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THE PRINCIPLES OF MAGNETIC
SCATTERING

6.1. Introduction

AT the beginning of Chapter 2 we explained that, whereas in general
the scattering of neutrons by atoms was a nuclear process, neverthe-
less an exception occurred with magnetic atoms, in the case of which
there is additional scattering on account of an interaction between
“the neutron magnetic moment and the magnetic moment of the
atom. We return in this chapter to a discussion of the principles
of magnetic scattering and will proceed in the following two
chapters to a detailed account of magnetic form-factors and of the
way particular types of magnetic structure are revealed.
" The determination of the magnetic structures of materials is a |
' task_which can achieved only by making measurements of the
- scattering of neutrons. Indeed it is true to say that our whole
conception of the existence of a ‘magnetic architecture’ within the
|_atomicstructure of solids has arisen from observations with neutrons.
The elements of the first transition series which includes iron,
cobalt, and nickel. have incomplete 3d shells, as indicated in Table 12
which lists the electronic structures of the free atoms with atomic
numbers 19-30. The arrangements of the 3d and 4s shells of some
free atoms and ions are shown in Table 13 which also gives the
number of unpaired electrons and the spectroscopic ground terms
of the ions. These unpaired electrons give rise to a resultant magnetic
moment. Interaction of this with the magnenc moment of the
neutron, which has a spin quantum number of } and a magnetic

moment of 1-9 A\igle_gr magnetons, produces ngutron scattermg
which is additional to that produced by the nucleus.

It is worth noting in passing that the fact thc_neutron which is
an uncharged particle, possesses a magnetic moment is anomalous.
A likely explanation is that a neutron spends part of its time dis-
sociated into a proton and a negative n-meson, and although the
centres. of thelr respective positive and negame charges do coincide

yet yet the negative charge is more diffuse. This would cause the neutron
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Historically, neutron elastic scattering studies have provided a wealth of important atomic scale
information about the magnetic structures of condensed matter, a significant part of which could not
have been obtained by any other means. In the beginning, magnetic ncutron diffraction research was
performed primarily on bulk crystals. In more recent years. advances in thin film deposition techniques
have made it possible to synthesize a variety of new types of layered magnetic systems, with properties
that can be tailored for studies of fundamental scientific interest as well as technological applications.
Throughout this still ongoing development, neutron scattering techniques, especially polarized neutron
reflectometry (PNR) and diffraction, have made and continue to make significant contributions to the
understanding of the physical behavior of magnetic thin films and superlattices (see, for example, the
references [1,2]).

Polarized neutron reflectometry can be divided into two broad categories, one of which corresponds to
reflection measurements performed with the wavevector transfer Q normal to the film surface,
commonly referred to as specular reflectometry, and the other to scattering done with some component
of Q lying in the plane of the film. Analysis of the specular polarized neutron reflectivity, measured as
a function of Q, yields the in-plane average of the vector magnetization depth profile along the surface
normal, with a spatial resolution of less than a nanometer in certain cases. The nonspecular reflectivity,
on the other hand, reveals in-plane magnetic structure, such as that associated with domains or
artificially patterned surfaces. :

In this presentation, we will first show why PNR is such an extraordinarily sensitive, and in some
regards unique, probe of magnetic order in thin films and multilayers. We will also illustrate how
state-of-the-art methods in experimental and theoretical PNR (see, for example, [3]) can be applied to
study current problems in magnetism, including investigations of magnetic semiconductor films and
superlattices [4], of particular interest in the relatively new field of “spintronics™.
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A triple-axis neutron spectrometer with polarization-sensitive crystals on both the first and (hird axes is
described. ‘The calculation of polarized-neutron scattering cross sections is presented in a form particularly
suited to-apply to this instrument, Experimental results on nuclear incoherent scattering, paramagnetic
scallering, Bragg scat(ering, and spin-wave scatlering are presented o illustrate the possible applications

of neutron-polarization analysis.

I. INTRODUCTION

\ FE have added a new dimension to meastrements

of thermal-neutron scattering by consl rueting,
o the Oak Ridge High-Flux Isotope Reactor, triple-
sk spectrometer with polarization-sensitive crystals
it hoth thefirst and third axes. With this instrument
the distribution of scattered nentrons from an initially
monachromatic, polarized beam is measured us 4

B L, e fe )

scattering (+4 and = =), The theoretical qQUaAntitjeg
of greatest inferest are the partial cross sections.

This is a diflerent language than is customanily 1,
by theoreticians in describing the scattering of Pz
neutrons. The total cross section (summed oy er )
spin states) and the final polarization are gl late 4
a function of the initial polarization. The polarizafion
equationgis a vector relationship giving the magnitude

and direction of the final polarization, We measure




Magnetic Neutron Scattering

Neutron: S=il: =191 uy

Scattering by atomic
magnetic moments: p =0.54 X § X f(sing/2) X 10 ’cm

Magnetic and nuclear scattering amplitudes
are of similar magnitude

DIFFRACTION BY MAGNETIC CRYSTALS
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