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Beam polarisation vector

neutron spin & neutron magnetic moment

x The neutron carries a spin S which is an internal
angular momentum with a quantum number s = 1/2.
The general spin wave of an itinerant neutron Is:

x) = al+) + b|—) where \a|2 e |b\2 2

®x [he 3 components of this angular momentum are given
by the Pauli matrices representing & = 25/ h:

(0 1 S i g
ey e T 0
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Beam polarisation vector

neutron spin & neutron magnetic moment

® [he neutron carries a magnetic moment:
Ly = Y B0 Where 7, = —1.913

x [he gyromagnetic ratio of the neutron is the ratio
between the magnetic moment and the spin moment:

—

Eis = S

2%n
Vh“B 1839 108 rad s— L T !

NB: the magnetic moment and spin are opposed.

where v, =
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Beam polarisation vector

polarisation of a neutron beam

® [he neutron beam Is a statistical ensemble of several
quantum states and the beam polarisation P = (7).

x \\e use the density matrix formalism to describe this
statistical quantum system (analog to phase-space
probability measure):

1 ~, 1| 25 $
.

ok P 1P,

Only 3 real numbers are required to describe this 2x2
matrix, I1.e. the statistical guantum situation.
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Beam polarisation vector

polarisation of a neutron beam

» [he beam polarisation can therefore e seen as a
vector in space:

—

P = (0) =trace(p o)

® Ve can measure each of the 3 orthogonal components
IN any arbitrary direction « in space:

P, = trace |p (uy0; + uyo, + u.0,)]
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Beam polarisation vector

polarisation of a neutron beam

» [or historical reasons, some people prefer to measure

the flipping ratio:
R—?QP’JF_err (andP:R_ )
I R+

but it has no physical meaning and P Is recommended.
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Beam polarisation vector

polarisation of a neutron beam

» Experimentally, we always measure the component
oarallel to the field direction (quantisation axis):

po Tpg = b)) =y = 7h )
(Pt = g ) £~ —7p-)

2 2
(i =t foz ot ki, = ) (o2 +02 )
4

(/rp7_|_ T Tba_l_ _|_ Tpv_ s /rba_)

where r IS a neutron count rate, p/b stand for peak/
background, +/- for the spin states.
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Beam polarisation vector

polarisation of a neutron beam

» (Generally, the count rates are measured separately and

normalised to the time: ...or to the monitor;
r = N/T r=IN/M
O'r:\/_N/T OT:\/N(%;FN)

= But don’t forget... to optimise the distribution of the
times spent on the peak, the background and the [+]
and [-] spin states.

= [hat way, you will reduce the error bar of P. M
http://www.ill.eu/sane/software/xop-plugins-for-igor-pro/neutron-scattering-xop/
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Beam polarisation vector

polarisation of a neutron beam

x NB: compensate for the variations of the incident flux!
Choose the right seguence and a stable detector.

4 P+=0 " P=0

o L ot
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Beam polarisation vector

polarisation of a neutron beam

— Physica B 397 (2007) 138 —

» Using a flipping control unit, you can further minimise
the error bar by taking advantage of the high-precision
clock of your electronics:

Pyt =
3 My tptp+ th,— (Np,+tp,— T+ Np,—tp,Jr) — Mptplp 4+ tp,— (Nb,+ tp,— + Ny, — tb,+)
i : :
L o MERA T ESL N G pr N,
B MR B NS 0Py’ NEL)
112 Mp t% t]29,—|— t]29,— _ ((1 I Popt) tb,—|— Nb,— 93 (1 e Popt) tb,— Nb,—|—)2 <+ ]
P? My (1% Popt)” B8 . N2_+ (1= Poy)’ £2_ N2, )

with Py = denominator of P,
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Beam polarisation vector

polarisation of a neutron beam

— none of these polarisers is perfect —

= Heusler CusMnAl crystals: monochromatised beam,
large /2 contamination, =15 ¢m height max. (mag.
saturation), 95% polarisation with some variations in
the beam section.

» Polarising supermirrors: efficient above ~2A, 85-95%
polarisation but angular dependent unless in crossed
geometry (reduced transmission).

x 3He spin filters: polarisation decoupled from optical
functions, compromise polarisation/transmission.
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Beam polarisation vector

manipulate it with care

® |n a magnetic field, the polarisation rotates around the
field in a Larmor precession with the frequency:

wr(rad/s) = 18325 B(G)

x \Vith B aligned along the z-axis, we find:

gu
Vo
S~~~
N——
I

cos(wr.t) P (0) — sin(wy,.t) P, (0)
P,(t) = sin(wg.t) P (0) + cos(wr,.t)P,(0)

7~ N\
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Beam polarisation vector

manipulate it with care

= [f the guiding field rotates slowly compared to the
Larmor precession frequency, the polarisation is
transported adiabatically.

WL
b= = > 3l
. WHB
: /\/\/\/\ Zeeman
- w — energy
4 6 8 10 12 14 16 18 20 Conserved

adiabaticity coefficient
et a ntw w e e s e v e s a e s SN I A COMIGIOUE s v ot v e i
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Beam polarisation vector

manipulate it with care

= [f the guiding field rotates slowly compared to the
Larmor precession frequency, the polarisation is
transported adiabatically.

Typically, for a 90° rotation over 10 cm it it > 30
WB
AJAl | 04 1 4 10
Zeeman
B|[G] | 255 102 29 10 energy

conserved
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Beam polarisation vector

manipulate it with care

® \Vhen setting up guiding fields, always be careful with
the reduction of the field amplitude at the location
where neutrons see a field rotation.
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Beam polarisation vector

manipulate it with care

® [he gaps between guiding field coils can lead 1o
depolarisation, even when the fields are parallel.
Also true for permanent magnets.
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Beam polarisation vector

manipulate it with care

® [N spin rotators, the loss of polarisation generally comes
from the region where the fields cancel, which is also
where the field (polarisation) rotates.

A\
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Beam polarisation vector

manipulate it with care

= [he Magnaprobe is a very
useful tool. It illustrates very
well the true shape of the
magnetic field...

but NOT its magnitude !

A AR ghitiss S

B[G]| 255 102 25 10
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Spherical Neutron Polarimetry
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Cross-section & scattered polarisation vector

theory: Maleyeyv, Blume,...

(@ =k; — ky)

Contribution Elastic scattering Inelastic scattering

(n) Nuclear On = NN it IZ—fH (N_Q, N@>
SR o et SR e R

(m) Magnetic o= M - Mj St ]Z—f SaB 0

(D

(Pral =t P g s

o k
1P a0 m = —wa :

O (J\L (}%-Mj)) a5+55a) — 003030l
B Q M g)
(c) Magnetic = 215;- : (Mi A ML> o, = -1 Sag Er
(I1) {Pro}e = — 1 (M7 A ML) {Prao}e = %amsﬁv
s (50
(i) Nuclear— itees Qﬁi R (N*ML> = k_q; 2 S+
magnetic {ﬁfa}i = 2% (N*ML) 23 {ﬁfa}i == %Li (§+ +4S_ A f_’;)

QP;' A S (N*M_J_D

—

St =Hy (N—@7ML,@)
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Cross-section & scattered polarlsatlon vector

Contribution

theory: Maleyev, Blume,.

Elastic scattering

Q=

Inelastic scattering

(n) Nuclear

o = NN*
{Pro}n = P o,

Opn — IZ—“:H (N_Q, N@)

{Pra}, = P o,

(m) Magnetic
(D

O = My - M?

(c) Magnetic

(1)

k
k

(i) Nuclear—

magnetic

13 (3
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Cross-section & scattered polarlsatlon vector

theory: Maleyev, Blume,.

Q=

Contribution Elastic scattering Inelastic scattering
Se! * faeens = No=
(n) Nuclear o, = NN On = - H <N_Q,NQ)
{Pfa}n =P, 0, SRR e T
(m) Magnetic SR Mj St ]Z—f SaB 0as
(I) {Pfa}m =— P o, + {Pr.a0}m

(c) Magnetic
(1)

(i) Nuclear—

magnetic

[Pro); = oR ( N =

Qﬁi A S (N*M_J_D
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Cross-section & scattered polarisation vector

theory: Maleyeyv, Blume,...

In general, the polarisation of a neutron beam will
change both in magnitude and direction upon
scattering from a magnetic material.
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Cross-section & scattered polarisation vector

theory: Maleyeyv, Blume,...

The changes In direction that take place on scattering
by a magnetic interaction vector are highly dependent
on their relative orientations.

Neutron School SoNS, Erice 2017 © Institut Laue Langevin http://www.ill.eu/sane



http://www.ill.eu/sane

Cross-section & scattered polarisation vector

theory: Maleyeyv, Blume,...

When a magnetic field is applied at the sample,
the Larmor precessions lead to the loss of the
components perpendicular to the field.
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Cross-section & scattered polarisation vector

theory: Maleyeyv, Blume,...

So obviously, we need a zero-field region around
A the sample and devices to handle the incident
and scattered polarisation vectors.
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Spherical neutron polarimetry

PP, + P
Pij = =2 with (i) € {z,9, 2}
1Py |

A useful strategy is to measure the scattered
polarisation with incident polarisation parallel to
each of the polarisation axes in turn.

- N.N* = MM : 2<3£NMLZ) —28(NM7F )
P=| —29(NM:i,) N.N*=M M+22RODM M) 2§R(M LM )
2S(NM7 ) QR(M M7 ) N.N* — M, .M* ‘|—2§R(MJ_ M7 )
 2Q(M L MY ) - 23(M Ly M7 ) ]
Plo=| 2R(NMt ) | with o =NN+M . M{+P.| 2R(NM; )
QR(NM; ) | 2R(NMT )
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Spherical neutron polarimetry

with (i, j) € {2, y, 2}

A usetul right-handed cartesian set is defineo
with z parallel to @) because

Mi(Q) L Q
Z Is conventionally chosen vertical (often

perpendicular to the scattering plane)
and y completes the cartesian set.

WeHthermaastiat b o b B P Py, -
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Spherical neutron polarimetry

A lot of directional information is lost when only
intensities are measured.

5 i i BEEE8EE 2 = =
6’—;:NN*+M¢'Mj+7/Pz'°(Mj/\ML)jLQPi'%(N*Ml)

The vector properties of the neutron polarisation
provide a way of recovering some of this information.

> Oo

_
1

= PNN* — B(M, - M?) + 2R(M, (P, - M%) +

WMy ADM?) +2R(N*M ) + 2P, A S(N*M, )
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Spherical neutron polarimetry

Antiferromagnetic single crystals
with non-zero propagation vector

0 . » s»
00— [ 4 i1, - W11 B (VL A Ty) + 9P OED

When M | is purely real or imaginary, the polarisation
rotates around M, by 180° - not a spin flip ! é

Oo - .5 Y Tk Y D) *
pffm PNN* — P(M, - M%)+ 2R(M (P, - M) +

—_—

oMy AMY) +2R(N M, )+ 2P, AS{N*M) )
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Spherical neutron polarimetry
Antiferromagnetic single crystals: T#0
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Spherical neutron polarimetry
Antiferromagnetic single crystals: T#0
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Spherical neutron polarimetry
Antiferromagnetic single crystals: T#0
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Spherical neutron polarimetry

Antiferromagnetic single crystals
with non-zero propagation vector

Oo

g = DA+ My - Mt 4B - (M} ANM,)+2P; - RNM, )

When M  is complex, the polarisation rotates by 90°
and its final orientation depends on || M ||/N.

0o S S /g Ve T D *
pfm PNN* —P(M, - M7)+2R(M (P, - M*) +

—_—

o(M | ANDMT) + 2R(N*M | ) + 2P, A S{N*M )
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Spherical neutron polarimetry
Antiferromagnetic single crystals: T#0
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Spherical neutron polarimetry
Antiferromagnetic single crystals: T#0
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Spherical neutron polarimetry
Antiferromagnetic single crystals: T#0
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Spherical neutron polarimetry

Antiferromagnetic single crystals
with zero propagation vector

do
o9

—

—(NN*+ M, - M* +1P, - (b AM,) +2P; - R(N*M )

When M, is real, the polarisation rotates toward M |
by an angle depending on ||M ||/N.

> Jo

P oo = PNNY— Pi(M - MT) + 2R(M. (P; - M) +

o(My A M)+ 2R(N*M ) + 2P, AS(N*M| )
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Spherical neutron polarimetry
Antiferromagnetic single crystals: T=0
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Spherical neutron polarimetry
Antiferromagnetic single crystals: T=0
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Spherical neutron polarimetry
Antiferromagnetic single crystals: T=0
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Spherical neutron polarimetry

Antiferromagnetic single crystals
with zero propagation vector

do
o9

—

—(NN*+ M, - M* +1P, - (b AM,) +2P; - R(N*M )

When M is imaginary, the polarisation rotates
around M by an angle depending on ||M_ ||/N.

> Jo

P oo = PNNY— Pi(M - MT) + 2R(M. (P; - M) +

o(My A M)+ 2R(N*M ) + 2P, AS(N*M| )
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Spherical neutron polarimetry
Antiferromagnetic single crystals: T=0

Nuclear Structure Factor
real part

imaginary part

Magnetic Structure Factor
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imaginary part, #=90°

Nuclear
Magnetic
in Quadrature

el ! I Cross Section
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Spherical neutron polarimetry
Antiferromagnetic single crystals: T=0
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Spherical neutron polarimetry
Antiferromagnetic single crystals: T=0
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Spherical Neutron Polarimetry

® Scam polansation vector

® (r0SS-Section & scattered polarisation vector

x \What happens to the polarisation upon scattering ?
» Nstrumentation — Cryopad-anad others

x SOME SIMple exarnples

® A WOrCH aRout polanmetic neutron spin-echo
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Cryopad in practice
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Cryopad in practice

(D . D » A D Ll i s e e - - v -
’ P :
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Cryopad in practice

Cryopad - < 2mG in sample chamber

A\
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Cryopad in practice

NPT AT ' b J
A A a9 % " 3
: e .) e P
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Cryopad in practice
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Cryopad in practice
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Cryopad in practice
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puPad In practice

flipper 6 coil zero-field

/ chambers

coupling ¢ coll
coll

MPAD - PS| & FRM I
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pPad in practice
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pPad in practice

works but...

problem of leakage
at high field i.e. for
short wavelengths

problem with zero-
field chamber at long
wavelength because
of field environment

;mmﬂﬁluwl — - @ 11 u-metal “pumps”

10 20 0
M Wl I. :

R A T external fields
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dnsPad in practice

area of vertical or
horizontal static field

flipper
& rotator

s
IS
IS
IS
I’
s
IS
IS
IS
S
, e
s
e
S
S
IS
IS
IS
IS
S
%
IS

The incident direction of polarisation is controlled
with the field applied around the sample area.
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dnsPad in practice

Cr203 test experiment carried out on DNS...

v ¥
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dnsPad in practice

area of vertical or
horizontal static field

flipper
& rotator

The applied field decreases the resolution with
which the orientation of the polarisation is set.
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Spherical neutron polarimetry
in Time of Flight mode?

. MeiBner O O horizontal field
(top view) screens \\Aa precession Xout
O e >
incident sample  \ T AEiu
pcz)larised"'—>"' N @ 9 vertical field
eam .
precession Qout
T Zero-field 'O =
& nutator clzlierRy V;

%
IS
IS
IS
s
IS
IS
s
IS
IS
IS
IS
IS
IS
I
IS
IS
IS
IS
%
I

O O ‘A

Solution proposed with a 2He spin filter as analyser...
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Spherical Neutron Polarimetry

® Scam polansation vector

® (r0SS-Section & scattered polarisation vector

x \\nat happens 1o the polarsation upon scatterng
x [nstrumentation — Cryopad and others

x SOME SIMple exarnples

® A WOrCH aRout polanmetic neutron spin-echo
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Some simple examples

= Procedure
1) Calculate the magnetic structure vectors analytically
o) Choose an orientation of the single crystal
3) Identify the families of Bragg reflections
4y Reduce your system of equations (using extinctions)
5) Select Bragg reflections of real interest

6) Measure
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Some simple examples
Al single crystals: T # 0

KFe3(504)2(OH)e Is a model Kagome antiferromagnet with
which to study the behaviour of highly frustrated systems.

The magnetic Fe atoms occupy one
crystallographic site 9(d) and are
distributed Iin 3 Kasome planes.

space group R3m

1 1
Fe atoms in (5’ 0, 5)
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Some simple examples
Al single crystals: T # 0

2 magnetic arrangements have been proposed from
(unpolarised) powder difiraction experiments.

> families of reflections are forbidden (extinct) :
J\?(0,0, 2430 =0 MO L2330=0 M(1,0,2+30)=0
M ) )

(1,1,2 430 =0 M({1,1,L+30) =0

SO we deduce :

'—3@'(77_5/11 + Mo +mqy3) =0

Y X1 17T 517

iy — @7 + W13 + € 6 Moy € 8 Moy + € 6 Mg + e 13y + e 6 Mgy + €8 gy =
—Z'Tﬁll 2t iﬁuz + imlg Moot 5%7T 77321 + 6%7%22 25 6%7%23 € %mgl a5 65%7r m32 = 65157T mgg =0
—im11 — M1 +1my3 + 6_%77@1 -+ 6_%7?@2 -+ 65337T T?ng e R T?Lgl T R T?ng + 6%r T?ng =0
—iM11 — M2 + 1Mz + € 5 mo1 + e~ 5 Moo + 6%77_’123 s 6_%77_@31 + 6_%Tﬁ32 + e’c ms3 = 0
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Some simple examples
Al single crystals: T # 0

(Mg = Mas

M1z = —M1p — M2

—2M13 = M3 + Ma33

{ M2l — Moy = M3 — M32

M1 + Moy — Moz = M3y + M3z — 1M33

—2 (M1 — maa) = (Mo — Maa) + (1M31 — M32)

L —2 (M1 + Mo — Mmy3) = (Mg + Mas — Mas) + (Ms1 + Msy — M33)

mi13 = —M11 — 1172
Mol = —MMi1, Moy = —M192,1M23 = 1M11 + M1
ms31 = —Mi1,M32 = —1M12,1M33 = M11 + 1M1
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Some simple examples
Al single crystals: T # 0
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Some simple examples
Al single crystals: T # 0

* No depolarisation of the beam : there Is no magnetic
domains and therefore no expected component along ¢

* [he polarisation rotates around 3

o . f\b‘f;/ TeTeTvin Qb/ -
i for the reflection [ 0 %] ; ol DS i A 1
| g
2 ] | o
M| 1ns o [0, = (Bm« 453 dme ) V3 mge e
L,1050<< \/ﬁ(m +\fmb+m)\fm mb> #wiéwg\&\
* S0\
Ties 5= = w A S G
* The polarisation rotates around  \. /,\w TE N
z for the reflection [I | 73] : ST, e S 72 0N &
M s ’/'\\ /'\
J.,ll% X < 7_\/—1—3— mc*ama*) \‘\" - N
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Some simple examples
AF single crystals: T = 0

—

5 x Cr20g is @ magneto-
electric compounad
Pbelonging to the class of
antiferromagnets in which
nuclear and magnetic

® O scattering occur in the
same reflections and are
N quadrature :

N(Q) e R, M(Q) € S°

sl
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Some simple examples
AF single crystals: T = 0

The polarisation rotates
around the magnetic
interaction vector:

3

V 1.50 — — —

- Py = Rot(Oy, «) - P;

E

Pt 1= cosla)
S N| 1 4 cos(a)

Ox // 0, Oz vertical

0.25 0.50

sinti / 7. (A 1) 6y — 0z A Ox
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» Nstrumentation — Cryopad-anad others
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Polarimetric Neutron Spin Echo

antiferromagnets in

Spin-Echo Spectrometer zero-field, intensity
| . divided by 4
polarimetric mode

Cryostat

Cryopad
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incident outgoing
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