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Preface

Since the great discovery made by Laue, x-ray diffraction has become the most im-
portanf method for the investigation of atomic structure in condensed matter. Cer-
tain investigations, however, are difficult or totally impossible to ‘conduct using“
x-rays, for example, the localization of atomic nuclei or atoms havihg on1y a few
core electrons, and the observation of magnetic moments. The investigation of these
important areas is made possible by neutron diffraction. Thus this.method has devel-
oped into an important sUpp]ement to x-ray invéstigations. An ever-increasing de-
‘mand is put on the method by research areas, old and new. Neutron diffraction has
completely«reformed the subject of solid-state magnetism; especially the area of
chemical bindinglhas received a new impetus by the union of x-ray and neutron d¥f-
fraction. An exchange of qifferent isotopes of the same element gives risg, as a
rule, to a change in the strength of the neutron diffraction. Due to this effect

it is possible, by means of deuteration, to make visible a single chain in a solid
high polymer. Thus neutron small-angle scattering is important in protein research
and for the biology of macromolecules. Of equal importance is the application of
neutron diffraction in metallurgy. _

There already exist several excellent books which discuss the results obtained
by means of neutron diffraction. It is not the purpose of -this book to compete with
these in the area of completeness; it is our purpose to stress the technical as-
pects of the subject. The book is intended to help researchers who are engaged in
neutron diffraction,and students beginning their research work: It is meant as a
help in deciding if neutron diffraction can be used in the solution of a certain
problem, and to simplify the preparatioh.

Many discussions at Institut Laue Langevin, Grenoble, were important in the
preparation of this bodk. I wish to express my thanks to all my friends there, and .
especially. to Mr. Jacrot who made important contributions to Chapter 7.

Berlin, March 1978 Hans Dachs
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1. Principles of Neﬁtron Diffraction

H. Dachs

With 22 Figures

1.1 Introduction

The small velocities.of thermal neutrons make possible the investigation of atomic
motion in crystals.and liquids. This application of neutron scattering, which is
probatfly the most important, is treated in [1.1]. The pfesent volume deals with the
investigation of the structure of condensed matter using elastic and quasie]astic
neutron scattering. The dbminating method in this area is the diffraction of x-rays
(for recent treatments, see [1.2,3]). Chapter 1 discusses the differences between
X-ray and neutron diffraction.rThe.first section deals with the general theory of
neutron diffraction. Sections 1.3 and 1.4 treat the differences in the experimental
techniques. Most applications of neutron diffraction can be deduced from the dif-
ferent types of interaction of x-rays and neutrons with substances, dealt with in
Section 1.2. Chapter 2 by HAYTER continues the introduction and discusses the pro-
duction and.possible applications of polarized neutrons.

It is not the purpose of this volume to discuss in great detail all possible
areas of applications of neutron diffraction. This -has already been done excellently
in. the book of BACON [1.4]. The purpose here is to émphasize the methodical as-
pects by treating in detail certain special areas. The area of crystal structure
determination, for example, is represented by x-ray and neutron synthesis as dis-
cussed in Chapter 3. In this synthesis, exact electron densities can be determined
by a combination of- neutron and x-ray measurements. These investigations require
high accuracy of measurement so that all methodical questions in the structure de-
termination are important.

The magnetic moment of the neutron makes -possible the determination.of the ar-
rangemeﬁf of the magnetic moments in magnetically ordered materials. Such magnetic
structure determinations are based largely on symmetry considerations which are an -
exciting development of the classical methods in crystallography. Chapter 4 is an
introduction to this area.

Neutrons offer a series of important advantages for the investigation of dis-
ordered systems: the diffuse inelastic scattering can be isolated, the small angle
scattering can be handted simply, and by change of isotopes a dyeing of certain-
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components can be achieved. The theory and practice of disorder scattering is
treated in Chapter 5. ‘ '

The study of phase transitions is a particularly active research field at the
present time, and many theoretical physiéists have turned to this area. Their inter-
est is espec{ale in magnetic systems which can be exactly described. The experi-
menta1 1nvest1gat1on of magnetic phase transitions and the accompanying critical
fluctuat1ons i% a large and active field for neutron scattering. Lindgdrd, .a
theorist, gives a survey of this field which should be useful for experimentalists.!

Chapters 7 and 8 treat diffraction in biological systems and 1¥quids. In both
cases, the use of isotope replacement is of great importance.’ ' '

The volume closes with a chapter (Chap.9) on diffraction phenomena connected,
specffica]]y,'with the use of perfect crystals. As these enable the construction
of neutron interferometers [1.51, they are of paﬁticularly current interest. Since
this chapter is ‘the first revigw of this subject, an attempt was made to be as com-
plete as possible.

1.2 Background

The neutron, which was discovered in the early 1930s, has been used in scattering
experiments on crystalline solids since 1946 when the p1oneer1ng work of WOLLAN
and SHULL started (see SHULL [1.6]).

Neutrons have no electrical charge, a mass almost the same as the proton, a
nuclear spin of 1/2, and a magnetic moment. The energies of neutrons ejected in
the fission of uranium nuclei lie between 0.5 and 3 meV. In nuclear reactors these.
fission neutrons are thermalized or slowed down by collisions with 1ight atoms in
a moderator and used to fission further uranium nuclei. A chain reaction takes'
place. Foé neutrons thermalized to 20°C, the average energy is 0.025 eV, corres-
ponding to a velocity of 2.2 km/s. From the de Broglie relationship A = h/mv, the
wavelength can be calculated. For 20°C neutrons the waveleﬁéth is 1.8 R._ '

Thermal neutrons have, as in the case of x-rays, wavelengths of the ‘same order
of magnitude as the diameter of atoms and are, thus, also suited for the study. of
condensed matter. There are, however, enough differences between the two types of L
radiation to make neutron scattering-an interesting complement to the x- ray tech-
nique.

1A more detailed treatment will be presented in two forthcoming. volumes of th1s
series under the editorship of H. THOMAS and K.A. MOLLER.



1) The exchange forces which produce the scattering are different for the two
cases: for neutrons they are due to nuclear and‘magnetic interactions, and for
x-rays they are electrical.

2) The dependence of wavelength on energy is fundamentally different for the
two cases. Thermal neutrons have velocities of the same magnitude as those of ther-
mal waves in crystals, and this can give rise to a measurable Doppler shift of the
scattered neutrons. This property makes possible the investigation of the dynamics
of atomic systems. Essential differences in the scattering of neutrons and x-rays
also exist if one is only interested in space~ordering of atoms in systems such as
liquids. The kinematics of the-scattering process for neutrons must be treated more
generally than that for x-rays. '

The application of neutrons to study condensed matter is treated in a number of
textbooks [1.4, 7-19]. Many references to the Titerature on neutron diffraction are
to be found in the book of BACON [1.4] and in a special reference publication
[1.20]. . i

1.3 VAN HOVE Theory in the Classical Approximation

In the description of the interaction of neutrons with matter, concepts are used
which are partly in accord with the wave picture and partiy with the particle pic-
ture.

The particle density d is defined as the number of particles/volume, and the flux
densi;y ¢ as the number of particles moving through a unit area in unit time. These
two densities are related by ¢ = d-v, where v is the particle velocity, since all
particles in a cylinder of length v pass through the end of the cylinder in unit
time. The various types of interaction are described by means of an effective cross
section.

_ nhumber of events ‘of type i/time
flux density

-24.,2)

Cross sections have the dimensions of area, and as unit the barn (1 barn = 10
is used. )

For every special process there is a particular cross section, for example,
there is one for absorption and one for scattering. In the case of scattering, a -
* distinction is made between total and differential cross section. The calculation
of the differential scattering cross section includes only those partic1és scattered
into a particular elément of solid angle and sometimes also those having frequencies
in a certain interval. -



The scattering can also be described in terms of the wave picture. Let

=<e2"1 eikr
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be thé wave function of the incident neutrons. The neutron density is then y wx;

and the flux density is then
= vyv
The wave function of the neutrons scattered from a single fixed nucleus is

AL
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The wavelength of thermal neutrons is much larger than the diameter of the nucleus
and the scattering is thus 1sotropic; and b is = constant, the so called scattering
amplitude or scattering length. The relationship between the total scattering cross
section and scattering amplitude is given by

. flux scattered through a sphere centered on scattering center
- flux of incident wave

2 vl
47r~b _;ZV

2
g 4xb . (1.1)

In order to treat a system of atoms, we describe it in the classical approximatton
by a special density function p(r,t) which is time dependent since the atoms are

in motion. The density function has peaks of the s-function type at those positions
. where the atoms are located, the peaks being weighted with the scattering amp]i;
tudes of the atoms.” The.density function can be written in terms of a Fourier in-°
tegral

plrat) = [ Fguu) 80~ “Dayyay (1.2)

where the integration is over recipraocal space and over all possible frequencies.
The scattering from a time-independent density

o(r) = [ F(Q) e”'ay (1.3)

Q



can be easily calculated using the Born approximation. The ampiitude of the total
scattered wave can be found by summing the waves scattered by each volume element,
taking.into account the phase differences. If 50 is.the wave vector of the incident
wave, k that of the scattered wave, and r the displacement vector between two scat-
tering-centers, then the phase difference between the two scattered waves is

2n

=ik k

ko) s (1.4)
where A is the difference is pass length. The amplitude A of the scattered wave is

i(k - k '
[ o(r) 91( °)rdvr (1.5)

Alk - k)

F(k - k)

Since the scattering due to a time-independent density function is elastic, k=k°,
the above results can be formulated in the following way. The differential scat-
tering cross section for neutrons with momentum change

8 = (k - koM

is given by ]F(Q)|2 with Q = k - k,. The above considerations lead to the Ewald
construction and finally to the Bragg law. Scattering occurs only for those Fourier-
components for which the Bragg law is satisfied.

‘From the measurement of the scattered intgnsity it is not possible to determine
the density functionvwithout additional information, since such a measurement does
not determine the phase of the Fourier coefficients. What can be determined is the
pair-correlation function, i.e., the probability of finding a second particle dis-
placed by r from a given particle weighted by the product of the scattering ampli-
tudes. The pair-correlation function is obtained from the density function as
follows: '

G(r)

[o(r")e(r" + r)dv..,

[f1.F@) d% - Fg) 10T +"”)d'devédv,,.

ELR@ - F-Q) e %avg = fiF@) % e vy (1.6)

A = h/2r (normalized Planck's constant)
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In crystallography, the pair-co%relation function is called the Patterson function,
and is the Fourier transform of the quantities lF(Q)Iz directly obtainable by in-
tensity measurements. The density function can only be obtained from the pair-cor-
relation function in special cases. There exist special methods for determining
the phases~experihenta11y, and they can also be obtained if it is known how ﬁany
and what type of atoms the density function represents.

For the time-dependent paft of the general density function, the components of
the Fourier representation are traveling waves and not standing waves as in the
time-independent case.,A Doppler shift occurs and the energy of the neutrons is
not conserved in the scattering process. In order to treat this case, a transfor-
mation is made to a coordinate system in which the density wave being considered
is at rest, and in which. the Bragg law is satisfied, i.e., the transformed veloc-
ities of incoming and outgoing neutrons are equal in magnitude. From Fig.l.l it

Fig.1.1 Velocity diagram for the scattering of
a neutron from a density wave moving with veloc-
ity-V. In the laboratory system the velocities
of the incident and scattered neutron are v, and
v, respectively. The magnitudes of these veloci-
ties are equal in the coordinate system moving
with the density wave

is found that the changes in momentum and energy of the neutrons are detérmined,
respectively, by the velocity and frequency of the density wave, i.e.,

V- v'io- vy :
M Om-= P Om=09 (1.7)
_ A
(v-v) (v+y)=2Vo
R ICHER Y IENE T ' (1.8)

The corresponding double differential cross section is

g @
a::)a?.; = kLo IF(Q:0)]? = Ekg S(Qsw)  » (1.9)

where |F(Q,w)]2 is the particle density of the scattered wave. The multiplication
with k:ko = Vivy gives the flux.
The quantity

[ s(Qu) e'(9F - mt)dVde = G(r,t) ; | _(1.10)



is the time-dependent pair-correlation function, i.e., the weighted. probability of-
finding a particle at r at time t, given another particle at the origin at time
zero. The knowledge of this function is the maximum information which can be ob-.
"tained frop a scattering experiment. A more exact theory of the above processes,
as devé]oped by VAN HOVE ([1.21], must also take into account the change of state of
the scatterer in inelastic scattering. This theory is the starting point in dis-
cussions of all possible scattering experiments.

In a scattering experiment, the follow1ng quant1t1es are to be determined:

1) the change of momentum of the neutrons

2) the energy change caused by the scattering

3) the scattered-intensity, i.e., the frequency with which a scattering process
oceurs.

In order to determine the first two quantities above, the velocity of the neutrons
must be measured.before and after Scattering.

Different types of scattering experimenté can be classified according to the ac-
curacy and range in which momentum and ‘energy changes can be measured. The most
general goal of a scatterihg experiment that can be imagined is to determine the
space-time-correlation function for a system. In order to do ;his,-the scattered
intensities for a series of momentum and energy changes must be determined. The
spread of the {ntensity measurements in Q and » set boundaries on the resolution
of the space variable r and speed, respectively, of the processes:which can be de-
termined. -

The space-time-correlation function is.used to describe‘the dynamics of liquids
and other disordered systems. Because of the isotropy of liquids, the pair-corre-
lation function depends only on |r|, and the corresponding scattering function is
a continuously varying function of |Q], i.e., S(Q,w)="S (|Q|,w). Time-of-flight
measurements are used to determine S (|Q|,w). Two choppers (disk with slits) ro-
tating with the same angular velocity but with a phase difference are used to gen-
erate constant¥velocity neutron pulses of short duration. These pulses impinge on
a sample and the scattered neutrons are registered by detectors placed.at a fixed
distance from the sample. The detection of the scattered neutrons is made as a
function of the flight time from sample to'detector._By the use of a system of de-
tectors, many different values of S(Q,w) can be measured at she same time (Fig. 1.2).

For crystalline solids, S(Q,w) splits into different branches corresponding to '
the acoustical and optical modes of vibration existing in these substances. Here
one-is interested in the dispersion relation which gives the relationship between
frequency and wavelength of the phonons. In order to determine the dispersion re-
lation it is not necessary to include the whole Q,w space in the de{ermination,
but in principle only, ‘the part of this space known as a Brillouin zone. The d%sper-
sion relation in the Brillouin zone must be accurately determined, and a triple-



