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Bragg angle

Gyromagnetic ratio of the neutron

Larmor precession frequency

Neutron mass

Fermi energy

Curie Temperature

Néel Temperature

Magnetic moment vector

Magnetisation at r

Magnetic structure factor at k.

Magnetic interaction vector at k.

Magnetic interaction vector (shorthand form)
Complex conjugate of M | (k)

Complex conjugate of M | (k) (shorthand form)
ith component of magnetic interaction vector
Nuclear structure factor at k.

Nuclear structure factor (shorthand form)
Complex conjugate of nuclear structure factor

Neutron Polarimetry: | Theory of Polarised Neutron Scattering 3

Incident polarisation

modulus of P

ith component of incident polarisation
Scattered polarisation

ith component of scattered polarisation
Polarisation created by scattering

ith component of polarisation created by scattering
Polarisation tensor

ijth element of the polarisaton tensor
Polarisation matrix (the experimental result)
ijth element of the polarisaton tensor
Crystallographic scattering vector k = k¢ — K;
K|

A vector in real space

Unit cell vectors

A reciprocal lattice vector

A lattice vector

Magnetic propagation vector

A unit vector parallel to u

Neutron Polarimetry: | Theory of Polarised Neutron Scattering 4
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Introduction

» In the following we will consider how the theory of neutron
scattering can be amplified to take account of neutron
polarisation.

» For simplicity the discussion will concentrate on elastic Bragg
scattering although most of the formulae are equally
applicable to inelastic scattering if the appropriate
cross-sections are substituted and energy conservation
terms are taken into account.

» We first consider what is meant by Neutron Polarisation

Neutron Polarimetry: | Theory of Polarised Neutron Scattering 5

Polarisation of a single neutron

The spin wave-function of any single neutron can be written

vs=ay +by~ where aa +bb* =1

v and y~ are eigenfunctions of spin with eigenvalues i% respectively.
Using the Pauli spin matrices

(2 8) @=(% 9) w-(d 2)

The matrix for the component of spin in a direction with spherical polar
coordinates 0 ¢ is

1 ( cosO
—cos6@

S6.0 = 3 sinf(cosg + 1sing)
Operating with Sg 4, on ys gives
-1.5ex]

sinf(cosp — 1sing) )

Se.0 Ws = (3 COSO +sinB cosp + 1sinBsing )y +sind(cosp — 1sin@ sing — 3 cosd)y~
ys is an eigen function of Sg » with spin eigenvalue % when

O(ab*)
O (ab*)

A single neutron is always perfectly polarised in some direction

N
tan~ =

> = W and tang =

Neutron Polarimetry: | Theory of Polarised Neutron Scattering 6
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A Neutron Beam

Experimentally we are always dealing with beams containing
many neutrons each of which may be polarised in a different
direction.

We determine the numbers of neutrons scattered with spins
parallel and anti-parallel to some chosen polarisation
direction.

This is equivalent, in quantum mechanical terms, to
determining the mean value of the neutron spin parallel to
this direction.

Evaluation of the mean values of properties of systems, such
as neutron beams, which consist of an incoherent
superposition of particles in different pure states is
conveniently done using the density matrix formalism.

A very clear account of this formalism is given by:
U. Fano,(1957) Rev. Mod. Phys 19 74.

Neutron Polarimetry: | Theory of Polarised Neutron Scattering 7

The quantum mechanical density matrix

Consider a pure state described in terms of the eigenvectors
u, of a complete set of operators by the wave-function

IV — Zn CnUn.
The mean value of the property given by an operator Q
represented by the matrix Qnm is

(Q) = Z QmnCmCn

A mixed state can be described by a superposition of pure
states y' with statistical weights p'.

The mean value of Q for the mixed state is

(Q) = Z anz IOiCi m*Cin

n,m I
The density matrix is defined as
Prm = Z picim*cin
|
and  (Q) =3 Qumprm= 3 (Qp)mm= Tr(Qp)
n,m m

Neutron Polarimetry: | Theory of Polarised Neutron Scattering 8
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The Polarisation density matrix

» The polarisation of a neutron beam parallel to a unit vector G
with components Uy, Uy, U, is defined by

NTU_N—Y
T NN A

where N and N~Y are the numbers of neutrons in the beam
with spins parallel and antiparallel to u.

» We define a polarisation density matrix p such that
Pu=2(&) =Tr(pou)

Uy Uy — IUy
U+ IUy  —Ug

sothat —1<P,<1

with Gu=< ) and Tr(p)=1

P.J. Brown September 2006 Neutron Polarimetry: | Theory of Polarised Neutron Scattering 9

The Polarisation density matrix

» Like any Hermitian matrix p can be expressed as a linear
combination of the unit matrix I and the three Pauli spin
matrices oy, oy, ;. Let

1+p; px—lpy)

- A(I+pxcrx+pyoy+pzoz)=A( ox+1py 1 p,

A = ZforTr(p)=1
» then
e (2, %) (35 1)
U= 3 _ 1—
UX+|Uy uZ pX+|py pZ
= (UzPz+ UxPx + UzPz)

» A polarisation vector P with components py, py, p; can be
identfied whose properties ensure that that

P,=2(S)=0(P-0) and p=2i(1+P o)

P.J. Brown September 2006 Neutron Polarimetry: | Theory of Polarised Neutron Scattering 10
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Useful traces

The following properties of the unit matrix and the Pauli spin
matrices are used to help in evaluating the required traces

Tr(l) = 2
Tr(oj)) = O
Tr(cio)) = 26"
Tr(ciojok) = 2k
Tr(cigjokol) = 2(818K — %5l 4 5 5K)

i,j,k,| each run over all three components x,y,zand ' is the
antisymmetric third rank unit tensor: 3 ek = (A x B);

P.J. Brown September 2006 Neutron Polarimetry: | Theory of Polarised Neutron Scattering 11

The scattering cross-section

Within the Born approximation the intensity | of neutrons scattered with
scattering vector k = ki —Kk;j is given by

| =C
a,q' 1,1’

papi (i 97 [V 1K)V (K) | 61 ) 8(4E)

> vy, Yy and ¢, ¢y represent the initial and final states of the scatterer
and the neutron respectively.

> pg and p; are the statistical weights of yq and ¢;.

» V(K) is the fourier transform of the interaction between the neutron
and the scatterer.

> §(AE) with AE = R?(k? — k?) /2my + E — Eq ensures conservation of
energy.

The density matrix formalism can be used to do the sum over the initial
states of the neutron giving

B c;pqmvg,q/,i (K)Vqq.i(K)p)8(AE)

P.J. Brown September 2006 Neutron Polarimetry: | Theory of Polarised Neutron Scattering 12
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The scattered polarisation

The scattered polarisation is obtained by determining the average
of the spin of the scattered neutrons.

Pl=2C % pqpi<l//§/¢§‘
a,q,i,i’

VY 4i(K) SVqgq, (k)‘ 0 wq> §(LE)

which, using the density matrix becomes
P1=CY paTr(Vyy,;(K)SVqq.i(k)p)8(AE)
q

The traces are to be taken over the neutron spin coordinates only

P.J. Brown September 2006

Neutron Polarimetry: | Theory of Polarised Neutron Scattering 13

The magnetic interaction vector

For magnetic scattering the relevant interaction is that between
the neutron magnetic moment and the the magnetic induction of

the scatterer.

V(r)=2B(r)-S=2(upH+M(r))-S
where M (r) is the magnetisation distribution in the crystal.

The kth Fourier component is

M, (K) =R x M(K)x K with M(k):/M(r)exp(—ik-r)dr3

where k is a unit vector parallel to the scattering vector k.
» M (k) is the magnetic structure factor

» M | (k) is the magnetic interaction vector.
» both M (k) and M | (k) are in general complex vectors.
» For pure magnetic scattering V(k) =2M | (k) -S

P.J. Brown September 2006

Neutron Polarimetry: | Theory of Polarised Neutron Scattering 14
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Polarisation dependence of magnetic
scattering

For magnetic elastic scattering the equation for the scattered
intensity becomes

| = %CTr(( o) (M o)l +P-G))
Evaluating the traces gives for the intensity

CY (MM )8" + 5 (1M1 M jPi)e™
L) NE
The scattered polarisation is given by

Pl = %CTr((Mj-G) G (M, (K)-0) (I +P-a))

Pl = CZ IMY iM% + MM P — M7 ML iPy+ MM P,
|

P :C(—le><ML+M*L(ML-P)+ML(Mj-P)—P(Mj-ML)>

P.J. Brown September 2006 Neutron Polarimetry: | Theory of Polarised Neutron Scattering 15

Simple examples

> M (K) [ M* (K), M*(k)xM,(k)=0

AML

> Part parallel to P :- —P|M | (k)|?

» Part parallel to M | (k) :-
20(M | (k)(P-M", (k)))

» The scattered polarisation is rotated
by 180°about the direction of M | (k).

2M | (P-M ),

s M (k) LMY (K), M (k)M (k) =0

P’=-iM xM *
» The scattered polarisation is always
parallel to k
- But the intensity is zero if P is parallel /\

to M, (k) x M* (k) m

Only neutrons with spins parallel to M" (k) x M | (k) are
scattered

P.J. Brown September 2006 Neutron Polarimetry: | Theory of Polarised Neutron Scattering 16
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Nuclear Scattering

» The interaction between an atomic nucleus and a neutron can be
represented by the Fermi pseudo-potential, a scalar field which is
zero except very close to the nuclei.

» When all spins of the nuclei are randomly oriented the neutron
nuclear scattering interaction is independent of the neutron
polarisation.

V(k) = Zbi exp(ik -ri) = N(k)
» N(k) is the nuclear structureI factor a complex scalar quantity
» The equation for the scattered intensity is then simply
| = 1CTr(N" (k)N (k) (1 +P- o) = CIN(k)|?
» The scattered polarisation is given by
Pl = 3CTrN" (k) o N(k)(I +P-0)
Pl =CIN(k)|?P; giving P =P

» The polarisation is unchanged by nuclear scattering from nuclei with
randomly oriented nuclear spins.

Neutron Polarimetry: | Theory of Polarised Neutron Scattering 17

Magnetic Nuclear interference (intensity)

When both nuclear and magnetic scattering occur in the same
reflections the joint interaction potential is

V(k) = (N(k)+2M L (k) - S)
The equation for the scattered intensity is then
| =iCcTr((N"+ M7 -6NH(N+M | -0)(I +P-0)

The extra terms are those involving products of N and M | they
are

Tr((N'M  (k)- o)l +P-0) =
and its complex conjugate

N'M, -P
NM* .P
Finally

| = C(INJ*+20(NM 7 -P)+|M  [* =M% xM )
The extra term in the intensity is non-zero when the phase

difference between N and component of M | parallel to P is not
exactly (2n+1)3.

Neutron Polarimetry: | Theory of Polarised Neutron Scattering 18
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Magnetic Nuclear interference (polarisation)

The polarisation of the scattered beam is

P = %C(N*—FME-GT)S(N-FMJ_-G)“ +P-o))

The extra terms are

P.J. Brown September 2006

Tr((N'o M, -o)(l+P-0) =
and their complex conjugates
giving

N*M | +IN*M | x P
NM™ +INM7 x P
20NM* +20P x NM*

The real part of the product NM" gives a component of scattered
polarisation parallel to itself.

It is independent of the incident polarisation and is due to the
polarisation dependence of the cross-section implicit in the term
20(NM™)

The imaginary part of the product NM", rotates the scattered
polarisation towards the direction perpendicular to both itself and P.

It only occurs when the difference in phase between the nuclear
and magnetic structure factors is not an integral multiple of x.

Neutron Polarimetry: | Theory of Polarised Neutron Scattering 19

A simple example

When M, and N are in phase (NM" -N"M ;= 0).
The origin can be chosen so that both are real and ;
y=|M | (k)|/N(k) is the ratio between them.

>

P.J. Brown September 2006

The component of scattered
polarisation parallel to the
incident polarisation has length A

o P(1-y)

The part parallel to M | has
length 2(Pcospy2 +7)
2P7200$
O

The scattered polarisation
vector P is found by
completing the parallelogram

If P decreases or y approaches
unity P’ rotates towards M | .
ForP=0or y=+1, Plis
parallel to M | .

Neutron Polarimetry: | Theory of Polarised Neutron Scattering 20
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rorsed neuvon 1 he complete equation for the scattered polarisation is

Scattering

Newron Pl = C<P\N|2+2DNMj+2DPx NM*

pesemm ~O(M1 xM?)+20(M{ (M, -P)-PM[?)
Polarised

Neutrons This, together with that for the scattered intensity

The Blume

Maleev Equations | = C(IN[?4+20(NM" -P)+|M |2 —1IM* xM |
. comprise the Blume-Maleev equations.

tensor

These were derived, at almost the same time by Sergei Maleev
and Martin Blume.

M. Blume,(1963) Phys. Rev. 130 1670.
S.V. Maleev,V.G. Bar'yaktar and R.A.Suris,(1963) Sov. Phys. - Solid State 4 2533.

They are the fundamental equations used to interpret polarised
neutron scattering experiments.

P.J. Brown September 2006 Neutron Polarimetry: | Theory of Polarised Neutron Scattering 21
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Polarised Neutron
Scattering

Newron The scattered polarisation P’ and scattered intensity | are given in
terms of the incident polarisation P by

The Scattering
Cross-section for

Polersed Pl = P(NK)[2=M(k)-M" (k)) partparallel to P
The Blume + ZD [M L( j_( ))] part para”el tO M 1
l\i:lefevquua:tilons + 20 [M ( ) (k)]
quatons. + Px 20(M | N*(k)) part perpendicular to P and M |
e —0OM | (k) x M7 (k) part parallel to k
I = IN(K)Z4+M | (K)- M7 (k) polarisation independent part
+20(P-M | (K)N*(k)) polarisation dependent parts
+P-0O(M (k) x M7 (K))

P.J. Brown September 2006 Neutron Polarimetry: | Theory of Polarised Neutron Scattering 22
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The polarisation tensor

The Blume Maleev equations may be written in tensor form

= 2#P+P" orincomponents P, =P;P;+P/
P is the polarisation created in the scattering process.

Polarisation axes can be defined with:

» X parallel to the scattering

vector k.

» z perpendicular to the scattering plane (vertical)
» y completing the right handed cartesian set
With this choice of axes there can be no components of M | (k)

parallel to x.

P.J. Brown September 2006

Neutron Polarimetry: | Theory of Polarised Neutron Scattering 23

The polarisation tensor in polarisation

coordinates

On polarisation axes this tensor equation can be can be written

as.
(NZ_MLZ)ﬂx an/'x
P =1 —In/ly (N2 —
—Jny/ I I:ezy/ I
[, —
_JyZ/I |X —
S B YT
Rnz/| z =

N? = N(k)N* (k)
Rj =20(M i (k)M ;% (k))
Ju —ZD(MJ_I( )MJ_J*(k))

Jny/Ix
M2 +Ry)/ly  Ry/ly
(N>—=M | 2+ Ryp) /1,

M2+ N?+ Pxdyz
M J_Z + N2 + Pany
M2+ N2+ PRy,
M 2+N2+ Pxdyz+ PyRay + PzRnz

M, 2=M, (k)-M7 (k)

Rai = 20 (N (k)M ;" (k))
Jni = 20(N (k)M ;" (k))

Note that when written in this simplified way .7 isn't strictly a tensor
because the denominators may depend on the input polarisation

direction

P.J. Brown September 2006
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Outline: Polarisation Analysis

Introduction to Neutron Polarimetry
Neutron Polarisation
Polarisation Analysis
Controlling the polarisation direction

Techniques for neutron polarimetry
The classical polarisation analysis technique
XYZ polarisation analysis
Spherical Neutron Polarimetry (SNP)

Polarisation analysis experiments
Types of PA experiment
Separation of magnetic and nuclear scattering
Correction for polarising efficiency
Magnetic scattering from polycrystalline samples
Paramagnetic scattering
XYZ polarisation analysis using a multi-detector
Magnetic defect scattering
Spatial correlations above Tc

P.J. Brown September 2006 Neutron Polarimetry:Il Polarisation Analysis 2
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Polarimetry

» A polarimetric experiment is one in which the relationship
between the directions of incident and outgoing polarisations
IS measured.

» A neutron beam is polarised when the average over all
neutrons in the beam of the expectation value of a
component of spin (S;) is non-zero for some direction z

» The polarisation direction is the one in which this average is
maximised.

P.J. Brown September 2006 Neutron Polarimetry:Il Polarisation Analysis 3

Neutron Polarisation

» It was shown in the previous lecture that a polarisation vector
can be used to describe the polarisation of a neutron beam

» For practical purposes the component of the polarisation,
parallel to an arbitrary direction z, is given by

P,=(NT=N7)/(NT+N")

where N* and N~ are the number of neutrons in the beam
whose spins are respectively parallel and anti-parallel to z

» The polarisation P can be treated as a classical vector.

P| = \/sz—f—Pyz—i—PXz

P.J. Brown September 2006 Neutron Polarimetry:Il Polarisation Analysis 4
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Introduction to
Neutron

Polarimetry Neutron polarisation analysis experiments are those in which a

Neutron Polarisation . . . .
Polarsation Analyss polarised beam is incident on the sample and the numbers of
Controlling the

e scattered neutrons whose spins are parallel and anti-parallel to
Techniques for the direction of analysis are measured.

neutron
polarimetry

o The results can be expressed using the generalised polarisation
sl dependent cross-sections  ¢'J.

experiments

The superscripts i and j each stand for one of three orthogonal
directions x,y, z

] defines the direction of incident polarisation and i the direction of
analysis.

For example: o~ gives the probability that a neutron initially in a
state with spin anti-parallel to x will be scattered to a state in
which its spin is parallel to z

P.J. Brown September 2006 Neutron Polarimetry:Il Polarisation Analysis 5

[L(d The polarisation matrix
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Introduction to
Neutron

i AU » The polarisation matrix Pj; is defined so that its component
Puiarisaion Analysis Pijj is the component of scattered polarisation parallel to |
poaraion drector when the incident beam is polarised parallel to j

Ex » The components Pj; can be obtained from the polarisation
ey dependent cross-sections.

Polans_anon B o B o

e e Pij=(c"—o™)/(c" +07)

» The polarisation dependent cross-sections contain additional
intensity information.

BUT

» The Pj can be measured with much higher precision than
the individual cross-sections because they are obtained from
ratios of intensities measured without having to move the
sample.

P.J. Brown September 2006 Neutron Polarimetry:Il Polarisation Analysis 6
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Introduction to
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e » Classically an object with moment of inertia | and magnetic
PO\aHSH»tIOHAHH\yS\S moment IJ, InClIned a.t an angle 9 to a unlform magnetlc fleld
At dicio B will precess about the field direction at the Larmor
Ll frequency:

polarimetry QL = ‘LLBCOSO/I

Polarisation
analysis
experiments

» For a neutron with spin Sand gyromagnetic ratio
Q_ = SwBcoso /h

» The angle of precession ¢ depends upon the path integral
/ Bd¢ of the neutron in the field.

0 — 27rSmeN7L/Bd€

P.J. Brown September 2006 Neutron Polarimetry:Il Polarisation Analysis 7

F774 Neutron precession in an external field

gl (quantum-mechanical)

Introduction to
Neutron

Polarimetry . .

Neuon Polarsation Exactly the same result can be obtained quantum mechanically
Polarisation Analysis . . .

S— using simple perturbation theory.

polarisation direction

Techniques for » A neutron with spin wave function w(0) = ay™ + by~ has x
et and y and z components of spin J(ab*), O(ab*) and

Polarsaton %(aa* — bb") respectively.

analy_sis . o . .

R » If aand b are real the spin is in the x-z plane inclined at an

angle 6 = 2tarr!(a/b) to the quantisation axis z

» The matrix elements of the perturbing Hamiltonian due to a
magnetic field B parallel to z switched on at t = 0 are zero for

t<0and
Htf=-wa’B H = 0
H+*—— 0 H~ = pb?B for t>0

P.J. Brown September 2006 Neutron Polarimetry:Il Polarisation Analysis 8



F774 Neutron precession in an external field

gl (quantum-mechanical)

Introduction to

S » |If the unperturbed energy is Eg, the perturbed wave-function
Neutron Polarisation after time t becomes
Controlling the . 2 . 2 .
polarisation direction . I')/Na Bt + |mb Bt _ _lEOt
Tecrtmiques for ll/(t) - (aexp ﬁ w + beXp— ﬁ ]’U eXp ﬁ
polarimetry
olarisation
Znaly_sist t » the x and y components of the spin are
experiments

B B

S =200 (abexpl(a2 - bz)mTt> — abcoga? — b?) mTt

S, =20 (abexpl(a2 —b?) m—;3t> — absin(a? — b?) YN_ﬁBt

» The z component of the spin doesn’t vary

» So the spin precesses around the field direction with angular
frequency (a2 — b?)wB/h = wBcosh /A= Q.

P.J. Brown September 2006 Neutron Polarimetry:Il Polarisation Analysis 9

‘.8 Neutron precession in non-uniform fields

NEUTRONS
FOR SCIENCE

Introduction to Two extreme conditions can be recognised.

Neutron

e 1. Adiabatic approximation

polarsation Analysi The change in field direction during one cycle of Larmor
polasaton arecion precession (2r/Q.) is negligibly small compared with the
Techniques for f|e|d |tse|f

neutron

polarimetry » Transitions between the two spin states take place very
Polarisation gradua”y.

analysis . .

experiments » The wave-function changes only slowly so that it always

approximates to an eigenstate of the current Hamiltonian.
The neutron polarisation follows the field direction.
2. An abrupt transition
The field changes rapidly from one uniform value to another.
» When the distance is much less than that needed for a
complete Larmor precession.
The neutron polarisation direction does not change at the
boundary but passes immediately from one precession
regime to the other.

P.J. Brown September 2006 Neutron Polarimetry:Il Polarisation Analysis 10



I.(d Neutron precession in non-uniform fields

NEUTRONS
FOR SCIENCE

Introduction to

L Adiabatic, and abrupt changes in the directions of magnetic
B fields, together with controlled precession, are the means used to
comgve — manipulate the neutron polarisation in polarisation analysis
Techniques for EXperlmentS

neutron

polarimetry

. The distance travelled by a neutron, wavelength A in time 27/Q(

analysis IS

experiments A,L == ﬁz/'}’N mN)LB
For a field of 107 T (1 gauss) A ~ 3 m for 1 A neutrons
» Adiabatic conditions are achieved by separating different
field regimes by distances long compared with A,

» An abrupt field transition, one in which the change takes
place in a distance much less than A_ is often achieved using
current sheets, or by screening with sheets of mu-metal or
superconducting foils.

P.J. Brown September 2006 Neutron Polarimetry:Il Polarisation Analysis 11

I8 Uni-directional polarisation analysis

NEUTRONS
FOR SCIENCE

S The original polarisation analysis setup is that of Moon, Riste and
R, Koehler R.M. Moon, T. Riste, and W.C. Koehler,(920) 1969 Phys.Rev. 181.

Techniques for
neutron
polarimetry

Polarising Field

The classical
polarisation analysis
technique

XYZ polarisation
analysis Analysing Field

Spherical Neutron
Polarimetry (SNP) —
Polarising
Polarisation Monochromator
analysis

experiments

(Sample ) (Guide Field )

(Analyser )

In its simplest arrangement all the fields are parallel to the vertical
direction which is that of polarisation and analysis.

The sample field can be rotated about both vertical and horizontal axes.
The guide fields are arranged so that the neutron spins rotate
adiabatically from the direction of the polariser to that of the sample field
and finally to that of the analyser.

P.J. Brown September 2006 Neutron Polarimetry:Il Polarisation Analysis 12



I//4 Uni-directional polarisation analysis

NEUTRONS
FOR SCIENCE

Introduction to
Neutron

Folatim=ty » The uni-directional technique allows four cross-sections:

e o', o7, 07" and o~ to be measured.

polarimetry . . . . . . . .

Thedesseal » The first superscript indicates the direction of incident
olarisation analysis . . A . .

e polarisation, it is + when F1 is deactivated ( P || H) and -
il when it is activated ( P || —H).

Spherical Neutron
Polarimetry (SNP)

S » The second subscript indicates the direction of analysis,
analysis switched using F2.

experiments
» These four cross-sections can be identified with four
components of the general cross-sections defined previously.

++ +

o :Gi’i, c-=0c"... etc

» For an orientation i of the sample field, only the single
component P;; of the polarisation matrix, will be obtained.

P.J. Brown September 2006 Neutron Polarimetry:Il Polarisation Analysis 13

[L(d XYZpolarisation analysis

NEUTRONS
FOR SCIENCE

A more general version of the uni-directional technique allows the

Introduction to

R, field at the sample to be varied without rotating a magnet.
eugon é )
polarimetry

The classical
polarisation analysis
technique

XYZ polarisation

analysis Chopped
Spherical Neutron Neutron
Polarimetry (SNP) beam

Polarisation
analysis
experiments

Detector banks

» The efficiency of measurement can be increased by using banks of
detectors.

» There is a super-mirror analyser in front of each detector.

» The direction of the field at the sample position is chosen by
adjusting the currents in the three mutually perpendicular Helmholtz
coils.

P.J. Brown September 2006 Neutron Polarimetry:Il Polarisation Analysis 14



[L(d XYZpolarisation analysis

NEUTRONS
FOR SCIENCE

Introduction to

e » The guide fields and the c_iistances between_differ_ent

S components must be sufficient to ensure adiabatic

S transitions between the field regimes at the polariser, sample
e sl and analysers.

2 ptaisaion » Any components of polarisation not parallel to the local field
g’?::ilN?é&”;; will precess around it.

po.ansauin » So only the components of polarisation parallel to the sample
e field are well defined.

» The XYZtechnique allows 12 of the generalised
cross-sections to be measured.

» They are: ¢, ¢/, o and ¢
» Note that if i # zthe direction i is different for each element of
the detector.

» The three diagonal components P,y, P,y and P, of the
polarisation matrix can be derived.

P.J. Brown September 2006 Neutron Polarimetry:Il Polarisation Analysis 15

'L xyzcross-sections from XYZdata

NEUTRONS
FOR SCIENCE

nroduction i » When using a multidetector the x and y polarisation directions differ
Polarimetry at each element of the detector.
e » A set of axes X, Y,Z are defined parallel to the axes of the
pﬁ'a“‘me”y‘ Helmholtz coils.
:'21: o » X is parallel to the incident beam and Z || z for all detector elements.
olarisation
Zgi':%fm . » For a detector element at scattering angle 26, x is at an angle
Polarimety (SKF) a = % — 6 to X in the X-Y plane.
Polarisation
s In polarisation coordinates Px = Pcose —Psinae 0
Py = Psina Pcosoe O
P, = 0 0 P
oXX = o**cose + oY Vsina
oX—X = o%Xcose + o Ysina
o"Y = osina  + oYYcosa
oY = o*Xsina + oY Ycosa
etc.

A matrix equation relates 6**, %%, o¥¥, a¥7Y etc. to 6*X, XX, oV,
oYY etc.

P.J. Brown September 2006 Neutron Polarimetry:Il Polarisation Analysis 16
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Transverse components of polarisation

Introduction to »
Neutron
Polarimetry

Neither of the two previous techniques allow components of
the scattered polarisation which are not parallel to the
incident polarisation direction to be measured.

Techniques for
neutron

pome » This is because any such components precess around the
o field direction and so their direction at the analyser is
sy undefined.

Palarmety (S » The off-diagonal components of the polarisation matrix
e depend on these transverse components.

experiments

» The presence, but not the identity, of transverse components
may be inferred from reduction in the size of the diagonal
components (depolarisation).

» Full information about the transverse components of
scattered polarisation can be obtained if the scattering
sample is in zero field.

» Spherical neutron polarimetry (SNP) is the name given to
polarisation analysis experiments in which all the generalised
cross-sections can be measured.

P.J. Brown September 2006 Neutron Polarimetry:Il Polarisation Analysis 17

7/ §

SNP with CRYOPAD

NEUTRONS
FOR SCIENCE

Introduction to
Neutron
Polarimetry

One way of realising the conditions in which transverse
components of polarisation can be measured is to use
superconducting Meissner screens to isolate a zero-field region
and provide an abrupt transition between different magnetic field

Techniques for
neutron
polarimetry
The classical
polarisation analysis
technique

XYZ polarisation
analysis

Spherical Neutron
Polarimetry (SNP)

Polarisation
analysis
experiments

regimes.

The cryostat containing
two cylindrical Meissner
shields is in the form of a
hollow cylinder.

The sample and its inde-
pendent sample environ-
ment can be placed in-
side

Outer Meissner shield —
Cryostat outer wall

/ Ato analyser
attered
// beam nutator

Y

Incident beam
nutator

| Zero Field scattéring region |

IR, |

Inner Meissner shield

from
monochromator

Cryostat inner wall

The nutator magnets align the ingoing and outgoing polarisation in the
plane perpendicular to the beam at an angle 6 to the vertical.

P.J. Brown September 2006

Neutron Polarimetry:Il Polarisation Analysis 18
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Introduction to
Neutron
Polarimetry

Techniques for

neutron

polarimetry
The classical

polarisation analysis
technique

XYZ polarisation
analysis

Spherical Neutron
Polarimetry (SNP)

Polarisation
analysis
experiments

SNP with CRYOPAD

/ Ato analyser
attered

~._beam nutator

Primary precession coil
Outer Meissner shield —

Cryostat outer wall \

Two precession coils,
wound from supercon-
ducting wire, lie between
the two Meissner shields. The

Incident beam
nutator |
—

- »
from E
monochromator

| Zero Field scattéring region “

e

Inner Meissner shield

The primary coil is a
complete toroid.

. Cryostat inner wall

secondary coil is paﬁfc’)'f"a second toroid, wound over the primary coll, in
the region through which the incident beam passes.

In passing through these coils the polarisation precesses about a
horizontal axis through an angle x proportional to the currents in the
coils.

F. Tasset, P.J. Brown, E. Lelievre-Berna, T Roberts, S. Pujol, J. Alibon, and E.
Bourgeat-Lami,(69) Physica B 267-268 1999.

P.J. Brown September 2006 Neutron Polarimetry:Il Polarisation Analysis 19

Rotation of the polarisation in CRYOPAD

Initially the incident beam is polarised along its direction of motion.

J\ Zero field region
‘ 10 -}f -lhner Meissner screen

‘ | Precession region
Nutation region TN ' ----k ‘. --Outer Meissner screen

In the nutation region the field changes gradually from a direction parallel
to the beam to one perpendicular to it at 6, to the vertical. The neutron
spins follow the field adiabatically.

Between the two Meissner screens the neutron spins precess through an
angle yxin about the horizontal axis of the precession coils.

The inner Meissner screen isolates the zero field region from the
precession fields and within it the polarisation is unchanged except by
interaction with the sample.

P.J. Brown September 2006 Neutron Polarimetry:Il Polarisation Analysis 20
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Techniques for

neutron

polarimetry
The classical
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technique
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analysis
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Introduction to
Neutron
Polarimetry

Techniques for
neutron
polarimetry

Polarisation
analysis
experiments

Types of PA
experiment

Separation of

magnetic and nuclear

scattering

Correction for
polarising efficiency

Magnetic scattering
from polycrystalline
samples

Paramagnetic
scattering

XYZ polarisation
analysis using a
multi-detector

Magnetic defect
scattering

Spatial correlations
above Tc

Measuring the scattered polarisation

» The field components on the scattered beam are equivalent to
those in the incident beam.

» The spins in the scattered beam are guided so that those oriented
with the chosen yout, Oout are parallel to the field axis at the analyser.

» The angles 6jn, 6oyt are fixed by the angles of rotation of the
magnetic fields in the nutators.

» The angles xin, xout are fixed by suitable adjustment of the currents
in the primary and secondary precession coils.

» For a reflection with Bragg angle 6g the directions of incident
polarisation and of analysis can be made parallel to the orthogonal
directions x,y,zwith x || k and z vertical by setting the angles

Bin Xin Bout Xout
T T T T
X 308 2 0 — 2 —2
T T
y —6B 2 —6B 3
z 0 0 0 0
P.J. Brown September 2006 Neutron Polarimetry:Il Polarisation Analysis 21

Types of experiment

» Separation of magnetic and nuclear scattering
Examples

» Weak magnetic scattering in powder diffraction
» Paramagnetic scattering
» XYZpolarisation analysis using a multi-detector
Examples

» Magnetic defect scattering
» Spatial correlations above T¢
» Determination of the direction of the magnetic interaction
vector: Examples

» Unique solution of complex magnetic structures
» Studies of magneto-electric domains
» Determination of anti-ferromagnetic form factors

The rest of this lecture will cover the first two types: the third is
more complex and will be treated later.

P.J. Brown September 2006 Neutron Polarimetry:Il Polarisation Analysis 22
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Separation of magnetic and nuclear scattering

P.J. Brown

Magnetic scattering will contribute to the spin-flip
cross-section (') whenever the magnetic interaction
vector M | (k) is not parallel polarisation direction P (P;).

Coherent nuclear scattering from disordered nuclear spins
only enters the spin non-flip cross-section (c¢'').

The magnetic interaction vectors which contribute to a
reflection with scattering vector k from a polycrystaline
sample will be distributed randomly in the plane
perpendicular to k.

If the incident polarisation is aligned perpendicular to the
scattering plane then, on average, half of the interaction
vectors will be parallel and half perpendicular to it.

Half the magnetic scattering will be spin-flip and half spin

non-flip.

If the incident polarisation is parallel to k, all the magnetic
scattering will be spin-flip.

September 2006

Neutron Polarimetry:Il Polarisation Analysis 23

Corrections for Polarising efficiency

Polarisation analysis instruments are never perfect, so we need to
determine the corrections which must be made for

Incomplete polarisation of the incident beam, P < 1
2. Imperfect efficiency of the flippers €1,e, < 1
3. Imperfect efficiency of the analyser P’ < 1
The number of "+" neutrons scattered by the sample when F1 is off is

1.

S =1g(Po*"+(1-P)o™ )

The number of these analysed as "+" is

ATt = FAP'ST =1gFaP (Po™ + (1-P)o™ )
where F is the reflectivity of the analyser
Similarly the number of "-" neutrons scattered by the sample when F1 is

off is

ST =I1P(6" " +(1-P)o ")

and the number of these analysed as "+" is

AT =Fa(1-P)S'™ =1gFa((1-P) (Pe*~ +(1-P)c™ 7))

P.J. Brown

September 2006

Neutron Polarimetry:Il Polarisation Analysis 24



Il Corrections for Polarising efficiency

NEUTRONS
FOR SCIENCE

Introduction to

e The total number of "+" neutrons recorded by the analyser is
Techniques for 17+ =1gFa (P (Po*™"+(1-P)o™ ")+ (1-P)(Po*™ +(1-P)o™ 7))
neutron

polarimetry by switching F1 on we get

ey |~ = 1gFa (P (Pe10~ " + (1—Pe1) o™t + (1—P')(Pero ™ + (1—Pey)o™ 7))
experiments

. with F1 off and F2 on

fg;i’;‘é”;s; nuclear |+7 = IOFA (P/EZ(PG+7 + (1_ P)Gii) + (1— PISZ)(PO-++ + (1_ P)Gi+))
scattering

polarsing effcency and finally with both flippers on

R = |7~ =IoFa (P'e2(Pero™ " 4+ (1—Pey)o™ )+ (1—Pey)(Pero™" + (1—Per)o™ ™))
samples

coattorng If all the efficiencies are known these four equations enable the
ey four cross-sections to be determined.

multi-detector

Magnetic defect

é;;au;ﬂ Cirrr:\almms NOte

above Tc

Further uncertainties may be introduced by errors in fixing the
polarisation directions.

P.J. Brown September 2006 Neutron Polarimetry:Il Polarisation Analysis 25

I.(d Magnetic scattering from a powder sample

NEUTRONS
FOR SCIENCE

o ante PA is particularly useful for separating the magnetic ssattering
Polarimetry When =0 and the moments are Sma”

;f;g;;;;gues o A very early experiment on VO3 by Moon provides an example
F’O'a“.mefry Moon R M,(1970) Phys. Rev. Letts 25 527.

e A horizontal field was rotated so that the polarisation at the sample was
experiments always parallel to the scattering vector

Types of PA

exper iment 1400

Separation of

malgme.ttwc and nuclear 1200 n

SCcaI[en[mg T 1000 I]‘{ T_77 K

polarising efficiency E 800 FLIPPER OFF -

Magnetic scattering 2 600 | A I l

fsrggpllis;ycrystalline § w00 NUCLEAR PEAKS l rw ‘ cRYoSTAT | GX’X

Palamagnetlc g /l U \

scattering g 200 .'N.‘-'quv~ "W#W %-. Jl MW

XYZ polarisation O

L jz: (oot (0 (20m) CLPhER O XX

Magnetic defect 200 Jvf\\-" ‘ MAGI‘\IETIC PEAKS

scattering o et o L I L P LT e o

Spatial correlations o 5 ") r 20 25 j; j.:‘. 20

above Tc SCATTERING ANGLE (deg)

The experiment confirmed that the (001) and (100) peaks were indeed of
magnetic origin

P.J. Brown September 2006 Neutron Polarimetry:Il Polarisation Analysis 26



I (8 Paramagnetic scattering
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[roduerono » The disordered moments in a paramagnet only contribute to
e diffuse magnetic scattering.
Techniques for . . .
e » It is superposed on diffuse nuclear scattering due to thermal
ention vibration, all types of nuclear disorder and multiple scattering.
lysi . . . .
experiments » Only paramagnetic and nuclear spin disorder scattering
kiasheliy contribute to the spin-flip cross-section.
Separation of . . . . . . .
B » Nuclear spin scattering is distinguished from magnetic
polating effcency scattering because all components of the nuclear spin
e contribute, not just those perpendicular to the scattering
samples
Paralmagnetic Ve CtO r
scattering
X12 poarisaton » If nuclear spins are randomly oriented 2/3 always give
o spin-flip scattering regardless of the polarisation direction.
scattering
ip{lHsj\T«if’n'l'(v\(\l\m13 | 2 When P H k GX7_X pr— Gpara+ %Gnspln
» WhenP L k o4 %= %Gpara+ %Gnspin
» So GX’_X — GZ’_Z = %Gpara
P.J. Brown September 2006 Neutron Polarimetry:Il Polarisation Analysis 27

I8 Paramagnetic scattering from MnF

NEUTRONS
FOR SCIENCE

WL The polarisation dependence of paramagnetic scattering was first

Neutron

Polarimetry demonstrated in the original paper of Moon, Riste and Koehler

Techniques for
neutron
polarimetry 400 T

Polarisation
analysis ° * FLIPPER OFF
experiments | “1oFLIPPER ON i The data were Ob‘
Types of PA . . .
S tained by rocking
the analyser crystal
e through the elastic

7 4 "6’2’-‘2”%\;@@‘ position

Separation of
magnetic and nuclear
scattering

200

Correction for
polarising efficiency

:

neutrons per 20 min
w
o
o
Nh
./?::'Tl
=
o
e 5
e
2\
i
|

Magnetic scattering
from polycrystalline
samples

Paramggnetic 1)

e '-4 -2 0 2 4-4 -2 0 2 4

ana\ylz;at‘:\:(ﬁj AGA (deg)

multi-detector

Magnetic defec » There is no incoherent nuclear scattering from MnF.

ove » The small peak in 6** is due to multiple nuclear scattering.

» Multiple nuclear scattering is also responsible for the small
difference between o%* and %7~

P.J. Brown September 2006 Neutron Polarimetry:Il Polarisation Analysis 28



J77d Paramagnetic scattering from ferromagnetic

s metals

Introduction to
Neutron
Polarimetry

» The paramagnetic scattering from ferromagnetic metals is of

Techniques for

e particular interest because it can show whether or not
S localised moments persist in the paramagnetic state above
e the Curie transition.

kiasheliy » In ferromagnetic metals it is generally accepted that the
S magnetic electrons participate in the Fermi surface.

scattering

L » The magnetisation is due to exchange splitting of the spin-up
o pvayeaing and spin-down bands.

samples

- » The question posed is to what extent this exchange splittin
scattering

R persists into the paramagnetic phase in which "up" and
e "down" are no longer properly defined.

J » The Stoner (itinerant electron) and Heisenberg (localised

moment) models represent two limiting cases.

P.J. Brown September 2006 Neutron Polarimetry:Il Polarisation Analysis 29

[ The Stoner and Heisenberg models
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e — Stoner Model Heisenberg Model
Polarimetry
Techniques for Stoner Eh__

Stoner Exitations
newtron Exitations 1 ‘

polarimetry

Energy

Polarisation X
analysis Ef-- Local moment well defined
experiments E o YA _S’[_ODG_I’_ _ E._ __________________
Types of PA f J =

- .
experiment A ] - PR N Spln

Separation of

Spin _
-
magnetic and nuclear Wave - - WaVe
scattering 0 L~ Local moment well defined O L---

Correction for

polarising efficiency O{)
Magnetic scattering O Q(f'U) 1 .O 0 Q(F'U) 1 .0

from polycrystalline
samples

paramagnetc Ais the exchange splitting of the bands The bands are flat and separated
scattering with A < E; by A = E,, the intra-atomic ex-
I change(Hunds rule) energy.

e Atomic moments only well defined in

il i the small range of Q-Energy space The inter-atomic exchange energy E;
scattering . . . .

R — where single particle (Stoner) excita- determines T¢ and the zone-boundary
ahove e tions are not excited. spin-wave energy.

Atomic moments are well defined up to
energies Ey.

P.J. Brown September 2006 Neutron Polarimetry:Il Polarisation Analysis 30
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Paramagnetic Scattering: 3d transition metals

Measurements made on powders and single crystals on a triple axis PA

spectrometer on the ILL hot source.

@
[

» Use of hot neutrons and

; { {{ N ;"FM;;ZS:K modest resolution ensures a
YFe a .
for ks 1§ et ok wide energy acceptance
5.l f 3 R 2 » Measurements on powders
) ] . ..
2 B 5 ] allow the intensities to be
SN 3 X X S readily placed on an absolute
I scale
4nsing/n (A1)

» The results for Pd,MnSn follow the Mn2+ fo
by the Heisenberg model.

rm factor as predicted

» For Fe and Ni the rapid fall of the effective moment with increasing
Q shows that some ferromagnetic correlations persist at

temperatures well above Tc.

» They have a longer range for Ni than for Fe.

Booth J G et al.,(1982) J de Physique 43 C7-363.

P.J. Brown September 2006

XYZpolarisation analysis using

Neutron Polarimetry:Il Polarisation Analysis 31

a multi-detector

» Measurements of diffuse scattering can be made much more

efficiently using a multi-detector.

» This is particularly true for experiments
high resolution for which the volume of
at each point of a scan using a single d

at long wavelength or
phase space sampled
etector is very small.

» The XYZpolarisation analysis technique combined with
multi-detection is also more appropriate at wavelengths
greater than 1.5 A where polarising super-mirrors can be

used.

» For such wavelengths the Larmor precession lengths in

moderate fields will allow adiabatic cha
In a reasonably compact instrument.

nges in field direction

» The uncertainty in definition of the direction of polarisation is
also inversely proportional to the wavelength.

P.J. Brown September 2006
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Magnetic defect scattering

» A long wavelength is used so that very few, or even none, of
the reciprocal lattice points lie inside the Ewald sphere.

» All the scattering is then incoherent and due to different
types of disorder.

» The ability to separate the magnetic and nuclear
contributions to the diffuse scattering allows magnetic
perturbations to be distinguished from, and perhaps related

to, atomic short range order.

» In dilute alloys the magnetic disorder scattering allows the
perturbation in the magnetisation distribution due to
individual solute atoms to be determined.

» In ferromagnetic alloys magnetic and nuclear components
can be distinguished by applying saturating fields parallel
and perpendicular to the scattering vector.

» For anti-ferromagnetic and paramagnetic systems the XYZ
PA technique is particularly appropriate.

P.J. Brown September 2006
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Example: Magnetic correlation in -Mn

» The B phase of metallic manganese shows no long-range magnetic

order.

» There is however much evidence to suggest that it is on the verge of
magnetic order and moment localisation.

» XYZpolarisation analysis been used to study magnetic correlations

in dilute solutions of Al in B—Mn.

Nuclear Cross-section

Magnetic Cross-section
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» The nuclear and magnetic cross-sections were extracted from XYZ
PA data collected using D7 at ILL.

Stewart R J and Cywinski R,(2004) IMMM 272DB276 676.

P.J. Brown September 2006
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'8 Nuclear correlation in a f-Mn-Al alloy

NEUTRONS
FOR SCIENCE

Introduction to

S » A Monte-Carlo procedure was used to obtain the atomic
Techniques for short-range order parameters from the Q-dependence of the
i nuclear cross-section.
Polarisation :l"‘r'1"‘;\'ll'""""l""""'l"""'"l"" G
lysi b -Mng ghly o 1
:QSe{ier:ents 0'2:_ ¢ 3
Types of PA 1
expenmem 01 [

Separation of
magnetic and nuclear
scattering

Correction for
polarising efficiency
Magnetic scattering

from polycrystalline
samples

Warren-Cowley Parameter s(ai)
o
T

Paramagnetic L
LEE AL
scattering 0

o

2 4 6
XYZ polarisation Radial distance (A)

analysis using a
multi-detector

g » The parameter s(¢i) oscillates about zero with maxima and

minima at approximately the radii of successive shells of
neighbours.

» The Al atoms tend to avoid one-another.

P.J. Brown September 2006 Neutron Polarimetry:Il Polarisation Analysis 35

(L4 Magnetic correlation in f-Mn

NEUTRONS
FOR SCIENCE

Introduction to

Neutron » This atomic model allows the magnetic correlation function to
Polarimetry . .
_ be deduced from the magnetic cross-section.

Techniques for
i » It was assumed that the Mn moments are localised so that
Polerisation (S,)? = §(S+ 1) for each Mn atom is well defined.

e
oxperinent 0.3 Pl

Separation of
magnetic and nuclear
scattering

Correction for
polarising efficiency
Magnetic scattering
from polycrystalline
samples

Paramagnetic
scattering

Magnetic Correlation <S,.S;>/S(S+1)
o
T

XYZ polarisation 0.3~

analysis using a Dl rirn by bevor e bypee e by g g
multi-detector 0 2 4 6 8
Magnetic defect Radial distance (A)
scattering

Spatial correlations

» The magnetic correlations oscillate.

» They are anti-ferromagnetic for the first and third neighbour
shells and ferromagnetic for the second.

P.J. Brown September 2006 Neutron Polarimetry:Il Polarisation Analysis 36



'..4 Spatial correlations above Tc

NEUTRONS
FOR SCIENCE

Introduction to
Neutron
Polarimetry

» XYZPA experiments can yield not just the radial correlation

Techniques for

S functions but also information about the spatial anisotropy of
Polarisation the correlations.

e » La,CuOy is of interest both as the parent compound of a
eiperment family of high-temperature superconductors and as a very
regrt o ke good realization of a two-dimensional quantum Heisenberg
S antiferromagnet (2DQHAF).

fom polyerysialing » There is a lot of experimental evidence which suggests that
B the nearest-neighbor Heisenberg model is inadequate and
y.gg that four-particle exchange may be significant.

s » The dynamical spin correlations just above the Neél

R - temperature have been measured using XYZPA, to test the
above Tc

predictions the proposed quantum non-linear sigma model.

P.J. Brown September 2006 Neutron Polarimetry:Il Polarisation Analysis 37

F774 Dynamical spin correlations above Tc in

el Lao,CuOy

Introduction to

Neutron Neutron scattering intensity in the hO¢ plane of La,CuQO4 at room
Polarimetry . .
B temperature measured using the multidetector on D7.

elarimetry » XYZPA allows separation of the nuclear and magnetic parts.

120 0.3

Polarisation
analysis
experiments

Types of PA
experiment

£ L
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] g g
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0.0

Separation of
magnetic and nuclear
scattering
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»
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30

" Ip 0

Correction for
polarising efficiency

o 4

-
‘e

Magnetic scattering

from polycrystalline _'3 ,'2 _'1 0 i '2 3 302 10 1 2 3

samples Q (h00) Q (h00)

Paramagnetic . . .
scattering The coherent structural scattering  The purely magnetic scattering

XYZ polarisation
analysis using a

Q:‘g‘;::‘:j:;m The intensity is at the reciprocal A rod of scattering is developing
saterns lattice nodes along the (10¢) direction showing
patial correlations .

above Tc the cross-over to 2D correlations.

Toader A M et al.,(2005) Phys. Rev. Letts 94 197202.
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V77 Outline: Fundamentals of Spherical

NEUTRONS

FOR SCIENCE POIarl metry

Finding the

direction of the Finding the direction of the interaction vector
interaction vector |ntrOdUCt|0n
Magnetic . . .
Domains Polarisation matrix
Magnetic Rotation of the polarisation
ructure
Dgtermination . .
using SNP Magnetic Domains

Depolarisation by domains
Types of Domain

Configuration domains

180 degree domains

Orientation domains (s-domains)
Chirality domains

Magnetic Structure Determination using SNP
Experimental strategies
Structures with non-zero propagation vectors
Choosing between canted and collinear models

P.J. Brown September 2006 Neutron Polarimetry:Ill Fundamentals of Spherical Polarimetry 2



7 Limitations of structure determination from

gl intensity measurements

Finding the

direction of the

interaction vector .

To recapitulate:

B

polarisation

il The magnetic structure factor M (k) :/M(r)exp(ik-r)dr3
Magnetic . . i A A
SWELD The magnetic interaction vector M, (k) =k x M (k) x k
Determination

using SNP

where k is a unit vector parallel to the scattering vector k.

» Both M (k) and M | (k) are complex vectors

» The magnetic cross-section for unpolarised neutrons is
proportional to |M | (k)|?

» The only directional information comes from the fact that
M | (K) is the projection of M (k) onto the plane perpendicular
to the scattering vector.

P.J. Brown September 2006 Neutron Polarimetry:Ill Fundamentals of Spherical Polarimetry 3

I.cd What can polarisation analysis add?

NEUTRONS
FOR SCIENCE

Finding the

direction of the

interaction vector

Introduction

Polarisation matrix

polarsaion Whether there are components of M | (k) perpendicular to the
Magnetic polarisation direction

Domains

— » Such components will flip the neutron spin

Structure . . . . . . .
Determination » If the incident polarisation direction can be varied the
using

direction of M (k) can be determined

» The ability to analyse polarisation in directions perpendicular
to the incident direction is required to obtain complete
information.

» hence Spherical Neutron Polarimetry (SNP)

P.J. Brown September 2006 Neutron Polarimetry:Ill Fundamentals of Spherical Polarimetry 4



I Polarisation Matrices: The experimental result

NEUTRONS
FOR SCIENCE

Finding the

direction of the

[eREeEET The usual experimental strategy with SNP is to measure the

Polarisaten matrx scattered polarisation P’ with the incident polarisation P parallel to
e polarisation x, y, zin turn.

el This determines the polarisation matrix.

Magnetic

Determination The polarisation matrix Pj is the experimental quantity most

using SNP

closely related to the polarisation tensor.

The matrix element Pj gives the ith component of scattered
polarisation when the incident polarisation is in the jth direction.

5 _ < ZiPi+P) >
ij — .
PJ configs

The average is over all the different configurations (structural and
magnetic) present in the sample.

P.J. Brown September 2006 Neutron Polarimetry:Ill Fundamentals of Spherical Polarimetry 5
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[.cd The polarisation tensor

Finding the
direction of the
interaction vector

L It is useful to recall here the form of the polarisation tensor:
h;t / (N2 —M | ?)/Ix Jnz/Ix Jny/Ix
Dor%ains P = —an/|y (Nz —M J_2 + Ryy)/ly Ryz/ly
I\S/Itagntetic _Jny/IZ Rzy/'z (NZ -M J_2 + RZZ)/IZ
Determination
using SNP ly = M 2+N2+ Pxdyz
. ly = M +N°+PyRny
P’ = Rny/! _ 2 N2
Ruz/| l;, = M| “4+N“4+P;Ry;
I = MJ_2+N2+PXJyZ+ PyRny + PzRnz
N% = N(k)N* (k) M 2 =M (k)-M (k)
Rj =20(M i(k)Mj*(k)) Rni = 20(N(k)M i*(k))
Jj = 20(M (k)M *(k)) Jni = 20(N (k)M 1*(k))

P.J. Brown September 2006 Neutron Polarimetry:Ill Fundamentals of Spherical Polarimetry 6



I/d Rotation of the polarisation

NEUTRONS
FOR SCIENCE

Finding the
direction of the
interaction vector . . . . i
e Off-diagonal terms in the polarisation matrix correspond to
oo f e rotation of the polarisation direction.
polarisation
Magnetic They are of two kinds.
omains
Magneti 1. Py;and P,y which depend upon Ry, = 20(M (k)M ,*(k))
Determination
using SNP They can be reduced to zero by choosing either the y or z

axis parallel to M | .
2. Elements Py, Pyx,Pyx and P, which represent rotations
towards, or away from, the scattering vector.

They are always present when nuclear and magnetic
scattering occur together with a phase difference which is
neither O or x.

P.J. Brown September 2006 Neutron Polarimetry:Ill Fundamentals of Spherical Polarimetry 7

I/ /d Direction of Polarisation Rotation

NEUTRONS
FOR SCIENCE

U When the scattered polarisation is rotated with respect to the
e incident polarisation direction it is important to understand what
e determines the direction of rotation,

“:'gt > For rotations in the x-y plane (P, P.) it is the orientation of
Domains M | within that plane.

Magnetic If M | is inclined at an angle ¢ to y measured towards
o positive z, both Py, and P, will be positive for 0 < ¢ < Z,

T < ¢ <3 andnegativefor 2 < ¢ <=7, Z <¢p <2r

» For rotations towards or away from the scattering vector it is
the phase angle y between the nuclear and magnetic
structure factors which determines the direction of rotation.
The signs of Pyy,-Pyy, P-x and -Py; are given by that of siny

Note that when there is a configuration which gives polarisation

rotation in a particular sense, there is very often a degenerate
configuration which will give rotation in the opposite one.

P.J. Brown September 2006 Neutron Polarimetry:Ill Fundamentals of Spherical Polarimetry 8
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Finding the
direction of the
interaction vector

Magnetic
Domains

Depolarisation by
domains

Types of Domain
Configuration
domains

180 degree domains
Orientation domains
(s-domains)

Chirality domains

Magnetic
Structure
Determination
using SNP

Depolarisation

P.J. Brown September 2006

The squared modulus of the scattered polarisation P’
obtained from the Blume-Maleev equations is always greater
than or equal to |P|?

The amplitude of the polarisation is either increased or
unchanged by scattering from any pure target state.

Real depolarisation of the scattered beam is an indication
that a mixed state consisting of more than one type of
magnetic domain is present in the target.

The ability to distinguish depolarisation from rotation of the
polarisation away from the axis of analysis is one of the
features which makes SNP more powerful than axial
polarisation analysis.

Neutron Polarimetry:Ill Fundamentals of Spherical Polarimetry 9

Types of Domain

An understanding of the types of magnetic domain which occur
and the kinds of depolarisation to which they give rise is
fundamental in interpreting polarimetric data.

| 2

P.J. Brown September 2006

Magnetic domains can occur whenever the symmetry of the
ordered magnetic structure is less than that of the
paramagnetic phase.

If the order of the paramagnetic space group is p and that of
the magnetic space group m, there will be p/m different
domains.

The domains can be classified according to the type of
symmetry elements that are lost on magnetic ordering

(a) Configuration domains: translational symmetry
(b) 180° domains: Time inversion symmetry

(c) Orientation domains: Rotation symmetry

(d) Chirality domains: Centro-symmetry

The effects produced by the presence of each of these kinds
of domains on the scattered polarisation are quite distinct.

Neutron Polarimetry:lll Fundamentals of Spherical Polarimetry 10
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Finding the
direction of the
interaction vector

Magnetic
Domains

Depolarisation by
domains

Types of Domain

Configuration
domains

180 degree domains

Orientation domains
(s-domains)

Chirality domains

Magnetic
Structure
Determination
using SNP

Configuration domains

P.J. Brown September 2006

Configuration domains exist if the propagation vector 7 of the
magnetic structure is not transformed either into itself, or
itself plus a reciprocal lattice vector, by all the symmetry
operators of the paramagnetic group.

Operating with the paramagnetic symmetry elements on 7
generates a set of inequivalent vectors which form the star of
T.

Each vector in the star generates a different configuration
domain.

Each configuration domain gives a completely separate set
of magnetic reflections at positions +1t from the reciprocal
lattice nodes.

Each reflection belongs to a distinct configuration domain,
hence effectively to a single state.

Configuration domains do not give rise to depolarisation.

Neutron Polarimetry:lll Fundamentals of Spherical Polarimetry 11

There are 16 operators in the paramagnetic group
E7 4Za 227 _427 2X7 2y» 2x+y7 2X—Y7 I 7427 Mg, _427 my, rn)/a mx+y7 mx—y

E7 2y7 rnX7 mz

|7 2X)_227 my T1=—-T1= (07 %70) - ;;T
427 _ib 2X+Y7 mx—y T1=—>T2= <_%707 O) !
—4z, 42, 2X_y, rnx_|_y T_’]_ — —Tz — (%,0, O) -

Operators 4

There are two distinct configuration domains

v

v

P.J. Brown September 2006

The hkO layer of reciprocal space:

The nuclear reflections
Magnetic reflections due to 71
Magnetic reflections due to 7>
The complete diagram

Neutron Polarimetry:lll Fundamentals of Spherical Polarimetry 12
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Finding the
direction of the
interaction vector

Magnetic
Domains

Depolarisation by
domains

Types of Domain

Configuration
domains

180 degree domains

Orientation domains
(s-domains)

Chirality domains

Magnetic
Structure
Determination
using SNP

180° domains

Regions in which all the moment directions in one domain are
reversed with respect to those in the other.

» M | points in opposite directions in the two domains. (Phase
difference of x).

» The two domains are related by the time inversion operator.
» Ferromagnetic domains provide a simple example.

; In a structure with non-zero propagation
g § vector (7 # 0) 180° domains cannot be dis-

: tinguished except by the defects associated
with the domain walls.

One domain can be transformed into the
other by a translation t such that
T-t=(2n+1)/2.

The inAtré/hsity and the polarisation scattered by the two domains
are identical.

P.J. Brown September 2006 Neutron Polarimetry:lll Fundamentals of Spherical Polarimetry 13

180° domains =0

When =0 atoms with opposite spins are related by a rotation as
well as a translation.
When the rotation is a proper one (not combined with inversion):

» Atoms with + and - spins are related by a
rotation of % and a translation u = 3,3.,0

Nand M , are both real: ynm=0,%

The terms Ry = 20(NM? ) in the

polarisation matrix are non-zero.

» The 180° domains are related by a
rotation of 7 and a translation of t = I4-u

» If M | is positive for one domain it is
negative for the other

» The Ry terms have opposite signs for the
two domains.

These domains do not lead to depolarisation, but inhibit the

creation of polarisation parallel to M |

v

v

P.J. Brown September 2006 Neutron Polarimetry:lll Fundamentals of Spherical Polarimetry 14



T4 180° domains 7=0 (ym = +%)

NEUTRONS
FOR SCIENCE

Finding the When the symmetry element relating atoms with oppositely

direction of the

interaction vector oriented spins involves inversion (improper rotation), ynw = £7.

Magnetic

D;r:;i::m . AV / Pz » In this example atoms with opposite spins
domains /s s are related by a centre of symmetry.

Types of Domain H . - . -
Confguration A » Nisrealand M | imaginary. (N and M | in
domains S

180 degree domains / / -~ / / / quad ratu re)

Orientation domains / l / “\ / -

(s-domains) “I > The terms J | = 2|:| NM * n the

Chirality domains / / / ‘: / n ( J_ )

polarisation matrix are finite.
Magnetic

Stucure » They turn the polarisation towards the
Cing SNP direction perpendicular to both P and M |

using SNP / / E
s 7 » The two 180° domains can be superposed
/) by inversion and translation by a lattice
ARV aNs vector 1.
/ |y » Jni changes sign and will rotate the

polarisation in the opposite sense.

This type of 180° domain leads to depolarisation of the all
components not parallel to M | .

P.J. Brown September 2006 Neutron Polarimetry:lll Fundamentals of Spherical Polarimetry 15
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I (4 Orientation domains (s-domains)

Occur when the magnetic space group is not congruent with the

Finding the . i .

drectonottre group describing the configurational symmetry.

Magnetic » If &2 is a sub-group of the configurational symmetry ¢, congruent

D i . .

e with the magnetic space group .#, then ¥ = & x .

domains

Types of Domain » The sub-group .# is made up of operators contained in ¢ which are
Configuration . .

domaifs not in the magnetic group.

180 degree domains

Orentaton domains » If 7 is of order sthere are s possible orientation domains related to
Chiralty domains one another by the elements of ..

ey > The magnetic interaction vectors for reflections related by the
R elements of .# are different.

M (k) #M | (Rsk) but M s(k) =M (Rsk)
Rs is an operator in . and M | 5(k) is the interaction vector for the domain
generated by Rs.

» For collinear structures the magnetic structure factors of reflections
related by the elements of . are equal:

but this is not true in the general case.

P.J. Brown September 2006 Neutron Polarimetry:lll Fundamentals of Spherical Polarimetry 16
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Finding the
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interaction vector

Magnetic
Domains

Depolarisation by
domains

Types of Domain
Configuration
domains

180 degree domains
Orientation domains
(s-domains)

Chirality domains

Magnetic
Structure
Determination
using SNP

Orientation domains and symmetry elements

» If the configurational symmetry possesses a symmetry axis
of order higher than 2:

either the moments lie parallel to this axis,
or the structure is non collinear,
or the symmetry axis is not in the magnetic space group.

» In a collinear structure,
either the moments lie parallel to any mirror planes and diad

axes.

or they are perpendicular to them
or the mirror plane or diad axis is not in the magnetic space

group.

P.J. Brown September 2006

Neutron Polarimetry:lll Fundamentals of Spherical Polarimetry 17

Depolarisation by s domains

z
M,
P’

M,

y

~N

M,

C]

M,,

The

two orientation domains with interaction vectors

M 1 and M | , are related by a diad axis parallel to y

>
>
>
>
>

When P is parallel to y

P is rotated to P’y by domain 1

It is rotated to P', by domain 2.

The final polarisation is parallel to P's.
The zcomponents are depolarised

The two orientation domains with interaction vectors
M 1 and M | , are related by a mirror plane perpendicu-

lar to
»

>
>
>
>

z

When P is parallel to z

Pis rotated to P'; by domain 1

It is rotated to P', by domain 2.

The final polarisation is parallel to P's.
The y components are depolarised.

Orientation domains can depolarise the y and z, but not the x

components

P.J. Brown September 2006

Neutron Polarimetry:lll Fundamentals of Spherical Polarimetry 18
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Finding the
direction of the
interaction vector

Magnetic
Domains
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domains

Types of Domain

Configuration
domains

180 degree domains

Orientation domains
(s-domains)

Chirality domains

Magnetic
Structure
Determination
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Chiraity domains

Occur whenever the paramagnetic space group is
centro-symmetric but the magnetic structure is not.

They are related by the inversion operator.

This happens when either

1. Magnetic moments on centro-symmetrically related sites are
not parallel.

or

2. 2t is not a reciprocal latice vector so the configurational
group is acentric.
The two chirality domains correspond to +7. They both give
reflections at g+ t with

Miz(g+7)=-Mit"(g—1)=-M, 7 (9+7)
Such structures include helices and cycloids.

P.J. Brown September 2006 Neutron Polarimetry:lll Fundamentals of Spherical Polarimetry 19

Chirality domains: Examples

The centre of symmetry is not in the magnetic group

The atoms A and B at +(xy2 have
A non-parallel moments.
5§ ¢ - AN 4 M | (k) is not parallel to M* (k).

The moment on A in domain (a) is

$ ¢ 4 Iy parallel to B in domain (b)
L,—{:sil—L L_i:;;) M @) (k) = M7 (K) = M 1 () (=K)
@ (®) T=(330) 2r=(110=g¢g

The centre of symmetry is not in the configuration group

7=(0.150,0) 27=(0.3,0,0) #9g
M | (k) is not parallel to M~ (k).

In the (b) domain 7 = (—0.15,0,0) and
the spiral turns in the opposite sense.

P.J. Brown September 2006 Neutron Polarimetry:lll Fundamentals of Spherical Polarimetry 20



'L(d Chirality domains: Polarisation

NEUTRONS
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Finding the . . . .

direction of the » M is not parallel to M7 in either type of chiral structure.
Interaction vector

Magnetic > The term J;j = (M iM7;) in the polarisation matrix is

oo

DOeTo?al::auon by non -Ze rO.

domains

Types of Dormain » Jjj is of opposite sign for the two chiralities.

Configuration

s » If the chirality domains are unequally populated

FE » The intensity will depend on the x component of P due to the term
Chirality domains P . ‘Jlj .

e » if the component of P || Jj < 1 it will be increased in the scattered
Structure beam.

Determination L . . . .
using SNP » This is not due to rotation, but is because the unfavourable polarisation

is not scattered.

» Chirality domains do not lead to depolarisation of the x
component of P.

» They lead to depolarisation in the y and z components
because the chiral component analyses the polarisation
parallel to x which is zero when P is parallel to y or z.

P.J. Brown September 2006 Neutron Polarimetry:lll Fundamentals of Spherical Polarimetry 21

[[(d Experimental strategy

NEUTRONS
FOR SCIENCE

Finding he SNP cannot be used in isolation to determine magnetic structure.
irection of the

nieraction vecior » The magnetic propagation vector T must be known.

Domains > If T+ 0 intensity measurements are needed to determine the

Magnetic absolute magnitudes of the moments

Structure

Determination » With the current geometry T must be in the scattering plane.

using SNP

el » It is advantageous to orient the crystal so that a component of
e magnetisation is perpendicular to the scattering plane.

Choosig between » Analysis of rather few magnetic reflections is then usually sufficient
o to determine the structure.

The usual experimental strategy is to measure the scattered
polarisation P’ with the incident polarisation P parallel to
polarisation x, y, zin turn.

This determines the polarisation matrix.

Pi 7 +P)
Pij = —Pi

domains

P.J. Brown September 2006 Neutron Polarimetry:lll Fundamentals of Spherical Polarimetry 22



[[[d Structures with 7 £ 0
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Finding the . . .y .
direction of the » For structures with 7 =0; N(k) is zero at the positions of magnetic
interaction vector -

_ reflections.
Magm_etlc
omans » The terms Rny, Rnz Jny and Jnz in the polarisation tensor are all zero.
Magnetic
Shuete » If the configuration group is centrosymmetric Jy is also zero so
Dgtermlnatlon 1
using SNP P”=0 and the phases can be chosen to make M | (k) real.

Experimental
strategies

Suppose M | is inclined at an angle o to z (measured clockwise about x) then :

Structures with
non-zero propagation

vectors

Choosing between ) N l 0 0

camle‘d and collinear c@ = O - COS Z’X - Sln Z[X
0 -—sin2ax COS 2t

If M | is parallel to either y or z the matrix is diagonal

Qlly Qllz

-1 0 0 -1 0 0
S = 0 1 0 P = 0 -1 0
0 0 -1 0 0 1

When s domains with different values of o are present any
off-diagonal elements are reduced

P.J. Brown September 2006 Neutron Polarimetry:lll Fundamentals of Spherical Polarimetry 23

1.4 A commensurate tetragonal structure 7 =0, O,%

FOR SCIENCE

Finding the

direction of the An imaginary structure will be used to show how SNP can
interaction vector © . .
s distinguish between canted and collinear models.

agnetic
Domains There are 4 magnetic atoms per cell,The spins Slie in the 001 plane.
e Possible configurations of the plane at z=0

strategies

Structures with A3 a.t (_X, _X’ 0)

Determination Al at ( O) (010]

using SNP at (X,X,0); 1 2 1 2* 1 2
— @ — @

Experimental A2 at (—X, X, O) * \ /

[oo1

C;);—éegro propagation A4 at (X7 —X, O) . * * / \
Choosing between with x ~ 0.2. 4 3 4 8
canted and collinear

models (a) mm'm’ (b) m'mm’ (c) 4'/m'mm’

The Magnetic Structure Factors M (k) for h,k, % + 1 reflections

Component Model (a) Model (b) Model (c)

Mi10g 0 4Sgh)c(k) 2v/2Sgh)c(k)

Mo1g 4sgk)c(h) 0 2/2Sgk)c(h)

Intensity (4Sgk)c(h))? | (4Sgh)c(k))? | 85 (s°(h)c?(k) +s°(k)c?(h))
Domain Average | 8% (s?(h)c?(k) +s?(k)c?(h))

c(h) =cosZthx gh) =sin2thx dk) =cos2tkx gk) = sin2rkx

P.J. Brown September 2006 Neutron Polarimetry:lll Fundamentals of Spherical Polarimetry 24
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Magnetic structure factors for 3 models

U R The Magnetic Structure Factors M (k) for h,k,  +1 reflections
interaction vector

p— Component Model (a) Model (b) Model (c)

Domains M10q 0 4Sgh)c(k) 2v/2Sgh)c(k)

Lesd Mio1g 4sgk)c(h) 0 2\/2Sgk)c(h)

Sggrgmg“on Intensity (4S§k)0(h))2 (4Ss(h)c(k))2 882(32(h)02(k) + sz(k)cz(h))
Expermerta Domain Average | 85 (s?(h)c?(k) +s*(k)c?(h))

Structures with C(h) = COS Z'ChX qh) = Sln 277:hX C(k) = COS Z'L'kX ik) = Sln 27th

non-zero propagation
vectors

Choosing between

canted and collinear
models

» The average intensity scattered by the two orthorhombic
domains is exactly the same as that scattered by the
tetragonal structure.

» The tetragonal structure gives a unique M (k) for each
reflection. SNP can determine its direction.

» A mixture of orthorhombic domains will give depolarisation
when P is perpendicular to k because the structure factors
for the two domains are not parallel.

P.J. Brown September 2006 Neutron Polarimetry:lll Fundamentals of Spherical Polarimetry 25
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Polarisation matrices for the model structures

NEUTRONS
FOR SCIENCE

In an SNP experiment to distinguish the models the crystal would

Finding the
directi f th 1 1
e be mounted so as to have the h,0, 2 +1 reflections in the
Megnetic scattering plane: [010] parallel to polarisation z
omains
Magnetic The magnetic interaction vectors for (h, 0, % +1) reflections are:
Structure
. Component Model (a) Model (b)  Model (c)
Experimenta My 0 2F'sina V2F' sino
non.zer0 propagaton M, 2F 0 V2F
Choosing between Intensity M |2 4F? AF?sif o 2(F?+F?sirfa)
models
F = Ssin2rhx F = Scos 2rhx

o is the angle between [001] and the normal to (h, 0, % +1)
The corresponding polarisation matrices are:
Model (a)

-1 0 0
0 -1 0 Pj =
0 0 1

P.J. Brown September 2006

Model (b)
-1 0 0
0 1 0
0 0o -1

Neutron Polarimetry:lll Fundamentals of Spherical Polarimetry 26
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Finding the
direction of the
interaction vector

Magnetic
Domains

Magnetic
Structure
Determination
using SNP
Experimental
Strateg\es
Structures with
non-zero propagation
vectors
Choosing between
canted and collinear
models

Distinction between the model structures

From all these results
The mean from equal volumes of domains (a) and (b) is

-1 0 0
Pj = 0 —(F?-F2sirfa)/l 0
0 0 (F2 —F2sirf o) /I

Model (c)

-1 0 0
Pi = ( 0 —(F?-F2sirfa)/l (2FF'sinat) /1 )

0 (2FF'sina) /I (F2 —F?sirf o)/
Only the off-diagonal terms differ.

They would be measured in the SNP experiment.

P.J. Brown September 2006 Neutron Polarimetry:lll Fundamentals of Spherical Polarimetry 27
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Neutron Polarimetry:
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P.J. Brown

Institut Laue Langevin, Grenoble
and
Physics Department Loughborough University

September 2006
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Outline: Experiments with SNP

Structures with non-zero propagation vector
Commensurate structures
Incommensurate structures
SNP with sinusoidally modulated structures
The incommensurate structure of CuO
Magnetic structure of UPtGe

Magnetic structures with zero propagation vector
Nuclear magnetic interaction terms
The magnetic structure of Uj4AuUs;
Magneto-electric and Multi-Ferroic materials
Simple magneto-electrics: CroO3

Determination of precise magnetic structure factors using SNP
Magnetic structure factors from rotation of polarisation
Experimental considerations
Determination of the Cr3* form factor in Cr,O3

P.J. Brown September 2006 Neutron Polarimetry: IV Experiments with SNP 2
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The low temperature magnetic structure of cupric oxide provides

a simple example.

» Below 213 K cupric oxide, CuO, (space group
C2/c) is antiferromagnetic with 7= 3,0, —1.

» Magnetic reflections hOl + ¢ with h+1 odd are
absent.

> So the spins on copper atoms related by the n
glide-plane perpendicular to [010] are parallel.

» The reflection intensities suggest that the
spin-direction is [010]

SNP measurements confirm this structure

Polarisation matrices were measured for the %,07%

2.0, 3.0,3 and 3,0, 3 reflections.

a

Within experimental error, they were all diagonal with Py,=Py,=-1, P,~1

This proves that the structure is collinear with spins parallel to

polarisation z= [010.

P.J. Brown September 2006

Incommensurate structures

Neutron Polarimetry: IV Experiments with SNP 3

SNP has been used rather successfully in determining the details of
incommensurate structures such as helices, cycloids and spin-density

waves.

It also often allows these types of structures to be distinguished
To study incommensurate structures some thought must be given to the

crystal orientation.

» The propagation vector must lie in the scattering plane,

» A component of moment should be perpendicular to the scattering

plane, because

» If both components of the moment lie in the scattering plane,
then M | is parallel to polarisation y for all the accessible

reflections.

» When 7 # 0, it is only the direction and not the magnitude of
M | which is measured by SNP, so measuring different
reflections in the zone gives no additional information.

» If the orientation is chosen so that a component of moment is
parallel to polarisation z then the full potential of SNP can be

realised.

P.J. Brown September 2006

Neutron Polarimetry: IV Experiments with SNP 4
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Sinusoidally modulated structures

The magnetic moment distribution in a sinusoidally modulated
structure with lattice vectors I and propagation vector t can be

written as
M(r+1) = pMp(r)cosl - T+ qMgq(r)sinl -t

where p and § are perpendicular unit vectors.

» When either Mp(r) or Mq(r) is zero the equation describes a
spin-density wave.

» When 7 lies in the plane of p and § it describes a cycloid.
» When both are perpendicular to 7 it describes a right helix.
The magnetic scattering from such a modulated structure is given
YoM = (pM(k) -1 Mo(k)(g T k)
+  (PLMp(k) +19.Mq(k))(g—7—k)
where p, and g, are the components of p and g perpendicular to k.

P.J. Brown September 2006 Neutron Polarimetry: IV Experiments with SNP 5

The structure factors for sinusoidally modulated
structures

In the equation for the interaction vector

Mpqk) = [

unit cell
are the unit cell structure factors for the two perpendicular
magnetic moment distributions.

Mp.q(r) exp—(k.r)dr®

» A structure with propagation vector t gives reflections at
both g+t and g—.

» For structures for which M, 4(k) are real, ie the magnetisation
distributions themselves are centrosymmetric

M z(k) =M7 —z(k)
» The term which creates polarisation along x:
Jj =20 (Mp(k)Mg" (k) pi % duj
is finite if neither p,;, q,;j or either structure factor My (k) is
zero.

P.J. Brown September 2006 Neutron Polarimetry: IV Experiments with SNP 6
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SNP with sinusoidally modulated structures

An example will show how SNP measurements determine the
structure when M, o(k) are real.

The crystal will be aligned with 7 in the scattering plane. Suppose for
simplicity that p is perpendicular to the scattering plane so that § lies in it.
For reflections in the scattering plane; p | || zis constant, whilstq, ||y
varies from O when § || k to a maximum when ¢ L k.

The polarisation matrices which would be obtained are:

—1 0 0 i M (k)z—M (k)z
Pj = B A O for k || g with A= Mz(k)2+M2(k)2
B 0 -A ~ 2Mp(K)Mg(K)
and B = iz, (k2
-1 0 0
Pij = 0 -1 0 fork L q
0 0 1
-1 0 0
Pij = —B A O fork || for the other chirality
—B 0O -A
P.J. Brown September 2006 Neutron Polarimetry: IV Experiments with SNP 7

» Pyx=—1in all three cases; in fact this is true for any structure with
T #0.

» For P L k thereisnoycomponentof M (k) and so the behaviour
is the same as for a collinear structure with M | (k) || z.

» For P| k; Pyy=—P;,=Agives the ellipticity of the helix.

_ Mp(k)2 — Mg (k)2
= Mp(k)2+ Mq(k)?2

is zero if the envelope is circular.

» The off-diagonal terms Py, Py, depend on

_ 2Mp(k)Mg(k)
Mo (k)2 + Mg(k)2

which changes sign for the opposite chirality

The intensity scattered by the domain for which B is positive will be
greater than that for which B is negative.

» if the two chirality domains are equally populated the components
Pxy = Pxz will average to zero giving a diagonal polarisation matrix.

P.J. Brown September 2006 Neutron Polarimetry: IV Experiments with SNP 8
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Structures with

oo At its Néel temperature, 230 K, CuO orders magnetically with an
e iIncommensurate structure 7= 0.506, 0, -0.483 which remains
e constant on further cooling down to a lock-in transition at 213 K.
e e » The systematically absent magnetic reflections follow the
D same rules as in the low temperature phase

e » This suggests that the coupling between moments in the two
I phases is nearly the same.

ector o » Integrated intensity measurements were not able to

Deemaen of distinguish clearly between different possible models for the
S e modulation.

Forsyth J B, Brown P J and Wanklyn B M,(1988) J. Phys. C 21 2917.

» SNP measurements of a few hOl + 7 reflections were able to
resolve the problem.
Brown P J et al.,(1991) J. Phys. Condens. Matter 3 4281.

P.J. Brown September 2006 Neutron Polarimetry: IV Experiments with SNP 9

I//d The incommensurate structure of CuO: SNP
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Structures with

non-zero . .
propagation The hOl reCIprocal lattice Iayer
vector
Commensurate
e » The scattering vectors for the
structures 0024 t and 000— 7 reflections are
SNP with sinusoidall I~ .
modulated Suucturesy 200 e nearly perpend|CU|ar.
The incommensurate
e » The polarisation matrix for 002+ 7
e was similar to those measured in
M i 000-t
e it oo L/' 5 the commensurate phase
t. —C . . ., .
izg?opsropaga ion 7 0.%‘0* (dlagonal with P2, pOSItlve).
Determination of 005 » Therefore for 002+ 1, M | is
precise magnetic
structure factors parallel tO [010]
using SNP
» The matrix obtained for 000— 7
7 20 - was very different.

P.J. Brown September 2006 Neutron Polarimetry: 1V Experiments with SNP 10
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The incommensurate structure of CuO: SNP

~1.002)  0.00(2) —0.04(2)

Pj(000—7)= | —008(2) -0.07(2)  0.00(2)

» The full polarisation is only transmitted for
the x direction.

» The small values of the off-diagonal
components indicate chirality domains.

» The small values of Py, and P, show that
for this reflection A~ 0so M, and M | 4 are
nearly equal.

—0.08(2) 0.002)  0.06(2)

These results are only consistent with a helical structure in which
the spins rotate in a plane containing the [010] axis and the
normal to 002+ 7.

P.J. Brown September 2006

Neutron Polarimetry: IV Experiments with SNP 11

Magnetic structure of UPtGe

The orthorhombic intermetallic compound UPtGe is reported to
order magnetically at 51 K to a cycloidal structure with
propagation vector 7 = 0,0.554,0 and the U spins rotating in the

b-c plane.

Robinson R et al.,(1993) Phys. Rev. B 47 6138.

The plausibility of such a structure was queried because of the
huge magnetic anisotropy found for U in other UTX compounds.

02(C

P.J. Brown September 2006

The proposed structure has been verified
by measuring the polarisation matrices for
magnetic reflections in the hk0 plane

Neutron Polarimetry: IV Experiments with SNP 12
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Magnetic structure of UPtGe: SNP

—098 000 000 My
Pij(000+17) = 0.00 —-099 000
0.00 000 100
shows M | || z
050 000 000
Pij(200+1) = 1.02 000 000
1.02 002 004

gives P || x for all P

With P|| x the scattered intensity was very small and Py, poorly determined

—0.98 005 -0.05
Pij(220—1) = —-098 -0.10 -0.02
—0.98 001 017

P’ || —x with smallP,

P.J. Brown September 2006 Neutron Polarimetry: IV Experiments with SNP 13

Magnetic structure of UPtGe: SNP

These results are characteristic of a nearly single domain cycloid
structure in which the populated domain has 7 || —x.
D. Mannix et al.,(2000) Phys. Rev. B 62 3810.

The ellipticity of the envelope
Mioig  major axis
Moy  minor axis

and the orientation of the major axis of the cycloid were obtained
by fitting

E =

g2 sir? o —1
e2sinf ¢ +1
where ¢ is the angle between the major axis and k

Pyy(k) - —PZZ(k) ==+

for a set of magnetic reflections;

P.J. Brown September 2006 Neutron Polarimetry: 1V Experiments with SNP 14
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FOR SCENCE vector

Structures with When the magnetic propagation vector is zero magnetic and
non-zero . . .

propagation nuclear scattering can occur in the same reflections.

vector

Magnetic The termS

structures with

octor oo Jni = 20(N(k)M " (k)) and  Rqi =20(N(k)M ;" (k))
AR, in the polarisation matrix can be non-zero.

The magnetic

B » Finite R, results in a polarisation dependent cross-section.
materials The scattered beam is polarised parallel to M | .

magneto-clectrics: » This occurs when the phase angle between M | (k) and
e 2n+1)7

Determination of N<k) 7é ( 2 ) ' . .
BRI » Itis the term used to polarise neutrons and to determine

structure factors

using SNP magnetic structure factors from flipping ratios.

» Finite Jy; leads to rotation of the scattered polarisation
towards the direction perpendicular to both M | and P.

» It is finite when the phase angle between M | (k) and
N(k) # nm.
» It is the only term which can lead to depolarisation with P || x

P.J. Brown September 2006 Neutron Polarimetry: 1V Experiments with SNP 15

.8 UjsAusiThe crystal structure
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Structures with

L U14Aus1 has the hexagonal Gd14Ags; structure with space group
ropagation

\F;ec?org P6/m

Magnetic The uranium atoms

structures with .

zero propagation occupy three different

Nuclear magnetic crystallographic sites

interaction terms

e, UL6(K) (x1,¥1, 3)
Lo U26() (%2,Y2,0)
materials U3 2(e) (O’ O7 23)

Simple
magneto-electrics:
Cry03

e Susceptibility, specific heat and resistivity indicate an
“wee | antiferromagnetic phase transition at 22 K.

Powder diffraction suggested a structure with moments || [001].

No moment on U3 because of close U3-U3 distance.

Dommann A et al.,(1990) J. Less-Comm. Metals 160 171.

Single crystal intensity measurements were not compatible with this

structure.

P.J. Brown September 2006 Neutron Polarimetry: 1V Experiments with SNP 16
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U14Aus1: Spherical polarisation analysis results

hkl | i\] X y y4
X | —0.86 0 0
200 | y 0 -0.83 0
z 0 0 098
X | —0.28 0 0
201 |y 0 -0.62 038
z 0 0.37 073
X | -054 -008 -0.07
101|y | —0.08 098 -0.12
z 0.01 -0.05 -0.55

» The Py terms are negative
and |Pyy| < 1.
The magnetic scattering is in
guadrature with and greater
than the nuclear scattering
(Jni # 0).

» For 200Pj; is diagonal and
P,,=~1
M | (200) || polarisation z
[010]:- No significant moment
| [001].

» For 201there are off-diagonal terms Py, ~ P,.
Since k has a component on polarisation z, this is consistent with all
moments in the (001) plane

» The depolarisation for Py is greater than for either P, or P,.
There are no orientation domains so the magnetic structure
probably retains full symmetry

P.J. Brown September 2006

U14Ausq: The layer motif

Neutron Polarimetry: IV Experiments with SNP 17

These constraints determine the motif in both the U1 and U2

layers

.

X :
Lr f
"

Only the magnetic moments and the values of ¢ in the Ul and U2
layers, remain to be determined

P.J. Brown September 2006

Neutron Polarimetry: 1V Experiments with SNP 18
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U14Aus1: Angles within the layers

For the 101 reflection Py, ~ 1

M | (101) is nearly parallel to y: M, small and M large
it is the sum of contributions from the Ul and U2 layers.

The y and z compon- . .

ents of M (101) can
be computed separ-
ately as a function of

¢. MJ_Z 1

1
360

ou

1 1
280 320

My,

1 1 1 1 -l
200 2 280 320 360
Ouz

There is only a small range in which a pair of ¢’s exist for which the M |,
for Ul and U2 cancel whilst their M, reinforce one another.

P.J. Brown September 2006

Neutron Polarimetry: 1V Experiments with SNP 19

U14Aus1: The Magnetic structure

These initial values provided an adequate starting point for a
least squares refinement of the structure using both SNP and

integrated intensity data.

Ul u=228(6) ug
¢ =88(2)°

U2 p=1488)ug
¢ =1392)°

Brown P J et al.,(1997) J. Phys. Condens. Matter 9 4729.

P.J. Brown September 2006

Neutron Polarimetry: 1V Experiments with SNP 20
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Magneto-electric and Multi-Ferroic materials

» Multi-ferroic is the name give to materials which possess
more than one polar property. They are nowadays exciting a
lot of interest as possible electronic components.

» Polarimetry is particularly useful to study such materials
when one of the polar properties is magnetic: a
ferromagnetic moment, and the other structural, for instance
ferro-electric polarisation or peizo-electric displacement.

» The ability of SNP to determine the relative phases of
nuclear and magnetic scattering allows the precise
relationship between the structural and magnetic

polarisations to be determined.

» Magneto-electric materials are closely related to magnetic
multi-ferroics; in both the presence of a ferromagnetic
polarisation implies a magnetic structure with zero
propagation vector, or at least a component of the structure

which propagates with 7 = 0.

P.J. Brown September 2006

The magneto-electric effect

Neutron Polarimetry: 1V Experiments with SNP 21

» The property of magneto-electricity in centro-symmetric

crystals is restricted to those having

antiferromagnetic structures with zero propagation vector
the centre of symmetry must invert the spins.

» In this case the J,; are finite giving rise to off-diagonal terms
Pyx; = —Pzxand Py, = —Py, in the polarisation matrix.

» The magnitudes and even the signs of magnetoelectric (ME)
susceptibilities are specimen dependent.

but

» their temperature dependencies are unique to each material.
» The variability is due to the existence of 180°domains which

have opposite ME effects.

P.J. Brown September 2006

Neutron Polarimetry: 1V Experiments with SNP 22
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gisll polarisation

Structures with
non-zero
propagation

veetor The measured and intrinsic ME susceptibilities are related by

Magnetic

structures With th Vl — V2
zero propagation — =
vecto,? - XObS T])CO Wi n V]_ + V2

Nuclear magnetic

interaction terms vy and v, are the volumes of crystal belonging to each of the the two

The magnetic

structure of Uj4Aus; 1800 domalns-

Magneto-electric and

eadod n can be determined using SNP
Simple . .
i If the moments are parallel to polarisation z

Determination of

Bomg o B = A-P/A+P)
Pi={ —n& B 0] with & = 2qy/(1+7)
0 o 1 y = ML(k/NK

gz is +1if M (k) is parallel to zand —1 if it is antiparallel.

P.J. Brown September 2006 Neutron Polarimetry: 1V Experiments with SNP 23

V77 The magneto-electric effect: 180° domain

gl populations

Structures with
non-zero
propagation
vector

Magnetic

structures with » Measurement of the polarisation matrix allows both n and y

zero propagation

Ve to be determined.

Nuclear magnetic
interaction terms

The magnetc » The effects of electric and magnetic fields on the domain

structure of U;4Aus;

Magneto-cectc and population can be studied.
Simple

Multi-Ferroic
sme » When n # 0 the absolute directions of rotation of the neutron
Caon spins determine the magnetic configuration of the more
Determination of pOpUIOUS domaln

precise magnetic
structure factors

using SNP » The results shed light on the fundamental mechanisms
leading to the ME effect.
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[L(d The magneto-electric effect: Cr,O3

NEUTRONS
FOR SCIENCE

Structures with
non-zero

propagation
vector
Magnetic » Cry03 is perhaps the best known ME material.
structures with . . .
EREEEE » The Cr3t ions are octahedrally coordinated by oxygen. with
Nuciar magnete pairs of octahedra, sharing a common face.
U » The double octahedra are linked by sharing free vertices.
Matiremoic
materials
Smple Electric and magnetic fields, applied E H
magneto-electrics:
oo parallel to one another and to the c-
Determination of . . . ,
precise magnetic axIS Wh”e COOI'ng through the Neel
structure factors . . . .
using SNP transition, stabilise the domain in
which the moments point towards the

shared face.

P.J. Brown September 2006 Neutron Polarimetry: 1V Experiments with SNP 25

F77d Magnetic structure factors from polarisation

el rotation

Structures with

o When the magnetic and nuclear scattering are in quadrature the
vector terms Py Pix (i =Y, 2) depend just on the ratio y between the
S magnetic and nuclear structure factors and on the imbalance 1 in
o ropaeten the populations of the two 180° domains.

Lent This property can be exploited to obtain precise values for the

structure factors

using SNP magnetic structure factors and hence for the antiferromagnetic
hemeeser . form factor.

of polarisation

consderaions The polarisation matrix allows two independent estimates of y to
O ormfactor be made.
ForM || z
q 1-
(@) Py=-Py=n&= 1’7+_Z;’2 () Puy=P,=f = F;’:
(a) Is only useful if there is an imbalance n in the population of 180°

domains.
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[.(d Experimental considerations
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The precision with which y can be determined depends on the

Structures with

i statistical error in the determination of Pj;.
vector
o In this case, since the cross-section is not polarisation

structures with

760 propagation dependent, the recorded counting rate, summed over the two
e polarisation states, is constant and independent of either the
Determination of . . . . . .

precise magnetic incident or the scattered polarisation direction.

structure factors
using SNP

» The polarisation measured by the analyser is given by:

factors from rotation
of polarisation

Experimenal (1 =1V
P=("-17)/(07"+17)
Determination of the

Cr* form factorn where |7 and |~ are the counting rates in the two detector
channels.

» The variance in the measurement of a component of
polarisation due to counting statistics is

(1-P>2 /1 1
Vp =
P 4 NT TNC
where Nt and N~ are the counts recorded in each channel.
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I /d \Variance in measurement of P’

NEUTRONS
FOR SCIENCE

Structures with » The variance is minimised by dividing the measuring time
Petpagaton available in the ratio t* /t~ = (1 P)/(1+P).
e » With this division, for a total N neutrons counted, the
Magnetic . .
strugctures with rlance Is Vp = (1 — PZ)/N
zero propagation > e variances in the
vector . T T T T
i values of y derived from = 50f L N ]
ete_rmlnatlon qf . g ; ; i 5
t 1 | 1 |
precise magneti the equationsfor ¢ (&) 5 20f - R e = IO
using SNP and B (b) are: S 0kb--__ - o o]
Magnetic structure E I | I |
f&\C{OISf\Um rotation 4 f 50 _____ : _____ : _____ :_ - - _: _____
of polarisation (] ; i , ]
Expe{jime:\_tal (a) V}/ — (1+ yj) V § 20F---- :—————: ————— : ————— : —————
Dt o Loy A S gal UsEe) T
T an2(1-y2)2 5 02 S B
0.1 [ e - I
. . . > | I | |
If n is small or y is close to unity 5 o0.05F==== Lo oo - - - - oo
o I | Use B (a) |
use (a) 5 0021 R B R
For very small or very large yuse — 0.01F==== moo- T . ===
. ! i L | L L | L
(b) so long as n is not small. 02 04 06 08 1.0

Domain ration
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Structures with
non-zero

The Cr3* form factor in Cr,O3

The polarisations scattered by hOl reflections from Cr,O3 were

propagation Studied_
vector
Magnetic Measurements were made with the crystal in several states with

structures with
zero propagation
vector

Determination of
precise magnetic
structure factors
using SNP

different domain populations produced by field cooling.

Values for the Cr3*+ form factor for each reflection were derived form

the experimental y's.

I EYIETE SIUEIE 250 = :
S For most reflections an \ ]
SR extremely good precision was 200 | .
obtained. z \ :
Cry0s g 150 .
» Exceptions are: g \§\\. X
2,0,2 for which N is very small | £ " S .
so that y >> 1. L ]
and 1,0,10for which thethe Cr |2 | L]
geometric structure factor is 000 | \'3‘\“7;
small so the reflection is - ]
insensitive to the form factor. R 0.25 0.50 0.75
sinB/A (A1)
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The magnetisation distribution in CroO3

Structures with

The data can be used to make a maximum entropy

5;%‘5;9&‘“"” reconstruction of the antiferromagnetic magnetisation distribution
Magnetic projected down [010].

structures with
zero propagation
vector

The coefficients of the
reconstruction are differ-
ences between the ob-
served structure factors
and those calculated for
an antiferromagnetic ar-
rangement of Cr3* ions
with tpg symmetry in the
Cro0O3 structure

Determination of
precise magnetic

structure factors
using SNP
Magnetic structure
factors from rotation
of polarisation

Magnetisation (ugA®)

Experimental
considerations

Determination of the
Cré* form factor in
Cr203

2=0.1 z=0.2

The difference density has a a gradient of magnetisation at the
Cr3* positions.

This may be the signature of the ME property.
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