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Part 1: Neutron polarization -- fundamental concepts

<> a magnetic moment arises from the motion of electrical charges -- though neutral, a
neutron is composed of charged quarks which give rise to a net magnetic dipole moment
which is quantized with corresponding spin 1/2 -- a neutron is a Fermion

<> if it exists at all, any neutron electric dipole moment is of negligible magnitude for all
practical purposes of concern to us here

<> a neutron can be represented by a spinor wave function having two components
corresponding to two spin eigen-states (spin “+” or “up” and “-” or “down”) 

<> for a nucleus with spin, the neutron-nucleus (i.e., the nuclear) interaction is spin-
dependent

<> the magnetic interaction between the neutron magnetic moment and that of a nuclear
magnetic moment is relatively weak (and nuclear magnetic moments are normally not
ordered -- a notable exception occurring in a 3He gas cell used as a neutron polarizer)

<> the magnetic interaction between the neutron magnetic moment and that of an atomic
magnetic moment, on the other hand, can be comparable to the nuclear interaction

(a good description of the phenomenon of a quantized spin one-half system is given in
the quantum mechanics text by Merzbacher)



The neutron is a spin-half quantum
object and possesses a corresponding
magnetic moment.  Its wave function
must therefore be described as a
“spinor” which is composed of two
terms, each representing one of two
possible spin “eigenstates”.  In a
magnetic field, the energies associated
these two eigenstates are different.
This can have significant consequences
for the interaction of the neutron with
magnetic fields and materials.

So our description of a neutron gets a
bit more complicated when we have to
take into account its spin and moment.
But, as I hope you will see, that added
complexity makes the neutron a more
sensitive and useful probe of matter, 
even that which is not itself magnetic.

The magnetic SLD is a product of the
number of magnetic atoms per unit 
volume times their characteristic magnetic 
scattering length (usually designated “p”)
-- or is proportional to a macroscopic 
magnetic induction field “B”.



For polarized neutrons, solving the
Schroedinger equation of motion --
say for specular reflection, as we
have done previously in the absence
of magnetic fields -- now requires a 
simultaneous solution of a pair of
coupled equations.  This takes into
account the possibility that a scatter-
ing event or interaction will involve a
change in the neutron's spin eigen-
state from “+” or “up” to “-” or “down”
(or not).  Note that the nuclear and 
magnetic SLDs or potentials are
additive and thus result in an 
interference in some cases that is 
neutron spin-dependent.



The potential energy or SLD can no longer be
described as a scalar quantity but is, instead,
represented by matrix -- the neutron moment
itself is a vector operator composed of 2 x 2
so-called “Pauli” matrices.



At the end of the day, we can arrive at a
similar, but somewhat more complicated,
relationship between transmitted (T

+
 , T

-
 ),

reflected (R
+
 , R

-
 ), and incident (I

+
 , I

-
 ) 

wave amplitudes which are now 
spin-dependent.  Just as we did for the 
non-
polarized case, any arbitrary SLD profile
can be rendered into slices of constant SLD
(the “sliced-bread” analogy) for piece-wise
continuous solution by imposing the 
boundary conditions of continuity on the 
wave function and its first derivative at each 
interface.



The atomic magnetic moments, with 
which the neutron magnetic moment 
interacts, originate from the atomic 
electrons with unpaired spins in the 
material.  These electrons are relatively 
spread out in space in comparison to the
nucleus which acts as a practical point 
in space as the source of the neutron's 
nuclear interaction.  Consequently, the
strength or magnitude of the 
corresponding magnetic scattering 
length “p” falls off with increasing 
scattering angle.  Nonetheless, for 
scattering at low enough angle, such as
in reflectometry or SANS, this variation
can be negligible. 



Neutron Polarization Vector It is possible to mathematically
construct a “polarization” vector
P which describes some of the
spin-dependent characteristics of
an ensemble or collection of spin
half neutrons composing a beam.
The number of neutrons in the spin
“+” or “-” eigenstates is N

+
 or N

-
 ,

respectively.  The coefficients C
+
 

and C
-
 of the spinor wave function

for the neutron can be written in
terms of these numbers and also
can be related to the components
of the polarization vector along the
x-, y-, and z-directions.  P can
alternatively be described in terms
of angles relative to the coordinate
axes. 



Polarization Rotation A net magnetic induction B defines an
axis of quantization (conventionally
taken to be parallel to the z-axis of a
rectangular coordinate system or
reference frame).  Any component of
the neutron polarization vector per-
pendicular to this B field will rotate
with a characteristic “Larmor” frequen-
cy that is proportional to the difference
between spin + and - refractive
indices.  



Precession of the Polarization Precession is taken here to
refer to a rotation of the
polarization vector which
persists through a given
region of space other than
for the purpose of
effecting a reorientation of
the polarization from one
specific direction to another.



An unpolarized beam of neutrons
can be polarized in a number of
ways via interaction with a saturated
ferromagnetic material.  Perhaps the
simplest involves specular reflection
from a ferromagnetic plate with its
magnetization saturated in the plane
of the surface and normal to the
wavevector transfer Q, as depicted
in the figure to the left.  Note that by
matching the nuclear and magnetic
SLDs of the material, one spin state
will see a net interaction potential 
which is zero whereas the other
will experience a net positive value.
Consequently, one spin state is 
transmitted and the other reflected,
thereby separating + and - neutrons 
in space.



Part 2: Brief discussion of the application of polarized neutrons
            in scattering studies of the structure of magnetic
            condensed matter

<> elastic scattering to determine magnetic structures

<> inelastic scattering to probe magnetic excitations such as spin waves

Much of what is known about the microscopic magnetic structure of materials has been
obtained from neutron diffraction studies.  These structures have been found to range from
relatively simple ferromagnetic and anti-ferromagnetic alignments of atomic moments to far
more complicated forms such as spin density waves and helices.  Collective magnetic
excitations in solids known as magnons or spin waves are studied by neutron inelastic
scattering.  Although these magnetic structures are primarily found in hard condensed matter,
it is instructive to briefly consider the interaction of polarized neutrons with such materials
prior to considering specific applications of polarized neutron in scattering studies of non-
magnetic soft matter.

 



The above diagram illustrates a particularly useful configuration resulting in the ability to 
determine not only the magnitude of the net magnetization in each of the successive planes in 
a layered material, but also the direction of that magnetic moment.



Some other useful configurations
employed in the investigation of
magnetic structures in materials via
scattering with polarized neutrons.



Four basic magnetic structures and
their corresponding spin-dependent
reflectivity curves as would be
obtained with polarized neutrons.



Polarized Beam Reflectometer (PBR) at NIST



By means of molecular beam epitaxial
growth in ultrahigh vacuum and other thin
film deposition techniques, it is possible
to construct synthetically layered systems
tailored to study specific types of inter-
actions of interest in hard condensed
matter.  For instance, how two separated
regions made up of ferromagnetic atomic
planes interact with one another across
an intervening region of atomic planes of
a material that is superconducting or semi-
conducting can be studied by analysis of
the polarized neutron reflectivity -- as a
function of temperature, applied magnetic
field magnitude and direction, or other
parameter such as the thickness of the
intervening layer.

There exists a considerable body of work
on systems prepared in this manner.
  



Magnetic Multilayers and Thin Films

Remarkably detailed information about magnetic structure on an inter-atomic length
scale can be obtained from polarized neutron reflection and diffraction studies.
(Polarized neutron reflection data on magnetic semiconductor superlattices by Henryk
Kepa et al..)



In this particular example, each ferromagnetic Fe layer consists of several atomic planes --
the relative orientations of these layers to one another within the overall layered system is
deduced principally from the relatively low-Q polarized neutron reflectivity data (inset).  The
intricate modulated antiferromagnetic structure of the Cr atomic planes within the intervening
layers is revealed primarily in the higher-Q polarized neutron diffraction pattern.















As recounted in the “Scientific Background”
material referred to on the left side of the page,
prior to the discovery of the GMR effect by 
Gruenberg, polarized neutron diffraction 
studies  of magnetic superlattices revealed
an unambiguous coupling between magnetic 
layers across intervening nonmagnetic
spacers.  The interlayer coupling (IEC) observed
in this neutron diffraction work was explained in
terms of long-range exchange interactions, for
example, the RKKY (Ruderman Kittel Kasuya
Yosida) interaction.  Interestingly, the underlying
mechanism responsible for GMR was thus 
known about before the effect itself was
discovered!















Part 3:  Application of polarized neutrons and ferromagnetic
             reference layers to phase-sensitive neutron reflectometry
             studies of the structure of soft condensed matter systems

(Figure from the work of Anton Le Brun et al.)



One significant  advantage of using a saturated ferromagnetic material and polarized neutron
beams as a means of performing phase-sensitive reflectometry is that the magnetic layer, 
which serves as the reference, can be chemically isolated from the non-magnetic material film
whose SLD profile is of primary interest.



Variation of the surround (aqueous reservoir backing medium) can be used to first determine
the SLD depth profile of the ferromagnetic Fe layer to be used, subsequently, as a reference
layer itself. 



Analysis of the reflectivity data on the preceding slide yields the SLD profile plotted above --
note that the entire SLD depth profile of the composite film structure is obtained, including
that of the Fe layer.





















Part 4: Application of polarized neutrons in measurements
            of very small energy and momentum transfers
            with condensed  matter

<> the precession of the neutron spin in a magnetic field can be
 used as an accurate measure of length from which changes in
 angle (momentum or wavevector direction) or neutron speed
(energy or wavevector magnitude) can be determined



Imagine, in the top part of the figure, a
neutron beam prepared with initial 
polarization P along the vertical axis
propagating from left to right.  P is then 
rotated 90 deg into the horizontal plane in 
the region defined by the blue box where a 
magnetic field is applied along the vertical 
z-axis.  Precession of the polarization 
occurs in this region and the final in-plane 
polarization vector upon emerging from 
this region is projected back along the 
vertical axis in another 90 deg rotator 
device so that the final polarization 
component along the vertical z-axis can 
be determined (with a polarization 
analyser such as a magnetic mirror).  By 
tuning the magnitude of the precession 
field for the velocity (or wavelength) of the
neutron and the length L of the region, an 
integral number, say, of full 360 deg
rotations can take place in that region.  If 
the neutrons are made to deviate from 
normal incidence through the precession 
region by scattering from a material object 
to take a longer path S, then the observed 
change in the number of precessions can 
be used as a measure of the scattering 
angle phi via the geometry.  For example, 
at a wavelength of 5 A, B = 1000 Gauss, 
and L = 1 m, approximately 3610.0 full 
rotations take place -- at a scattering angle 
of 1 deg, about 3610.5 occur along path S 
-- which is a phase change of 180 deg that 
can be accurately measured.



Neutron spin-echo labeling of angle: after work of Felcher, te Velthuis, Rekveldt, Pynn, Major
and others.  (Thanks to Suzanne te Velthuis for this and next figure!)   Note that because the lengths
of neutron trajectories through the magnetic precession region depend upon angle, so does the amount
of polarization rotation.  But by placing a second precession region in series with the first which is identical
except for the direction of the applied magnetic field (which is exactly opposite), the net rotation acquired
in the first region is exactly reversed in the second for each individual neutron path.  Thus, the final
polarization state of the beam is the same as it was initially.



If elastic scattering at some angle from a sample placed in between the two precession
regions occurs, then the net cancellation of clockwise and counterclockwise rotations
of the polarization along a given trajectory no longer occurs in general and the final 
polarization can differ from the initial value.  The “echo” condition is no longer satisfied
completely.













Comparison of inverted grating diffraction pattern to model where modulation of
the beam was performed according to the spin-echo labeling method (blue asterisk
symbols correspond to model and squares to calculated inversion).



Spin Tagging Demonstration1

on EVA at the ILL, France

1J. Major, H. Dosch, G.P. Felcher, et al., Physica B (2003).
Also, M. Th. Rekveldt, et al., Rev. Sci. Instr. (2005).
And  R. Pynn, M.R. Fitzsimmons, et al., Rev. Sci. Instr.  (2005).

Spin Echo Spectrometer
on NG5 at the NCNR

What is the new innovation?



“Polarized Neutron Reflectometry”, C.F.Majkrzak, K.V.O'Donovan, and N.F.Berk, Chapter 9 
in Neutron Scattering from Magnetic Materials, Edited by T.Chatterji, (Elsevier, Amsterdam, 
2006) p.397-471.

Polarized Neutrons, W. Gavin Williams, (Clarendon Press, Oxford, 1988) 

www.ncnr.nist.gov -- variety of references and articles on the subject of polarized
neutron scattering.



Appendices

<> X-ray magnetic scattering

<> Supermirror polarizer for neutrons

<> Polarized neutron beam corrections for
      efficiencies of polarizers and flippers
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