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4. DIFFUSE SCATTERING AND RELATED TOPICS
or perpendicular to the radial direction (within the scattering
plane) (corresponding to an ! scan),

Munich) for common solid-state investigations. Information
about all these instruments can be found in the respective
handbooks or on the websites of the facilities.

L1D; ?; per ¼ ð22 þ 21 þ 400 tan2   4001 tan Þ1=2 ð1= cos Þ:

4.2.8.2. Powders and polycrystals

ð4:2:8:7Þ

The diffuse background in powder diagrams also contains
valuable information about disorder. Only in very simple cases
can a model be deduced from a powder pattern alone, but a
reﬁnement of a known disorder model can favourably be carried
out, e.g. the temperature dependence may be studied. On account
of the intensity integration, the ratio of diffuse intensity to Bragg
intensity is enhanced in a powder pattern. Moreover, a powder
pattern contains, in principle, all the information about the
sample and might thus reveal more than single-crystal work.
However, in powder-diffractometer experiments preferred
orientations and textures could lead to a complete misidentiﬁcation of the problem. Single-crystal experiments are generally
preferable in this respect. Nevertheless, high-resolution powder
investigations may give quick supporting information, e.g. about
superlattice peaks, split reﬂections, lattice strains, domain-size
effects, lattice-constant changes related to a disorder effect etc.
Evaluation of diffuse-scattering data from powder diffraction
follows the same theoretical formulae developed for the determination of the radial distribution function for glasses and
liquids. The ﬁnal formula for random distributions may be given
as (Fender, 1973)
P
IDp ¼ fhjFðHÞj2 i  jhFðHÞij2 g si sinð2Hri Þ=ð2Hri Þ: ð4:2:8:9Þ

Note that only the radial scan yields a simple  dependence
ð 1= sin Þ.
From these considerations it is recommended that integrated
intensities from scans perpendicular to a diffuse plane or a diffuse
streak should be used in order to extract the disorder cross
sections. For other scan directions, which make an angle  with
the intersection line (diffuse plane) or with a streak, the L factors
are simply L2D; ? = sin  and L1D; ? = sin , respectively.
One point should be emphasized: since in a usual experiment
with a single counter the integration is performed over an angle
! via a general ! : ðg2Þ scan, an additional correction factor
arises:
!=H ¼ sinð þ Þ=ðk0 sin 2Þ:

ð4:2:8:8Þ

 is the angle between H0 and the scan direction H ; and
g ¼ ðtan  þ tan Þ=ð2 tan Þ deﬁnes the coupling ratio between
the rotation of the crystal around a vertical axis and the rotation
of the detector shaft. The so-called 1:2 and !-scan techniques are
most frequently used, where  ¼ 0 and 90 , respectively.
White-beam techniques: Techniques for the measurement of
diffuse scattering using a white spectrum are common in neutron
diffraction. Owing to the relatively low velocity of thermal or
cold neutrons, TOF methods in combination with time-resolving
detector systems placed at a ﬁxed angle 2 allow for a simultaneous recording along a radial direction through the origin of
reciprocal space (see, e.g., Turberﬁeld, 1970; Bauer et al., 1975).
The scan range is limited by the Ewald spheres corresponding to
max and min , respectively. With several such detector systems
placed at different angles or a 2D detector several scans may be
carried out simultaneously during one neutron pulse.
An analogue of neutron TOF diffractometry in the X-ray case
is a combination of a white source of X-rays and an energydispersive detector. This technique, which has been known in
principle for a long time, suffered from relatively weak white
sources. With the development of high-power X-ray generators
and synchrotron sources this method has now become highly
interesting. Its use in diffuse-scattering work (in particular, the
effects on resolution) is discussed by Harada et al. (1984).
Some examples of neutron instruments dedicated to diffuse
scattering are the diffractometers D7 at the Institut Laue–
Langevin (ILL, Grenoble), DNS at the Forschungsneutronenquelle Heinz Maier-Liebnitz (FRM-II, Munich), G4-4
at the Laboratoire Léon Brillouin (LLB, Saclay) or SXD at ISIS,
Rutherford Appleton Laboratory (RAL, UK). The instrument
DNS uses a polarization analysis for diffuse scattering (Schweika
& Böni, 2001; Schweika, 2003) and the SXD diffractometer is a
TOF instrument using a (pulsed) white beam (Keen & Nield,
2004). All these instruments are equipped with banks of detectors. The single-crystal diffractometer D19 at the ILL, equipped
with a multiwire area detector, is also suitable for collecting
diffuse data. The ﬂat-cone machine E2 at the Hahn–Meitner
Institut (HMI, Berlin) is equipped with a bank of area detectors,
has an option to record higher-order layers and can also be
operated in an ‘elastic’ mode with a multicrystal analyser. The
instrument D10 at the ILL is a versatile instrument which can be
operated as a low-background two-axis or three-axis diffractometer with several further options. Neutron diffractometers that
have recently become operational are BIX-3 at the Japan Atomic
Energy Research Institute (JAERI, Japan), LADI at the ILL,
where neutron-sensitive IPs are used for macromolecular work
(for a comparison see Niimura et al., 2003), and RESI at the
Forschungsneutronenquelle Heinz Maier-Liebnitz (FRM-II,
Copyright © 2010 International Union of Crystallography

i

si represents the number of atoms at distance ri from the origin.
An equivalent expression for a substitutional binary alloy is
P
IDp ¼ ð1  Þfj f2 ðHÞ  f2 ðHÞj2 g si sinð2Hri Þ=ð2Hri Þ:
i

ð4:2:8:10Þ
A quantitative calculation of a diffuse background is also
helpful in combination with Rietveld’s method (1969) for reﬁning
an averaged structure by ﬁtting Bragg data. In particular, for
highly anisotropic diffuse phenomena characteristic asymmetric
line shapes occur.
The calculation of these line shapes is treated in the literature,
mostly neglecting the instrumental resolution (see, e.g., Warren,
1941; Wilson, 1949; Jones, 1949; and de Courville-Brenasin et al.,
1981). This is not justiﬁed if the variation of the diffuse intensity
becomes comparable with that of the resolution function, as is
often the case in neutron diffraction. The instrumental resolution
may be incorporated using the resolution function of a powder
instrument (Caglioti et al., 1958). A detailed analysis of diffuse
peaks is given by Yessik et al. (1973) and the equivalent considerations for diffuse planes and streaks are discussed by Boysen
(1985). The case of 3D random disorder (incoherent neutron
scattering, monotonous Laue scattering, averaged TDS, multiple
scattering or short-range-order modulations) is treated by Sabine
& Clarke (1977).
In polycrystalline samples the cross section has to be averaged
over all orientations:
Z
dp 0
nc
d 0 0 0
ðH ÞR ðjH j  jH0 jÞ dH0 ;
ðH Þ ¼ 2
ð4:2:8:11Þ
d
d
H
where nc is number of crystallites in the sample; this averaged
cross section enters the relevant expressions for the convolution
product with the resolution function.
A general intensity expression may be written as (Boysen,
1985)
P
In ðH 0 Þ ¼ P mðTÞAn n ðH 0 ; TÞ:
ð4:2:8:12Þ
T
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4.2. DISORDER DIFFUSE SCATTERING OF X-RAYS AND NEUTRONS
(d) Slowly varying diffuse scattering in three dimensions
3 = constant. Consequently, the intensity is directly proportional to the cross section. The characteristic functions 0, 1 and
2 are shown in Fig. 4.2.8.2 for equal values of T and D. Note the
relative peak shifts and the high-angle tail.

4.2.8.3. Total diffraction pattern
As mentioned in Section 4.2.7.3.2, the atomic pair-distribution
function (PDF), which is classically used for the analysis of the
atomic distributions in liquids, melts or amorphous samples, can
also be used to gain an understanding of disorder in crystals. The
PDF is the Fourier transform of the total scattering. The
measurement of total scattering is basically similar to recording
X-ray or neutron powder patterns. The success of the method
depends, however, decisively on various factors: (i) The availability of a large data set, i.e. reliable intensities up to high H
values, in order to get rid of truncation ripples, which heavily
inﬂuence the interpretation. Currently, values of Hmax of more
than 7 Å1 can be achieved either with synchrotron X-rays [at
the European Synchrotron Radiation Facility (ESRF) or Cornell
High Energy Synchrotron Source (CHESS)] or with neutrons
from reactors (e.g. instrument D4 at the ILL) and spallation
sources [at ISIS or at LANSCE (instrument NPDF)]. (ii) High H
resolution. (iii) High intensities, in particular at high H values.
(iv) Low background of any kind which does not originate from
the sample. High-quality intensities are therefore to be extracted
from the raw data by taking care of an adequate absorption
correction, correction of multiple-scattering effects, separation of
inelastically scattered radiation (e.g. Compton scattering) and
careful subtraction of ‘diffuse’ background which is not the ‘true’
diffuse scattering from the sample. These conditions are in
practice rather demanding. A further detailed discussion is
beyond the scope of this chapter, but a more thorough discussion
is given, e.g., by Egami (2004), and some examples are given by
Egami & Billinge (2003).

Fig. 4.2.8.2. Line proﬁles in powder diffraction for diffuse peaks (full line),
continuous streaks (dot–dash lines) and continuous planes (broken lines).
For explanation see text.

P denotes a scaling factor that depends on the instrumental
luminosity, T is the shortest distance to the origin of the reciprocal lattice, mðTÞ is the corresponding symmetry-induced
multiplicity, An contains the structure factor of the structural
units and the type of disorder, and n describes the characteristic
modulation of the diffuse phenomenon of dimension n in the
powder pattern. These expressions are given below with the
assumption of Gaussian line shapes of width D for the
narrow extension(s). The formulae depend on a factor
M ¼ A1=2 ð4k21  H02 Þ=ð32 ln 2Þ, where A1=2 describes the dependence of the Bragg peaks on the instrumental parameters U, V
and W (see Caglioti et al., 1958),
A21=2 ¼ U tan2  þ V tan  þ W;

ð4:2:8:13Þ

and k1 ¼ 1=.
(a) Isotropic diffuse peak around T
0 ¼ ½2ðM 2 þ D2 Þ1=2 ð1=T 2 Þ
 expfðH 0  TÞ2 =2ðM2 þ D2 Þg:

ð4:2:8:14Þ
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1= sin2 . This result is valid for diffuse peaks of any shape.
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R1 2
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ðT þ H 2 Þ1=2
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1

 expfH 0  ðT 2 þ H 2 Þ1=2 =2ðM2 þ D2 Þg dH:

ð4:2:8:15Þ

The integral has to be evaluated numerically. If ðM 2 þ D2 Þ is not
too large, the term 1=ðT 2 þ H 2 Þ varies only slowly compared to
the exponential term and may be kept outside the integral,
setting it approximately to 1=H02.
(c) Diffuse plane (with R2 ¼ Hx2 þ Hy2 )
R
2 ¼ ðM2 þ D2 Þ1=2 R2 =ðT 2 þ R2 Þ
 expfH0  ðT 2 þ R2 Þ1=2 =2ðM 2 þ D2 Þg dR:

ð4:2:8:16Þ

With the same approximation as in (b) the expression may be
simpliﬁed to
2 ¼=H 0 ½1  erffðT  H 0 Þ=½2ðM 2 þ D2 Þ1=2 g
þ 1=H 20 ½2ðM 2 þ D2 Þ1=2
 expfðH 0  TÞ2 =2ðM2 þ D2 Þg:

ð4:2:8:17Þ
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