin one obtains Pf = —\P-  In general a result somewhere between the two ex

tremes is obtained and this effect was first observed by Moon, Riste and Koehler 

[16]. The incoherent nuclear scattering is distributed over the whole of reciprocal 

space whereas the coherent scattering is localised at reciprocal lattice points. The
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incoherent scattering is thus usually small in comparison with the coherent scat

tering. In what follows the incoherent term is ignored in the analysis of Blume’s 

equations as it can be removed from experimental measurements by making a 

background measurement.

Following Nunez et al [17, 18, 19, 20], Blume’s equations (1.26 and 1.27) can 

be re-written in a more transparent form by making the substitutions in equations 

1.31, 1.32, 1.33, 1.34, 1.35 and 1.36.

F „ { k ) =  <  { 6,.} >

3
Fm {R) =

3
N { k) =

n

M ± ( k )  =  ^ r o ^ e ^ ^ ' ^ F M { K ) f n j { i ^ ) S n j q n j

n

=  k  X  M(k)  X k

M { k ) =
nj

1.31)

1.32)

1.33)

1.34)

1.35)

1.36)

N" is a complex scalar which describes the coherent nuclear scattering and is re

lated to the nuclear structure factor FV by equation 1.33. M±{k) is the generally 

complex magnetic interaction vector, whose relation to the magnetic structure 

factor Fm is given in equation 1.34. The magnetic interaction vector is the pro

jection of the Fourier component of magnetisation (M{k)) on the plane perpen

dicular to the scattering vector k, placed on the same scale as N  (equations 1.35 

and 1.36). The nuclear and magnetic structure factors are defined in equations 

1.31 and 1.32. The resulting forms of Blume’s equations are given in equations 

1.37 and 1.38.
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+  i V ( P - M x )  +  A T (P -M l)  (1-37)

+ M j_ -M l  + iP -  {M l  X Mx)

The first term in equation 1.37 is the coherent nuclear scattering, terms in the 

second line arise from the nuclear-magnetic interference, while those in the third 

line relate to the magnetic scattering.

+  M l AT +  M I N  -  i(P  X M jlN* - P x M I N )
^  ̂ ^  ̂ (1.38)

+ Mj.(P • M l) +  Ml(P  . M l) -  P (M i • M l)

-  %(M1 X M l)

The first line of equation 1.38 gives the effect of the coherent nuclear scattering 

on the polarisation of the scattered beam, the second line gives the effect of 

the nuclear-magnetic interference, while the third and fourth lines relate to the 

magnetic scattering. The terms containing M i x M l in equations 1.37 and 1.38 

are only non zero for non-collinear structures such as helices and spirals.

The effect of various combinations of N  and M i on the polarisation have been 

explored for single domains of a magnetic structure by Nunez et al [17, 18, 19]. 

It is useful at this point to introduce an axes convention where the x axis is 

parallel to the scattering vector, z is vertical and y makes up the right handed 

set. W hat follows investigates Blume’s equations for the case of a single domain 

of the magnetic structure. In most real situations the effect of magnetic domains 

must be considered in the analysis. The scattering from each domain will inco

herently superpose to generate the total scattering observed, and a summation
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must therefore be made over each domain.

1.3.1 The case where N  =  0 and M± x =  0

When the scattering is purely magnetic and the cross product terms in the cross 

section and final polarisation are not active, the polarisation processes by 180° 

around the direction of the magnetic interaction vector with no depolarisation. 

Since the magnetic interaction vector is always in the plane perpendicular to the 

scattering vector, any component of initial polarisation in this direction will be 

flipped by 180°. In the x, y, z coordinate system the final polarisation can be 

described in matrix form as in equation 1.39 where the angle a  is the angle that 

Mj_ makes with the y axis.

Pf =

^ - 1 0  o ' '

0 COS 2a sin 2a 

y 0  sin 2a — cos 2a

P  (1.39)

1.3.2 The case where N  and M± are in phase

When N  and M± are in phase, such as when they are both either real or imagi

nary, the polarisation vector will rotate either towards or away from the magnetic 

interaction vector with no depolarisation. Equation 1.40 is an expression for Pf 

in this case. It can be seen immediately that for an unpolarised incident beam, 

the second term in this equation will create polarisation in the direction of the 

magnetic interaction vector. The length of the polarisation that is created will 

be ± 1  when N=±M_i  and if the problem of creating a single domain of the mag

netic structure could be overcome, a mixed nuclear-magnetic reflection with its 

nuclear and magnetic structure factors in phase could form the basis of a neutron 

polariser. The polarising monochromators and analysers in general use today
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work by means of this technique. The two most common are the (200) reflection 

of Coo.92Feo.08 and the (111) reflection of the Heusler alloy Cu2MnAl. The later 

is generally preferred for intensity reasons. Both of these materials are ferromag- 

nets, and a single domain of the magnetic structure is created by placing them in 

a saturating magnetic field which is parallel to the moment direction (see chapter 

3 of Williams [2 1 ] and references therein for details of this and other methods of 

producing polarised beams).

Pf =

Ml 0 0

0 cos 2a M]_ sin 2a

0 M]_ sin 2a N"̂  — Mj_ cos 2a
N^ P M l  P 2N P  • Mj.

+ cos a  

y sin a j

2 ATM, (1.40)

iV2 +  M? +  2 N P  • M l

When the incident beam is polarised the effect of Pj  is more complicated. Incident 

polarisation along the scattering vector will remain along the direction, but its 

magnitude will depend on the relative magnitudes of the nuclear and magnetic 

structure factors. If AT > M i then Pf  will be found parallel to x, whereas if 

M l > N  Pf  will be found antiparallel to x. The behaviour when the incident 

polarisation is in the y-z plane is strongly dependent on the direction of M i in this 

plane. It can be seen that this behaviour can be decomposed into a component 

of polarisation that is created parallel to M i (as in the case for an unpolarised 

beam) and a rotation about the x  axis, the angle of which depending on the 

direction of M i relative to P , and the ratio between the magnetic and nuclear 

structure factors. All of this is scaled by the term N"̂  +  M l  +  2 N P  • M i which 

will be zero iî N  = —M± and P  is parallel to M i. In this case no reflection will 

be observed because the cross section is also zero.
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1.3.3 The case where N  and M± 90° are out of phase

When N  and M± are 90° out of phase, the phases of N  and M± may be adjusted 

so that N  is real and Mj_ is imaginary with no loss of generality. An expression 

for Pf  in this case is given in equation 1.41 and it can immediately be seen that 

this type of reflection will have no polarising capability.

^ N"  ̂— M]_ 2N M ±sina  —2 N M ± c o s a ^

—2N M ±s ina  A’̂  +  M |cos2a ' sin 2a

y 2NM±  cos a  sin 2a N^ — M]_ cos 2a j
N ‘̂ + M l

■(1.41)

It can also be seen that unlike the case for structure factors that are in phase, 

there is now the possibility of non zero y and z components when the incident 

polarisation is along the scattering vector, and likewise components along x when 

the incident polarisation is in the y-z plane. For a given direction of M_i, the 

polarisation will precess around it by an amount dictated by the ratio of nuclear 

to magnetic scattering. The precession angle, 0 , is given in equation 1.42 where 

7  is the ratio between the nuclear and magnetic scattering given in equation 1.43.

1 —

COS 0  =    T (1.42)
1 +  7^

The classic example of this type of effect is Cr2 0 3  [22]. The ability to easily 

imbalance the domain populations by the simultaneous application of electric 

and magnetic fields [23] has recently allowed the form factor of the Cr^+ ion in an 

antiferromagnetic environment to be measured precisely using spherical neutron 

polarimetry [24].
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1.3.4 The case where N  and Mj_ are com plex =  0)

When N  and M± are complex, but Mj_ x =  0, we have the case that the real 

and imaginary parts of M± are collinear. The polarisation vector of the scattered 

beam will perform a mixture of precession and rotation relative to the magnetic 

interaction vector depending upon the relative phases of N  and M±_ and also the 

value of 7 .

1.3.5 The case where =  0 and M±_ is generally com plex

This is the case of purely magnetic scattering from a non-collinear structure. In 

such a case can be decomposed into a contribution from a regular non- 

collinear component (where Re{Mj_} =  Im{M_L} and Re{Mx} is at 90° to 

Im{Mj_}) with a collinear component superimposed [25]. In what follows the 

collinear component is set to be real and parallel to the real part of the non- 

collinear component, with the angle a  being the angle between these real compo

nents and the y axis. Equation 1.44 gives the behaviour of Pf  in this case where 

h denotes the length of the non-collinear component and s that of the collinear 

component.

— (s  ̂-|- 2h(/i 1)) 0 0
Pf = \ 0 5 (2 /1 -f-s) cos 2a 5 (2 /1 -I-5 ) sin 2a

+
2/i(/i 1)

0 5 (2 /1 -t-5 ) sin2a —5 (2 /1 -|-5 ) cos 2a/  ̂ 2h{h-\-l){Px 1)

1 (1.44)
s^-2h{h + l ) {Px- l )

The expression for M± is given in equation 1.45. It is immediately apparent 

that equation 1.44 will revert to the expression for a simple collinear structure 

1.39 when h = 0. When 5 =  0 the final polarisation will always be parallel or an

tiparallel to X with magnitude 1 , depending on the chirality of the structure. This 

effect has been observed by Steigenberger and Long [26] in the Cdo.35Mno.65Te
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system and is another method of creating or analysing a polarised beam of neu

trons.

M_l = {h-\- s) COS a

y sin a j

ih

( 0

cos (a  -4-1) 

\sin{a + ^ ) J

(1,45)

In the case where h and s are both non zero the polarisation created will depend 

upon the relative sizes of s and h, although its direction will always be parallel 

or antiparallel to x. Incident polarisation in the y-z plane will experience a 

combination of depolarisation, through the s{2h -t- s) term, and rotation about 

the X axis depending upon where the interaction vector is pointing in the y-z 

plane. The relative sizes of s and h depend upon where the scattering vector is 

pointing relative to the envelope of the magnetic moments in the structure. If 

there is a plane containing these magnetic moments, and the scattering vector 

also lies in this plane, then h =  0 and the reflection will exhibit the behaviour 

expected from a collinear structure. If the scattering vector is perpendicular to 

this plane (and the moments are all the same length) then 5  =  0 and the beam will 

become fully polarised in the direction of the scattering vector. If the scattering 

vector is pointing in a different direction then both h and s will be non zero and 

hybrid behaviour is expected.
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M_L

Figure 1.2: The change in polarisation for a mixed nuclear-magnetic reflection 
arising from a single domain of the magnetic structure. The initial polarisation 
is denoted by Pi and the magnetic interaction vector by M i for the case where 
M l X M l = 0. When M i =  0, the polarisation remains unchanged. Point 
a denotes the resulting polarisation rotating towards M i when the structure 
factors are in phase. Point b  denotes the precession of the polarisation around 
M l expected when the structure factors are 90° out of phase. Point c depicts 
the case when the structure factors are out of phase by 90° and 7  =  1 and point 
d  the case where the reflection is purely magnetic (a precession of 180° around 
M l).



Chapter 2

Rare Earth M agnetism

As opposed to electric fields which are produced by charges at rest, a magnetic 

field is produced when a charge is moved. In condensed m atter such accelerating 

charges are to be found in plenty in the form of electrons. In the grossest approx

imation of an atom the constituent electrons orbit around the nucleus of protons 

and neutrons and can be treated as a current loop which will create a magnetic 

field. A field produced in such a way is being generated by the orbital angular 

momentum of the electron, but the spin angular momentum will also create a 

magnetic field. The nucleus can also carry angular momentum in the form of 

its spin and hence create a magnetic field. The potential for observing complex 

and diverse magnetic effects in condensed m atter is thus enormous because one 

must consider not just the large number of ways to arrange the constituents of an 

atom, but the vast number of ways of arranging the atoms to make up a material. 

In most cases it is primarily the electrons that we need to consider in order to 

describe the magnetic properties of a material.

In order to make this description one needs to make use of the Schrodinger 

equation to determine the stationary states of energy of the system. This is given 

in equation 2.1 where ^ (fic r i,..., is the wavefunction for the Z  electrons,

which is a function of its spin and space coordinates r and cr. is the Hamiltonian

41
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operator for the system, which is given in the non-relativistic case (the Dirac

equation should be used in the relativistic case although sometimes these can be 

included as perturbations to the non-relativistic case) in equation 2.2.

=  E ^  (2 .1)

z z 2

+  (2.2)

The first term describes the kinetic energy of the electrons, Vext is an exter

nal potential which in the case of an atom is the Coulombic nuclear attraction 

—Ze^/A'KeQTi. The second term is the Coulomb term and makes this equation 

very difficult to solve for all but the simplest of systems. In order to proceed 

from this impasse one must replace the Coulomb electron-electron repulsion term 

by a self consistent field which can be done using density functional theory. The 

details of this approach are outlined in section 1.2 of ref. [27] and the references 

therein.

In many elements the arrangement of electrons around the nuclei couples 

their constituent angular momenta to zero and hence the fields produced by one 

electron are cancelled by those of the other electrons and the element becomes 

non magnetic (although there will always be a weak diamagnetism). This occurs 

when the electrons form closed shells. The rare earth series of elements in the pe

riodic table show a particularly striking set of magnetic properties which is made 

possible because there are unpaired electrons left over whose angular momenta 

are not cancelled. They consist of the row of elements from 57 (La) to 71 (Lu) 

for which all of the electrons are paired apart from those in the 4 /  shell. The 

number of electrons in the 4 /  shell increases by one each time as one traverses 

the row of elements in the periodic table from left to right.

The way that the angular momenta of the 4 /  electrons in the rare-earths 

couples is given by Hund’s rules, in the Russell-Saunders coupling scheme. In
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this scheme the exchange interaction couples the spins of the individual 4 /  into 

the total spin S  while the Coulomb interaction combines the individual angular 

momenta together to form the total orbital angular momentum L. Hund’s rules 

give the states in S  and L of lowest energy (and hence the ground state multiplet 

at accessible temperatures). Hund’s rules state that S  must first be maximised, 

and then L must be maximised, taking into account the maximisation of S. The 

coupling together of the spins of the individual electrons to form 5  is a result of 

the Pauli exclusion principle whereas the formation of J  is a result of the spin- 

orbit coupling. Table 2 .1  shows the values of S  and L  for each of the rare-earths. 

J  =  L 4 - 5  is the total angular momentum of the electrons in the 4 /  shell. When 

the 4 /  shell is less than half full L and S  are antiparallel and so J  = |L — 5|. 

When the shell is more than half full J  = \L P S\ as L and S  are now parallel.

The radial wavefunctions of the 4 /  electrons are sharply peaked near the 

nucleus and are screened by those of the 5d and 65  electrons which are much less 

sharply peaked, further away from the nucleus. This results in a high localisation 

of any magnetic moment arising from the coupling of the angular momenta at 

the ionic site.

The moment due to the orbital angular momentum, /1l = whereas

that from the spin angular momentum fis — / h. The total magnetic moment

is thus fi = 2S)/h, which is not parallel to the total angular momentum

J  = L S. The total magnetic moment can be decomposed into a component, 

f i j ,  which is parallel to J , and another component, f i j _ ,  which is perpendicular 

to J. The total magnetic moment precesses around J  and so the time average 

of fi± becomes zero. The parallel component is given by equation 2.3 where g is 

the Lande factor and is given by equation 2.4. The Lande factor is the constant
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of proportionality between jl and J  such that L +  25 =  gJ.

\pj\ = gfJ'sV +  1) (2.3)

»■*>

\jl\ is known as the paramagnetic moment and both the theoretical and observed 

values are tabulated in table 2.1 in units of //b per ion. The values of the theoret

ical and observed saturation moment for each rare earth, gJ, are also tabulated 

in the same units. The paramagnetic Curie temperatures parallel and perpen

dicular to the c-axis, 6\\ and 6_i respectively, are also tabulated along with the 

Neel temperatures, Tjv, of the hexagonal and cubic sites of the DHCP lattice (not 

all of the rare earths adopt this structure, for example the heavy rare earths are 

HOP which only contain hexagonal sites), along with the Curie temperature Tc- 

When one considers ions in condensed m atter they will experience interactions 

that derive from the nature of their surroundings. Two classes of interactions 

exist. There are those known as single-ion interactions whose effect at one site 

does not depend upon the state of ions at another site, and there are those known 

as two-ion interactions which couple together the 4 /  electrons on two different 

sites i and j .

An important single-ion interaction is that of the so-called crystal field. This 

arises due to the electric field produced around an ion in a crystal due to the 

presence of neighbouring ions located around it. This field is characteristic of the 

symmetry of the crystal lattice and the corresponding potential, Vc/ (equation 

2.5), can be described in terms of an expansion in spherical harmonics even if 

the charge density of the surrounding ions and nuclei, p{R), penetrates the 4 /



4 /” Ion^+ L S J 9 (9 -  1) '
x J ( J  + l)

A
[K]

fi Para. 
Calc Obs.

/i Sat. 
Calc Obs.

4l Tjv hex
m

Tjv cub
[K]

Tc
[K]

0 La 0 0 0 -

1 Ce 3 1 /2 5/2 6/7 0.18 3150 2.54 2.51 2.14 0 .6 13.7 12.5
2 Pr 5 1 4 4/5 0.80 3100 3.58 2.56 3.20 2.7^ 0.05
3 Nd 6 3/2 9/2 8 /1 1 1.94 2750 3.62 3.4 3.27 2.2 19.9 8.2
4 Pm 6 2 4 3/5 3.20 2300 2.68 2.4
5 Sm 5 5/2 5/2 2/7 4.46 1450 0.85 1.74 0.71 0.13& 106 14.0
6 Eu 3 3 0 - 500 7.94 8.48 7.0 5.1& 90.4
7 Gd 0 7/2 7/2 2 15.75 7.94 7.98 7.0 7.63 317 317 293
8 Tb 3 3 6 3/2 10.50 2900 9.72 9.77 9.0 9.34 195 239 230 220
9 Dy 5 5/2 15/2 4/3 7.08 4750 10.65 10.83 10.0 10.33 121 169 179 89
10 Ho 6 2 8 5/4 4.50 7500 10.61 11.2 10.0 10.34 73 88 132 20
11 Er 6 3/2 15/2 6/5 2.55 9350 9.58 9.9 9.0 9.1 62 33 85 20
12 Tm 5 1 6 7/6 1.17 11950“ 7.56 7.61 7.0 7.14 41 -17 58 32
13 Yb 3 1 /2 7/2 8/7 0.32 14800
14 Lu 0 0 0 -

The lowest excited state in Tm is ^ ^ 4  at 8490 K.  ̂Values measured at 38 T.)

Table 2.1: Properties of the tripositive rare earth ions (tables 1 .1  and 1 .6  in ref. [27]).
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charge cloud. The non overlapping case is given in equation 2.6.

=  f  (2 5)J V — H

^ ^ A r v ‘Y U f )  (2.6)
Im

AT = ( - 1 ) " ^  /  ^ y i - r . { R ) d R  (2.7)

The crystal field effect can be treated as a perturbation in the case of the rare- 

earths as it is small in comparison to the spin-orbit coupling. It will generally 

serve to remove some or all of the degeneracy of the 2 (J  -t- 1) \JMj > states 

associated with each multiplet and will be strongly dependent on the local sym

metry of a given site. For example the two different types of site in the DHCP 

lattice adopted by the light rare-earths will have different crystal field splitting 

schemes. The crystal field effect is the source of a lot of the anisotropy found in 

the rare-earths and can also predict whether the ground state carries a magnetic 

moment or not. Kramers theorem states that if the 4 /  shell contains an odd 

number of electrons then the resulting ground state will have even degeneracy 

and hence carry a magnetic moment.

The Wigner-Eckart theorem allows a great simplification of the calculation by 

allowing the matrix elements of the crystal field to be written in terms of operator 

equivalents provided one remains within a manifold of constant J  (After Stevens 

[28]). The Hamiltonian for the crystal field then becomes equation 2.8 where 

ai are the Stevens factors which depend upon form of the charge cloud and are 

tabulated in table 1.4 in Jensen and Mackintosh [27], < > is an average over

the 4 /  states and Oim are the Racah operators, which are related to the spherical 

harmonics and have been tabulated to / =  8  by Lindgârd and Danielsen [29].
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The Racah operators are then transformed into the Stevens operators 

which transform like real tesseral harmonics as opposed to rotations, and whose 

matrix elements have been tabulated by Hutchings [30]. The Hamiltonian then 

becomes equation 2.9.

He! = Y . Y . B T O T { J i )  (2.9)
i Im

The crystal field parameters BJ” are difficult to calculate from first principles and 

attempts to do so have not met with much success. Symmetry arguments reduce 

the number of non zero terms, and in general the remaining terms are determined 

through performing experiments. A particularly pedagogical example is the case 

for praseodymium which was determined by Houmann et al [31] using bulk and 

neutron scattering measurements.

The magnetic interactions in a material are very sensitive to strains of the 

lattice. This can be described in terms of a magnetoelastic coupling which cou

ples the strain to the magnetic moment of the ions and modifies the overall 

Hamiltonian. This coupling can have a very marked effect upon the magnetic 

properties of a system. There is a strong competition in the rare-earths between 

the quadratic in strain elastic energy of these systems with the linear in strain 

magnetoelastic energy. This results in an equilibrium strain of the lattice which is 

known as magnetostriction. A very fruitful line of experimental investigation into 

magnetic phase transitions is the search for changes in the lattice constants of 

systems as a function of external parameters (temperature, magnetic field, etc).

The two ion interactions are primarily responsible for the magnetic ordering 

observed in the rare earths. There are two types of two ion coupling, the first of 

which being the direct exchange where the 4 /  charge clouds overlap. The second 

interaction, the indirect exchange, is the more important in the case of the rare- 

earths. This type of exchange is where the coupling is mediated by the spin of the 

conduction electrons. The Hamiltonian for this is given in equation 2.10 where N
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is the number of ions, s is the conduction electron spin, I  is the exchange integral 

resulting from the overlap between the 4 /  and conduction electrons, and Sj is the 

spin of the 4 /  electrons of the %th ion.

■Hsfii) =  - j j [  l i f -  % )%  • Si{?)dr  (2.10)

This can be viewed as the spin at a site i giving rise to an effective inhomogeneous 

magnetic field which induces a moment on the conduction electrons at a point r. 

This moment in turn interacts with the spin of another ion to produce a coupling. 

The resulting net coupling between two 4 /  electrons in this scheme is given in 

equation 2 .1 1  and can be seen to have the form of the isotropic Heisenberg inter

action, where the factor J { i j )  describes magnitude of the exchange interaction 

for a given distance between two ions in the crystal. It is often known as the 

RKKY interaction after Kasuya and Yosida [32, 33] who developed the theory 

for localised electronic moments from that of Ruderman and K ittel’s theory for 

nuclear moments in a free electron gas [34].

ij

J (Ü )  =  ;^  Ç  (2.12)
Q

This is the Fourier transform of (equation 2.12) where ç is a wavevector 

in the crystal. This (with the exception of Gd) is found experimentally to be 

peaked at a non zero q. It is believed that the wavevector at which the exchange 

is peaked is due to nested sections in the Fermi surface separated by the same 

wavevector. These nested sections produce peaks in the conduction electron sus

ceptibility (which is in turn related to jT'(^), called Kohn anomalies, which occur 

at this wavevector. These peaks when Fourier transformed back into real space 

produce periodic long range oscillations in J { i j )  having the effect of stabilising
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the periodic structures found in the elemental rare-earths. The indirect exchange 

is also rather anisotropic and can be written in terms of the Stevens operator 

equivalents (equation 2.13).

% // =  - 5  E E (2 .1 3 )
i j  ll'mm'



Chapter 3

Polarisation Analysis

3.1 Literature survey

Polarisation analysis is the next logical step forward from experiments where 

the polarisation dependence of the cross section is probed. The state of the 

scattered beam carries a large amount of information about the sample, but its 

measurement brings with it a large penalty in lost intensity. When taken together 

the production and analysis of polarised neutrons implies a reduction of around 

an order of magnitude in intensity. The advent of high flux neutron sources was 

essential in enabling studies of this sort to be undertaken. It needs to be born in 

mind however that although the flux of neutrons is much reduced, the data rate 

from such an experiment can be greatly enhanced from that of an experiment 

looking for the same thing with unpolarised neutrons, and many effects just 

cannot be observed without polarised neutrons.

The polarisation dependent cross section and final polarisation given in equa

tions 1.22 and 1.23 can be written in a simplified form as in equations 3.1 and 

3.2. The cross section consists of a scalar, a, that does not depend upon the 

polarisation of the incident beam and a scalar product between the incident po

larisation and a vector Vi. Measuring the cross section with an unpolarised beam

50
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Experiment that measures... Information obtained
the cross section with =  0 a
the cross section with Pi ^ 0 a k V i

Pf  with Pi = 0
Pf  with Pi ^  0 (without the transverse component) T il, T 22 & T 33

Pf  with Pi ^  0 (with the transverse component) F2 ,

Table 3.1: The quantities measured in polarised and unpolarised neutron scat
tering experiments.

yields the single quantity, a. Measuring the cross section three more times with 

the incident beam polarised along three orthogonal directions gives another three 

quantities, the three components of the vector Vi.

= a-{- Pi 'Vi  (3.1)
dÇldE

— d<7 ,

The final polarisation consists of a vector which is independent of the initial 

polarisation, V2 , and the product between a tensor T  and the initial polarisation. 

Starting from an unpolarised incident beam and measuring the three components 

of the polarisation of the scattered beam will determine the vector %. If the 

three components of polarisation of the scattered beam are measured for three 

orthogonal directions of the initial polarisation then all of the elements of T  can 

be determined. If it is not possible to measure the transverse component of 

polarisation then only the diagonal elements of T  are available. A summary of 

what is measured for a given experimental capability is given in table 3.1. There 

are sixteen real quantities that can be measured in the most general neutron 

scattering experiment with a polarised beam and polarisation analysis (including 

measurement of the transverse component of polarisation).



CHAPTER 3. POLARISATION ANALYSIS 52

Polarising Crystal Monochromator

\\

Guide Field
\ Flipper 1

Guide Field ^^ B ectrom agnet  

Sample

[1Guide Field

Flipper 2

Polarising Crystal Analyser 

Detector

Figure 3.1; Experimental arrangement of Moon Riste and Koehler for one di
mensional polarisation analysis.

3.1.1 Uniaxial polarisation analysis

Uniaxial Polarisation Analysis is the technique of analysing the projection of Pj 

onto the direction of a guide field. It was first developed by Moon, Riste and 

Koehler [16], with their solution consisting of a triple axis spectrometer fitted with 

one spin flipper which could be located in two positions, two Co-Fe single crystals 

for production and analysis of the polarisation and a magnet located at the sample 

which defines the direction of the incident polarisation vector and the direction 

of analysis. This arrangement measures the component of polarisation in the 

direction of the applied field only and hence gets its name of ‘one dimensional’. 

The arrangement is shown in figure 3.1, Moon et al introduced a ‘spectroscopic’ 

notation for the cross section in terms of four partial cross sections. These partial 

cross sections split the cross section into two spin flip and two non-spin flip 

processes, and writing them in the same notation as used for Blume’s equations
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earlier on we have equations 3.3, 3.4, 3.5 and 3.6, where the 

as the direction of the polarisation vector [35].

z direction is defined

(T++ =  |JV +  M Jp (3.3)

<T“  =  |iV -  M ip (3.4)

<T+- =  \Ml + îM* p (3.5)

< 7 - +  =  \M l  -  iM "p (3 6 )

The four partial cross sections are measured with the flipper configurations given 

in table 3.2.

Flipper 1 Flipper 2

0-++ off off

a on on

(7+" off on

(7"+ on off

Table 3.2: Flipper combinations required to measure the partial cross sections 

given in equations 3.3, 3.4, 3.5 and3.6

3.1.2 Three directional polarisation analysis

Three directional polarisation analysis is a measurement strategy based on the 

successive application of uniaxial polarisation analysis. The projection of Pf onto 

the guide field direction is measured with the guide field and P  parallel to each 

axis of an orthogonal right handed coordinate system. It is often known as the 

X Y Z  method and allows ten of the sixteen correlation functions mentioned in 

section 3.1 to be measured (see ref. [36] for details). It should be emphasised 

that this technique does not measure the transverse component of polarisation, 

although it has the advantage of being easily applied to applications where the 

coverage of a large solid angle is required such as the instrument D7 at the ILL
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[37].

3.1.3 Three dimensional polarisation analysis

In 1971 Rekveldt made measurements of the transverse component of polarisation 

on transmitted beams of neutrons through samples in order to study domains in 

ferromagnetic materials [38]. Alperin [39] first measured the transverse compo

nent of polarisation from a Bragg scattered beam of neutrons from a crystal of 

Cr2 0 s. This experiment provided the first verification of the nuclear magnetic 

terms in Blume’s equations. The experimental configuration was only capable of 

measuring reflections that had a small scattering angle, and the work was not 

followed up. In 1978 Okorokov et al gave details of a device that could mea

sure three orthogonal components of polarisation as a function of the direction 

of initial polarisation [40]. This instrument was used to make transmission and 

small angle scattering measurements. Work started on CRYOPAD around this 

time with a view to making a device that could measure Bragg scattered beams 

over a wide range of scattering angle. The key concept involved was the use of 

superconducting Meissner shields to separate the magnetic fields in the various 

regions of the instrument [2 2 ].

3.2 CRYOPAD

CRYOPAD is the brainchild of Dr. F. Tasset and has been built and developed 

at the Institut Laue Langevin, Grenoble, France, by Dr. Tasset and Dr. P. J. 

Brown, Dr. J. B. Forsyth, Dr. E. Lelievre-Berna, Dr. V. Nunez, the author, Mr. 

S. Pujol, Mr. J. T. Allibon, Mr. E. Bourgeat-Lami and Mr. M. Thomas.

CRYOPAD (CRYOgenic Polarisation Analysis Device) is a device to facil

itate Three dimensional Neutron Polarimetry [22, 41, 42, 43]. This consists of
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measuring the polarisation vector of a scattered beam of neutrons from a sample 

as a function of the polarisation vector of the incident beam. As a result of this 

all of the quantities in table 3.1 can be determined. CRYOPAD achieves this 

for one momentum transfer at a time, using a continuous monochromatic beam 

of polarised neutrons supplied by a host instrument, to an absolute precision of 

±3°.

The first prototype was developed using the diffractometer with polarisation 

analysis D5 at the ILL. When this instrument closed the development of the 

technique moved to the polarised neutron triple axis spectrometer with uniaxial 

polarisation analysis IN20. CRYOPAD replaces the electromagnet on the sample 

axis of the spectrometer and the guide field arrangements leading up to, and away 

from this axis.

CRYOPAD I, which has now been dismantled, consisted of a liquid helium 

cryostat which performed the dual function of maintaining the superconducting 

components of the device below their transition temperature, and controlling the 

temperature of the sample under study. The CRYOPAD I experimental arrange

ment is shown in figure 3.2. The Meissner shields were originally made from 

lead, but this proved to provide unsatisfactory performance and were replaced 

with units made from niobium. The inner shield provided a zero field region for 

the sample, while the outer shield provided separation between the various po

larisation direction controlling field regions (see section 3.2.1). The shields were 

made in the shape of boiling tubes, the inner shield sitting inside the outer shield. 

The two circles marked V Pl and VP2 were superconducting solenoids which pro

duced a vertical field about which the polarisation vector could process. The two 

magnets labelled “Nutator” were permanent magnets with their field direction 

rotatable around the axis of the neutron beam and perpendicular to it.

CRYOPAD I produced a large quantity of striking data but was only meant 

to be a prototype and suffered from not being easy to use by the non- expert, 

and limited in sample environment possibilities. It was decided to build a new
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Figure 3.2: Stylised view of CRYOPAD I as seen from above. The vertical pre
cession coils are superconducting and were housed between two niobium Meissner 
shields within the tail of a liquid helium cryostat.

device from scratch whose design allowed the problems involved with CRYOPAD 

I to be avoided.

CRYOPAD II is the second (and current) prototype and employs a horizontal 

geometry for the precession fields as opposed to the vertical one of CRYOPAD 

I[44]. This geometry removes the need for any moving parts within the cryostat, 

greatly improving its reliability and ease of use. The space enclosed by the 

Meissner shields is also much greater in CRYOPAD II, and this has been made 

into a room temperature bore into which independent, non magnetic, sample 

environment can be inserted. The nutators have been updated and the permanent 

magnets have been replaced by dipole electromagnets. This allows all of the 

necessary flipping to be made against the outer Meissner shield using the principle 

of a cryofiipper (see section 3.2.2 of Williams [2 1 ]). This removes the need for the 

Mezei flippers on IN20. The major advantage of this method over the Mezei one 

is that it is wavelength independent and no tuning is required. The rest of this
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chapter will be devoted to explaining the design concepts behind CRYOPAD II, 

and how it works.

3.2.1 The guide field problem

Imagine the situation given in figure 3.3. A monochromatic beam of neutrons, 

ki, enters from the left of the figure and hits a sample which scatters some of it 

with wavevector kf. The sample and beam are both immersed in a strong and 

perfectly uniform magnetic field whose direction is shown, and the incident beam 

is polarised completely along the direction of the field. During the scattering pro

cess the direction of the polarisation may change away from that of the magnetic 

field. According to the Bloch equation (1.8) the polarisation will now process 

around the direction of the magnetic field at a rate determined by the magnitude 

of the field and the wavelength of the neutrons. The direction of the polarisation 

of the scattered beam at a position some distance away from the sample will be 

different from that immediately after the scattering event and only the compo

nent parallel to the direction of the magnetic field will have remained constant. 

If one knows the distance between the sample and the point of measurement, 

the strength of the field and the wavelength of the neutrons, one can deduce the 

polarisation direction at the sample. In practice inhomogeneities in the guide 

field in conjunction with stray fields will rapidly de-phase the transverse com

ponent. In order to be able to measure the polarisation vector of the scattered 

beam, one would have to have the guide field at the sample in the direction of the 

polarisation of the scattered beam. If this was the case one would be prevented 

from dealing with the initial polarisation correctly. The two guide fields must be 

decoupled somehow in order to be able to set the initial polarisation and analyse 

the final polarisation independently.

An obvious way to decouple the guide fields is to have no field present at 

the sample at all. If R =  0 in equation 1 .8 , the change in polarisation ^  =  0 .
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Figure 3.3: The guide field problem - when the polarisation vector of the scattered 
beam is not parallel with the guide field, only the projection of it onto the field 
direction is constant.

The incident polarisation can be set to any desired direction without imposing 

conditions on the measurement of the final polarisation. This is exactly the 

principle employed in CRYOPAD. Getting the sample to be in a true zero field 

is impossible and so one has to make a compromise that the field around the 

sample has to be such that it causes a change in direction of the polarisation 

of the beam of ±3° or less (with neutrons of wavelength 2.36 Â). This implies 

that the field should have a magnitude less than one hundredth of the Earth 

field to sufficiently reduce the rate of change of the polarisation and must be 

sufficiently homogeneous to minimise the de-phasing of the transverse component. 

A magnetostatic shielding system is thus required which is capable of delivering 

the required performance.

There are two types of magnetic shielding available, passive and active. Pas

sive shielding consists of material with a high permeability such as soft iron or 

yu-metal which imposes the condition that the field tangential to its surface can

cels (i.e. B • n = 1 ). Active shielding implies that a certain current density j  is



CHAPTER 3. POLARISATION ANALYSIS  59

applied which provides the required compensation. Nature has provided an ex

tremely useful way of implementing active shielding in the form of diamagnetism 

in superconductors - the Meissner effect. When superconducting currents exist 

in such a material they serve to expel the field from within that material. A 

condition that the field perpendicular to the surface of the material has to be 

zero is imposed (i.e. B  ̂h = 0).

The shielding properties of /x-metal begin to break down once the applied 

field is strong enough to saturate it. This can be as low as 1 Oersted, but is 

enough to screen the Earth field [45]. The application of a magnetic field to a 

superconductor will, once a certain critical field has been reached, force a phase 

transition to the normal state [46]. The superconducting currents are no longer 

present and so this field defines the maximum operating limit for this type of 

shielding. In the region of a neutron scattering instrument there will of course 

be the Earth field present, but there will also be those generated by operation of 

ancillary equipment, cranes and even where the host instrument itself has become 

magnetised after the previous users have had a superconducting magnet on it. 

The role of the //-metal will be to screen these fields from the experimental setup 

while the Meissner shields will permit the required operation of the CRYOPAD.

In terms of neutronics, //-metal has the serious disadvantage that it depolarises 

a beam of neutrons passing through it. This arises from the fact that it is made 

up of a large number of randomly oriented ferromagnetic domains. As a polarised 

beam passes through the material the polarisation vector will process around the 

magnetisation of each of these domains. As the domains are randomly oriented, 

the beam will quickly lose its polarisation. Superconducting Meissner screens are 

however transparent to the polarisation of the neutrons.

If one takes a sheet of superconductor and bends it around on itself to form 

a cylinder, a continuous, closed path is formed around which the perpendicular 

component of field is forced to be zero and the flux enclosed by the cylinder 

is constant (figure 3.4). Inside the cylinder any component of field radial to
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Figure 3.4: The field enclosed by a cylinder of superconducting material

the axis of the cylinder will be suppressed or reduced. The reduction is more 

effective the closer to the equator and to the walls of the cylinder one looks. The 

reduction in radial component at the equator will also increase the larger the 

ratio between the height and the width of the cylinder. As one approaches the 

open ends of the cylinder j  has to increase in order to keep the radial component 

of field zero at the surface and right at the ends of the cylinder j  diverges. The 

reduction of the radial component has the effect of increasing the homogeneity 

of the field enclosed, particularly in and near to the equatorial plane [47]. In 

order to obtain a field that is both uniform and small in magnitude it is sufficient 

to cool the cylinder to below its superconducting transition in a large box of 

fx-metal. The space within the box is shielded from stray fields and thus the field 

is very small. When the superconducting transition takes place this small field 

is trapped within the cylinder. The trapped field will remain while the cylinder 

remains superconducting and the assembly can be safely removed from the p- 

metal box it was cooled in to be placed in the neutron beam. Stray fields will 

however be able to penetrate into the cylinder through its open ends and so
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enough /u-metal shielding needs to be present whilst the CRYOPAD is on the 

instrument to reduce the effect of this without affecting the neutron access.

3.2.2 Setting the initial polarisation

Now that the guide fields at the sample space have been decoupled, the problem 

of how to manipulate the polarisation before and after scattering needs to be 

solved. Any field at the entrance and exit of the superconducting cylinder must 

be parallel to its surface. A guide field can thus be placed at the surface of the 

cylinder making any desired angle in the plane perpendicular to the normal to 

the surface (fig 3.5). The polarisation of the beam can be allowed to make an 

adiabatic rotation in the space before the shield to align it with the guide field 

once it reaches the surface. This would permit one of the two spherical polar 

angles giving the direction of the polarisation vector to be defined. The trick to 

obtaining the second angle is to add another cylinder of superconductor, with 

a smaller diameter than the first, concentrically mounted within it. The space 

between the two cylinders contains a toroidal coil which is mounted such that it 

produces a horizontal field. The polarisation entering this coil can be made to 

precess around its field out of the plane perpendicular to the beam (figure 3.6). 

By calibrating this precession one now has the ability to set the initial polarisation 

to any direction one chooses. If one adopts a coordinate system where Ci is in the 

direction of the beam, €3 is vertical and €2 makes up the right handed set, the 

polarisation of the incident beam at the entry to the outer Meissner shield (OMS) 

will be given by equation 3.7. The precession between the two Meissner screens 

is equivalent to the application of a rotation R^^^ around the 62-axis (assuming 

that B  is homogeneous) resulting in equation 3.8. This describes the polarisation
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Figure 3.5: The field that can be applied at the exterior surface of a cylinder of 
Meissner shielding.

vector of the incident beam at the entrance to the zero field cavity.
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3.2.3 The problem with analysing devices

In addition to the superposition of fields at the sample position, another problem 

hinders the measurement of the transverse component of polarisation. The mea

surement of the polarisation of the beam makes use of a device that has a spin 

dependent cross section. In the case of a magnetised crystal analyser (as used 

in IN20) the cross section is given in equation 3.9. The nuclear-magnetic inter-
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Figure 3.6: Setting the second spherical polar angle to define the initial polarisa
tion by use of a second superconducting cylinder and a toroidal coil.

ference term gives the polarisation dependence and reflections where

are chosen so that the cross section is zero for polarisation either parallel or

anti-parallel to P^. For a Heusler alloy =  —Fm = F  for the (111) reflection.

da
dn oc F ^  4- 2 F j\j F m P  * n  +  F M̂ (3.9)

Looking at equation 3.9 one can immediately see why the measurement of the 

transverse component of polarisation is non trivial. The interference term con

taining P  • h means that the cross section depends only upon the angle between 

P  and n and is independent of the angle the polarisation vector is making in 

the plane perpendicular to the direction of the applied field. If the polarisation 

has rotated away from the direction of applied field after scattering by an an

gle Q, one will simply measure an apparent de-polarisation of the beam (figure 

3.7). Note that at a  = 0 the measured polarisation is -1 which arises due to 

the difference in sign between Fat and Fm - This cosine dependence makes the 

discrimination between a rotation and a true de-polarisation in a conventional 

polarisation analysis experiment impossible.
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Figure 3.7: The polarisation measured with a magnetised crystal analyser after 
flipping the polarisation of the beam by 180° just prior to the crystal.

3.2.4 Measuring the polarisation vector

The same system that was used to set the initial polarisation can be used in 

reverse to analyse the polarisation vector of the scattered beam. As has been 

shown in section 3.2.3 the analyser crystal can only measure the projection of 

the polarisation vector onto the guide field direction. This quantity, P f ,  is given 

by equation 3.11 where Ê  is the direction of the field at the exit of the OMS, 

and P q m s  is the direction of the polarisation vector at this point. All of the 

vectors here are expressed in terms of a coordinate system which has Ci along the 

direction of the scattered beam, (3 vertical and (2 making up the right handed set 

(figure 3.8). P q m s  will depend upon the precession applied in the annular space 

and the polarisation vector at the entrance to the IMS and is given by equation 

3.10. Just as was the case for setting the initial polarisation, the precession can 

be treated as the application of a rotation about ( 2- The direction of the field 

between the Meissner shields is now reversed relative to (2 which changes the 

sense of the rotation.
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Figure 3.8: Analysing the final polarisation vector using the same method as is 
used to set the initial polarisation, only applied in reverse.
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There are several ways to extract the three components of Pims by measuring 

Pf as a function of Xout and ^out- The simplest method would be to make three 

measurements of P /, one with ôut =  90° to obtain one with ^out =  0° and 

Xout =  90° to obtain P̂  ̂ and finally one measurement with both angles set to zero 

to obtain Pç .̂ Another approach would be to use an iterative procedure to look 

for the angles that maximise P f .  Figure 3,9 shows P f  as a function of Xout and 

^out with Pim s  =  The maximum occurs at Xout =  0° and ^out =  45°.

From this result one can infer that Pims is in the C2 — Cs plane, making an angle 

of 45° to (3 .

Rather than trying to determine the maximum of the P f , it makes more sense 

to find the positions of zero polarisation. The region around the maximum of 

a sine wave is quite flat and so an accurate determination of the maximum is
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difficult. The zero crossing point occurs where the function is varying the fastest 

and so a better determination of this point can be made. The position of the 

zero crossing points will be at ^out̂ ax +  90°, Xout̂ ax and ôutmax, Xout̂ ax +  90°. 

The position of the maximum can hence be deduced by making phase shifts of 

90° to the angles obtained. In essence this has the effect of measuring along the 

axes of a new right handed coordinate system with one axis along the scattered 

polarisation direction and the two others orthogonal to it.

Any primary or secondary extinction [48] of the scattering by the crystal will 

cancel if one measures a zero polarisation because the counts in each of the flipper 

channels will be equal. At the maximum this is not the case as the counts in 

the two channels will differ greatly. If one uses this method then the measured 

direction of the final polarisation will be independent of extinction and only the 

magnitude need be corrected. The situation is more complicated for extinction 

in mixed nuclear-magnetic reflections and a treatment is given by Brown et al in

[49].

The algorithm used by CRYOPAD consists of a mixture of all of the techniques 

outlined above. As a priori the polarisation of the scattered beam is unknown, 

three orthogonal components of polarisation are measured with the background 

subtracted by measuring with the sample rotated off the peak by a few degrees. 

This allows an estimate of the position of the maximum and zero polarisations 

to be made. Measurements are performed at these calculated positions and on 

the basis of these the position of the refined maximum is calculated. The cycle is 

repeated until either a predefined iteration limit is reached, or Pf at the points 

of zero polarisation is less than the statistical error of the measurement. The 

partition of the total time available for the whole measurement between each 

part of the measurement is automatically optimised to obtain the best statistics

[50].

From the point of view of the physics (see section 1.3) it is convenient to use 

a coordinate system where x  is along the scattering vector, z is vertical and y
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Figure 3.10: Coordinate systems for the initial and final polarisation and for the 
sample.

is mutually perpendicular. In the coordinate system of the incident beam, the 

projection of polarisation in the (x — y) plane, Pxy makes an angle of r/ =  $  + ^ 

to €2 where $  is the angle between the scattering vector and P^y (figure 3.10(a)). 

The polarisation vector of the beam as it enters the zero field chamber in the 

x ,y ,z  system, PimSx̂ ,̂ is given in equation 3.12. In the coordinate system of 

the scattered beam, P^y makes an angle of 7/ =  $  — |  to C2 (figure 3.10(b)). 

The polarisation vector of the beam as it leaves the OMS in the x, y, z system, 

fiMSz^z, is given in equation 3.13. Simple trigonometrical relationships between 

the precession and nutation angles, the spherical polar angles in the x, y, z system 

and the scattering angle (7) can be obtained using the rules for right spherical 

triangles. These expressions are given in equations 3.15, 3.16, 3.17 and 3.17 

and their construction shown in figure 3.11. Some useful equations regarding 

the calculation of the error bars to the spherical polar coordinates of the final 

polarisation are given in Appendix B. The CRYOPAD algorithm works in the 

x^y,z coordinate system.
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Figure 3.11: The relationship between the precession and nutation angles used to 
set and analyse the polarisation in CRYOPAD and the coordinate system used 
to present the results in.
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în =  arcsin ̂ sin(0) cos +  2 )  )  (3.14)

Xin =  arctan^tan(0) s in ^$  2^)) (3.15)

#out =  arcsin ^sin(0) cos “  2 )  )  (3.16)

Xout =  arctan tan (0 ) sin ^ (3.17)

3.2.5 The superposition of fields in the annular space

The last major problem to solve is that of being able to apply different precession 

angles, xin and Xout, to the incident and scattered beams. So far our discussion 

of the field applied between the two Meissner shields has only mentioned one 

toroidal coil. The symmetry of this coil implies that the same precession of the 

polarisation vector will occur for any radial path through the coil. This problem 

is overcome by the addition of an extra winding around part of the primary

toroidal coil. This winding is made over a 45° segment of the primary coil with

half of the pitch of that of the primary coil and is mounted with the incident 

beam going through its centre. The field from this incident beam coil will be 

large over width of the incident beam and then reduce as one moves around the 

annular space towards the scattered beam. It will be a minimum diametrically 

opposite, along the path of the transmitted beam as it leaves CRYOPAD. This 

behaviour is imposed by the presence of the Meissner shields, despite the fact 

that the incident beam coil is not closed. Outside of the horizontal plane the 

homogeneity of the field due to this coil will worsen and will be particularly bad 

near the open ends of the coil. This does not worry CRYOPAD as these regions 

are too close to the incident beam to be used. The arrangement of the coils is 

shown in figure 3.12 with the expected form of the field integral over radial paths 

through the coils. The total field integral experienced by the beam will simply be 

the sum of those from the primary and incident beam coils over the path taken.
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Figure 3.12: The contributions to the total field integral from each of the two coils 
mounted between the two Meissner shields expected over radial paths through 
the coils.

The precession angle is proportional to the wavelength and the field integral and 

so Xin can be written as in equation 3.18 and Xout as in equation 3.19.

X in  OC Xi I l^ p r im a r y  ’ dl\ P Xi j 7 ? in c id e n t  ' dl\
JTi JTi

.Xout OC Xf  I  ^ p r im a ry  ' T  Xf  I  l^ incident ' d / 2  (3.19)
Jr2 JV2

(3.18)

As the fields in the equatorial plane are homogeneous the field integral will be 

directly proportional to the current applied in the coils. The field constants of 

proportionality will be independent of radial path for the primary coil, but not for 

the incident beam coil. Equations 3.18 and 3.19 can be rewritten in matrix form 

as in equation 3.20 where all of the dependence upon radial path and constants 

of proportionality are contained within the elements aij. The precession angles 

can thus be set independently of one another and the required currents to apply 

to the coils for a given set of angles can be obtained by matrix inversion.

A*uii(?) Xiüi2

XfÜ22 J \ d p r i m
(3.20)
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Figure 3.13: Top view of the CRYOPAD precession coils and nutators (figure 
courtesy of Dr. F. Tasset).

3.2.6 The CRYOPAD experimental arrangement

CRYOPAD, as mentioned before, is mounted on the sample axis of IN20 and is 

shown diagrammatically in figure 3.13. IN20 provides a monochromatic beam of 

neutrons that are polarised parallel to the direction of the incident beam. This 

beam is produced by an array of Heusler crystals in a saturating magnetic field 

that are arranged so as to provide focusing of the beam at the sample position in 

the vertical plane. The polarisation is maintained up to the CRYOPAD nutator 

units by a longitudinal guide field produced by two solenoids placed end to end, 

with a beam monitor between them. The Meissner shields are shown being 

mounted onto the CRYOPAD cryostat in figure 3.14. The shields were made 

from sheets of niobium metal that were welded into a cylinder. The welds on each 

shield were located so that they are on the side of CRYOPAD that is unused. 

The outer shield has been retracted to show the precession coil assembly and the 

inner Meissner shield in place. The precession coil assembly is shown in figure
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3.15 where the extra winding of the incident coil is clearly visible in the top of 

the picture. The windings of NbSn wire were made around an aluminium former 

which is in turn suspended in the cryostat between the two Meissner shields which 

have diameters of 258 and 294 mm. The coils themselves are 95 mm high.

The scattered beam, after having traversed the exit nutator, passes through a 

pyrolytic graphite A/2 filter, an optional collimator, and a beam monitor before 

entering the analyser shielding. The filter limits the neutron wavelengths that 

can be used to 1.532 and 2.3603 Â. The polarisation is maintained in the region 

up to the analyser by a guide field produced by permanent magnets. The IN20 

Mezei flipper is redundant and either switched off or removed. The analyser 

shielding contains another set of Heusler crystals in a saturating magnetic field, 

and the analysed beam then passes to the detector shielding which contains a 

standard ^He detector tube. CRYOPAD mounted on IN20 is shown in figure 

3.16. The monochromator shielding drum is on the far right of the picture and 

the beam travels from right to left. In this figure CRYOPAD is shown mounted 

without any of its //-metal shielding. Figure 3.17 shows CRYOPAD with the 

//-metal shielding in place. A small piece is placed over the bottom end of the 

Meissner shields which is in the form of a shallow cylinder, closed at one end. 

A much larger cylinder is placed around the body of the cryostat to reduce the 

stray fields entering from the top. It is not possible to close the top end of the 

Meissner shields as this would prevent access to the sample space of the necessary 

sample environment equipment.
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Figure 3.14: The CRYOPAD Meissner shields (photograph courtesy of Dr. F. 
Tasset).
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Figure 3.15: The CRYOPAD precession coils (photograph courtesy of Dr. F. 
Tasset).
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Figure 3.16: CRYOPAD as installed on the triple axis spectrometer IN20 (pho
tograph courtesy of Dr. F. Tasset).
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Figure 3.17: CRYOPAD in its upper and lower /u-metal jackets.



Chapter 4

Calibrating CRYOPAD

This work was completed in collaboration with Dr. F. Tasset, and Dr. E. Lelièvre- 

Berna. Certain aspects have been published in reference [51].

The currents applied to the superconducting coils within the annular space 

in CRYOPAD need to be related to the resulting precession of the polarisation 

as the beam passes through them. In order to do this the field integrals along all 

of the radial paths through the precession coils need to be measured which will 

give the 2x2 matrix in equation 3.20. An expression for the currents to apply to 

the precession coils for a given set of precession angles is then easily obtained by 

(equation 4.1).

-̂ sec \  f  I (4 1)

p̂rim y Y' /̂®2i('T) ^f^22

There are two problems that need to be solved in order to be able to measure the 

field integrals. The first problem is that whatever the geometry of the experiment, 

the beam of neutrons has to cross the coils twice. A method is required that 

measures the field integral over a single traverse of the beam through the coils. 

The second problem is to find the conditions under which one can make the most

77
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sensitive measurement.

The first problem is solved by aligning the polarisation of the incident beam 

with the field direction within the precession coils. The field experienced by the 

beam as it crosses the 1 space will thus have no effect upon the polarisation of 

the beam. If one now scatters the beam from a nuclear Bragg reflection with 

a scattering angle of 90°, one also solves the second problem of obtaining the 

most sensitive conditions with which to make the measurement. The direction 

of the polarisation does not change in a purely nuclear scattering process and 

so the polarisation of the scattered beam will now be parallel with the direction 

of the scattered beam. This is in turn perpendicular to the direction of the 

field in the precession coils and will thus precess around it with the maximum 

possible change in polarisation direction. By rotating the CRYOPAD one can 

then measure across any radial path (figure 4.1).

Expanding equation 3.20 gives equations 4.2 and 4.3.

Xin ('y)-fsec "b Ul2-^prim) (4 2)

Xout '^/(^21 ('y)-^sec T  ®22-^prim) (4 3)

The polarisation at the exit of the outer Meissner shield, Poms will have precessed 

from that at the inner Meissner shield by x /  degrees around the direction of the 

field within the coils (figure 4.2). The measured vertical component of polari

sation is given by simple trigononometry and the application of equation 4.3 to 

give equation 4.4.

^ f z  =  | A |  s i n ( A / ( a 21 - f s e c  +  U 22 - f p r i m ) )  ( 4 . 4 )

If one measures Pf whilst varying /prim (having /gee =  0) one obtains, by fitting 

a sinusoid and extracting its period, the element 022- If one measures Pf whilst 

varying /gee (having /pHm =  0) one similarly obtains 021- The field integral over
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Incident beam
Rotate Cryostat 
leaving crystal 
unchanged

P / /  B

Primary Coil 
(no current)

Field Integral 
measured over 
this path

Scattered beam 
(analyse vertical 
component of Pf)

Secondary Coil 
(with current)

Figure 4.1: Measuring the field integral across radial paths through the precession 
coils of CRYOPAD.
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Figure 4.2: The relationship between the precession of the polarisation in the 
precession coils and the component of polarisation measured during calibration 
(field coming out of the page).
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radial paths through the primary coil will be independent of the path taken by 

virtue of the cylindrical symmetry. The contribution to the precession Xin from 

the field from the primary coil, 012 can thus be set equal in magnitude to 022- 

They will however be opposite in sign as the beam is now entering and not leaving 

CRYOPAD which reverses the field direction. The elements G21 and an  depend 

upon the path of the beam through the incident beam coil. In operation this 

coil will be 0 in the incident beam and is not moved so only the value of an  for 

this path needs to be specified in the calibration matrix. This will be equal in 

magnitude and opposite in sign to the value of 021 measured for the radial path 

through the centre of this coil.

4.1 Nutator alignment

There are two alignment procedures that need to be followed before the calibra

tion matrix can be measured. The first is to find the angle offset required to make 

the two nutators orthogonal to each other and the second is to find the position 

of the incident nutator that aligns the polarisation with the field in the precession 

coils. Orthogonality between the two nutators is when the nutation guide fields 

are at 90° to each other. In this situation zero polarisation will be measured. 

Figure 4.3 shows the method for determining the offset. The measurement is 

made on the direct beam with no field in the precession coils, ^out is set to be 

zero by use of a spirit level, în is then scanned around the horizontal. Figure 4.4 

shows an example of the kind of result obtained. The actual value of the offset 

obtained will vary from experiment to experiment depending upon the position 

of the rotation units when the encoders were switched on or reset. The encoders 

do not have an absolute zero, but the practice of initially setting the zero with 

a spirit level is followed. The rotation units currently in use have a backlash of 

%  0 .2° .



CHAPTER 4. CALIBRATING CRYOPAD 81

Inner Meissner 
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in th e  plane perpendicular 
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Figure 4.3: The method used for obtaining nutator orthogonality
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Figure 4.4: Variation of the vertical component of final polarisation with at 
=  0°. The polarisation is zero at în =  88.8°
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Inner Meissner
Shield \  Secondary Coil 

Outer Meissner \  \  Range over which to
Shield -________________________  ̂ ^  vary input polarisation

in th e  plane perpendicular 
to  th e  neutron beam .

Direction o f a n a jy sis^ o ^ . 
polarisation
(maintain orthogonality  
with input polarisation)

neutron beam

Figure 4.5: The method used to align Pi with B  in the precession coils

Alignment of the 0\n nutator with the field in the precession coils defines the 

position at which în =  90°. The measurement is made on the direct beam as 

with the nutator orthogonality measurement, but this time a current is applied 

to the incident beam coil (figure 4.5). The ôut nutator is set to zero while 

is scanned around the horizontal. As is scanned ôut is also moved in order 

to keep the nutators orthogonal. When the polarisation is aligned with the field, 

the perpendicular component of polarisation is zero.

The current applied to the incident beam coil is that which maximises the 

sensitivity of the measurement. Maximum sensitivity is achieved when the pre

cession in the coils is 180°. The current at which this occurs is found by setting 

both în and ôut vertical, scanning the current in the coil and observing when 

the polarisation reaches its minimum value (figure 4.6). With neutrons of wave

length 2.3603 Â, a current of 0.8 Amps applied to the incident beam coil will 

precess the polarisation by 180°. It is also necessary to centre the incident beam 

coil in the incident beam. If this is not the case the divergence of the field in 

the incident beam coil will induce an extra, unwanted, precession. The centre is 

found by again setting both 0^ and ôut vertical, applying a current in the coil 

that produces a 90° precession of the polarisation (from figure 4.6 this current is 

0.43 Amps) and rotating CRYOPAD. The centre of the coil is at the minimum 

in the observed curve as this is where the field divergence has caused the least 

unwanted precession (figure 4.7).
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Figure 4.6; The vertical component of polarisation as a function of the current in 
the incident beam coil. The incident polarisation was vertical and the currents 
at which the polarisation is zero are ±0.43 Amps.

0 .7

0 . 6

0 .5

0 .4

0 .3

0 . 2

0. 1

-1 3 0 -110 -100 -90 ■80 -7 0- 1 2 0
A3 (d eg rees)

Figure 4.7: The vertical component of polarisation as a function of the rotation of 
CRYOPAD to centre the incident beam coil in the incident beam. The minimum 
occurs at A3=-102.56°.
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Figure 4.8: The vertical component of polarisation as a function of 0\n (with ôut 
maintained orthogonal). 0.8 Amps were applied to the secondary coil and zero is 
found when =  89.467°

With the conditions obtained above, the scan to set în =  90° is shown in figure 

4.8. There are two things to notice in this data. Firstly the slope is opposite in 

sign to that in figure 4.4 and secondly the gradient has now doubled. This arises 

because any component of polarisation not parallel to the field direction has been 

flipped by the field in the incident beam coil.

4.2 Field integral measurements

The offsets derived from the nutator alignments are then set into the instrument 

control program so that 9\n = 90° aligns the polarisation from the incident nutator 

with the field direction in the precession coils and ôut =  0 ° is the position where 

zero polarisation is measured when =  90°. The field integrals required to 

derive elements of the calibration matrix in equation 3.20 can now be measured. 

The sample used was a fiat plate of pyrolytic graphite 1 0 mm x 1 0 mm x3mm in
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Figure 4.9: An example of a precession coil calibration curve. The perpendicular 
component of polarisation as a function of the current in the incident beam coil 
at A =  2.3603Â. The field integral measured here is over a path through the 
middle of the incident beam coil.

dimensions with the c-axis aligned in the horizontal plane. The reciprocal lattice 

of pyrolytic graphite consists of points along c* with rings centred around this 

axis. At a neutron wavelength of 2.3603 Â the (004) reflection has a scattering 

angle of 89.6°. was set to 90° and the spectrometer was set on the (004) 

reflection. The current in the precession coils was scanned between -4 and +4 

Amps and Pi measured whilst rotating CRYOPAD. An example of one of these 

scans is given in figure 4.9 which was fitted to a sinusoid of the form aPb sm{clPd) 

to extract c, the rate of precession, The values of c obtained are plotted in figure 

4.10 for both the primary and incident beam coils. The angle, 7, denoting the 

path taken through the coils has been transformed so that 7 = 180° at the peak 

in the curve for the incident beam coil. This angle definition corresponds to 

that of the scattering angle 7 and allows functional forms for the elements of the 

calibration matrix that depend upon the path taken through the coils (an & ü2i) 

to be specified.
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Figure 4.10: The rate of precession of the polarisation as it passes through differ
ent radial paths through the precession coils of CRYOPAD. The precession rate 
has been normalised to the neutron wavelength and the angle 7  corresponds in 
definition to that of the scattering angle. The primary coil is shown in blue and 
the incident beam coil in red.

The element 011(7 ) was determined at 7 = 180° by fitting a 2nd order poly

nomial to points in the peak in the incident beam coil and finding the maximum 

value of this (93.987°Â~M“ )̂ by differentiation. The element 021(7 ) was fitted 

within —110° < 7 < 110° by a polynomial with even terms up to 7'̂ : o -I- 67̂  4- 07"̂ 

where 7 is in radians. The calibration matrix obtained from these results is given 

in equation 4.5 where A, and Ay are in Angstroms, Xi and Xf are in degrees, 7 is 

in radians, and /prim and /sec are in Ampères.

Ai 0 -93.987 40.9704

p r im

(4.5)
-4.1386 4- 0 .1 2 2 2 7  ̂ -  0.76047“ -40.9704 

CRYOPAD was then tested by making complete cardinal point scans for all of
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Reflection; Û.OÛ 0 .0 0  6 .0 0

Point Polarisation '9 P

1 0.86413) 1(1) 144(11)
2 0.845(3) 177(1) - 7 6 ( 3 )
3 0.860(3) 90(1) 90(1)
4 0.855(3) 90(1) - 9 0 ( 1 )
5 0.85113) 91(1) - 1 7 7 ( 1 )
6 0.858(3) 89(1) 1(1)

Figure 4.11: A full cardinal point scan made on the (006) reflection of pyrolytic 
graphite with neutrons of wavelength 1.532Â.

the available reflections with the pyrolytic graphite sample and neutrons of wave

length 1.532Â ((00±2),(00±4) and (00±6)) and 2.3603Â ((00±2),and (00±4)). 

An example result is shown in flgure 4.11 in stereoplot form. It can be seen that 

the measured polarisation vectors match those of the initial polarisation to within 

±3° which was the case for all of the reflections measured. This demonstrates 

the successfulness of the calibration knowing that for a purely nuclear reflection 

the polarisation will remain unchanged.

4.3 Inelastic scattering operation

This work was completed in collaboration with Dr. F. Tasset and Dr. L. P. 

Regnault. It has been described in reference [52].

In principle CRYOPAD should work exactly the same way for inelastic as it 

does for elastic scattering so long as the fact that the wavelength of the neu

trons entering CRYOPAD will be different to that of those leaving it is respected
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(equation 4.5). In order to verify that this is in fact the case, a test was made 

by measuring the scattered polarisation as a function of initial polarisation from 

a phonon in pyrolytic graphite. The phonons being purely nuclear in origin one 

expects the polarisation of the scattered beam to be the same as the incident 

beam.

The instrument control program was not written to cope with inelastic scat

tering. It cannot set the instrument into an inelastic scattering position and 

neither can it calculate the required coil currents. For technical reasons it was 

not convenient to update it and so a C program was written by the author to 

perform the necessary calculations and to prepare scripts of commands to be 

executed by the instrument control program (see Appendix C). There is a funda

mental difference in the method used to measure the polarisation of the scattered 

beam in this case and that used normally for elastic scattering. The iterative 

algorithm used to refine the measurement of the polarisation vector is not used 

here because of the inability to automatically recover the results of each iteration. 

Another reason not to implement this refinement is that the intensity is seriously 

reduced for inelastic scattering and the beam time requirement is too great to 

justify at present.

The sample of pyrolytic graphite was the same as that used for the calibration 

of CRYOPAD. The lattice dynamics of this system have been extensively studied 

and are given in ref. [53]. The longitudinal acoustic phonon branch along the 

c-axis was chosen to make the test with (figure 4.12) and constant-Q scans were 

made as far out in reciprocal space as was possible in order to maximise the 

intensity with X/ = 1.532Â (figures 4.13 and 4.14). Both of the scans exhibit 

a single peak, but tha t made at (0,0,5.8) is on the focused side with the peak 

centred at 4.3 meV with a FWHMof 1.6 meV.
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Figure 4.12: Dispersion of the longitudinal acoustic branch with q along c|53].

The polarisation of the scattered beam was measured parallel and anti-parallel 

to each of the CRYOPAD stereoplot axes x, y and z with the initial polarisation 

also set parallel and anti-parallel to y and z. This makes a total of 36 mea

surements which are presented in tables 4.1, 4.2, 4.3, 4.4, 4.5 and 4.6. Each table 

shows the components of final polarisation for parallel and anti-parallel to x, ?/, 

and z for one setting of the initial polarisation with a counting time of 300 sec

onds per channel per point. Also given in each table are the CRYOPAD nutation 

and precession angles required alongside the calculated precession coil currents. 

The scattering angle A4 was 79.90°, the offset to A3 was 0.51°, ki = 4.3496Â and 

was kf = 4.1034Â.



CHAPTER 4. CALIBRATING CRYOPAD 90

6 -

5 -0 0)(A
^  4 -

1  3 -  

2 -  

1 -

Energy (m eV )

Figure 4.13: Constant Q scan performed at (0,0,6.2) on pyrolytic graphite. Ex

perimental conditions: = Xin =  Xout = 0°, ^out = 90° and T =  300 Kelvin.
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Figure 4.14: Constant Q scan performed at (0,0,5.8) on pyrolytic graphite. Ex

perimental conditions: ^in =  Xin = Xout = 0°, ^out = 90° and T =  300 Kelvin.

Table 4.7 summarises the results given in tables 4.1, 4.2, 4.3, 4.4, 4.5 and 4.6. 

The components of final polarisation have been converted into the CRYOPAD
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P i
+ Z

#in
[1

Xin
M

0 QUt

M
Xout
M

Isec

[A]
■fprim
[A]

N + N - P f

P f
z 0.00 0.00 0.00 0.00 0.0000 0.0000 2940 231 0.854(9)
- z 0.00 0.00 0.00 -180.00 -1.3466 -3.1023 248 2828 -0.84(1)
y 0.00 0.00 39.95 -90.00 -0.6733 -1.5511 1618 1623 0.00(2)
-y 0.00 0.00 -39.95 90.00 0.6733 1.5511 1678 1521 0.05(2)
X 0.00 0.00 50.05 90.00 0.6733 1.5511 1595 1578 0.01(2)
-X 0.00 0.00 -50.05 -90.00 -0.6733 -1.5511 1562 1565 -0.01(2)

Table 4.1: Final polarisation measured with incident polarisation up.

P i
-z

#in
M

Xin
[1

0QUt
M

Xout
M

Isec

[A]
Iprim
[A]

N + N ~ P f

P f
z 0.00 -180.00 0.00 0.00 -1.4274 -0.2437 244 2896 -0.85(1)
-z 0.00 -180.00 0.00 -180.00 -2.7740 -3.3460 2819 269 0.83(1)
y 0.00 -180.00 39.95 -90.00 -2.1007 -1.7949 1576 1662 -0.03(2)
-y 0.00 -180.00 -39.95 90.00 -0.7541 1.3074 1536 1602 -0.02(2)
X 0.00 -180.00 50.05 90.00 -0.7541 1.3074 1579 1492 0.03(2)
-X 0.00 -180.00 -50.05 -90.00 -2.1007 -1.7949 1584 1634 -0.02(2)

Table 4.2: Final polarisation measured with incident polarisation down.

P i

+y
^in
M

Xin
M

0QUt
[1

Xout
M

Isec

[A]
■fprim
[A]

iV+ N ~ P f

P f
z -39.95 90.00 0.00 0.00 0.7137 0.1219 1606 1570 0.01(2)
-z -39.95 90.00 0.00 -180.00 -0.6329 -2.9804 1593 1524 0.02(2)
y -39.95 90.00 39.95 -90.00 0.0404 -1.4293 3009 220 0.864(9)
-y -39.95 90.00 -39.95 90.00 1.3870 1.6730 236 2900 -0.849(9)
X -39.95 90.00 50.05 90.00 1.3870 1.6730 1569 1564 0.00(2)
-X -39.95 90.00 -50.05 -90.00 0.0404 -1.4293 1514 1633 -0.04(2)

Table 4.3: Final polarisation measured with incident polarisation left.
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P i

-y
#in
M

Xin
[1

0 QUt

M
Xout
M

Isec

[A]
Ipnm
[A]

iV+ N - P f

P f
z 39.95 -90.00 0.00 0.00 -0.7137 -0.1219 1608 1557 0.02(2)
-z 39.95 -90.00 0.00 -180.00 -2.0603 -3.2241 1505 1647 -0.05(2)
y 39.95 -90.00 39.95 -90.00 -1.3870 -1.6730 241 2972 -0.850(9)
-y 39.95 -90.00 -39.95 90.00 -0.0404 1.4293 2881 246 0.843(9)
X 39.95 -90.00 50.05 90.00 -0.0404 1.4293 1540 1643 -0.03(2)
-X 39.95 -90.00 -50.05 -90.00 -1.3870 -1.6730 1641 1481 0.05(2)

Table 4.4: Final polarisation measured with incident polarisation right.

Pi
P x

#in
[1

Xin
M

0 QUt

[1
Xout
M

Isec

[A]
■fprim
[A]

N + N - P f

P f
z 50.05 90.00 0.00 0.00 0.7137 0.1219 1530 1571 -0.01(2)
-z 50.05 90.00 0.00 -180.00 -0.6329 -2.9804 1616 1595 0.01(2)
y 50.05 90.00 39.95 -90.00 0.0404 -1.4293 1527 1590 -0.02(2)
-y 50.05 90.00 -39.95 90.00 1.3870 1.6730 1682 1615 0.02(2)
X 50.05 90.00 50.05 90.00 1.3870 1.6730 2990 219 0.864(9)
-X 50.05 90.00 -50.05 -90.00 0.0404 -1.4293 233 2973 -0.855(9)

Table 4.5: Final polarisation measured with incident polarisation front.

P i
-X

^in
[1

Xin
M

0 QUt

[1
Xout
[1

Isec
[A]

■fprim
[A]

iV+ N - P f

P f
z -50.05 -90.00 0.00 0.00 -0.7137 -0.1219 1554 1510 0.01(2)
-z -50.05 -90.00 0.00 -180.00 -2.0603 -3.2241 1691 1398 0.09(2)
y -50.05 -90.00 39.95 -90.00 -1.3870 -1.6730 1553 1585 -0.01(2)
-y -50.05 -90.00 -39.95 90.00 -0.0404 1.4293 1584 1525 0.02(2)
X -50.05 -90.00 50.05 90.00 -0.0404 1.4293 252 2957 -0.843(9)
-X -50.05 -90.00 -50.05 -90.00 -1.3870 -1.6730 2917 241 0.847(9)

Table 4.6: Final polarisation measured with incident polarisation back.
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Pi Sense \Pf\ $ /[1 6/11
z Undefined 0 + 0.85(1) -16(181) 0(1)

- 0.84(1) 89(21) 177(1)
-z Undefined 180 + 0.85(1) -43(26) 177(1)

- 0.83(1) -54(39) 2(1)
y 90 90 + 0.86(1) 90(1) 89(1)

- 0.85(1) -87(1) 89(1)
-y -90 90 + 0.85(1) -88(1) 89(1)

- 0.85(1) 87(1) 93(1)
X 0 90 4- 0.86(1) 1(1) 91(1)

- 0.85(1) 179(1) 90(1)
- X 180 90 + 0.84(1) 179(1) 89(1)

- 0.85(1) 1(1) 84(1)

Table 4.7: Summary of tables 4.1, 4.2, 4.3, 4.4, 4.5 & 4.6. The spherical polar 
stereoplot angles of the measured final polarisation vectors at (0 0 5.8), E  =  4.3 
meV, for various incident polarisations. A +  is placed in the column marked 
‘Sense’ when the analysis directions were parallel to x, y, and z and a - sign is 
placed when they were anti-parallel. Those final polarisation vectors preceded by 
a - sign will be at 180° to the actual final polarisation vectors.

Pi Pf Isec

[A]

T . •iprim

[A]
N+ N~ Pf

y z 0.7137 0.1219 6771 6606 0.005(9)
- X z -0.7137 -0.1219 6834 6484 0.026(9)
-y - X -1.3870 -1.6730 6799 6360 0.033(9)
- X -z -2.0603 -3.2241 6862 6154 0.054(9)

Table 4.8: Extra measurements performed at (0 0 5.8) E  = 4.3 meV with 2500s 
counting times.
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spherical polar coordinate system and are listed against the direction of the initial 

polarisation set in each case. It can be seen that only the final row of this table 

contains a polarisation vector that has been measured as being more than ±3° 

away from that which was set. The raw data for this point is that in table 4.6 and 

it is the point where the analysis direction was along -x which contributes most 

to the discrepancy (row 2 of this table). In order to achieve the precession angles 

needed to measure this point, a large current had to be applied to the precession 

coils. The primary coil being closed will not contribute any stray field, but the 

secondary coil is open and the stray field could leak into the sample space. In 

order to test this possibility, certain points, chosen to require a range of secondary 

coil currents, were re-measured with longer counting times. The results are shown 

in table 4.8 and should all be positions giving rise to zero measured polarisation. 

It does appear that the measured polarisation of the scattered beam increases 

as a function of the secondary coil current but it should be born in mind that a 

polarisation of 0.054 corresponds to a change in direction of 3.2° which is only 

just outside the CRYOPAD specification of ±3°. The secondary coil current can 

be minimised by judicious choice of the combination of nutation and precession 

angles that minimises the required precession. There is more than one route to 

achieving the same polarisation direction.



Chapter 5

N eodym ium

5.1 Literature survey

Neodymium {Nd) is a member of the lanthanide group of elements in the periodic 

table having atomic number 60. It was first discovered by the Austrian Carl Auer 

von Weisbach in 1885 when he showed that didymium was a mixture of mainly 

two lanthanides praseodidymium (green twin) and neodidymium (new twin). The 

extra syllable “dz” in the original names was quickly dropped. Due to the chemical 

similarities between the lanthanides, it was not until the 1950’s, and the work 

of F. H. Spedding, that large quantities of pure material became available. A 

fascinating account of the early development of lanthanide chemistry is given in 

[54]. An enormous effort has gone into understanding the electronic and magnetic 

properties of neodymium over the last forty years or so, and that is reflected in 

the size of this survey. The story of how the currently accepted picture has 

come about is interesting in its own right and each time that a new or improved 

technique has been applied, a whole wealth of new physics has emerged.

95
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5.1.1 Crystallography

Neodymium adopts one of two allotropes depending upon temperature. At high 

temperatures it is face centred cubic (fee), but below 868 ° C it crystallises into 

the double hexagonal close packed structure (DHCP). This is the structure that is 

of interest in this thesis and it consists of planes of atoms which have an ABA'C 

stacking sequence with respect to the c axis. If the ratio c/2a is ideal, then atoms 

in the A layers have nearest neighbours with cubic symmetry, while those in the 

B and C layers have nearest neighbours with hexagonal symmetry. Atoms in the 

A layers are thus referred to as being at cubic sites^  ̂ and atoms in the B and 

C layers as at ^''hexagonal sites". In neodymium the c/2a ratio is not ideal and 

so atoms in the A layers experience a quasi cubic environment. The P6s/m m c  

space group is conventionally used to describe this structure. The pertinent 

crystallographic data is reproduced in table 5.1 and the unit cell is shown in 

figure 5.1(a). It should be noted that many studies of neodymium makes use of 

ortho-hexagonal notation when referring to directions in reciprocal space.

The conventional crystallographic definition has three real space vectors, a, b 

and c which define the edges of the unit cell. These are shown for neodymium in 

figure 5.1(a). a and b are at 120° to each other and form a plane to which c is 

perpendicular, following a right handed convention. The atom positions within 

the unit cell are given in terms of these vectors and the unit cell is repeated to 

generate the crystal.

= = 0- =  ^ ^  (5,1)
—» 7 —* 7 — —A 7 ^  \  /a ’ b X c a • b X c a • b x c

The reciprocal lattice is generated by use of the relationship that the scalar prod

uct between a vector generating the real space lattice, a*, and one generating the 

reciprocal lattice, Oj, is ài-Oj = ôij. Explicit relationships for the reciprocal lattice 

vectors in terms of the real space ones are given in equations 5.1. This definition
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Site Site Symmetry Atom Positions
Cubic, 2a 3m 0, 0, 0 0 ,0 , 1
Hexagonal, 2c 6m2 1 2  1 2 1 3  

3 ’ 3 ’ 4 3 ’ 3 ’ 4

a[Â] b[k] c[Â] a[°] 7[1 c/2a ideal
3.6582 3.6582 11.7966 90.0 90.0 120.0 1.612 1.633

b*[k-^] « 1 1 n ] 7 l 1 K«cip[A-3]
0.3156 0.3156 0.0845 90.0 90.0 60.0 137.12 0.7293x10-2

Table 5.1: Crystallographic data (at 300 K) for the DHCP crystal structure 
adopted by neodymium (space group PGa/mmc) [58, 57].

follows that which is given in the “International Tables of Crystallography” [55], 

which does not contain a factor of 27t.

The ortho-hexagonal notation defines a system of axes in reciprocal space 

which are orthogonal. The vector c in the ortho-hexagonal system is equivalent to 

the vector c* in the conventional system, and the vector b in the ortho-hexagonal 

system is equivalent to the vector a* in the conventional system. The vector a 

in the ortho-hexagonal system is a unit vector vector mutually perpendicular to 

the ortho-hexagonal vectors b and c. The difference between these two notations 

is shown in figure 5.1(b), with the subscripts to the axis labels denoting the 

three sets of equivalent directions arising from the three equivalent a — c planes. 

The conventional definition will be used throughout this thesis unless otherwise 

stated.

The first accurate determination of the lattice parameters of neodymium (and 

the other rare-earths) was made by Spedding et al [56] using powder and single 

crystal x-ray diffraction. The values given in table 5.1 are those reproduced in 

the review of Beaudry and Gschneidner[57].

5.1.2 M agnetic properties.

The first measurements of the magnetic susceptibility and magnetisation of Nd 

with single crystals were reported by Behrendt et al [59] between 4.2 K and 280
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A

(a) The unit cell of the D H C P crystal
structure of neodymium, a, 6 and c 
are vectors in real space that define the 
edges of the unit cell.

C
C*

► a I *

b2

(b) The difference in definition be
tween the ortho-hexagonal (blue) 
and conventional crystallographic 
systems (black) for defining direc
tions with reference to the D H C P  
structure of neodymium. In the crys
tallographic convention starred vec
tors relate to reciprocal space and un
starred vectors to real space.

Figure 5.1: The DHCP crystal structure of neodymium and its reciprocal lattice.
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K. Below 20.4 K they found a magnetic anisotropy between the c-axis and basal 

plane, with the moments preferring to stay in the basal plane, whereas above this 

temperature the moment was found to be isotropic within experimental error. At 

4.2 K antiferromagnetic order was observed which was supported by the earlier 

heat capacity measurements of Parkinson et al [60] who found two sharp peaks 

near 19 K and 7.5 K. Anderson et al [61] reported heat capacity measurements 

between 0.4 and 0.025 K. They found the electronic moment on each sublattice to 

be less than the saturation value (2.58 fiB on one and 1.77 //g on the other). Their 

first fit contained four Schottky curves (one per site per isotope) arising from a 

sinusoidal structure which produced an anomaly much wider than that observed. 

They only obtained a good fit if they assumed that the moment on each site was 

not modulated. They postulated that the apparent lack of correspondence with 

the neutron data could be due to a squaring up of the modulated moments at low 

temperatures. Johansson et al [62] also reported magnetisation and susceptibility 

measurements of single crystals with magnetic field along the a + b direction. The 

magnetisation was measured at 2 K and 4.2 K and displays considerable structure, 

as does the susceptibility.

Forgan et al [63] measured the heat capacity of neodymium single crystals 

between 2 and 10 K in zero applied magnetic field. They observed sharp anomalies 

at 8.31, 7.81, 6.31 and 5.84 K on heating, and at 8.28, 7.75, 5.87 and % 5.62 K on 

cooling. By calculating the magnetic contribution to the entropy of the sample 

they were able to deduce that the splitting between the ground state and the 

nearest levels in the crystal field scheme of some of the sites must be occupied, 

and hence lie in the temperature range of the measurement. They found that 

this is also the case at higher temperatures.

Alstad et al [64] studied the electrical resistivity of neodymium on a poly crys

talline sample between 1.3 K and 300 K. Anomalies were observed at 5 K and 20 

K. Boghossian and Coles [65] published results of ac susceptibility measurements 

and resistivity measurements on single crystals. In their susceptibility data in
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zero applied field they observed a small shoulder at «  20 K in x±  but not in X||- 

At lower temperatures they observed a large peak centred at 8.3 K with a set 

of shoulders below this temperature at 7.8, 7.2 and 6.3 K. They do not report 

a change at 5.8 K as observed in calorimetric data but do report considerable 

structure below 4.2 K where there are no anomalies seen in specific heat data. 

Boghossian and Coles’s samples prevented them from obtaining good resistivity 

data, but they do see an antiferromagnetic type anomaly at % 20 K.

Greiner et al [6 6 ] and Lenkerri and Palmer [67] made measurements on single 

crystals of the elastic constants as a function of temperature between 4.2 and 

300 K. Both studies report anomalies in the elastic constants relating to shears 

and compressions perpendicular to the o-axis (cn, C44 and Cee), but not in those 

parallel to the c-axis (C 3 3 ) .  This demonstrates the anisotropy in the magnetic 

interactions between the c-axis and the basal plane, and that these interactions 

are much stronger in the basal plane. The study of Greiner et al reports maxima 

in the basal plane elastic constants at approximately 30 K and cusps at around

7.5 K. The study of Lenkerri and Palmer shows anomalies at % 21.5 K, % 9 K 

and % 6  K.

The magnetic structure was first investigated with neutron scattering by 

Moon, Cable and Koehler [6 8 ]. They found that between 19 K and 7.5 K the 

hexagonal sites ordered antiferromagnetically, with a sinusoidal modulation of 

the moments in each layer. The modulation vectors were found to be parallel 

to the moment direction, along a*. The length of the modulation vector (f^) 

changed from 0.13a* at 18 K to 0.11a* at 7.5 K. At temperatures below 7.5 K 

the cubic sites were observed to order with wavevector Tc = 0.185^ (the origi

nal paper gives this as value as 0.15 which was later corrected in [69]) with the 

moments in the basal plane, 30° away from a* (along a vector, k). The moment 

on the cubic sites was found to be = 1 .8 (2 )/iB and that on the hexagonal 

sites was f ih  =  2 . 3 ( 2 ) / / b -  The model used to arrive at these conclusions could 

not adequately account for all of the measured intensities. Its definition is given
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in equations 5.2 and 5.3 and it was found that the fit improved when a small 

induced moment on the cubic sites in the upper temperature region was added, 

and the moment here allowed to deviate slightly away from a*. The argument 

given for including an induced moment on the cubic sites was that the exchange 

field from the hexagonal atoms does not cancel at the positions of the cubic sites 

(the opposite is true for the exchange field at the hexagonal sites due to the 

atoms at the cubic sites). An additional failure was that it does not reproduce 

the observed splitting of the satellites arising from the modulation vector at

7.5 K.

fJ'B =  - /J 'C  =  fj'h  cos(27Tf)i • f ) à *  (5.2)

fiA = -fJ'A' = /UcCOs(27rfc • f )k  (5.3)

A discussion then erupted in the literature over the nature of the magnetic struc

ture just below Tn. Bak and Lebech [70, 71, 72] argued from the point of view of 

symmetry, renormalisation-group theory and the results of their neutron diffrac

tion data that the magnetic structure is triple-g and is accompanied by a modu

lated distortion of the lattice. The ambiguity in the array of satellites was that 

they could be interpreted either as arising from multiple domains of a single- 

q structure, or from a triple-g structure. They measured the critical exponent 

P =  0.36(2) compared to a theoretical prediction of 0.38, and their argument for 

the structure being triple-ç hinged upon the transition to the ordered state from 

the paramagnetic state being second order. A first order transition is expected if 

the single-q hypothesis is true.

Moon et al [69] performed a UPA experiment in order to differentiate between 

scattering from the lattice distortion predicted by the triple-g theory and the 

scattering that was arising from the magnetism. They found no evidence for the 

expected lattice distortion and concluded that the structure is modulated with the 

moment perpendicular to a*, in the basal plane. They came to this conclusion
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by measuring the (|,0,0) reflection at 9.9 K and it should be noted that any 

component of moment along a* would have been invisible due to the orientation 

factor. Further evidence against the triple-ç model came in the form of an x- 

ray study by Lebech et al [73] who attempted to measure the lattice distortion 

directly. They found no evidence of any peaks other than those expected from 

the DHCP lattice and concluded that the single-g model is in fact the correct one.

In the wake of this controversy Lebech and Als-Nielsen [74] made detailed 

neutron scattering measurements of the modulation wavevector above 8 K. They 

found that in addition to it having a component along there is a small per

pendicular component, which is in the basal plane. They give this wavevector 

as q =< 0.128,0.006,0 > The perpendicular component tends to zero as Tn 

is approached (on heating) although the authors commented that very close to 

Tjv there is considerable line broadening and postulated that this component is 

still non zero at Tjv. Below 10 K two phase transitions are reported, one at % 8 

K, and another at «  6 K. At 8 K a second wavevector, ^  0.18,0,0 > is

observed, and at 6 K g is observed to split into two wavevectors < 0.107,0,0 > 

and < 0.114,0,0 > with ^  also splitting perpendicular to a*.

At the same time Moon and Koehler [75] confirmed that above 7.5 K there is 

a component of modulation wavevector perpendicular to a*, qj_ which was never 

greater than 0.007. They reported that the component parallel to a*, q\\, varied 

between 0.125 and 0.145 and that gj, vanishes at 18.6 K. They also reported UPA 

measurements performed on the (q,0,l) reflection with the incident polarisation 

vertical, perpendicular to the a*-^ scattering plane. Above 18.6 K they saw 

that the magnetic interaction vector for this reflection is in the a*-S* plane but 

below 18.6 K the non-spin flip scattering steadily increases, indicating a change 

in moment direction so that a component out of the a*-3  ̂ plane develops.

Lebech [76] reviewed the argument as to whether the triple- q phase exists 

or not and asserted that the transition at to the ordered state is continuous. 

She also concluded that there is an additional transition at 19.3 K at which
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point the modulation wavevector acquires a component perpendicular to cl*. This 

transition is described as a “lock in” transition where both the moment directions 

and wavevectors become parallel to a*. The moment directions were refined from 

the diffraction data using the model for the moment at sites in the A, A', B  and 

C  layers given in equations 5.4, 5.5, 5.6 and 5.7.

-*k / z A  __  ( rtk

(5.4)

(5.5)

(5.6)

(5.7)

f i s i f ) = cos(27T& • r + 7t)

Æ cos(27T& • rO

&, and are vectors along equivalent W axes, where the index k dis

tinguishes between domains, and i  is a unit vector parallel to c*. At 10 K 

the moment directions on each site, using this model, were found to be JIh i . =  

(1,0.24(1), 0) and /Zc± =  (0.11(1), 0.02(1), 0.25(1)) where the units are given rel

ative to the component of moment on the hexagonal sites parallel to .

The next few years saw a theoretical effort to understand the magnetic order

ing in neodymium and the resulting magnetic structure. Lorenc [77] performed a 

renormalisation group calculation for a sextuple-g structure and concluded that 

this would not give a continuous transition at Tm- Forgan [78] then proposed 

a double-g structure which was predicted from a mean field theory where he 

identified structures which gave stationary values of the free energy. The twelve 

satellites which are observed are proposed to arise from three domains of this 

structure. This double-g structure was proposed to exist all the way to T/v with

out a second phase transition just below Tv. Walker and McEwen [79] also carried 

out a similar free energy analysis, but made a more detailed study of the effect 

of magnetoelastic contributions. If the magnetoelastic coupling is zero then the 

single-^ double-g and triple-^ structures have identical free energies. Walker and
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McEwen went on to propose a model which leads to a second order transition 

just below Tjv where the moment and wavevector changes due to a competition 

between the wavevector dependent exchange that tries to keep the wavevector 

along à*, and a magnetic anisotropy which tries to rotate the moments away 

from a*, in the basal plane. Near the exchange is expected to dominate as the 

ordered moment is small, but as the temperature decreases the anisotropy wins 

out. They did not however arrive at a conclusion regarding as to which structure 

is actually expected.

The breakthrough was made when Zochowski and McEwen [80] made ther

mal expansion measurements on a single crystal and observed two discontinuous 

jumps in the a* thermal expansion, one at Tjv =  19.95(5) K and another at 

T2 =  19.1(1) K. This established that these transitions are first order and hence 

the magnetic structure below Tn must be single-g. The first order nature of 

these transitions were later confirmed by Astrom and Benediktsson [81] in a high 

resolution microcalorimetry experiment. They obtained = 20.0(2) K and 

T2 = 19.2(2) K, in agreement with those of Zochowski and McEwen.

Zochowski and McEwen also found further transitions in zero field at 8.3, 

7.7, 6.3 and 5.8 K (upon heating from 4.2 K), and mapped out a temperature- 

magnetic field applied along a* phase diagram down to 4.2 K. Zochowski et al 

[82] later extended the original measurements down to lower temperatures and 

for the other crystallographic axes. Their phase diagram for field along a* is 

reproduced in figure 5.2. The debate over whether the single-g magnetic structure 

is true just below Tn  or whether the double-^ structure persists is still attracting 

interest. Watson et al [83] made a study using high resolution synchrotron x-ray 

diffraction which detected a non zero q± % 0.0005fioo at % 0.2 K below T^. Their 

instrumental resolution in this direction was % 0.0005f^oo and they claimed to 

be able to obtain the position of the peaks 5-10 times better than this. A very 

elegant confirmation of the double-g structure being correct at lower temperatures 

(but above 11.5 K) was obtained in their study as a result of the small size of
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Figure 5.2: The magnetic phase diagram of Nd for a magnetic field applied along 
0T*[82]. The filled points are transitions seen in thermal expansion measurements 
while the open points are transitions seen in magnetostriction data. The lines 
are guides to the eye.

the x-ray beam used. The beam size was % 1 mm^ and probed a depth of a 

few microns in the sample. This was small enough to pick out a single domain 

of the double-g structure (i.e. four satellites around a reciprocal lattice point 

rather than twelve). The fact that the beam probed only the region very close to 

the surface of the sample may explain the observation of the double-g structure 

so close to Tjv- Neutrons observe the average over the bulk of the sample, and 

surface effects will be in general be lost. The observation of a single domain of 

the double-ç structure seems to rule out the theory of Jaroszewicz et al that the 

structure below T2 arises from six domains of a single-^ structure [84]. The single 

and double-g structures, and the satellites that they give rise to are shown in 

figures 5.3 and 5.4.

Watson et al extended their initial study and refined the moment directions in 

the double-g structure at 10 K [85]. They were unable to extract the absolute sizes 

of the moments, but were able to extract the relative magnitudes. The model used
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was one which contained both ferromagnetic (out of phase) and antiferromagnetic 

(in phase) contributions on each of the sites including their relative phases and 

derived from a consideration of the exchange fields present at each site [86, 87]. x 

is along z is along c* and y is mutually perpendicular. The subscripts h denotes 

a moment component on the hexagonal sites, c a moment component on the cubic 

sites, a an antiferromagnetic component and /  a ferromagnetic component. The 

total moment on a particular site s for a wavevector qi is given by equation 5.8 

where the sum for each site is over the number of wavevectors. The summation 

case is to be applied to sites in the A and B layers and the difference case is to 

be applied to sites in the A' and C layers.

A ( ^ )  =  Y sin(27rgi • f„ +  a j )  ±  cos(2îrÿ • f„ +  aj)]

(5.8)

The in phase a* component of moment of the hexagonal sites was fixed to the 

value of 2^b obtained from neutron diffraction. They obtained results for two 

different crystals which compare reasonably well to those obtained from neutrons 

and are tabulated in table 5.2. The components ficza and ficxf however show a 

significant discrepancy between the X-ray and neutron data.

Forgan et al [88] used neutron diffraction to collect sets of satellites around 

a large number of reciprocal lattice points in zero field at 6 K and 7.5 K in the 

triple-g phase. They used these to determine the moment directions associated 

with each wavevector and the results are reproduced in table 5.4. In this case the 

fit equation used was equation 5.9 which is equivalent to equation 5.8 used for the 

double-g structure when the different definition of the phases (f)j,a,i3 is taken into 

account (a in this case corresponds to the axes x, y and z and p  corresponds to 

the in phase (antiferromagnetic) and out of phase (ferromagnetic) components).

=  X c o s ( 2 7 r g <  • f  +  (5.9)
a,13
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Figure 5.3: The satellites arising from the single-ç structure in neodymium be
tween % 19 K and 20 K.
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Figure 5.4: The satellites arising from the double-g structure in neodymium 
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Component [/xb] X rays 1 X rays 2 Neutrons
^hxa 2 2 2.00(5)
f^hxf 0.02(2) 0.04(4) 0.06(2)
l^cxf -0.12(2) -0.09(5) -0.24(2)
f^cza -0.32(2) -0.38(3) -0.52(2)

fJ'hya 0.47(3) 0.45(5) 0.55(3)
f^hyf 0.01(3) 0.04(6) 0.05(2)
l^cyf 0.02(3) -0.02(7) 0.10(2)

t^hza 0 0 0
l^hzf 0 0 0
f^cxa 0 0 0
f^cya 0 0 0
f^czf 0 0 0

Table 5.2: The fitted components of moment of the double-g structure at 10 K 
from resonance enhanced magnetic x-ray diffraction from two different samples 
(X ray 1 and X ray 2) compared to the neutron diffraction data at the same 
temperature (table reproduced from [85] with the neutron data from [76]). Table 
5.3 shows the relative phase associated with each component.

Site A B A' C
Phase along x [°] 0 180 0 180
Phase along y [°] 0 180 0 180
Phase along z [ ] 90 -90 90 -90

Table 5.3: The relative phases associated with each moment component in each 
of the layers ABA'C of the DHCP structure for the double- q phase at 10 K.
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Figure 5.5: The satellites arising from the triple-^ structure in neodymium be
tween % G K and 8 K.

There are several things worth noting from these results. Firstly there is a large 

induced c^-axis antiferromagnetic component on the cubic sites, ^cza, associated 

with the hexagonal wavevector, whilst the moment on the hexagonal sites deriving 

from Qh is fairly well fixed in the basal plane about 15° from a*. Secondly the 

moment associated with the cubic wavevector at 6 K induces a large c* axis 

component on the hexagonal sites, /J,hza, with the moment on the cubic sites, 

Tcxa, being mainly along a*. At 7.5 K the induced moment on the hexagonal 

sites from Qc is now along a* whereas the moment of the cubic sites has reduced 

in size, but has stayed pretty much along the same direction. Forgan et al also 

report the observation that at 7.5 K the cubic wavevector is split along the c* 

direction by % 0.057^01-

Forgan et al confirmed that the double-g structure exists between 19.1 and 

9 K [89] through the observation of the intermodulation harmonics between the 

component wavevectors. More importantly, the analysis of these harmonics at
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Component qh  (6  K ) 9c (6  K ) 9c (7 .5  K ) ^[1 9/1 (6  K ) 9c (6  K ) 9c (7 .5  K )

fJ'hxa [A^b] 1 .9 6 0 .0 5 1 -0 .2 9 1 0 0 9 0

fJ'hya 0 .4 8 - - 0 - -

^ h z a - 0 .1 4 0 .1 9 3 -0 .0 9 9 0 -9 0 9 0

l^h x f - 0 .0 2 9 -0 .0 2 0 .0 0 9 0 9 0 0

fJ'hyf 0 .0 4 - - 9 0 - -
f^h z f -0 .0 5 -0 .0 3 2 - 0 .0 4 0 0 0

P>cxa 0 .1 8 1 .3 3 0 .9 3 0 0 0

fJ'cya - 0 .0 0 0 .0 0 - 0 0

t^cza -0 .6 5 0 .0 9 -0 .1 0 9 0 -9 0 0

f^cxf 0 .2 3 0 .1 1 0 .0 0 9 0 9 0 0

P>cyf - 0 .0 7 - - 9 0 - -
t^cz f 0 .6 5 0 .0 1 9 0 .0 3 5 0 0 0

Table 5.4: Components of magnetic moment and their phases associated with 
the wavevectors qh and at 6 K and Qc at 7.5 K [88].

4.5 K reveals that at this temperature a quadruple-g structure is present. Each 

of the four component wavevectors have different directions and magnitudes and 

the domains of these produce a total of 36 satellites around a reciprocal lattice 

point. Intermodulation harmonics arise from the “squaring up” of the modulation 

envelope of the magnetic moments. This process occurs at temperatures much 

lower than Tn  and has the effect of increasing the average moment on each 

site. If one considers a line of moments which are sinusoidally modulated with a 

wavevector q, then one would expect to obtain a single satellite in the neutron 

diffraction pattern. If the modulation is not purely sinusoidal then one would 

expect to see extra peaks at positions corresponding to odd multiples of the 

fundamental wavevector (3g, 5g, etc). In a single domain of a structure where 

the moments are modulated with more than one wavevector, satellites can appear 

at positions which are combinations of the fundamental wavevectors. For a triple- 

q  structure the third harmonics will appear at 3%, 2% ±  qk  and ^  ±  {q j  ±  qk) .  

This property provides a direct way of distinguishing between different structures 

that give the same fundamental satellites because the satellites deriving from the 

harmonics will be different.
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Figure 5.6: The satellites arising from the qiiadriiple-ç structure observed in 
neodymium below % 6 K.

Gibbons et al [90] fitted equation 5.9 to their data at 4.5 K to obtain the 

moment directions of the quadruple-g structure. The results for the first two 

wavevectors are reproduced in table 5.5 and those for the second two in table

5.6. The moments on the hexagonal sites that give rise to qi and ^  are in the 

basal plane a few degrees away from a*. The moments on the cubic sites that 

give rise to are in an a*-c* plane with a large component along c*, and those 

giving rise to q̂  have a large component along a* and small components along c* 

and perpendicular to a*. There are also small induced moment components on 

each site from each wavevector.

Lebech and Wolny [91] and Lebech et al [92] studied the temperature de

pendence of the length and direction of the modulation vectors in zero field in 

neodymium. They were interested in whether the observed wavevectors describe 

ordering which is commensurate or incommensurate with the underlying nuclear 

structure. The conditions required to obtain a commensurate structure in the
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Component qi Size [/ip] qi Phase [°] & Size [//b] q2 Phase [°]
t^hxa 2.00(4) 90 2.07(4) 90
f^hya 0.55(3) 90 0.59(3) 90
l^h x f 0.07(2) 0 0.13(2) 0
l^hy f 0.11(2) 0 0.09(2) 0
l^cza 0.63(3) 0 0.55(3) 0
l^cxf -0.23(2) 0 -0.17(2) 0
^^cyf 0.10(2) 0 0.08(2) 0

Table 5.5: The components of magnetic moment and their phases associated with 
the wavevectors qi and ^  at 4.5 K [90].

Component qi Size [/ie] qi Phase [°] Ç2 Size [//b] q2 Phase [°]
i^hxa 0.19(5) 90 0.10(2) 90
l^hza 0.27(3) 90 0.23(1) 90
f^h x f 0.01(1) 0 0.06(1) 0
f^h z f 0.00(1) 0 0.02(1) 0
f^cxa 1.6(1) 0 1.28(6) 0
fJ'cya 0.2(4) 0 0.4(1) 0
fj'cza -1.2(2) 0 -0.4(2) 0
fJ'cxf -0.02(1) 0 -0.02(1) 0
t^cz f -0.02(1) 0 -0.01(1) 0

Table 5.6: The components of magnetic moment and their phases associated with 
the wavevectors and q̂  at 4.5 K [90].
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case of neodymium, where the wavevectors are in the basal plane and the cu

bic and hexagonal sites are shifted by one third of a lattice spacing from each 

other when viewed down the c-axis, are given in equations 5.10 and 5.11. n is an 

integer, x  is parallel to a* and y perpendicular to in the basal plane.

Q. — {QxiQy) — 0^ (5.10)

" ’ ■ ( ( ï i i j ' " )

Equation 5.10 is fulfilled when the modulation is commensurate within a given 

hexagonal or cubic layer and equation 5.11 is obeyed when the interaction between 

nearest neighbour planes is dominant (i.e. between hexagonal and cubic layers). 

Lebech et al argue that there is a simple relationship between the magnetic and 

nuclear lattices and that the magnetic structures of neodymium can be described 

in terms of higher order commensurate structures in two dimensions, where the 

magnetic unit cell is larger than the nuclear one and rotated around the hexagonal 

axis. The rotation angle depends upon temperature as does the magnetic unit 

cell. They observe that the rotation angle is zero whenever there is a transition 

between structures having a different number of modulation wavevectors.

McEwen et al [93] studied the effect of uniaxial stress up to 1020 bar upon 

the neutron diffraction pattern at 9.9 K. The stress was applied parallel to the 

6̂ axis and had the effect of producing a single domain of the double-g structure. 

Watson et al [94] performed a study up to much higher pressures (14 kbar) and 

over the temperature range 1.4-25 K.

The field dependence of the magnetic structure was first reported by Johans

son et al [62] and Lebech and Rainford [95]. They observed effects which they 

attributed to level crossings in the splitting of the crystal field scheme and the 

onset of a ferromagnetic component.

McEwen et al [96] and McEwen [97] reported the effect of both magnetic fields
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applied parallel to a* and slightly misaligned with a* on the double-g structure, 

after cooling in zero field to 14 K. With a field of 0.6 T, aligned with a* the 12 

satellites reduce to 4, which was interpreted as being the formation of a single 

domain of the double-g structure. As the field is increased, the intensity of these 

four satellites reduces as a ferromagnetic component develops. At 3 T two of the 

four satellites had reduced drastically in intensity and the remaining two strong 

ones had their wavevectors parallel with the a* symmetry directions. This was 

interpreted as the crossing of the T2 phase transition from the double to the 

single-^ structures. As the field was reduced back to zero, the single domain of 

the double-g structure was again observed. This procedure was repeated with 

the field 5° away from a* in the basal plane, and this time the two weak satellites 

that were seen above 3 T had disappeared completely. On the basis of this 

and the observation that there is a path with no phase transition between this 

point in the (B-T) phase diagram and the zero field region between T̂ v and T2 it 

was concluded that the transition at is to a single-g structure, followed by a 

transition to a double-ç structure at T2 . McEwen and Walker [98] then produced 

a phenomenological free energy theory which included the effect of an applied 

magnetic field and agreed with the experimental evidence above 8 K.

McEwen and Zochowski and Forgan et al performed a neutron diffraction 

study of the effect of the application of a magnetic field on the quadruple- q 

structure [99, 82, 100]. The field was applied in the a*-b* plane, a few degrees 

from a* and a protocol of cooling in applied field from above Tjv was employed 

in order to always favour the production of a single magnetic domain. At 1.8 

K and 0.8 T they observe that the quadruple-g structure is quenched and is 

replaced by an array of two hexagonal type satellites, one cubic type satellite 

and one subharmonic with wavevector ^  (although its position is close to that of 

Qc — Qi)- The situation is similar at 1.8 K and 2.0 T except that the subharmonic 

has been replaced by intermodulation harmonics at 2qi -f ^  and qi -f 2 ^ . At 

1.8 K and 2.5 T  the harmonics disappear and the subharmonic re-appears. In
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addition, the two hexagonal type satellites have now rotated by 60° anti-clockwise 

in reciprocal space. At 1.8 K and 3 T a set of nine satellites are observed, all of 

them having their wavevectors parallel to the symmetry direction that is closest 

to being perpendicular to the applied field. This is also the case at 1.8 K and 3.6 

T, but at 1.8 K and 4.7 T just three refiections are observed which arise from qi, 

Sqi and y .  The observation of the subharmonics is very interesting as they have 

a wavelength associated with them that are longer than the fundamental of the 

structure. The phase around 1.8 K and 3 T where this startling array of satellites 

has been seen has been named the “Archipelago phase” due to the resemblance 

of the peaks in reciprocal spaces to a chain of islands. The subharmonics cannot 

be arising from the Fourier transform of the real space magnetic structure per se, 

but have been postulated to arise from a spin block flip mechanism. This idea is 

explored in more detail in section 5.3.

Lebech et al [101] made induced magnetic form factor measurements using 

polarised neutron diffraction and were able to extract the form factor of the 

hexagonal sites separately from that of the cubic sites. Reflections satisfying 

(h,k,2l -\- 1) where h + 2k ^  Sn only contain a contribution from the moments 

on the hexagonal sites whereas all other refiections arise from a mixture of con

tributions from each site. They applied a magnetic field of 1.57 T perpendicular 

to the d*-&* plane and measured flipping ratios on a set of (hOl) refiections at 4.2 

K. They give a preliminary form factor for the hexagonal sites as derived from 

refiections with h ^  2>n which shows considerable anisotropy. Further measure

ments were made by Stanley et al [102] who measured a set of 80 refiections at 10 

K with a magnetic field of 4.6 T applied parallel to the c axis. After corrections 

for extinction and neutron depolarisation these were fitted to Stassis et al’s [103] 

theoretical dipolar form factor. The fit does not completely describe the data 

and the authors postulate that either there is an antiferromagnetic component 

of moment on the cubic sites, or that the magnetisation density of the hexagonal 

sites is not spherically symmetric.
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The same technique for separating the induced moment of the cubic and 

hexagonal sites was used by Moon et al [104] in order to extract the susceptibility 

as a function of temperature and crystallographic site. They applied a field of 

0.243 T perpendicular to the a*-^ scattering plane for temperatures up to 31.6 K, 

0.486 T up to 100 K, and finally 0.728 T at 100 K. Above 40 K the susceptibilities 

of both sites are the same and the authors found a cusp in the susceptibility of 

both sites at 21 K. This indicates that both sites are partially ordered at this 

temperature. The slightly high value of Tjv compared to other measurements is 

put down in the publication to the fact that there is an applied field present, but 

this cannot be the case because by reference to figure 12 in ref. [82] one sees that 

the transition reduces in temperature with applied field. Moon et al compare 

their neutron susceptibilities averaged over both sites with those from their bulk 

measurements those of Behrendt et al and Johansson et al [59, 62, 105]. There is 

good qualitative agreement between each dataset but the neutron data appears 

to be shifted by % 0.4 K and there are differences between the neutron data 

and the bulk data below 9 K that cannot be removed by applying a temperature 

shift. The bulk data is higher than the neutron data in this temperature range 

and the authors were unable to provide an explanation for this. Below 21 K the 

susceptibility of the hexagonal sites is less than that of the cubic sites, and both 

rise with decreasing temperature to form a peak at around 8.5 K. At the peak 

the cubic site susceptibility is 2.7 times that of the hexagonal site susceptibility 

and below 5 K it is about twice as big. Stanley et al [102] performed the same 

type of measurement but with the applied magnetic field parallel to the c-axis for 

temperatures between 4.5 and 100 K in fields of 1.5 and 4.6 T. In the paramagnetic 

phase Curie-Weiss behaviour is observed, and from theirs and the data of Moon 

et al [104], Stanley et al extracted the Curie temperatures 6± and 9\\. From 

these they then calculated the uniaxial crystal field coefficients for the two sites
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(equations 5.12 and 5.13).

Bg(hex) =  0.064(5)meV (5.12)

Bg(cub) =  0.010(5)meV (5.13)

McEwen and Stirling et al [106, 107, 108] completed the first detailed study of the 

magnetic excitations in neodymium using inelastic neutron scattering in both the 

paramagnetic and ordered phases (A brief report of broad excitations at energy 

transfers of % 12 and 15 meV had previously been given by Sinha in his review 

article [109]). McEwen and Stirling mounted their single crystal with the a*- c* 

plane horizontal and started by measuring the phonon spectra at 273 K. They 

found that the dispersion of the longitudinal and transverse acoustic phonons 

propagating along a* and c* agrees well with those calculated from the elastic 

constants of Lenkerri and Palmer [67]. Prom measurements at 1.2 K McEwen and 

Stirling concluded that there is no significant temperature dependence of these 

phonons. They went on to measure the excitations in the ordered phase and find 

two well defined excitations away from the positions of the magnetic satellites, 

over the range of energy transfers of 0 to % 8 meV and for a range of tem

peratures below Tjv. These excitations appear at 1.5 and 3.0 meV at (0.4, 0, 3). 

These modes are observed to soften rapidly with increasing temperature and were 

interpreted in terms of crystal field like magnetic excitons. As one approaches 

the positions of the magnetic satellites these excitations broaden considerably 

in energy in a manner not inconsistent with that expected for spin waves in a 

modulated structure. McEwen and Stirling et al later extended their measure

ments to energy transfers up to % 20 meV [110, 111]. They observe five branches 

of magnetic excitations, the previously mentioned ones and additional branches 

having energies of % 6, 12 and 16 meV. One would have thought that these mea

surements would provide a good starting point for a determination of the crystal 

field level scheme in neodymium but this underestimates the difficulties of de-
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coupling the effects due to the ordered structure from those from the interplay 

of the crystal field and exchange interactions. One idea for a way forward is to 

apply a magnetic field large enough to induce complete ferromagnetic ordering 

and hence remove the effects in the spectra due to the magnetic structure [112].
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5.2 Neutron polarimetry study

This work was completed in collaboration with Dr. S. W. Zochowski, Dr. F. 

Tasset and Professor K. A. McEwen. Certain aspects have been published in 

references [113, 114].

The neutron polarimetry studies reported here were carried out using CRY- 

O P A D IIas described in chapter 3.1 on the polarised neutron triple axis spectrom

eter with polarisation analysis, IN20, at the Institut Laue Langevin. Scattering 

angles up to 110° were available with neutron wavelengths of 1.532 or 2.3603 Â. 

The experiments were performed over two sessions, one in February 1997, the 

other in January 1998.

Two single crystals of neodymium were used, with the natural isotopic con

stitution. In the experiment in 1997, the crystal used was one grown at Birkbeck 

College by UHV horizontal zone melting and weighed approximately 1.7 g. It 

was mounted on an aluminium pin using “Kwikfill” car body filler and oriented 

using the X-ray Laue technique such that the c-axis was vertical to ±0.5°. The 

crystal on its pin was mounted into a specially adapted “ILL-Orange” cryostat, 

designed to fit into the CRYOPAD. The mounting pillar for the cryostat in use 

at this time imparted a small tilt to the crystal relative to the A3 axis of IN20 

which resulted in this axis and the 5-axis being misaligned by the order of one or 

two degrees.

The second crystal was grown at the University of Birmingham by solid state 

electro-transport and weighed 2.9 g. It was used in the 1998 experiment mounted 

in the same way and with the same orientation as the crystal used in the 1997 

experiment (i.e. with the a*-b* plane as the scattering plane). The 1.7 g crystal 

was re-oriented, and re-mounted so the a*-S* plane was the scattering plane to 

±0.5°. This allowed us to profit from the extra mass of the second crystal in the 

scattering plane where the structure factors are low. The unsatisfactory cryostat
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mounting in the first experiment had been replaced by the time of the second 

experiment.

These crystals were then loaded as required into an “ILL-Orange” cryostat, 

but this time with a thin tail to allow the application of a magnetic field to the 

sample. This was performed outside of the CRYOPAD, in order to prepare the 

sample into a single domain state. This field cooling was only carried out on 

the 2.9 g sample, and consisted of cooling from well above with a field of 

« I T  applied a few degrees away from a{ (Figure 5.7). In both experiments a 

temperature stability of the sample of ±0.01 K was enjoyed.

Results which were obtained during the 1997 experiment will be labelled “97”, 

those from the 1998 experiment with the 1.7 g crystal will be labelled “980R1” 

and those from the 1998 experiment will be labelled “980R2” . Results obtained 

on the 2.9 g crystal after field cooling will be labelled “FC” , while those without 

will be labelled “NFC”.

5.2.1 R esults for cubic satellites.

Cardinal point scans were made on the (l-gc,0,0), (çc,l,0), (1+Çc,ï,0) and (çc,l,0) 

refiections at 7.6 K. We consider one domain out of the three possible from the 

three equivalent a*- c* planes, in which Qc =  0.187|r|ioo- This is shown in the inset 

in figure 5.8, around the reciprocal lattice points also shown in this figure. The 

statistics of the measurements are low due to low count rate of «  0.5 neutrons per 

second. The background was measured by rotating the crystal off the reflection 

by a few degrees, keeping the rest of the spectrometer in the same position, and 

is of the order of «  0.1 neutrons per second. The background has already been 

subtracted in the results presented here. We recall that the polarisation axes 

have X  parallel to the scattering vector, z vertical, and y  making up the right 

handed set.

In each case where Pi is set parallel or antiparallel t o  Pf is found to have
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Figure 5.7: The conventional electromagnet used for field cooling samples.
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Figure 5.8: The scattering vectors of the four cubic reflections in flgures 5.11, 5.9, 
5.10 and 5.12.

been flipped by 180° within the statistics of the measurement, with no depolar

isation, for all of the reflections measured. When P i is in the y - z  plane strong 

depolarisation is observed on the (çc,l,0) and (l-f-Çc,l,0) reflections. In both cases 

P i along y gives rise to P j  also parallel to y whereas P i along c gives rise to P/ 

antiparallel to z.

Pf for the (l-9c,0 ,0 ) reflection with Pi antiparallel to z is unchanged whereas 

Pi antiparallel to y is flipped by 180° with no depolarisation. Pf for the (çg,l,0) 

reflection with Pi antiparallel to z is rotated by about 160° away from the —z 

direction whereas P i  antiparallel to y is rotated by about 30° towards the z axis.

P f  was determined for (^^,1,0) at six other temperatures from 6.1 K to 8.0 K 

(on cooling from above T^) with P i  parallel to z. The results are shown in figure 

5.13 and strong depolarisation is observed with the direction of P f  staying parallel 

or antiparallel to z. At % 6.9 K total depolarisation of the beam is observed with 

P f  being found parallel to z for temperatures above 6.9 K and antiparallel to z 

for temperatures below 6.9 K. The peak neutron count rate measured for this
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Reflection: 0 .1 9  —1.00  0 .0 0

Point Polarisation 7? <P

1 & 9 C ) 21(4) 137(10)
2 0 .8(1) 62(5) - 9 6 ( 1 )
3 0 .8(1) 101(7) - 4 ( 9 )

Figure 5.9: Cardinal point scan made on the cubic satellite (qc 1 0) at 7.6 K (97).

Reflection: 1 .19  —1.00  0 .0 0
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126(7)
142(5)

175(3)
9 4 (1 )

- 1 1 3 ( 5 )

Figure 5.10: Cardinal point scan made on the cubic satellite (1+Çc 1 0) at 7.6 K 
(97).
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Reflection; 0 .82 0 .00  0 .00

Pol nt Polarisation <P

1 0.79(5) 173(4) 200(30)
2 0.96(4) 89(3) 86(1)
3 0.81(5) 95(4) - 4 ( 3 )

Figure 5.11: Cardinal point scan made on the cubic satellite (l-<jc 0 0) at 7.6 K 
(97).

Reflection; 0 .19 1.00 0 .00

Point Polarisation 9

1 0.9(1) 88(4) - 1 7 0 ( 4 )
2 0.4  1) 89(8) 79(2)
3 0 ,3(1) 170(11) -230(40]

Figure 5.12: Cardinal point scan made on the cubic satellite (</c 1 0) at 7.6 K 
(97).
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Figure 5.13: The three components of scattered polarisation measured for the 
reflection with temperature. The x component is in red, the y component 

is in blue and the z component is in green (97).

reflection is shown in figure 5.14 showing the appearance of the reflection at % 

8.3 K.

With the a*-C plane as the scattering plane the splitting along C is clearly 

resolvable and at 7.4 K the distance between the two peaks was found to be 

O.lOrooi (figure 5.15). The polarisation vector of the scattered beam was measured 

with the initial polarisation parallel to y and z for the four reflections (^^,0,3 ±  

0.05) (figures 5.17 and 5.18) and (1+Çc)0,3 ±  0.05) at 7.4 K. Each of the four sets 

of results are identical, having the initial polarisation parallel to y unchanged in 

scattering while that set parallel to z is flipped by 180°. The same measurement 

was also made on the (çs,0,3 ±  0.05) reflections at 6.9 K which gave the same 

result as at 7.4 K. Below 6.9 K the splitting in c* is zero and only one peak is 

observed. Pf for the (̂ "(.,0,3), (çc,0,5) and (1+Çc,0,3) reflections was measured with 

Pi along y (figure 5.17) and Pi along z (figure 5.18) as a function of temperature 

down to 2.5 K (only the data for the (çc,0,3) reflection are shown, those for the 

other reflections measured are the same). The evolution of the position of the
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Figure 5.14; The peak signal with temperature for the (çc,l,0) reflection (97),
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Figure 5.15: The splitting of qs as resolved with the a*- c* plane as scattering 
plane (980R1).
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Figure 5.16: The evolution of the cubic modulation wavevectors with tempera
ture for the (ç,0,3) type reflections (980R1). Only one wavevector, is shown 
below 6.5 K as the splitting in the basal plane is not visible with the a*-C plane 
horizontal (980R1).

reflection is given in figure 5.16. Above % 5 K, P { along y  is unchanged in 

scattering, and Pi along z is flipped by 180°. Below % 5 K the directions stay the 

same as they were above this temperature, but there is a marked depolarisation 

of % 10% which does not change with temperature.

Full cardinal point scans were made on the (±ç,0,±3), (±g,0,±5), (±(1 -t- 

g),0,3), (±(1 + g),0,5), ( -1  -  g,0,3) and (-1  -  g,0,3) type reflections at 4 K all 

of which showed that P i along x  was flipped by 180° with no depolarisation. P i 

along y  remained along y  with % 10% depolarisation, and P i along z was flipped 

by 180° with % 10% depolarisation.

With the d*-b* plane as the scattering plane the splitting of the cubic reflec

tions around 7.5 K is now out of the horizontal plane. The vertical resolution of 

IN20 is relaxed in this direction which allows the scattering from the peaks 

to be observed in the horizontal plane despite the fact that they are split away 

from it. In order to try to resolve the actual splitting, a disc of cadmium with
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Figure 5.17; The three components of P / as a function of temperature measured 
on the (çc,0,3) reflection with Pj along y. Above 6.9 K the two peaks split along 
C were measured separately and the results obtained from each of them is given 
(9 8 0 R 1 ) .
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Figure 5.18; The three components of P / as a function of temperature measured 
on the (çc,0,3) reflection with Pi along z. Above 6.9 K the two peaks split along 
c* were measured separately and the results obtained from each of them is given 
(9 8 0 R 1 ) .
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Figure 5.19: (1,73,t+) and (1,^3,r_) compared to (100) at 7.4 K (980R2 PC).

a slit in it that was 3 mm high by 15 mm wide (with the wide edge horizontal) 

was placed in the scattered beam (before the analyser), 500 mm away from the 

sample, such that it could be translated in the z direction. The result of translat

ing the slit through the (l,Çc,0) position is shown in figure 5.19 where the angle 

iz is the calculated equivalent out-of-plane scattering angle. In order to estimate 

the instrumental resolution, the closest nuclear Bragg peak was scanned using 

the slit, and is also shown (with the count rate divided by 100) in figure 5.19. 

The magnetic peak can be seen to be marginally wider than the nuclear peak, 

and also slightly asymmetric. Two Gaussians with the same width as that of the 

nuclear peak could be fitted to the scattering and are also shown in figure 5.19 

labelled as and r “ . If two peaks were contributing to this reflection then the 

neutrons on the left hand side of the reflection would be coming mainly from the 

T ~  peak and those on the right hand side of the peak would be coming mainly 

from the r '^  peak. If the moment associated with and t ~  is different then 

one would also expect the polarisation of the neutrons from either side of the 

peak to be different. The slit was placed at =  —0.8° and v = -1-0.5° and Pf
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Point Polarisation 1? <P
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2 0 .76 (2 ) 120(2) 94(1)

Figure 5.20: Pf from (1,Çc,t+) and (1,Çc,'f_) at 7.4 K with P̂  parallel to z. Point 
1 is the measurement with u =  —0.8° and point 2 is that with u =  +0.5° (980R2 
PC).

was measured with the initial polarisation parallel to z. The results are given in 

figure 5.20 with point 1 being the measurement dX u = -0.8° and point 2 being 

that at z/ = +0.5°. It can clearly be seen that the results from either side of 

the peak are different. The z components of Pf in both cases are the same sign 

and have similar magnitudes and the y components have similar magnitudes but 

opposite signs. There is a small depolarisation observed in Pf in each case. It 

is interesting to note that it would not have been possible to obtain this result 

using UFA. In UFA only the z component of the polarisation of the scattered 

beam can be measured as it is in this direction that the guide field would have 

had to have been applied. This is a good example of where the ability to be able 

to deconvolute depolarisations and rotations of the polarisation is useful.
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5.2.2 Discussion of cubic satellite results

One observation that is common to all of the results (from reflections arising 

from both cubic and hexagonal modulation wavevectors) is that when the initial 

polarisation is parallel to the scattering vector, the polarisation of the scattered 

beam is flipped by 180°. It becomes antiparallel to the scattering vector with no 

depolarisation. Prom the fact the the y and z components of P f  are zero, one 

can deduce that all of the reflections that were measured are purely magnetic. A 

pure magnetic reflection always processes the polarisation through 180° around 

the magnetic interaction vector. The magnetic interaction vector is by deflnition 

in the y-z plane, and so will always flip by 180° a component of P* along x. This 

will be independent of where the interaction vector is pointing in the y-z plane. 

If nuclear scattering is also present then the polarisation processes through an 

angle that depends upon the ratio of nuclear to magnetic scattering.

Another conclusion that can be drawn from this observation is that the 

real and imaginary components of the magnetic interaction vectors involved are 

collinear. If this were not the case then polarisation would be created or destroyed 

along X through the cross product terms between the magnetic interaction vec

tor and its complex conjugate in Blume’s equations being non zero. This is a 

confirmation that the structures that were measured are sinusoidally modulated, 

and not spiral or helical structures. Care needs to be exercised in coming to 

this conclusion as a helical structure with equal proportions of chirality domains 

contributing to the same reflection will give a result that can be interpreted in 

the same way as two or more domains of a sinusoidal structure. In a helical 

structure however the scattering from different chirality domains normally ap

pears at different places in reciprocal space unless other types of domain conspire 

to superpose them. Another trap in identifying a helical structure is when the 

scattering vector of a reflection is in the plane perpendicular to the axis of the 

helix. In this case the orientation factor renders invisible one component of the
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modulation and the scattered polarisation will behave like that from a sinusoidal 

structure. In order to guard against this pitfall it is necessary to measure at least 

three reflections from a common domain, with non-coplanar scattering vectors.

The results where we observe a depolarisation of initial polarisations in the 

y-z plane can only arise from scattering from different magnetic domains that 

superpose incoherently at the same place in reciprocal space. The total cross 

section now becomes the sum of the cross sections for each different domain that 

contributes to a given reflection, weighted by the fraction of the volume of the 

crystal that is in this domain (and similarly for the scattered polarisation). There 

are two different sets of results that display such a depolarisation. Firstly there 

are those for the cubic reflections in the a*-b* plane between 8 and 6 K and 

secondly for the hexagonal reflections in the plane.

In neodymium there are three domains that arise from the three equivalent a*- 

c* planes of the DHCP structure, whichever of the multiple-g structures is present. 

These domains give rise to satellites in different parts of reciprocal space and can 

thus be neglected in the summation. The cubic satellites are split along the c-axis 

at 7.5 K by «  O.Ohfooi into two peaks. With the o*-6* plane as the scattering 

plane, the resolution of IN20 in the vertical direction is such that both of these 

peaks will be contained within the resolution ellipsoid. A model containing two 

contributions is thus required. The results of the measurements with a slit in the 

scattered beam (figure 5.20) add considerable weight to this argument as Pf is 

rotated differently on each side of the peak with only a small depolarisation.

The resulting overall cross section can be written as in equation 5.14 and 

the final polarisation as in equation 5.15. and a -  are the weights for the 

contribution with the peak split above and below the basal plane respectively. 

The cross sections for each domain are assumed to be equal which implies that 

the lengths of the magnetic interaction vectors are the same.
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A =  a+ — a_ (5.16)

Turning to the results of the cardinal point scan on (l-Çc? 0, 0) at 7.6 K we 

measure that P i along y  is flipped by 180° without being depolarised and that P i 

along z remains unchanged during scattering. From 1.39 it is immediately obvious 

that the magnetic interaction vector for this reflection is along the c-axis.

For the reflection (çc, 1, 0) at 7.6 K, we measure that for Pi parallel to z there 

is no component of scattered polarisation parallel to y. Similarly we also measure 

that for Pi along y there is no component of scattered polarisation parallel to z. 

W ith a two domain model this behaviour can only arise if the ratio between the y 

and z components of the magnetic interaction vector of one domain is of opposite 

sign to the same ratio applied to the magnetic interaction vector of the other 

domain. With interaction vectors of the same length, four models then become 

possible for their arrangement in the y-z plane (figure 5.21). The assumption 

is made that the size of the angle that each interaction vector in a given model 

makes to the y axis, e, is the same.

Putting any of these domain configurations into Blume’s formulae gives the 

same expression for the scattered polarisation which is given in equation 5.17. 

The magnetic interaction vector of the second domain has been written in terms 

of the y and z components of that of the first domain, üy and i, j  and k are 

unit vectors along the x, y and z axes respectively, and Piy and Piz are the 

components of initial polarisation along x, y and z respectively.

^    D I "b 2ayfl_2;Pj_2:A  ̂  ̂ Piz{cLy n^) -I- ‘IdyCizPiy^ ^

(5 .17)
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Figure 5.21: The four models of domain configurations for the cubic wavevectors 
in the triple-g region that give rise to the same scattered polarisation.

From this equation one can see the behaviour of P f  for a given P i.  With the 

initial polarisation parallel to the scattering vector the final polarisation will be 

flipped by 180° with no depolarisation. When the initial polarisation is parallel 

to y equation 5.18 will be obeyed.

^  ■ al + a?
P i y j  + 2 (5.18)

and when it is parallel to z equation 5.19 is true.

Pf = 9"^" p. ;■ + ^  p  i
al + aj “  al + aj

(5.19)

It is apparent from equations 5.18 and 5.19 that in order to obtain a zero com

ponent of scattered polarisation parallel to y for incident polarisation parallel to 

z and similarly a zero z component for incident polarisation parallel to y, the 

domain populations must be equal (i.e. A = 0).

We can obtain the angle that each magnetic interaction vector makes to the
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basal plane by measuring Pf with Pi in the y-z plane. For Pi along z with equal 

proportions of the two domains equation 5.20 holds.

This can be written as equation 5.21.

°»_______ Û __= ( 5  21)
a j +  a2 al +  al P*,  ̂ '

From elementary trigonometry we can write this expression in terms of sines and 

cosines of e (equations 5.22 and 5.23).

cos^ e — sin^ e =  — (5.22)

cos2e =  - ^  (5.23)
IZ

Thus e is given in this case by equation 5.24

P u1 _1 
6 =  - C O S

P i,
(5.24)

One can re-write the equation of the final polarisation (5.17) in terms of e if we 

realise that equation 5.25 is true.

In matrix form, expressed in terms of two parameters A and e, the scattered 

polarisation for (g'c,-l,0) is given by equation 5.26.

/ - I  0 0 \  ^
P / =  I 0 cos2e A sin2e I ‘ Pi (5.26)

\  0 A sin 2e — cos 2ey
The estimates for the errors from the statistics of the measurement are pre-
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sented in equation 5.32 and make use of the well known results given in equations 

5.27 and 5.28.

=  +  (5.27)

de V
d P f j  m . - p h )

>2fzde \  ' P i
dP ,j  iP i { P l - P D

(5.29)

(5.30)

_2
, ,  (5.31)

(7e =

i ( P i  -  P D  iP U P i  -  P D
1 r p2

+  ^ 4
iz-  p%

(5.32)

When applying these results to the data, the initial polarisation is taken to be that 

as measured on the pure nuclear (110) reflection above Tn . For the -\-z direction 

this was 0.89(1) which is likely to be an underestimate. This measurement is 

made after the beam has traversed the whole of CRYOPAD whereas the sample 

is located at the centre of the instrument and hence the path integral up to this 

point is smaller. The results of this model applied to the measurements made on 

the (çc,l,0) with incident polarisation along z are given in flgure 5.22 and table

5.7. From the graph it can be seen that the interaction vectors change direction 

linearly as one descends in temperature. At 8.0 K they are close to being in along 

y, but a large z component develops with decreasing temperature. At 6.1 K they 

are making an angle of ±64°.

At 7.6 K the incident polarisation was also set parallel to y. The flnal polar

isation was measured as P/a;=0.08(2), P/y=0.42(6) and P/^=0.00(6). If one also 

takes Pjy=0.89(l), a value of e=31(2)° is obtained which is within experimental 

error of the value obtained with Pi parallel to z (34(2)°).
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(9c,1,0) Temp [K] P f y Pf^ fM Of[°] A (?A
0.187 6.12 -0.003 0.105 0.540 0.126 64 5 -0.004 0.133
0.187 6.36 -0.018 0.054 0.472 0.092 61 3 -0.024 &085
0.187 6.59 -0.000 0.096 0.285 &092 54 3 -0.000 0.074
0T88 7.09 0.093 0.104 -0.190 0.106 39 3 0.107 0.115
0T88 7.56 0.050 0.099 -0.341 0.122 34 4 0.061 0.137
0T88 7.79 0.014 0.175 -0.489 0.164 28 6 0.018 0.229
0.192 &03 0.100 0.158 -0.764 0.264 15 17 0.218 0.581

Table 5.7; The calculated angle, e, between Q and the basal plane with tem
perature for (çc,l, 0) and the calculated difference in domain fractions, A, in the 
triple-g phase of Nd (97).

60  -

5 0  -

4 0  -

3 0  -

2 0  -

10  -

0 -

6.5 7.0 7.5 8 . 0
Sample temperature (K)

Figure 5.22: The calculated angle, e, between Q and the basal plane with tem
perature for (çc,l,0) hr the triple-ç phase of Nd (97).
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Sample temperature (K)

Figure 5.23: The calculated difference in domain populations, A, with tempera
ture for (çc,ï,0) in the 3-q phase of Nd.

One can also extract the difference in domain fractions from the polarimetry 

data and the expression to use for Pi parallel to z is given in equation 5.33.

A =
Pf y

Pir sin 2e
P i -  Ph

(5.33)

The estimates for the errors from the statistics of the measurement are given in 

equations 5.34 and 5.35 for incident polarisation along z.

cta = a
^A aA

+
aA 2i

-<^ijph -  pir -  <’%„p%iPl - p i^ ij]  ̂

{Ph -  P l y

(5.34)

(5.35)

A calculated from the data for (çc,l,0) with temperature is shown in figure 

5.23. The difference in the populations is zero within experimental error for all
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(0.185, -1, 0) at 7.56K (1.187, -1, 0) at 7.56K
e, with Pj / /  z ['“] 10(10) 33(2)
e, with P i U y  [ ] 19(6) 35(4)
A with Pj / /  z -0.7(8) -0.3(1)
A with Pj / /  y -0.7(2) -0.3(1)

Table 5.8: e and A as derived from different components of scattered polarisation 
on (qc -1 0) and (l+^c -1 0) at 7.56 K in the 3-q phase of Nd.

temperatures. This model is thus consistent with all of the measurements made 

on the (çc,l,0) reflection.

The measurements at (qc, 1, 0) and (1+Ço -1, 0) at 7.6 K can now be under

stood in terms of our model with non equal domain populations. If the model 

is consistent with these measurements then, within the experimental error, we 

should obtain the same differences in population and values of e from measure

ments with incident polarisation along y or z. These are shown in table 5.8 and 

is indeed the case to within experimental error. The fact that there is a domain 

imbalance measured is due to the misalignment of the sample during these mea

surements due to the problem with the cryostat mounting. The fact that the 

angle e is smaller at (çc,l,0) is a result of the orientation factor enlarging the a* 

component of magnetic interaction vector at this reflection.

The a*-^ scattering plane results can be understood if the moments are them

selves locked into this plane. If the moments are in the scattering plane then M± 

is also always in the scattering plane, perpendicular to k . |Mj_| will change for 

different reflections in the scattering plane depending upon the angle between « 

and the moment direction. For a purely magnetic reflection Pf is independent 

of |Mj_| and only depends upon M± which is constant in this case. When the 

moments are in the scattering plane, Pf will thus show the same behaviour for 

all reflections in that plane. This behaviour will also survive the summation over 

domains as the average of several contributions which are the same is the same 

as any one of the contributions.
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In the results from translating the slit in the scattered beam the small amount 

of depolarisation observed (% 10%) can be easily reconciled by reference to the 

two peak fit to the peak in figure 5.19. At the positions where the polarisation 

measurements were made there is a large contribution from one of the contribu

tions, and a small but non-zero contribution from the other. The contributions 

have interaction vectors M ^  and M j, and in order to extract quantitative infor

mation about them one has to make a simultaneous fit to both results with both 

contributions present. The fit used contains four parameters: A ai and Ao!2 are 

the difference in domain populations for each measurement, and e+ and e_ are 

the angles between M ^  and Mj_ and the a*-b* plane respectively. Expressions 

for and P!^^  ̂ are given in equations 5.36 and 5.37.

pc^c _  I 0 cos2e_ sin2e_ | PiJcalc _  1
2

1 -  A qi 
2

T  —

- 1 0 0

0 COS 2e_ sin 2e_
0 sin2e_ — cos 2e_

- 1 0 0

0 cos 2e+ sin 2e+
0 sin 2e+ — cos 2e_|_

- 1 0 0

0 cos 2e_ sin 2e_
0 sin 2e_ — cos 2e_

- 1 0 0

0 cos 2e+ sin 2e+
0 sin 2e+ — cos 2e+

P i (5.36)

gcaic ^  A a 2 +  1 I g cos26_ sin2e_ I R
2

+ - — I  0 cos2e+ sin 2«+ | R  (5.37)

The results of the fit are given in table 5.9 and it can be seen that within the 

error bars e+ =  — e_. Combining this result with the knowledge that the moments 

are locked into the o*-c*̂  plane implies that r-\- and r — have identical components 

of moment parallel to a* and equal and opposite components of moment parallel 

to c*.

Despite having embarked on a complete model starting from Blume’s equa

tions, it is instructive to explore a conceptual model for the observed behaviour. 

It is based on three results, firstly that the structure is modulated such that
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Nd, T=7,4K, eta-i-: 32,{ 5,) deg, e ta - :  -2 9 ,{  5,) deg

I Peal I Thctû PhiPhi

Y

0.772  126.202  - 94.998  0.759  126.558  - 90.000  
0.762  119.500  94.100  0.775  121.382  90.000

Figure 5.24: Pf from (1,Çc,t-i_) and (1,Çc,t_) at 7.4 K with Pi parallel to .z (980R2 
PC).

Item Result
( - 0 .0 5 ( 1 ) ,  - 0 .6 2 ( 3 ) ,  - 0 .4 6 ( 3 )  )

pcalc ( 0 , -0 .6 1 ,  -0 .4 5  )

Ç - ( - 0 .0 5 ( 1 ) ,  0 .6 6 ( 2 ) ,  - 0 .3 8 ( 2 )  )
pcalc ( 0 , 0 .6 6 , - 0 .4 0  )

e— - 2 9 ( 3 ) °

e+ 4 -3 2 (3 )°

A«i - 0 .8 1 ( 9 )

A a, 4 -0 .8 4 (8 )

Table 5.9: The measured and calculated values of Pf and converged values of the 
fit parameters for the results in figure 5.24.
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M± X M ^ = 0. This implies the second result that a single domain of such a 

structure always precesses the polarisation vector by 180° around M± without 

depolarisation. The third result is that the domains superpose incoherently with 

equal weight. We look at the case where one interaction vector is making an angle 

+e to the basal plane and the other is at an angle of —e to the basal plane. Pi is 

parallel to the z direction (figure 5.25). The initial polarisation is precessed by 

180° around each interaction vector and the final polarisation obtained by taking 

the weighted average of the two.

There are two cases to consider for this model. The first case is given in figure 

5.25(a) and relates to that where the angle between M±i and M ±2 is less than 

90°. This gives rise to a scattered polarisation along — z, with a length governed 

by the angle between the two interaction vectors. The second case is given in 

figure 5.25(b) and relates to the angle between M±i and Mj_2 being more than 

90° This case results in a scattered polarisation along +z, also with the length 

dependent upon the angle between the two vectors. When the angle between 

M±i and M ±2 is 90° the beam is totally depolarised.

5.2.3 R esults for hexagonal satellites.

At 11.2 K in the double-^ phase, with the a*-b* scattering plane we found that 

for a hexagonal satellite refiection with Pi along x  or z, Pf was flipped by 180° 

with no depolarisation within the experimental error, while it was unchanged 

when Pi was along y (figure 5.26). This was also the case for hexagonal type 

reflections at 7.6 K and 6.5 K in the triple-g phase at the (g/i,0,0), (1+g/i,—ç/i,0) 

and (l-ç/i,ç/i,0) reflections. Full cardinal point scans were also made at 2 K in 

the quadruple-^ regime on the reflections (l,çi,0), (1 ,9 2 ,0 ), (1 ,92 ,0 ), (1 ,9 2 ,0 ), (1- 

9i,9i,0), (1-92,92,0), (l-f9i,9i,0) and (H -92 ,9 2 ,0 ). All of these reflections showed 

the same behaviour with Pi along x 01 z being flipped by 180° and that along y 

remaining unchanged. There was no observed depolarisation.
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Z fO O ll

M | +(K)

2a 2a

^  M,_.(k )

Z [001]

K Y l K

(a) Case where c < 45°. (b) Case where e > 45°.

rj = 2tt ~  4a = 4e 

-P fz  = Piz cos ^

— = cos 2e

e = -  cos-1

Pfz = Piz COS 2a =  P iz  cos(7T -  2e) 

=  c o s  7T COS 2e + s in  tt s in  2e

= — cos 2e

■ P u
1 ,

= >  e  =  -  COS

. P i z .
2 .  P i z  .

Figure 5.25: A conceptual approach to the model for the cubic reflections in the 
triple-g phase of neodymium.
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Reflection: 1.13 —0.13 0,00

Point Polarisation f

1 0.86(1) 90(1) - 1 6 5 ( 1 )
2 0.89 1) 92(1) 93(1)
3 0 .88(1) 177(1 ) -200(20]
4 0.89(1) 9 0 0 ) -3 ( 1  )
5 0.89(1' 8 9 0 ) - 9 3 ( 1 )
6 0 .88(1) 2 0 ) 87C0

Figure 5.26: Cardinal point scans made on the hexagonal satellite 
at 11.2 K (97).

With the d*-c* scattering plane Pf was measured with Pi along y and z on 

reflections of the type (g,0,3) (flgures 5.28 and 5.29), (g,0,5) and (l+g,0,5) as 

a function of temperature between 10 and 2.5 K (only the data for the (g/i,0,3) 

reflections are shown, the data for the other reflections measured are the same). 

In each case with Pi along y, Pf was also found to be along y, but with a 

depolarisation of % 10%. Those cases where Pi was along z resulted in Pf being 

flipped by 180°, again with a depolarisation of % 10%.

Full cardinal point scans were made on the (±ç,0,±3), (±g,0,±5), (±(1 + 

ç),0,3), (±(1 + g),0,5), ( -1  -  g,0,3) and (-1  -  ç,0,3) type reflections at 4 K all 

of which showed that Pi along x was flipped by 180° with no depolarisation. Pi 

along y remained along y with % 10% depolarisation, and Pi along z was flipped 

by 180° with % 10% depolarisation.

5.2.4 Discussion for hexagonal satellites

The d*-b* plane results for the hexagonal reflections are all identical with inci

dent polarisation along y remaining unchanged in direction while that along z is
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Figure 5.27: The evolution of the hexagonal modulation wavevectors with tem
perature for the (g,0,3) type reflections (980R1). Only one wavevector, qĥ  is 
shown above 5 K as the splitting in the basal plane is not visible with the a*-c* 
plane horizontal (980R1).

0.8 i Ï f I
0.6 4
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! i
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F I ” Î T i  F i l l  Î

5 6 7
Temperature (K)

Figure 5.28: The three components of Pf as a function of temperature measured 
on the (ç/i,0,3) reflection with along y (980R1).
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Figure 5.29: The three components of Py as a function of temperature measured 
on the (ç/i,0,3) reflection with Pi along z (980R1).

flipped. This shows that M i for each reflection at each temperature is parallel 

to y. As with the a*-c* plane results for the cubic reflections, which showed that 

these moments were locked into the a*-c* plane, the moments giving rise to the 

hexagonal reflections are locked into the basal plane.

The results from the a*-c* are the same as those from the a*-b* plane apart 

from the depolarisation of % 10% that is observed on the y and z components. 

This depolarisation is constant across the range of temperatures measured. The 

hexagonal satellites in the triple-ç region are split in a similar fashion to the cubic 

satellites, but perpendicularly to a*, in the a*-b* plane. This splitting will be con

tained within the resolution ellipsoid when the a*-c* plane is horizontal and two 

contributions will be required to explain the final polarisation. The depolarisa

tion can be explained if these two contributions have the same components along 

a*, but equal and opposite components perpendicular to d ,̂ in the basal plane. 

The angle obtained between the moment and a* in this model, assuming equal 

domain proportions, would be 13°. It would be interesting to attempt the same 

procedure as was applied to the c^-axis split cubic reflections in order to try and
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resolve the moment giving rise to each reflection individually. While the splitting 

of these reflections away from a* is much less than that of the cubic reflections, 

the intensity of the scattering is much larger. This would allow smaller slits in 

the beam and a smaller crystal to be used to improve the resolution.

In the quadruple-^ phase the splitting of the hexagonal reflections is now also 

in the basal plane and eminently resolvable. If only the wavevectors change in 

the phase transition then one would expect the depolarisation to vanish as one 

enters the quadruple-g phase. This is not the case, the depolarisation remaining 

constant across the boundary between the two phases. This indicates that there 

are still at least two domains contribution to the hexagonal reflections in the 

quadruple- q phase, the moment direction remaining constant.

There has recently been speculation that from a theoretical standpoint, the 

double-g phase between T2 and T3 should in fact be a flat, distorted spiral in 

the basal plane, with spin slips [115]. If this were the case then one would 

expect to observe that for some reflections there would be polarisation created 

parallel or antiparallel (depending on the chirality) to x. Only one reflection 

in the double- q phase was measured and no such creation of polarisation was 

observed. The scattering vector of the measured reflection is in the basal plane 

and thus even if a spiral was present the observed behaviour would be that of 

a sinusoidal structure. More measurements should be taken in this temperature 

range on reflections with non- coplanar scattering vectors to clarify this point. In 

the results from the triple and quadruple-g phases from the a*-S  ̂ plane there is 

no polarisation creation observed along x and leading one to conclude that the 

structures are sinusoidal.

It is interesting to note that the moments giving rise to the hexagonal re

flections remain flxed in direction with reducing temperature below 10 K. The 

phase transitions that are observed below that at T2 must thus relate to changes 

in either the modulation of the structures or the size of the average moment at 

each site </z>. This places a big constraint on the free energy theories that have
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been developed for neodymium.
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5.3 The Archipelago phase

This work was completed in collaboration with Dr. S. W. Zochowski and Dr. 

Bachir Ouladdiaf.

The same crystal as was used in the first CRYOPAD experiment was used in 

this study. It was mounted with the c-axis vertical and loaded into an Oxford 

Instruments 5 tesla horizontal field cryomagnet. This was in turn mounted upon 

the sample table of the DIO diffractometer at the Institut Laue Langevin which 

was used in its three axis mode with a single crystal copper monochromator and 

pyrolytic graphite analyser. This gave a neutron wavelength of 1.26 Â. The 

magnetic field was applied in the a*-b* plane, a few degrees away from a*. The 

neutron access to the sample using the cryomagnet was very limited and the 

accessible region of reciprocal space was that surrounding the (100) reciprocal 

lattice point as in figure 5.30. The magnetic field was applied using a protocol 

whereby the sample was always cooled from 30 K to the desired temperature in 

zero field. The magnetic field was applied in the sense of increasing field and 

the sample heated to 30 K before the field was reduced after having performed a 

measurement. In this way all of the data obtained should be self consistent.

Scans were made along the [110] direction from the (100) reciprocal lattice 

point as a function of temperature and magnetic field. The scans were identical, 

each made up of 401 points, and went from (1.1,-0.1,0) to (0.6,0.4,0). The position 

of the (100) Bragg reflection was determined by fitting a Gaussian line shape and 

the whole scan was shifted to fix this peak at (100). The average shift applied was 

0.002 reciprocal lattice units. Gaussian line shapes with a sloping background 

were then fitted to these corrected scans to determine the positions and intensities 

of each peak. Figure 5.31 shows the positions of the peaks that were found as a 

function of field at 1.8 K, and figure 5.32 shows the positions of the peaks as a 

function of temperature at a constant field of 3.0 T.
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Figure 5.30: The area of reciprocal space accessible when using the 5 T horizontal 
field cryomagnet on DIO with a neutron wavelength of 1.26 Â with the a*-b* plane 
of neodymium as scattering plane.
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Figure 5.31: The positions of peaks found in scans along (l-ç,ç,0) at 1.8 K as a 
function of applied magnetic field (DIO data).
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Figure 5.32: The positions of peaks found in scans along (l-ç,ç,0) at 3.0 T as a 
function of temperature (DIO data).

If one considers the phase known as the “Archipelago phase” at 3.0 T and 1.8 

K, the satellite with the largest intensity is that at ç % 0.106 which corresponds 

to the position of the reflections due to q[ in the zero field quadruple-^ structure. 

Reflections arising with q < qi  can be indexed in terms of q i / 4 ,  q i j 2  and 3çi/4. 

reflections having q > q\  can be indexed in terms of 3çi/2, 2gi, 5çi/2 and 3çi. 

Scans were made through each reflection which were perpendicular to the [Î10] 

direction. These did not show any splitting in the basal plane on any of the 

peaks.

At 1.8 K the single-g structure is regained at 4.25 T with the presence of a 

reflection at 3çi. At 3.0 T this occurs at around 5 K. At 1.8 K in fields up to 

and including 2.75 T there is considerable dependence of the reflections observed 

with field.
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5.3.1 Discussion

There are considerable difficulties involved in interpreting the spectra obtained 

in this experiment. Firstly the sparseness of the data at 1.8 K below 3 T, where 

there are a lot of changes occurring, makes it difficult to follow the reflections 

arising from each wavevector of the quadruple-^ phase in zero fleld. It is not 

possible to conclude whether it is still valid to consider the reflections as arising 

from a quadruple-^ structure, harmonics from a single-g structure, or another 

structure.

The gross features of the diffraction spectra obtained in the Archipelago phase 

can be understood in the following manner. Peaks observed with q > qi, and be

ing odd multiples of qi, arise through the squaring up of the modulation envelope 

of the moments in the structure. Peaks observed with q < qi could not arise as 

harmonics in the Fourier transform of the modulation envelope of the moments 

and must arise from another mechanism which imposes a repeating pattern onto 

the magnetic structure. As mentioned in the literature survey, a spin block flip 

mechanism has been proposed to explain the presence of these reflections.

For a system of periodically modulated spins we can define spin blocks which 

are regions where the direction of the spins all have a positive (-f ) or negative (—) 

component with respect to a predefined axis. Figure 5.33 shows this and how 

a longitudinally modulated structure of spins can be described by a repeating 

sequence of (H— ) groups of spin blocks where each of these groups defines a 

period of the modulation. If an external magnetic fleld was applied to the system 

it is expected that it would energetically favourable for some of the blocks of spin 

to ’flip’ or change sign so as to align with that fleld. If, for example, the second 

spin block from the left in the diagram above were to go from (—) to (-I-) then 

a new periodicity would be introduced into the structure which would be twice 

that of the original. The number of blocks in a repeating group will have been 

increased from 2 to 4.
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Figure 5.33: The definition of a spin block with respect to a longitudinal, sinu
soidally modulated structure.

Structure (n=2) /+ r ^n=2
---- 0 0.5 -1
- + 0.5 0.5 0
+ - 0.5 0.5 0
+ + 1 0 1

Table 5.10: Possible spin block arrangements for a two block repeating unit 
(n=2).

For a structure having repeating groups of n spin blocks we can write out 

all the combinations that those spin blocks can take. We can then calculate 

the proportion of (-{-) blocks, /+ , and (—) blocks, / “ , and thus calculate the 

asymmetry of (+) blocks to (—) blocks in the group. The asymmetry is defined 

as in equation 5.38.

A
"  /+  +  /■

(5.38)

This is the ’polarisation’ of a particular structure and will be proportional to the 

extra magnetisation generated in the direction of the applied magnetic field by 

the flipping of the spin blocks. For n = 2 the four possible combinations of (-b) 

and (—) blocks are given in table 5.10. Two of them are overall ferromagnetic 

and two of them are antiferromagnetic. If we do this for a range of n and tabulate 

the distribution of asymmetries for each n we get the results in table 5.11

Several things are apparent from table 5.11. Firstly N{An), where N  is the 

number of combinations that give rise to the same generates Pascal’s triangle.
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N (A ,) 1
^1 1
N{A2) 1 2 1
^2 -1 0 1
N(As) 13 3 1
^3 -1 -0.333 0.333 1
A^(;i4) 1 4 6 4 1
^4 -1 -0.5 0 0.5 1

Table 5.11: Distribution of spin block asymmetries.
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Figure 5.34: The proportion of antiferromagnetic structures for an even number 
of spin blocks, n, as a function of n.

Groups of spin blocks with n odd will always be ferromagnetic. Groups with 

even n blocks will contain a certain portion of antiferromagnetic structures which 

reduces as n increases (figure 5.34). Secondly An can only take (n + 1) specific 

values given by equation 5.39 where p goes from 0 to n in steps of 1.

-
2p -  n

n
(5.39)

What has been considered thus far derives solely from the mathematical proper

ties of the patterns of the blocks within a group. In order to determine which 

structures are physically possible we need now to consider some simple physics
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of the host system.

If we consider the case where a magnetic field is applied to a starting structure

(H 1-----1-----1— ......) (In order for the fundamental structure to repeat, n has to

be an even number) then we can exclude all structures with < 0 as we should 

not expect a spin block to flip from a state (+) where it is aligned with the field 

to a state (—) where it is antiparallel to the field. This will immediately exclude 

the 2”“^(1 — Pafm) structures, which have negative asymmetry (where Pafm is the 

proportion of antiferromagnetic arrangements to ferromagnetic arrangements). 

A more useful consequence of this rule is that we can regard all of the (+) blocks 

as fixed and so the number of physically possible structures is reduced from 2” 

to 2"/2.

As before the number of structures with the same asymmetry generates Pas

cal’s triangle with n, but in this case a given value of the asymmetry will corre

spond exactly to the number of spins that have flipped over a period of n blocks 

(s =  ^ ^ ) .  The wavelength of the fundamental. A, is the length of a (H— ) group 

and is ~  I for ^  in the quadruple-ç phase of neodymium in zero field. The 

wavelength of the flipped structures can be given as a multiple of A, i/, given by 

u = (the number of blocks in new period)/2.

All of the possible structures for n=8 (given that only (—) to (4-) flips are 

allowed) are listed in the table 5.12. It can be seen that one block and three 

blocks flipping will always have i/ = 4: but two blocks flipping will either give 

1/ =  2 or 1/ =  4 depending upon whether adjacent (—) blocks have been flipped. 

If four blocks flip then i/ is infinite. It can be seen that most of the possible 

structures have a wavelength four times that of the fundamental. The values of 

ly were obtained by finding the smallest group of blocks within the main group 

that repeated. Using this definition of u and from the rule preventing antiparallel 

flips, 1/  is always an integer, and the largest possible value of u, î max =  f  ■ This 

would not be the case if blocks were allowed to flip (+) to (—).

Within the Archipelago phase of neodymium (at T=1.8 K and a field of 3.0
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Structure (base 10,binary) Asymmetry (A) No of flips (5 ) Wavelength (u)
1704------1------1------1— 0.00 0 1
1714------1------1------1—h 0.25 1 4
174+ -  +  -  +  +  + - 0.25 1 4
1754------1------1—h 4—h 0.50 2 4
I 8 6 4 ------1—1— 1------1— 0.25 1 4
187+ -  +  +  +  - + + 0.50 2 2
1904------1—1—1—1—1— 0.50 2 4
1 9 1 + -  +  +  +  +  + + 0.75 3 4
234+ +  +  -  +  - + - 0.25 1 4
2354—I—1------1----- 1—h 0.50 2 4
238+ +  +  -  +  +  + - 0.50 2 2
239+ +  +  -  +  +  + + 0.75 3 4
250+ +  +  +  +  - + - 0.50 2 4
251+ +  +  +  4------1—h 0.75 3 4
2544—1—1—1—1—1—1— 0.75 3 4
2554—1—1—1—1—1—1—h 1.00 4 0 0

Table 5.12: Possible spin block arrangements for n =

T) intensity in the neutron diffraction pattern is observed at gi/4, qi/2  and 3çi/4 

(in addition to higher harmonics) where =0.106, the position of the peak with 

the next largest intensity to the Bragg peak.

Assuming the spin block model is valid, this would correspond to values of u 

of 2, 4 and 4/3. This implies that the system must consist of a mixture of several 

of the basic structures. The fact that the qi/2  peak has the dominating intensity 

is encouraging as there are much fewer structures that could be responsible for 

this peak than there are for the gi/4.

The existence of the peak at 3çi/4 is interesting. This would indicate a 

periodicity ’incommensurate’ with the spin blocks within this model and thus 

can’t be directly related to spin block flipping. It is imaginable however that it 

could derive from the third harmonic of gi/4. Its existence could also be explained 

in the spin block flip model if the next peak along from gi=0.105, ^2=0.157 is 

taken as a fundamental wavevector. The peak at the 3gj/4 position could then 

be indexed as ^2 /2  which would not violate the model. Table 5.13 shows the
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q at {l-q,q,0) Qi 92
0 Bragg Bragg
0.0275 q l/4 q2/6
0.05246 qi2/3
0.0593 q l/2
0.0787 (3ql/4) C12/2
0.10556 q l (2q2/3)
0.15721 (3ql/2) q2

Table 5.13: Indexing schemes for the reflections observed close to the (1,0,0) 
Bragg peaks at 1 .8  K and 3.0 T.

fitted peaks positions from a scan taken at 1.8K and 3T (the higher harmonics 

are not shown). The 2nd column gives an indexing scheme solely in terms of qi 

and the 3rd column in terms of Q2 . If you combine the two columns and remove 

those indexes in brackets you get an indexing scheme in terms of qi and 52- Note 

that the peak at q = 0.0275 could equally easily derive from qi/A or ^2/ 6 , or a 

mixture of both (within experimental error).

If one extends the idea of the harmonics of the spin block flip peaks being 

present, the reflections with larger q could be indexed as the first and third 

harmonics of Çi/4 (i.e. ç i/4  and 3çi/4), the first, third and fifth harmonics of 

gi/ 2  (i.e. g i/2 , 3çi/2 and Sqi/2) and the first and third harmonics of q\ (i.e. q\ 

and 3çi). This still leaves the reflection at 2qi unaccounted for. This could arise 

as a result of a lattice distortion that propagates with twice the frequency of q\.
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NdCug

6.1 Literature survey

The ReCue series (Re=La,Ce,Pr,Nd,Sm) are isomorphic and all exhibit an or- 

thorhombic to monoclinic transition of their chemical structures. Interest in the 

compound NdCug arose after the discovery that its siblings CeCue and SmCue 

are heavy fermion and mixed valence systems respectively (see for example [116]).

6.1.1 Crystallography

Above % 150 K NdCug adopts an orthorhombic crystal structure, but below this 

temperature there is a small monoclinic distortion which grows with decreasing 

temperature. This is in common with all of the members of the ReCug series, 

where Re is a rare earth ion. The temperature at which this transition occurs 

varies across the series [117, 118, 119, 1 2 0 , 1 2 1 ]. At 10 K in NdCug this distortion 

amounts to a deviation of the orthorhombic 7  angle from 90° to become the 

monoclinic (3 angle of % 91.3°[121]. The crystallographic data for each phase are 

reproduced in tables 6 .1  and 6 .2 . A full refinement of the atom positions in either 

phase has not so far been published. The magnetic structure determination of 

Yoshizawa et al [1 2 2 ] made use of those of the Sm ions in SmCug (see ref. [123])

159
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for the positions of the Nd ions in the Pnma space group. The unit cell for the 

low temperature nuclear structure is given in figure 6.1 using the atom positions 

of PrCue as measured by Asano et al [118].

Due to the monoclinic distortion being small, many of the experiments re

ported use the orthorhombic space group in the magnetically ordered phase. In 

the interest of rigour the monoclinic space group will be used here to describe 

the monoclinic phase.

O  Nd

Figure 6.1: The monoclinic unit cell of NdCue drawn using the atom positions 

of PrCue measured by Asano et al [118].

6.1.2 Magnetic properties

The first single crystal of NdCug was grown by Onuki et al [125] using the 

Czochralski method. They made susceptibility measurements along the a, h and 

c axes between % 280 K and 1.3 K. They observe a Curie-Weiss law above 80 K 

and estimate the paramagnetic Curie temperatures and effective moment from
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Atom, Site and Site Symmetry
Nd, 4c, m  

Cul, 8 d, m  
Cu2, 4c, m  
Cu3, 4c, m  
Cu4, 4c, m  
Cu5, 4c, 1

Atom Positions
X =  0.2604, y  =  l/A, z  = 0.4353
X =  0.1470, y  = 1/4, z =  0.1419
X =  0.8172, y  = 1/4, z  = 0.7552
X — 0.5617, y  =  1/4, z =  0.5979
a; =  0.9020, y  = 1/4, z =  0.4353

a: =  0.4356, y  = 0.0046, z  — 0.1904

a[Â] b[k] c[Â] m 7[°]
8.075 5.070 10.135 90.0 90.0 90.0 415.13

a*[Â-'] 6*[Â-i] c*[Â-i] o 'M /?•[“] 7* [°] Kecip[Â-®]
0.1238 0.1972 0.0986 90.0 90.0 90.0 0.240x10-2

Table 6.1: Crystallographic data for NdCue at 300 K from Yang et al [124] (Space 
group Pnma). The atom positions are those of SmCug at room temperature from 
Buschow et al [123].

Atom, Site and Site Symmetry Atom Positions
Nd, 4c, 1 

Cul, 4c, 1 
Cu2 , 4c, 1 
Cu3, 4c, 1 

Cu4, 4c, 1 

Cu5, 4c, 1 

Cu6 , 4c, 1

a; =  0.261(4), 3/ =  0.434(2
a; =  0.009(2), 1/ =  0.191(1
a; =  0.498(2), 3/ =  0.191(1
T =  0.243(2), 3/ =  0.141(1
a: =  0.255(2), y  = 0.760(1
a; =  0.229(2), 3/ =  0.593(1

0.258(2
0.437(1
0.432(1
0.148(1
0.819(1
0.566(1

a; =  0.252(2), y = 0.514(1), z =  0.899(1)

a[Â] 6[Â] c[Â] a[»] m 7[1 K.eal[Â1
5.070 10.135 8.075 90.0 91.28 90.0 414.91

a-[Â->] 6 '[Â -i] c*[Â-i] « 1 1 m 7 l 1 Kedp[Â-1
0.1973 0.0987 0.1239 90.0 88.72 90.0 0.2411x10-2

Table 6 .2 : Crystallographic data for NdCue in the monoclinic phase. The lattice 
parameters have been obtained from the data at 300 K of Yang et al and Nakazato 
et al [124, 1 2 1 ] (space group P2ifc).  and the atom positions are those of PrCug 
at 85 K from Asano et al [118] (Space group P2i/c).
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the data along the a, b and c axes to be -11.7, -20.0 and -11.5 K and 3.52, 3.43 

and 3.37 hb respectively. Antiferromagnetic ordering is observed to take place at 

5.9 K in their susceptibility data, 5.7 K in specific heat measurements, and 6.1 K 

in electrical resistivity measurements. The b and c susceptibilities are constant 

between 10 K and 1.3 K with that along b slightly larger than that along c. Above 

% 6 K the a axis susceptibility is more than twice that along the other two axes 

and falls off rapidly below 6 K. It was concluded that the moments thus prefer 

to align themselves along the a-axis with a small cant of % 1° towards the 6-axis. 

Onuki et al also report measurements of the magnetisation at 1.3 K in fields up 

to 15.0 T along each of the crystallographic axes. The magnetisation along the 

6 and c axes increases smoothly whereas that along a shows metamagnetic be

haviour. Four sharp jumps of identical size are observed at fields of 2.65, 5.0, 8.35 

and 8.9 T on increasing field and at 2.4, 4.6, 8.45 and 9.0 T with decreasing field. 

At 0.6 K another step at 4.0 T is observed, but only with increasing field. Mag

netisation measurements at other temperatures were made and from this Onuki 

et al constructed a phase diagram for applied field along a. They interpreted the 

four phases in terms of a structure with four canted sublattices that undergoes a 

series of spin flop transitions when a field is applied.

Takayanagi et al [126] made high resolution specific heat measurements in 

zero field observing four anomalies at 6.10, 5.83, 5.74 and 5.58 K (labelled as A, 

B, C and D respectively with decreasing temperature). These transitions are first 

order apart from the first one at 6.10 K labelled A. Takayanagi et al [127] ex

tended these measurements in applied magnetic fields of up to 5 T applied along 

the a-axis. Takayanagi et al [128] also performed ac susceptibility measurements 

in applied fields along the 6-axis up to 5 T. In zero field the susceptibility shows 

four anomalies at 6.10, 5.82, 5.74 and 5.58 K which Takayanagi et al interpret in 

terms of the moments canting discontinuously towards 6 from a at the B, C and D 

transitions, and being parallel to a between the A and B transitions. Takayanagi 

et al [129] tied all of these measurements together to produce magnetic field -
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Figure 6.2: The (B-T) phase diagram of NdCug for a magnetic field applied 
parallel to the real space a-axis reproduced from [129].

temperature phase diagrams for held applied along each of the three crystallo

graphic directions a, b and c. The phase diagram for the a-axis is reproduced 

in hgure 6.2 and is more detailed in the low held region than that of Onuki et 

al [125]. The hve regions of the phase diagram are labelled A, B, C, D, E and 

F corresponding to the phases reached by crossing the phase transitions in zero 

held A, B, C and D, and the transitions at % 3 T at 5.0 K and 3 T at 4.0 K for 

the E and F phases respectively.

Yoshizawa et al [122] performed a powder and single crystal neutron diffrac

tion study at 7.5 K and 4.5 K in zero held. In scans along b* and c* they observed 

nuclear Bragg peaks at even integer positions at 7.5 K and at 4.5 K new peaks 

appeared at the odd integer positions. No rehections were observed at either half 

or quarter integer positions. At general {Okl) rehections the magnetic scatter

ing is superimposed upon the nuclear peaks. Rehections of type (hOl) were also 

measured and the conditions for a rehection being magnetic as listed in table 6.3 

were obtained.
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a

b

Figure 6.3: The positions of the four neodymium atoms in the unit cell of NdCug 
with the moment directions on each one shown at 4.5 K [122].

(00/) with / odd integer 

(O&O) with k odd integer 

{hOl) with h + I odd integer

Table 6.3: The conditions for a reflection at 4.5 K in NdCue being magnetic [122].

From the intensity of the (010) reflection the magnitude of the magnetic mo

ment on the Nd atoms was found to be 3.45 /ie- The magnetic unit cell was 

found to be the same size as the chemical one and the arrangement of the spins 

on the four neodymium atoms is reproduced in figure 6.3 forming a two sublattice 

system. This excludes the four sublattice spin flop explanation for the jumps in 

the magnetisation. Mitsuda et al [130] performed a detailed neutron diffraction 

study on a single crystal of NdCue in the temperature region close to T/v. They 

followed the intensity of the (010) reflection with temperature which was found 

to undergo discontinuous jumps in intensity at 5.83, 5.73 and 5.60 K on cooling, 

and decreases at 5.62, 5.76, and 5.86 K on heating. By scanning in h and k 

through (010), two incommensurate peaks were found centred at (±Q,1,0). At
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Tn  = 6.20(5) K these peaks appear and then jump discontinuously in position 

towards (010). It was found that there are three incommensurate phases between 

the paramagnetic phase and the commensurate phase. The temperatures of the 

transitions in the neutron data correspond very well with those from the bulk 

data.

6.2 Single crystal neutron diffraction

This work was completed in collaboration with Dr. S. W. Zochowski, Dr. M. J. 

Bull, Dr. M. J. Harris and Dr. B. Ouladdiaf.

Two neutron diffraction experiments on different instruments have been per

formed on the same single crystal of NdCug with two different sample orienta

tions. The crystal was obtained from Professor Y. Onuki (Osaka, Japan), had 

been grown using the Czochralski technique and is approximately 6 x 6 x 10 mm 

in size. Faces had been cut perpendicular to each of the real space crystallo

graphic axes. In both experiments the crystal was aligned on the spectrometer in 

the high temperature orthorhombic phase. The same cooling protocol was also 

employed in both experiments. The sample was always cooled in zero field from 

well above to the required temperature. Once this temperature had stabilised 

the magnetic field would then be applied.

6.2.1 The a -̂b* scattering plane

This experiment was performed using the high resolution diffractometer DIO at 

the ILL in its two axis mode [131]. The crystal was mounted with the a*-b* plane 

horizontal in an Oxford Instruments 5 T horizontal field cryomagnet with the 

field aligned with the ^-axis. The cryomagnet used has very restricted neutron 

access due to its pole pieces. The areas of reciprocal space that were visible
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Figure 6.4: Areas of reciprocal space visible with the Oxford Instruments 5 T hor
izontal field cryomagnet with the orthorhombic b*-C scattering plane of NdCug 
shown. This plane corresponds to the a*-b* scattering plane in the monoclinic 
notation. The neutron wavelength is 1.26 Â.
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Figure 6.5: Scans along h through the (200) reciprocal lattice point at various 
temperatures. Note that the peak in the centre of the 160 K data set is indexed 
in the orthorhombic system as (020) (Data from DIO).
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Figure 6.6: The evolution with field of the signal observed at (2.93,-0.2,0) at 1.6 
K with increasing and decreasing field. Note that the decreasing field data has 
been offset by -0.1 neutrons/second for clarity (Data from DIO)).
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were calculated for the experimental conditions using the program “ACCESS” 

[132]. The area of reciprocal space available with a neutron wavelength of 1.26 

Â consisted of regions around the (100), (200), (300) and (±4,±8,0) reflections 

(flgure 6.4).

Scans were made in both h and k through these reflections below in zero 

fleld. No difference between the scans above and below was observed within 

statistical error. An array of satellites are observed around each reciprocal lattice 

point. These persist up to % 150 K (fig 6.5) collapsing in a continuous manner 

into one strong peak and one much weaker peak. These are attributable to the 

orthorhombic to monoclinic structural phase transition.

Scans through all of the visible reflections were made with fleld at a constant 

temperature of 1.6 K after cooling from 20 K in zero fleld. No change in the 

scans was apparent and so a search away from directions of high symmetry was 

performed. An abrupt change in the signal at (2.93,-0.2,0) was observed. Figure 

6.6 shows this transition with increasing and decreasing field. The transition 

displays some hysteresis, occurring at 2.4 T in an increasing fleld and 2.7 T in 

a decreasing fleld. This position corresponds well with the phase boundary in 

figure 6.2. A decrease in the intensity of this peak is also seen as one increases 

the temperature above T^.

6.2.2 The scattering plane

This experiment was performed using the indirect geometry time of flight neutron 

spectrometer PRISMA at the ISIS pulsed neutron source [133]. The crystal was 

mounted with the b*-c* plane horizontal in an Oxford Instruments 5 T vertical 

fleld cryomagnet, making the fleld parallel to the ^-axis.

The 16 detector diffraction arm was used where the collimation is such that 

each detector is separated by 1°. Detector 1 was located at -70° and detector 16 

at -55°. Time of flight spectra were collected for times between 5 and 20,000 /is
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after the start of the neutron pulse in bins of 10 /is. The resulting spectra were 

then normalised to a spectrum taken with a standard vanadium sample with the 

detector arm in the same place. The data reduction procedure was carried out 

using a system written by Mark Hagen (“VCRITICAL.COM”) which performed 

the following operations on the raw time of flight spectra for each detector:

1. The background in each spectra is taken as being the sum of the counts 

found in that spectra between 15,000 and 18,000 /us. This is subtracted 

from each channel.

2. Each spectra is corrected for the energy dependence of the detector effi

ciency assuming that this efficiency goes as 1/ \ /Ë  .

3. Each corrected detector spectrum is then normalised to the corresponding 

corrected monitor spectrum for that run.

4. Each normalised vanadium spectrum is smoothed.

5. Each detector spectrum is now normalised to the corresponding smoothed 

vanadium spectrum.

6. The trajectory of each spectra in reciprocal space is calculated and the 

data transformed into a table containing the (hkl) of each point and its 

normalised intensity.

The data resulting from this procedure was plotted using Mark Hagen’s plotting 

software “PRSPL0T6” which produces intensity plots of the scattering in recip

rocal space (see ref. [133] and references therein for details). In all of the plots 

shown here the same logarithmic scale was used for the intensity which allows 

them to be compared. Scanning in reciprocal space was achieved by rotating the 

crystal in small steps about the vertical axis.

The crystal was aligned in the orthorhombic phase at % 250 K. The ^  and 

c* axes were identified, and with a* in the scattering position the resulting peaks
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could be indexed as (2/i,0,0), h = 1 ,2 ,3 ,.... With c* in the scattering position the 

resulting peaks could be indexed as (0,0,2/), I = 1 ,2 ,3 ,.... At 80 K, where the 

orthorhombic to monoclinic phase transition has been traversed, but the magnetic 

moments are not ordered, extra peaks were visible at odd integer positions when 

the monoclinic 6̂*-axis was in the scattering position (the orthorhombic c* axis 

becomes b* in the monoclinic space group).

The region in reciprocal space around c* was measured at 3.1 K as a function 

of field in order to look for effects due to the phase line at around 3 T in figure 

6.2. At 2.5 T a single peak is observed at (003) as in figure 6.7, but at 3.0 T 

this peak has almost completely disappeared and is replaced by four peaks at 

(0,-0.18,3 ±  0.25) and (0,0.19,3 ±  0.25) as in figure 6.8. These satellites were 

observed around all of the visible reciprocal lattice points along the c* direction 

with I odd. The I coordinate of the position of the peak is the most accurately 

derived in these scans because this coordinate is primarily constructed from the 

time of flight. The k coordinate derives primarily from the crystal rotation. The 

slight assymetry in the k coordinates is probably not significant and a result 

of slightly incorrect lattice parameters entered into the data reduction software. 

The transition was found to occur between 2.7 and 2.8 T at 3.1 K. At 3.8 K 

the satellites were found to first appear at 2.71 T and the commensurate peak 

to have almost disappeared at 2.8 T, although a small residual intensity is still 

visible at 3.0 T. The positions of the peaks remain fixed as the field is increased.

The region in reciprocal space around was measured in zero field as a 

function of temperature in order to look for the transitions A, B, C, and D in 

figure 6.2. Looking around the (050) reflection at 2.3 K (figure 6.9) one observes 

strong peaks at (050) and (0,5,-0.13), and a weak one at (0,5,-0.7). This is also 

the case at 4.7 K as shown in figure 6.10. At 5.0 K the intensity at (050) has 

significantly reduced while that at (0,5,-0.07) has increased slightly (figure 6.11). 

By 5.3 K the intensity at (0,5,-0.07) has reduced again and remains so until 6.5 

K (figures 6.12 and 6.13 respectively).
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NdCu6 3.0T 3. IK

Figure 6.7: Fart of the b-c scattering 
plane of NdCug at 2.5 T and 3.1 K.

Figure 6.8: Part of the b-c scattering 
plane of NdCue at 3.0 T and 3.1 K.

The region in reciprocal space around a* was also measured as a function of 

temperature in a magnetic field of 3.5 T in order to look for transitions between 

phases E and F in figure 6.2. At 3.8 K the same satellites as were seen around the 

(003) reflection are observed, but this time they are seen around reflections with 

both odd and even k. There are also reflections at (0,^,-0.07) and (0,A:,-0.13) as 

seen in zero field around the (050) reflection. These are strongest around recipro

cal lattice points that are odd in k (figures 6.14 to 6.29). The peaks at I = —0.25 

disappear between 5.3 and 5.4 K (figures 6.25 and 6.26), the other ones remaining 

up to the highest temperature measured. This temperature corresponds roughly 

to the transition between the E and A phases.

If one looks in more detail at the data at 3.8 K in figure 6.14, one finds that 

there are peaks with low intensities around the (040) peak at (0,4±0.43,-0.21), and 

around the (050) peak at (0,5.38,-0.47) and (0,4.62,-0.51). As the temperature 

increases the I coordinate of these peaks tends towards the commensurate values 

of 0.25 and 0.5. By 4.8 K these extra peaks have disappeared while the stronger 

ones remain (figure 6.21).
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NdCu6 ZF 4.2K NdCu6 ZF 5.7K

- 0 .2

- 0 .4

4 .8  4.9

Figure 6.9: Part of the b-c scattering 
plane of NdCug in zero field at 2.3 K.

- 0.2

- 0 .4

4 .8  4 .9

Figure 6.10; Part of the b-c scattering 
plane of NdCug in zero field at 4.7 K.

NdCu6 ZF 6 . OK NdCu6 ZF 6.2K

4 .8  4.9

- 0.2

- 0 .4

4 .8  4.9

Figure 6.11: Part of the b-c scattering Figure 6.12: Part of the b-c scattering
plane of NdCug in zero field at 5.0 K. plane of NdCug in zero field at 5.3 K.

NdCu6 ZF 6 .91*

- 0.2

Figure 6.13: Part of the b-c scattering
plane of NdCue in zero field at 6.5 K.
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NdCu6 3.5T 3.75K NdCu6 3.5T 4.1 IK

- 0.2

- 0 .4

—0.6

- 0.2

- 0 .4

- 0.6

Figure 6.14; Part of the b-c scattering 
plane of NdCug at 3.5 T and 3.8 K.

NdCuB 3.5T 4.24K

Figure 6.15: Part of the b-c scattering 
plane of NdCug at 3.5 T and 4.1 K.

NdCu6 3.5T 4.32K

- 0.2

- 0 .4

- 0.6

Figure 6.16: Part of the b-c scattering 
plane of NdCue at 3.5 T and 4.2 K.

- 0 .2

- 0 .4

—0.6

Figure 6.17: Part of the b-c scattering 
plane of NdCug at 3.5 T and 4.3 K.

NdCu5 3.51 4.42K NdCu6 3.5T 4.5K

- 0.2

- 0 .4

Figure 6.18: Part of the b-c scattering
plane of NdCue at 3.5 T and 4.4 K.

- 0.2

- 0 .4

—0.6

Figure 6.19: Part of the b-c scattering 
plane of NdCue at 3.5 T and 4.5 K.
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NdCu6 3.5T 4.84K

- 0.2

- 0 .4

- 0.6

Figure 6.20: Part of the 6-c scattering Figure 6.21: Part of the S-c scattering 
plane of NdCug at 3.5 T and 4.7 K. plane of NdCug at 3.5 T and 4.8 K.

NdCu6 3.5T 5.07KNdCu6 3.5T 4.97K

- 0.2

- 0 .4

- 0.6

Figure 6.22: Part of the b-c scattering 
plane of NdCue at 3.5 T and 5.0 K.

NdCu6 3.5T 5.1 5K

- 0 .4

- 0.6

Figure 6.24: Part of the b-c scattering
plane of NdCue at 3.5 T and 5.2 K.

- 0 .4

- 0.6

Figure 6.23: Part of the b-c scattering 
plane of NdCug at 3.5 T and 5.1 K.

NdCu6 3.5T 5.30K'

- 0.2

- 0 .4

- 0.6

Figure 6.25: Part of the b-c scattering 
plane of NdCug at 3.5 T and 5.3 K.
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NdCu6 3.5T 5.44K NdCu6 3.5T 5.56K

- 0 .4  -

— 0.6  -

- 0 .4  -

- 0 .6  -

Figure 6.26: Part of the b-c scattering 
plane of NdCug at 3.5 T and 5.4 K.

NdCuG 3.5T 5.72K

Figure 6.27: Part of the S-c scattering 
plane of NdCug at 3.5 T and 5.6 K.

NdCu6 3.5T 5.80K

- 0.2

- 0 .4

- 0.6

- 0 . 2

- 0 .4

- 0.6

Figure 6.28: Part of the b-c scattering 
plane of NdCug at 3.5 T and 5.7 K.

Figure 6.29: Part of the b-c scattering 
plane of NdCug at 3.5 T and 5.8 K.
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6.3 Neutron polarimetry

This work was completed in collaboration with Dr. S. W. Zochowski and Dr. F. 

Tasset.

A very limited neutron polarimetry study was performed using CRYOPAD in 

its standard configuration on the polarised neutron triple axis spectrometer IN20 

at the ILL. The same single crystal as was used in the other experiments in this 

chapter was mounted in an ILL Orange cryostat with the 6*-c* plane horizontal. 

All measurements were made on heating after having cooled to 2 K from well 

above Tjy.

Pi, and the analysis direction of the final polarisation were set along the z 

direction. At 2 K, a scan was made through the (050) peak between (0,5,-0.2) and 

(0,5,0.2) and is shown in figure 6.30. Peaks are observed at (050), (0,5,±0.07), 

(0,5,±0.13) and % (0,5,±0.2). In each case the polarisation is flipped.

Cardinal point scans were made on the (050), (0,5,-0.07) and (0,5,-0.13) re

flections at 5.8 K and are shown in figures 6.31, 6.32 and 6.34 respectively. P f is 

measured as being the same as Pi for each direction of Pi on the (050) reflection 

at 5.8 K.

The (0,5,-0.07) reflection at 5.8 K has Pf unchanged when P i is along z, but 

flipped by 180° and depolarised by % 50% with Pi along x  or y. At 2.0 K Pf is 

in the same direction as P i in each case but there is a small depolarisation when 

Pi is along x or y (figure 6.33).

The (0,5,-0.13) reflection at 5.8 K has Pf the same as Pi when Pi is along y 

or z, but when Pi is along x, Pf is rotated by 28° degrees away from x in the x-y 

plane. Further cardinal points were made on the (050) and (0,5,-0.13) reflections 

as a function of temperature down to 2.0 K. The (0,5,-0.13) reflection has Pf the 

same as P i when this is along î/ or z at each temperature measured, but P f is 

rotated in the x-y plane when P i is along x  (figure 6.35).



CHAPTER 6. NDCUe 177

1 ^

■■
- 0.2 - 0.1 0.1 0.2

Figure 6.30: A scan in I through the (050) peak at 2 K in NdCug. Pi was parallel 
to z and the final polarisation was analysed along +z (green points) and —z (red 
points). The counting time was set to 10 seconds per point.

Reflection: 0.00 5.00 0.00

Point Polarisation <P

1 0.89(2) 89(2) 91(1)
2 0.88(2) 0(2) 100(600)

0.86(2) 90(2) 0(2)
4 0.87(2) 91(2) -1 7 4 (2 )

Figure 6.31: Cardinal point scan performed on the (050) reflection of NdCug at
5.8 K.
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Reflection: 0 .0 0  5 .0 0  - 0 . 0 7

Point Polarisation I) 9

1 0 .3 8 (3 ) 8 8 (3 ) - 9 2 ( 1 )
2 0 .9 0 (2 ) 3 (2 ) - 1 0 0 ( 3 0 )
3 0 .4 5 (2 ) 8 6 (4 ) - 1 8 1 ( 4 )

Figure 6.32: Cardinal point scan performed on the (0,5,-0.07) reflection of NdCu( 
at 5.8 K.

Reflection: 0 .0 0 5 .0 0 - 0 . 0 7

Point Polarisation 9

1 0 .7 4 (3 ) 9 2 (3 ) 8 6 (1 )
2 0 .8 9 (3 ) - 2 ( 3 ) - 9 1 ( 1 )
3 0 .8 3 (3 ) 9 1 (2 ) - 3 ( 2 )

Figure 6.33: Cardinal point scan performed on the (0,5,-0.07) reflection of NdCug
at 2.0 K.
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Reflection: 0 .0 0  5 .0 0  —0 .1 3

Point Polarisation <P

1 0 .9 1 (3 ) 8 8 (3 ) 8 7 (1 )
2 0 .9 0 (2 ) 6 (3 ) 1 7 0 (2 0 )
3 0 .8 8 (3 ) 8 9 (3 ) 2 8 (3 )

Figure 6.34: Cardinal point scan performed on the (0,5,-0.13) reflection of NdCug 
at 5.8 K.

(/)
CD
2O)
CD•D

-10

-20
62 3 4 5

Temperature (kelvin)

Figure 6.35: The stereoplot angle $  as a function of temperature derived from
cardinal point scans performed on the (0,5,-0.13) reflection of NdCug with
parallel to x.
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Figure 6.36: \ P f \  as determined from cardinal point scans on the (050) reflection 
of NdCue for P* along x (blue), y (red) and z (green), as a function of temperature 
below 5.8 K,

On the (050) reflection, at all temperatures below 5.8 K, Pf is flipped by 180° 

with respect to Pi when Pi is along y and x and unchanged when Pi is along z. 

Depolarisation is observed with Pi along y and z which varies as a function of 

temperature (figure 6.36).

6.4 Discussion

At 5.8 K the cardinal point scan on the (050) reflection clearly shows that it 

is purely nuclear in origin. At temperatures below 5.8 K, P f  no longer always 

equals Pi for each case, showing that the (050) reflection becomes mixed nuclear- 

magnetic.

The fact that depolarisation occurs tells us that there is more than one mag

netic domain contributing to the reflection. When Pi is parallel to z, Pf is always 

the same as Pi, whatever the temperature. This is a clue that the magnetic in



CHAPTER 6. NDCUe 181

teraction vectors are parallel or anti-parallel to z, which is in turn parallel to the 

a-axis. Any cant of the moments towards the 6*-axis will be rendered invisible at 

the (050) reflection due to the orientation factor. The magnetic structure thus 

has two domains of the 180° type. One domain will give rise to a magnetic in

teraction vector parallel to z, and the other will give rise to one anti-parallel to 

z. The assumption will be made that each type of domain is equally preferred.

The fact that P / is the same as P i when P i is along z is evidence that the 

nuclear and magnetic structure factors are in phase quadrature. In other words, 

if the nuclear structure factor is real, then the magnetic interaction vectors will 

be imaginary. If this were not the case then depolarisation would also be observed 

when P i is parallel to z. A  mixed nuclear-magnetic reflection where the structure 

factors are in phase causes the polarisation to rotate towards the magnetic inter

action vector. If the (050) reflection had structure factors that were in phase then 

the interaction vector for the domain along -z would cause Pi along z to rotate 

towards -z, whereas the domain with an interaction vector along -f-z would cause 

the polarisation to be unchanged. The sum over these two behaviours would thus 

give rise to a depolarisation for Pi along z which was different to that observed 

when Pi was along x or y .

Pi is flipped in addition to being depolarised when it is along x oi y . This is 

evidence that the magnetic structure factor is larger than the nuclear structure 

factor. It can also be deduced that the moment direction does not change in the 

d-c plane over the temperatures measured because Pf when Pi is along z remains 

unchanged.

0 o''
0 / 3  0

0 V
7  extracted from the cardinal point scans on the (050) reflection by making flts
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Figure 6.37: 7  ̂ deduced from the (050) reflection in NdCug between 2.0 K and 
5.8 K.

to equation 6 .1 , which describes the effect on the flnal polarisation of the model 

discussed, is given in flgure 6.37. The length of the initial polarisation was allowed 

to vary in the fit with the worst cases obtained being 0.87(2) and 0.92(3). The 

worst value of obtained was 15.2, the best 2.2. The (0,5,-0.07) reflection is 

obviously purely nuclear at 2.0 K, but becomes mixed nuclear-magnetic at 5.80 K. 

The same arguments that were applied to the (050) reflection can also be applied 

in this case, but the scattering vector now allows any component of moment along 

b to be observed. The canting angle is said to be of the order of 1°, and given 

the small component of scattering vector in this reflection any such resulting 

component of magnetic interaction vector will be very small and can be ignored.

The (0,5,-0.13) reflection is probably purely nuclear throughout the range of 

temperatures measured. The behaviour of Pf when Pi is parallel to either y 

or z is certainly indicative of this, but that along x is not quite that expected. 

Figure 6.35 shows how the measured Pf changes as a function of temperature 

when Pi is along x. The flnal polarisation is measured as being close to the
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initial polarisation, but with a rotation of about 20 to 30° that fluctuates in 

an apparently random manner with temperature. This behaviour suggests that 

there may have been an error in setting the currents in the CRYOPAD precession 

coils. There was no opportunity to check this by repeating the measurements.



Chapter 7

Erbium

7.1 Literature survey

Erbium (Er) is a member of the so-called heavy rare earths with atomic number 

68.

7.1.1 Crystallography

The first accurate determination of the lattice parameters of erbium (as with 

neodymium and the other rare earths) was made by Spedding et al [56] using 

powder and single crystal x-ray diffraction. The values of theses are reproduced 

in table 7.1. As with neodymium (see chapter 5.1.1), the ortho-hexagonal system 

of axes is often used in the literature dealing with erbium. In common with the 

rest of this thesis the conventional definition of the real space and reciprocal space 

lattices will be used here.

7.1.2 M agnetic properties

The magnetic structures of the rare-earth metal erbium were first studied using 

neutron diffraction by Cable et al [134]. Further extensive studies of the magnetic 

structures have been made by Atoji [135], Habenschuss et al [136], Gibbs et al

184
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Site Symmetry Atom Positions
2c 6m2 1 2 1 

3 ’ 3 ’ 4

a[Â] b[k] c[A] a[°] m 7[1 c/a ideal
3.5588 3.5588 5.5874 90.0 90.0 120.0 1.570 1.633

a*[A-i] P[A-i] c*[A-i] « 1 1 m 7 l1 %eal[Â3] V^ecip[A-1
0.3245 0.3245 0.1790 90.0 90.0 60.0 61.28 0.1632x10-^

Table 7.1: Crystallographic data (at 300 K) for the hep crystal structure adopted 
by erbium (space group POs/mmc) [58, 56].

T[K] Structure Wavevector [t(.] Ferro component ?
54 49 2(43) '1

!
11

No
44 40 2(443) Yes
35 2(4443) t

'S
19

No
29 2(44443) Yes
25
20

2(444443) 
(44), (3030)

6

¥
4

No

Table 7.2: The structures of the intermediate phases of Er [140]

[137], Lin et al [138], Cowley and Jensen [139] and Jensen and Cowley [140]. 

The phases in zero field fall into three distinct regimes. Below Tw =  85 K and 

above Ti =  55 K the ordered moment is along the the c-axis of the hep lattice, 

modulated with a period of approximately 7 c-axis layers. This phase is known 

as the CAM  (C-Axis Modulated) phase. Between Ti and 18 K is the region 

known as the Intermediate Phase and consists of six phases having long period 

commensurable structures with wavevectors and \  Tc {tc = ^ ) .

Below 18 K is the Cone Phase where the structure is that of a cone with the 

ferromagnetic component along the c-axis. Each structure in the intermediate 

phase can can be characterised in terms of regular blocks of three or four layers 

of spins, alternating the sign of the c-axis component (table 7.2). These structures 

exhibit a large number of strong harmonics showing the strong distortion of the 

sinusoidal modulation. The positions of the satellites observed along the [OOL] 

direction in each of the intermediate phases are shown in figure 7.1. These are
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generated using the relation in equation 7.1 where q is the I coordinate of the 

peak; n is an integer and p is an integer such that p > 0. n relates to the 

reciprocal lattice point from around which the satellite derives and p to the order 

of the harmonic.

q = ± { 2 p 1 )qc + riTc (7.1)

Jensen and Cowley and Cowley and Jensen [139, 140] made a careful determina

tion of the intensities of the satellites in these phases, taking into consideration 

extinction and multiple scattering. They then compared their intensities, which 

vary over four orders of magnitude and are uncertain by a factor of between 

two and three, to a calculation based on a mean field theory. The model used 

is based on an earlier one of Jensen [141] and includes in the Hamiltonian a 

single-ion anisotropy term, a Heisenberg exchange term, a dipole-dipole coupling 

term and an anisotropic two-ion interaction (equation 7.2). The parameterisa- 

tion of these interactions was derived from fitting to magnetisation and spin wave 

measurements (see [139] for details).

i Im ij  ij

- \ j 2 ’̂ z t ' ‘[Ol{i)OlU) + O f { i ) O f { j ) ]  /y 2)
ij

The theory predicts that the moments in these phases follow an elliptical cycloid 

in the a-c plane with a distortion or ’wobble’ perpendicular to this plane, brought 

on by a two ion coupling of trigonal symmetry between the two hep sublattices. 

The three components of the moment predicted by the model are shown for the 

2(44443) structure at 29 K in figure 7.2 [139].

In particular the theory predicts that magnetic satellites along [OOL] in a 

single domain sample should appear alternately from the a- c plane cycloid and
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Figure 7.1: The satellites observed in the intermediate phases of erbium along 
the [OOZ/J direction in reciprocal space. The red index corresponds to the order 
of the harmonic, while the green index corresponds to the reciprocal lattice point 
along L from which the peak derives. The nuclear structure factors are non zero 
only for the (002) reflection.
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the perpendicular wobble. Peaks along this direction with n odd will be due to 

the wobble, while those that are even in n will arise from the a-axis component 

of the cycloid [142]. If this is the case then CRYOPAD will measure different 

polarisation effects on alternate peaks. As the scattering vector is the same for 

each peak we can be certain that these different effects (if they were to be seen) are 

arising from different ordered moment components and are not confused by the 

effect of sampling the moment from a different angle. The ratio of the intensity 

from the wobble to that of the a-axis component is predicted to be the greatest 

in the A or A structures and is of the order of 1:100 [142].

7 

6 —  

5-1̂
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-7  —  4 -  - 1—
15  2 0
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- r
25
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30 35

Figure 7.2: The three components of moment for the 2(44443) structure of erbium 

at 29 K as a function of the number of hexagonal planes traversed along the c 

axis [139]. The x direction is parallel to the real space a-axis, the z direction is 

parallel to the real space c axis, whilst the y axis makes up the right handed set.

In a multidomain sample (for all of the intermediate phases) there are 12



CHAPTER 7. ERBIUM  189

domains arising from the three equivalent a-c planes, the two possible chiralities 

of the cycloid and two more in each plane depending upon which phase is selected. 

In the structures with an even number of blocks of 4 layers there are two domains 

from the orientation of the net overall moment over the total number of layers in 

a repeat. In those with an odd number of blocks there are two domains possible 

if one distinguishes between the two hexagonal sublattices.

7.2 Neutron polarimetry

This work was carried out in collaboration with Professor K. A. McEwen, Dr. J. 

Jensen, Dr. F. Tasset and Dr. H. A. Mook.

The crystal used was the isotopically enriched ORNL ^^°Er single crystal 

(kindly loaned to us by Dr. H. A. Mook of Oak Ridge National Laboratory, 

Tennessee, USA). It is lozenge shaped approximately 1.5 cm wide by 3 cm long 

and weighs about 20 g. It was oriented using the x-ray Laue technique so that the 

a*-c* plane was horizontal to ±0.5°. It was mounted in an ILL Orange type liquid 

helium cryostat which had been adapted for use with CRYOPAD. The sample was 

cooled from 100 K in a magnetic field of 0.4 T to the required temperature using 

the triple axis group electromagnet. The field was applied parallel to a* using 

the IN20 electromagnet externally to CRYOPAD. Once the desired temperature 

had been reached and had stabilised the field was switched off and the sample, 

in the cryostat, was then loaded into CRYOPAD.

CRYOPAD was used at the polarised neutron triple axis spectrometer IN20 

with polarisation at the ILL in the configuration described in chapter 3.1. Neu

trons of wavelength 1.532 or 2.3603 Â were used (34.8 and 14.7 meV respec

tively), produced and analysed by single crystals of Heusler alloy, with a pyrolytic 

graphite A/2 filter placed in the scattered beam after the sample.

The field cooling procedure was intended to prepare the sample in as close to
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a single domain of the a-c cycloid as possible. It was expected that this would 

only work for those structures in the intermediate phase that had no overall net 

moment. In practice it was found that each attem pt at field cooling magnetised 

the sample irrespective of whether the phase cooled into was supposed to have a 

net moment or not. The magnetisation of the sample was evident by measuring 

the polarisation of the transmitted neutron beam through the sample. It is 

thought that the applied field had a distorting effect creating a fan structure 

with an overall net moment. This magnetisation was observed by measuring the 

polarisation vector of the direct beam after the sample. A field in the sample space 

will precess the polarisation of the direct beam, whereas it will be depolarised by 

passing through ferromagnetic domains in the sample. That the magnetisation 

was a result of the field cooling was verified by heating the sample to above Tjv 

and then cooling down in zero applied field. The polarisation of the transmitted 

beam then returned to its expected form.

As an example, the sample was field cooled to 10 K and the polarisation vector 

of the scattered beam was measured as a function of temperature (on heating). 

At 10 K the direct beam was found to be depolarised by 2/3 and rotated by 

% 20°. This continued to be the case until 20 K where the polarisation of the 

direct beam recovered its full length and expected direction. There was no further 

change observed over the range of temperatures measured which went up to 38 

K. Upon re-cooling the sample to 10 K in zero field it was found that the direct 

beam was depolarised to the same extent as before but that this time there was 

no observed rotation of its direction. As a result of the field cooling failing in its 

objective, the rest of the measurements were made without field cooling.

Scans were made along the [OOL] and [lOL] directions with polarisation in

cident upon the sample being vertical, analysing the vertical component of po

larisation in order to identify the peak positions and then cardinal point scans 

were made on each peak found. This was done at 33.5 K and 29.3 K in the ^  

and ^  structures respectively with a neutron wavelength of 2.36 Â. The results
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Figure 7.3: Scans along [OOL] at 33.5 K with neutron energies of 14.7 & 34.8 
meV. The incident polarisation was vertical and the scattered polarisation was 
analysed vertically.
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Figure 7.4: The vertical component of final polarisation calculated from figure.
7.3 with the difference between the two scans also shown.
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obtained in these measurements are very difficult to understand as a whole and 

so we looked in the well understood CAM phase at 80 K in order to evaluate the 

experimental set up. Here we found large peaks in the scan along [OOL] which 

should be absent if the moment is along the c-axis. This raised the spectre of 

multiple scattering and repeating scans at 33.5 K and 29.3 K at 1.532 Â confirmed 

this after the relative intensities of the magnetic peaks changed.

Figure 7.3 shows a scan along [OOL] with initial polarisation vertical for two 

neutron energies. The change in the relative intensities is clearly visible between 

the two traces. The effect of this upon the polarisations measured is shown in 

figure 7.4. This shows the vertical component of scattered polarisation calculated 

from the data in 7.3. There are large areas where the two scans show wildly 

different results. In these conditions it was not possible to confirm or deny the 

theoretical prediction.

There are several approaches to reducing the multiple scattering. The first 

would be to use neutrons with as long a wavelength as possible. This reduces 

the region of reciprocal space available for multiple scattering to take place in. 

Another strategy is to use a much smaller crystal. The crystal that was used 

was intended for use in inelastic measurements where a large crystal is often 

vital. For the elastic measurements that are required for this test, coupled with 

a consideration of just how strong the magnetic scattering is in erbium, leads 

one to suggest that a crystal with a volume of the order of 1 mm^ should be 

used. It is also unlikely that an isotopically enriched crystal is required. A four 

circle Eulerian cradle may also help so that the crystal can be rotated about 

the scattering vector of the reflection being measured in order to minimise the 

multiple scattering.

It is interesting to mention that the group of Roger Cowley also observed 

magnetic peaks in scans along [OOL] using a 5 mm^ crystal of erbium with the 

natural isotopic composition, and neutrons of 5 meV [143].



Chapter 8

Conclusions

The salient points in the theory of neutron scattering have been reviewed, par

ticularly with respect to neutron polarimetry and polarised neutron instrumen

tation. The basic essentials of the theory of magnetism in the rare earths has 

been reproduced and the primary interactions presented.

The information about a scattering system that can be extracted from a neu

tron scattering experiment with a polarised beam and polarisation analysis has 

been discussed, and the interest of measuring the transverse component of polari

sation stated. A potted history of the major developments in polarisation analysis 

since the work of Moon et al [16] has been given, in particular that of the zero 

field neutron polarimeter CRYOPAD. The details of the operation of the current 

prototype CRYOPAD II have been given and a method of calibrating it has been 

described, along with the results of such a calibration. It is demonstrated that 

CRYOPAD II is capable of making absolute measurements of the direction of the 

polarisation vector of a beam of neutrons to an accuracy of ±3°. The possibility 

of applying CRYOPAD II to inelastic scattering has been tested experimentally 

by performing measurements of phonons in graphite. This has shown that the 

same polarimetric performance obtained from elastic scattering experiments with 

CRYOPAD II is also available in inelastic scattering experiments.
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The study of inelastic scattering using three dimensional neutron polarimetry 

is an area which holds a lot of potential for the future development of CRYOPAD. 

The spin-Peierls system CuGeOg has been the first system to be studied in this 

way and has revealed some unexpected results in the transverse component of 

polarisation [144]. The theories of the polarisation dependence of the cross section 

and the final polarisation have been discussed by Malayev [14] and are analogous 

to those of Blume [10] for elastic scattering [44]. The experimental search for 

these effects remains an open field and further measurements are in progress.

Whilst the concept of CRYOPAD is perfectly applicable to the inelastic case, 

CRYOPAD II itself has not been optimised to make such measurements. Its 

major failing is the large quantity of attenuating material in the beam which 

becomes a significant handicap for small signals. Another consideration is the use 

of large cross section neutron beams. At present CRYOPAD is optimised for a 

neutron beam of cross sectional area of the order of 2-4 cm^ which while adequate 

for elastic scattering, can be limiting for inelastic measurements. Developments 

to improve these aspects of CRYOPADs performance needs to go hand in hand 

with developments in improving the neutronic performance of the host instrument 

in terms of flux and background.

One such avenue of improvement is in the use of nuclear spin polarised ^He 

filters to polarise and analyse incident and scattered neutron beams [145]. This 

technique relies on the spin dependence of the neutron absorption cross section 

of ^He to polarise a beam. One spin state has a very small cross section while the 

other is enormous. The nuclei have to be sufficiently polarised in order to pro

duce a good polarisation of the neutron beam. An instrument can be optimised 

for unpolarised neutronic performance, for example by using highly reflective 

monochromators, and the spin filter can then be located in any convenient place 

in the beamline with little or no effect on the neutronic optimisation. This is pos

sible due to the fllter being a simple transmission device and totally decoupled 

geometrically from the rest of the instrument. Although a comparison between
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the performance of IN20 with Heusler monochromator and analyser crystals, and 

IN20 with graphite monochromator and analyser crystals with ^He spin filters 

did not show a clear advantage over Heusler crystals [146], a recent test of D3 

with a Cu(220) monochromator showed that almost a factor of 2 in the quality 

factor of the measurement of interest could be obtained by using it with a ^He 

spin filter as polariser [147]. One area where ^He spin filters could come into 

their own is in the simultaneous analysis of the polarisation of neutrons scattered 

over a wide solid angle, another is their use at pulsed sources of neutrons where 

a broadband polariser/analyser is required.

In terms of the development of the elastic measurements using CRYOPAD, 

there are already advanced plans to expand on the measurements of form factors 

in antiferromagnets. Three dimensional neutron polarimetry has been shown 

by Brown et al to be able to produce very accurate form factor measurements 

in the case of antiferromagnetic Cr20s [24]. Work is in progress to implement 

CRYOPAD on the polarised neutron hot neutron diffractometer D3 which will 

allow measurement of form factors out to much larger sm 6/X  than is possible 

at IN20. Polarisation analysis will be added by using a polarised ^He spin filter. 

A promising first test has already taken place which showed the viability of this 

approach and provided further data on CrgOg to that obtained by Brown et al 

[25]. The long term aim is to build a new CRYOPAD with a very large room 

temperature bore that is optimised for hot neutrons. The wavelengths of the 

neutrons available at D3 are short enough to cause problems where the guide 

fields in CRYOPAD II are not strong enough to allow the polarisation of the 

beam to follow the direction of the field. This problem needs to be rectified in 

any device optimised specifically for D3. The large sample space will house a 

non magnetic four circle Eulerian cradle with integral cryostat that will allow 

the full range of reciprocal space to be easily explored. Another upshot of this 

will allow more accurate determinations of moment directions to be made as the 

UB matrix for the crystal can be accurately found. The current arrangement of
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CRYOPAD at IN20 does not allow the degree to which the desired scattering 

plane is misaligned with the actual scattering plane to be assessed. This adds 

a systematic error to the moment direction obtained that could be as large as a 

few degrees.

The work of solving complicated magnetic structures using CRYOPAD will 

undoubtedly continue to be very important. Particular areas of application are 

non-collinear structures, and those where the nuclear magnetic interference terms 

are active. As the ease with which neutron polarimetry techniques can be applied 

continues to improve, there will be no excuse not to take a holistic approach to 

magnetic structure determination, and to use polarised neutrons at the outset for 

both powder and single crystal diffraction. The information obtained through the 

use of polarised neutrons and polarisation analysis can place enormous constraints 

on the possible solutions to the magnetic structure. Often this information can be 

obtained through the measurement of just two or three reflections and makes up 

for the inherent loss of intensity involved. A good example of the importance of 

this is in the magnetic structure determination of U14AU51 performed by Brown 

et al [148]. This showed that the original determination of the structure using 

unpolarised powder diffraction had arrived at an incorrect solution.

The magnetic properties of the metallic rare earth element neodymium have 

been reviewed extensively. Pull three dimensional neutron polarimetry using 

CRYOPAD II has been applied to the magnetic structures found in zero applied 

magnetic field. It has been confirmed that below T2 the magnetic moments that 

give rise to the so-called hexagonal satellites, and are primarily due to the moment 

on the hexagonal sites of the DHCP lattice, are in the basal plane. The angle 

that these moments make in the basal plane with the a*-axis (13°) was found not 

to change within experimental error across all of the phases in zero field between 

10 and 2 K. This is irrespective of changes that occur in their wavevectors as a 

function of temperature.

The so-called cubic satellites have also been studied and the conclusion that
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the moment giving rise to them stays in the a*-c* plane down to % 5 K has been 

reached. At 8.3 K these moments order almost along a*, but as the temperature 

is reduced a strong component of moment along c* develops until at 6.3 K this 

moment is making over 60° to the basal plane. This conclusion was reached 

through the application of a model of the magnetic domains contributing to 

these reflections in this temperature range. The validity of the domain model 

was confirmed by measuring the polarisation of the neutrons scattered from each 

domain separately. This is possible at 7.4 K where the reflections due to the 

cubic wavevector are split in /. It was found that of the two domains, one has a 

positive c* component while the other has an equal and opposite c* component. 

The component along a* in each case is the same.

The situation below 5 K is much less clear. Data was taken in this temperature 

range in the a*-b* scattering plane which was not presented. Up to the time of 

writing no satisfactory explanation for the data resulting from and ^  has been 

found. Further analysis needs to be carried out upon this data as a priority 

because a detailed understanding of what is occurring in zero field is bound to 

shed light upon the phases observed with an applied magnetic fleld at these 

temperatures (e.g. the Archipelago phase). A proposal to attem pt to separate 

the domains for the hexagonal reflections in the quadruple-g phase using the same 

method as used for the cubic reflections in the triple-g region was made.

One issue that needs to be addressed is the apparent disagreement between the 

results obtained with CRYOPAD, and the analysis of the intensity data obtained 

by Forgan et al [8 8 ] (table 5.4). The CRYOPAD results presented in this thesis 

have been analysed in terms of the magnetic moments that are contributing to 

each reflection measured. No attem pt to deconvolute the contributions from 

different sites or refine the phases has been made. The analysis made by Forgan 

et al of the intensity data has been made in terms of a model containing such 

contributions, although by their own admission the flts were not found to be very 

sensitive to the phases. A way forward would be to combine the intensity data
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of Forgan et al, with the CRYOPAD data obtained here, and re-fit the proposed 

model. The final polarisation should depend quite significantly upon the phases 

in the model. The analysis of the CRYOPAD results in the quadruple-^ phase 

may also benefit from this approach.

If the suggestion for further analysis in the previous paragraph yields a result 

where the the induced moments in the model remain non-collinear with the main 

component of moment for a given wavevector, then a further CRYOPAD mea

surement could be made to test for their presence. Reflections where the induced 

moment is expected to contribute strongly could be identified and CRYOPAD 

measurements made at these points. Reflections where the induced moment is 

expected to contribute weakly should be measured and a comparison of the two 

sets of results made. Strong differences should be apparent between the two if 

the induced and main components are really non collinear.

The Archipelago phase of neodymium has been studied as a function of field 

and temperature and a discussion of the proposed spin block flip model given. 

In terms of this model the data obtained could be interpreted in several ways. 

A promising first step forward in resolving this ambiguity would be to perform a 

uniaxial polarisation analysis experiment. It would not be possible to perform full 

three dimensional polarisation analysis due to the need to apply a magnetic field 

to the sample. Uniaxial polarisation analysis would reveal whether reflections 

are nuclear, magnetic, or mixed nuclear magnetic in origin which would allow, 

for example, the hypothesis that the reflection at 2qi is a lattice distortion to 

be tested. It should also be possible to test whether each peak comes from the 

same component of ordered moment or not by looking at the direction of the 

moments contributing to each reflection. This may allow the peaks to be indexed 

unambiguously and allow the number of modulation wavevectors in the structure 

to be correctly determined.

The magnetic properties of the metallic compound NdCug were reviewed and 

the results of three neutron scattering studies presented. The first is a study
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in field of the a*-b* scattering plane using DIO. The aim of this study was to 

search for the small canting of the magnetic moment from the a-axis towards 

the 6-axis by searching for changes in intensity around refiections with scattering 

vectors parallel to a*. No such changes were found although small changes were 

observed in intensity of a refiection at (2.93,-0.2,0) although this could derive 

from sampling the moment along a^. This experiment did however allow the 

structural orthorhombic to monoclinic phase transition to be characterised.

The second and third studies were made on the 6*-c* scattering plane, one in 

an applied magnetic field using the PRISMA spectrometer at ISIS, the other in 

zero field using CRYOPAD II. The PRISMA experiment elucidated the features 

of the scattering in the previously unexplored E and F phases with the applied 

magnetic field parallel to a*. The CRYOPAD study uncovered the fact that 

the (050) refiection is mixed nuclear magnetic below 5.8 K with the nuclear 

and magnetic structure factors in phase quadrature. This places a very strong 

constraint upon the solution of the magnetic structure. The magnetic interaction 

vectors were found to be collinear with a* to within experimental error, with two 

magnetic domains of the 180° type contributing to the reflection. Interestingly, 

the (0,5,-0.07) refiection was found to be purely nuclear at 2 K and mixed nuclear 

magnetic at 5.8 K, again with the nuclear and magnetic structure factors in 

phase quadrature. The (0,5,-0.13) refiection was found to nuclear in origin at all 

temperatures measured.

The a*-b* experiment was unsuccessful in observing either the presence, or 

lack of a canting angle away from a* in NdCug. This is not surprising as this 

canting angle is proposed to be of the order of 1° from the bulk susceptibility 

measurements. This would correspond to a component of moment away from 

a* of only 0.06 /j,b - A change of this size would be very difficult to extract in a 

meaningful manner with intensity measurements.

A more promising approach would be to use CRYOPAD with a four circle 

Eulerian cradle as discussed before. The absolute accuracy of CRYOPAD of ±3°
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may well be too great to observe such a canting, but a relative measurement 

may be able to resolve it if the UB matrix of the crystal had been accurately 

determined. A magnetic reflection of the type (00/) would place the moment, 

complete with cant, in the plane perpendicular to the scattering vector. Assuming 

that the chosen reflection was mixed nuclear magnetic in the same way as the

(050) reflection, the length of the scattered polarisation would be a maximum 

when the incident polarisation was parallel with the moment. By maintaining the 

incident and analysis directions parallel and scanning these around the direction 

of where the moment is expected to be found, the offset in angle between the 

observed maximum and the known ct̂  direction would give the angle of cant. This 

would have more chance of success if the reflection used was a pure magnetic. 

One could then have the incident polarisation and analysis directions orthogonal, 

and search for the point of zero polarisation. In a purely magnetic reflection 

one gains a factor two in sensitivity due to the component of initial polarisation 

transverse to the interaction vector being flipped by 180°. The mixed nuclear 

magnetic reflections depolarise such transverse components due to domains.

Now that nuclear magnetic interference effects have been identified in NdCug, 

a more detailed CRYOPAD experiment should be performed where reflections 

around other reciprocal lattice points are measured. A detailed knowledge of 

the nuclear structure is required in order to be able to extract accurate absolute 

magnitudes of the moment contributing to each peak. This could be obtained 

by performing an experiment using the D9 diffractometer at the ILL, where the 

diffraction pattern is measured at different wavelengths to get a good estimation 

of the extinction in the crystal.

The fact that the satellites of the (050) reflection in zero field are not purely 

magnetic shows that there is a distortion associated with the nuclear structure 

that is present across all of the magnetic phases. This distortion appears to be 

still present in the E and F phases, although extra satellites also appear. It 

would be interesting to perform a uniaxial polarisation measurement in the E
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and F phases to see whether the extra satellites that appear are pure magnetic 

or not. It would also be interesting to characterise the evolution of the satellites 

remaining from the zero field phases.

The fantastic advantage of time of flight diffractometry is that a large area 

of reciprocal space can be easily observed in a short period of time. This is 

important with NdCug because it turns out that there is a lot occurring away 

from directions of high symmetry that are the obvious first places to look when 

using a conventional diffractometer at a steady state source. The large number, 

and density in reciprocal space, of the satellites observed suggests to me that a 

lot of this fine structure would merge together in a powder measurement, and it 

makes me wonder just how many systems retain their secrets through not being 

able to measure large tracts of reciprocal space simultaneously. The disadvantage 

is the large quantity of data that is obtained in a time of flight experiment, 

which makes analysis a very time consuming process. The impact of the data 

obtained with PRISMA would be maximised by fitting the intensities of the 

reflections observed in order to obtain more quantitative information about the 

phase transitions observed. The maps of reciprocal space obtained so far only 

provide a qualitative picture.

The magnetic structures of erbium have been reviewed and an idea for a sen

sitive test of the theory of the origins of the magnetic effects in erbium presented. 

An attem pt to perform this test is described and the reasons for its failure eluci

dated. The failure was due primarily to experimental difficulties rather than the 

physics of the system and recommendations are made for a further attempt.

In conclusion the technique of neutron polarimetry has been applied to three 

different rare earth systems, and the potential of this technique in further studies 

discussed. More conventional unpolarised neutron studies of two of the systems 

are also presented, and some recommendations for further work have been made.



A ppendix A

The algebra of Pauli m atrices

CTiCTj — 4" 2^  ( A . l )

k

tr( l)  =  2 (A.2 )

tr(o\) =  0 (A.3)

=  25ij (A.4)

ti{ai(jj(Jk) = 2i€ijk (A.5)

tl{aiŒjakO'i) = — ^ik^jl +  ^il^jk) (A.6)

€i jk is 1 if i , j , k  is cyclic (e.g. x , y , z ) ,  -1  if i , j , k  is anticyclic (e.g. z , y , x )  and 

zero if 2 =  j ,  j  = k oi i = A:[10].
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A ppendix B

U seful CRYOPAD Equations

Equation B .l, and B.2 give the measured linear polarisation without and with 

background subtraction. N'^ is the number of counts registered in the +  channel, 

N~  is the number registered in the - channel, R+ is the number registered in the 

+  channel during the background measurement, B~ is the number registered in 

the - channel during the background measurement, r  =  is the ratio of the

time spent counting in the +  channel, U , to that spent in the - channel, t~. 

r j  =  is the ratio of time spent counting the peak to that spent on the

backround in the +  channel, and similarly for r^. The statistical errors are given
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in B.3 and B.4 respectively.

", = ^
^  r r i B - - r + B + - r J V -  +  iV+

 ̂ —rrZB~ — r iS +  +  rN ~ + N+
_ 2 r^{N -N + {N +  + N -) )

= --------- (JV+rAT-)2---------
r _ 2  I 2 2 ,

~  ( rr^ B -  +  r+B+ -  rN ~ -  N + ^

+  -  2 r^ rj"A /-B "B +  +  rj"AT-'B+

+  -  2rg'r^B-B+7V+ -  2r^B~N ~N -^

-  2rjB+A/’"A^+ +  +  A/"'a/’+ +  A/'“ A^+'] ^

(B.4)

Equations B.5, B .6  and B.7 are the expressions required to calculate the modulus 

of the polarisation vector and the two polar angles (with respect to the CRY

OPAD X, ?/, z coordinate system) 0  and The statistical errors are given in 

equations B.8 , B.9 and B.IO respectively.

| f |  =  ^J{P^ + P i + P i) (B.5)

0  =  arccos(—. ) (B.6 )
V ^ (p 2  +  p2 +  p2)7

$  =  a r c t a n ( ^ )  (B.7)

_ 1801 (<y%.{PiPi) +  <^K(PiPi) + 4 . ( f j  +  +  P i ) Ÿ
Tr p v  (Pi + Pi)

(B.9)

18oV K ^ + < ^
=  I T  p[TPi  '



A ppendix C

Calculating AA3 and A4

The required values of A3 and A4 are calculated in two stages[132]. Firstly the 

angles required to measure elastic scattering with momentum transfer k are set 

via a high level instruction to the instrument control program. Secondly an offset 

to the sample rotation A3, the scattering angle A4 and ki are calculated and set 

via low level instructions to the instrument control program, kf is fixed to one of 

the values at which the graphite filter in the scattered beam is effective for the 

removal of |  contamination. Applying an offset to A3 removes the need to take 

into consideration how the zero of A3 is defined and which method has been used 

to align the sample. The calculation of the offset to A3 and the absolute angle 

A4 are shown in figure C .l and is simply a m atter of applying the cosine rule. 

The results are given in equations C.2 and C.2.

AA3 =  a r c c o s ( ^ )  -  a r c c o s ( ^ ^ ^ ^ )  (C.l)

, k ? k ^ f  -

A4 =  arccos ( T )
In order to calculate generally, for any crystal system, one starts with the ex

pression given in [55] in terms of the parameters of the reciprocal lattice (equation
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A 4

0k1

K in  h a d i2 c r ta l p la ie  

K fl= |k il

AA4

y A A3,A A 4

Ifeutrcn QTergy gain 
E>0

Neutrm aiacgy loss 
E<0

2 m E / R 2  = k j 2  - k ^

Figure C.l: Calculating the offset to A3 and the absolute angle A4 from the 
elastic position to arrive at a given energy transfer E.

C.3).

cos('y3 + 2/ifo'c* cos(/)*) 

+2A;/6*c* cos(a*)
(C.3)

Substituting into C.3 expressions for the reciprocal space parameters in terms of 

their real space counterparts C.4 with the volume of the unit cell given by F[55j 

in equations C.6 and C.6, one obtains an expression for in terms of the real
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space lattice parameters (equation C.7).

*  • /  \  , *  • /  \  a =  — sin(a), b =  — sin(/9), c =  — sin(7 )

. _ cos(/?) cos(7 ) -  cos(a)
) = -------- s in ( /3 ) s in (7 ) --------

cos(a) cos(7 ) — cos{P)
cos{P*) =

s in ( a )  s in (7 )

cos(T-) =  (C.4)
s in ( a )  sin (/? )

y  =  2abcVC  (C.5)

a - / ?  +  7 \ / û ;  +  / ? - 7 ^
X sin  I -------    s in

. / a  +  /? +  7 \  . / - a  +  /3 +  7 
G =  sin ------   sin

^2 _  1 / /i^sin^(a) ^  A:^sin^(^) ^  /^sin^(7)
y C  V 4a^ 4 5 2  4^2

Ohh
+ ^ ^ ( c o s ( a )  cos(/3 ) -  c o s (7 ))

+ ^ ( c o s ( a )  c o s (7 ) -  co s(/? ))  
4 a c

2kl
+ — (cos(/3 ) c o s (7 ) -  c o s ( a ) )

(C.7)
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