
electronic reprint

Acta Crystallographica Section A

Foundations of
Crystallography

ISSN 0108-7673

Editor: D. Schwarzenbach

Simultaneous fitting of X-ray and neutron diffuse scattering data

D. J. Goossens, T. R. Welberry, A. P. Heerdegen and M. J. Gutmann

Copyright © International Union of Crystallography

Author(s) of this paper may load this reprint on their own web site provided that this cover page is retained. Republication of this article or its
storage in electronic databases or the like is not permitted without prior permission in writing from the IUCr.

Acta Cryst. (2007). A63, 30–35 D. J. Goossens et al. � Fitting of diffuse scattering data



research papers

30 doi:10.1107/S0108767306046976 Acta Cryst. (2007). A63, 30–35

Acta Crystallographica Section A

Foundations of
Crystallography

ISSN 0108-7673

Received 25 August 2006

Accepted 6 November 2006

# 2007 International Union of Crystallography

Printed in Singapore – all rights reserved

Simultaneous fitting of X-ray and neutron diffuse
scattering data

D. J. Goossens,a* T. R. Welberry,a A. P. Heerdegena and M. J. Gutmannb

aResearch School of Chemistry, Australian National University, Canberra, ACT 0200, Australia, and
bISIS, Rutherford Appleton Laboratory, Chilton, Oxfordshire, OX11 0QX, UK. Correspondence

e-mail: goossens@rsc.anu.edu.au

Conventional crystallographic refinement uses the Bragg-peak intensities and

gives the single-site average crystal structure. Information about short-range

order and local order is contained in the diffuse scattering that is distributed

throughout reciprocal space. Models of the short-range order in materials can

now be automatically refined. The complementarity of X-ray and neutron

diffraction data, and the value of simultaneously refining a structural model

against both types of data, has long been known. This paper presents the first

refinement of a short-range-order model against comprehensive X-ray and

neutron diffuse scattering data simultaneously. The sample is the organic

molecular crystal benzil, C14H10O2 (for neutron work H is replaced by D). The

technique gives new insights into local order in crystalline materials, including

the dynamic correlation structure indicative of the dynamics of molecules in the

crystalline state, and successfully overcomes limitations of using only the X-ray

data set.

1. Introduction

X-ray diffuse scattering from single crystals allows investiga-

tion of short-range order. This short-range order can be static

or dynamic in nature. It may consist of ordered oxygen

vacancies and cation ordering in an oxide, or molecular

conformations in a molecular crystal amongst many examples

(Welberry, 2004; Bürgi & Weber, 2003; Welberry, Gutmann et

al., 2005). The common factor is that the correlations in

positions or species are not of effectively infinite range and so

the scattering that results is not localized in reciprocal space.

Fitting of laboratory X-ray diffuse scattering data (Welberry

et al., 1998, 2001) shows that, while such data can successfully

constrain the short-range correlations in the structure, they

are limited in their ability to constrain the magnitudes of the

thermal motions and to observe light atoms in the presence of

heavier ones. Simultaneous fitting of X-ray and neutron data

overcomes these limitations. The inability of an earlier study

of the diffuse scattering from benzil to determine the magni-

tudes of thermal motions resulted from the limited reciprocal-

space extent of the laboratory X-ray data (Welberry et al.,

2001). This can be overcome using high-energy synchrotron

X-rays (Estermann & Steurer, 1998); the neutron’s sensitivity

to light atoms, however, cannot be replicated. This sensitivity

is useful in molecular systems because (i) H atoms (or

deuteriums) are common and often important in explaining

the properties; and (ii) H (D) atoms are at the periphery of the

molecule and undergo the greatest motions, resulting in a

strong signal in the scattering if the probe used is sensitive to

these atoms. The technique would be equally useful in oxide

systems where the behaviour of the O atoms may be crucial

but their scattering will be weak compared to that from heavy

cations.

In the study presented here, laboratory X-ray diffuse scat-

tering data are combined with neutron diffuse scattering data

collected at a spallation source to give a detailed picture of the

dynamic short-range order in the hydrogen-bonded molecular

crystal benzil, C14H10O2 (see Fig. 1). In the process, a refine-

ment of a short-range-order model using large regions of both

X-ray and neutron diffuse scattering data is performed. Above

83.5 K, the space group of benzil is P3121 [a ¼ 8:401,

c ¼ 13:655 Å, hexagonal setting (More et al., 1987)]. It has

been shown that deuteration changes the behaviour of benzil

very little (Goossens et al., 2005), hence simultaneous fitting of

room-temperature X-ray data, from hydrogenous benzil

(h-benzil), and neutron data, from d-benzil, is reasonable.

2. Experimental

Diffuse scattering data collection is very demanding (Ester-

mann & Steurer, 1998; Welberry, Goossens et al., 2005) as the

signal covers a very wide dynamic range (typically several

orders of magnitude) and the background must be very well

characterized since diffuse features can be very broad and

weak. In the past, analyses of diffuse scattering have usually

relied on measuring small regions of reciprocal space (Sinha,

2004), but full three-dimensional (3D) modelling of the short-

range order requires many reciprocal cells of data, so high-

quality low-background data must be collected over a wide
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expanse of reciprocal space. When collecting neutron diffuse

scattering, these demands are compounded by the inherently

low intensity of the neutron sources.

Crystals of h- and d-benzil were grown by controlled

evaporation of solvent from a saturated acetone solution into

which a seed crystal was placed. A crystal of approximately

0:5� 0:5� 2 mm was used for X-ray data collection. A larger

crystal (5� 5� 10 mm) was used for the neutron data

collection, which was done using SXD at ISIS (Welberry et al.,

2003).1 Neutrons are sensitive to inelasticity in the scattering

due to their energies being comparable to phonon energies.

Therefore only neutrons of energy >20 meV were used. This

cut-off was determined by increasing the lower limit of the

neutron energies used until the symmetry of the pattern was

restored. (The intensity transfer due to the inelasticity breaks

the crystallographic symmetry of the diffraction patterns.)

This results in the large region of missing data in the centre of

Fig. 2(e).

3. Modelling and refinement

The refinement procedure followed that used previously

(Welberry et al., 1998, 2001), with the substitution of neutron

scattering lengths for X-ray scattering form factors where

appropriate.

The refinement procedure uses Monte Carlo (MC) simu-

lation to equilibrate at finite temperature a model crystal of

32� 32� 32 unit cells subject to a set of interactions whose

parameters are the parameters of the model; as unit cells

cannot be considered identical, the atomic positions cannot be

used as parameters. Hence in the automatic refinement the

interaction parameters are refined such that they induce

correlations in the model crystal which, when Fourier trans-

formed, give a diffraction pattern containing the key features

of the experimental data. Hooke’s law springs (contact

vectors) were used to connect molecules together and allow

short-range correlations to propagate through the crystal. This

results in an intermolecular energy contribution of the form

Einter ¼
P
cv

Fiðdi � d0iÞ2; ð1Þ

where di is the length of vector i connecting atoms on adjacent

molecules, d0i is its equilibrium length and Fi is its force

constant. The sum is over all contact vectors (cv).

For the interactions within a molecule, three torsional

angles are used, allowing the molecules to twist around the

three C—C single bonds (the �i in Fig. 1). The intramolecular

energy for the model is given by summing the contributions

due to the deviations from the equilibrium position over all

applicable angles within each molecule, summing over any

cross terms (used to model interactions between the torsion

angles), then summing over all molecules (mol). That is,

Eintra ¼
P
mol

P
i

Fið��iÞ2 þ
P
jk

Fjk��j��k

 !
; ð2Þ

where in this case the Fi are the angular force constants for

bond angles or dihedral angles i and the ��i are the deviations

from the equilibrium values. Fjk are the interaction constants

for interactions between the torsion angles.

The groups within the molecules were allowed to twist

around the three C—C single bonds (see �i in Fig. 1); the

energy cost of these deviations was modelled through spring

constant F12 in the previous study (Welberry et al., 2001). In

that study, �2 and �3 were given the same torsional spring

constant as �1; here they are able to be differentiated due to

the sensitivity of the neutron data to the motions of H(D)

atoms at the molecular extremities. Hence in total the model

contains 11 contact vector spring constants (F1 to F11), a

torsional spring constant for �1 (F12), one for �2 and �3 (F13), a

cross term for interactions between �2 and �3 (F14), and a cross

term for interactions between �1 and �2 and between �1 and

�3 (F15). (The indices number the F consecutively.)

The total energy is the sum

Etotal ¼ Einter þ Eintra: ð3Þ

At each step of the MC simulation, the energy is calculated for

a single randomly selected molecule. The molecule’s config-

uration is then randomly altered and its energy calculated

again; the altered configuration is kept or rejected depending

on the change in the energy. In this way, the model crystal is

equilibrated, giving a configuration which depends on the set

of contact vectors chosen, the values of the interaction

constants, Fi, and the simulation temperature, T. The model

crystal’s diffraction pattern is then calculated (Butler &

Welberry, 1992) and compared with the observed diffraction

data. Good agreement indicates that the selected contact

vectors and Fi have induced a correlation structure in the

model representative of that in the real crystal.

The original fitting of the X-ray data (Welberry et al., 2001)

showed that the diffuse lines in the observed patterns (Fig.

2(a), an example is noted by a white arrow) are due to strong

longitudinal correlations in the molecular positions, trans-

mitted from molecule to molecule by a hydrogen bond

between O atoms on one molecule and the para H atom on the

next [(Welberry et al., 2001), Fig. 2(b)]. However, the fitting

used an ‘overall’ isotropic temperature factor, Boverall, to give

atomic displacement parameters (ADPs) comparable with

those from single-crystal refinements (More et al., 1987). The

model showed how the �i within a molecule are correlated

(Welberry et al., 2001, Fig. 4), and arrived at an estimate for the

energy of the libration of a phenyl ring (rotations around �2

and �3) of 38.0 cm�1. This compared well with ab initio

molecular orbital calculations. However, these results were

compromised by the need to use Boverall, and because the

torsional spring constant on �2 and �3 could not be differ-

entiated from that on �1. Hence there is a need to refine the

model using data that are a more stringent test – neutron

diffraction data.
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at the back of the journal.
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Synchrotron X-ray data also offer the opportunity to collect

diffuse scattering over a much wider range of scattering

vector, and so would also be expected to better constrain the

thermal motions than laboratory X-ray data alone. Similarly,

results from single-crystal refinements can be used as

constraints, and the use of results from conventional diffrac-

tion experiments and also non-diffraction-related techniques

as constraints on a short-range-order model is something

being explored. For organic systems, which can be deuterated,

neutrons still have the advantage of being sensitive to the

molecules undergoing the greatest thermal motions.

Four slices of X-ray data were used, hk0, hk1, hk2 and hk1
2.

These extend out to approximately �4a� in reciprocal space

(Figs. 2a, b, c, d), with the images used being 200� 200 pixels.

Three slices of neutron data were used, hk0, hk1 and hk2.

Each extended out to approximately �12a� and was

400� 400 pixels in size (Figs. 2e, f, g). A greater number of

slices constrains the model further but increases the computer

time required.

4. Results

Fig. 3 shows the planes of reciprocal space calculated from the

final model fitted to X-ray and neutron data. These diffraction

patterns can be compared directly with those in Fig. 2, and as
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Figure 2
Observed diffuse scattering from benzil at room temperature: (a) gives
the hk0, (b) the hk1, (c) the hk2 and (d) the hk1

2 planes measured using Co
K� radiation. (e), ( f ) and (g) give the hk0, hk1 and hk2 planes measured
using neutron diffraction. Arrowed lines highlight the linear features
discussed in the text. Some Bragg peaks are noted to indicate the scales of
the images. White gives regions of intense scattering graduating through a
red palette to black which is zero intensity.

Figure 1
(a) Schematic diagram of the benzil molecule, with internal degrees of
freedom, rotations around the torsional axes, denoted by the �is. D
indicates deuterium, as deuterated benzil was used for the neutron
diffraction data collection. (b) View of the benzil unit cell looking at the
ac plane. Molecules can be thought of as spiralling up the c axis and
forming three planes of molecules, each parallel with the ab plane. (c)
View of the unit cell looking down the c axis onto the ab plane.
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can be seen the agreement is excellent. The R factor is 18.8%,

where

R ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�2P
!I2

obs

s
; ð4Þ

�2 ¼ P
h;k;l;m

!hklmð�IÞ2 ð5Þ

and

�I ¼ Iobs � ðbm � fmIcalcÞ; ð6Þ
where the background, bm, and the scale factor, fm are deter-

mined independently for each plane (m) during the �2

calculation and ! is a weighting. All slices of data were

weighted equally. This R factor at first glance seems large, but

the model, containing 15 parameters (two of which are zero

and can be omitted), is fitting 445841 data points, including

many in the neutron data for which the statistics are poor

when compared with X-ray scattering.

The large characteristic features around the Bragg peaks

(an example is circled in Fig. 2a) are well matched, and the

thin lines of scattering – really planes, as they extend up

through all the observed layers – are also well reproduced.

Crucially, Figs. 3(e), ( f) and (g) demonstrate that the diffuse

features are of the correct relative sizes over a wide range of

scattering-vector length. This implies that the ADPs are of the

correct size, which is illustrated in Fig. 4. The agreement is not

perfect because the molecule here has far fewer degrees of

freedom than in a conventional crystallographic fit, but plainly

the scale of the ADPs is correct, as are the trends when
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Figure 4
Biso from the X-ray single-crystal Bragg structure (triangle, calculated
from anisotropic ADPs, omitting H atoms) (More et al., 1987), from
neutron powder diffraction on deuterated benzil (black square, multi-
plied by ð300=150Þ1=2 as the data were collected at 150 K rather than room
temperature), from the X-ray-only diffuse scattering fit (white square)
without applying Boverall (omitting H atoms), and from the combined fit to
X-ray and neutron diffuse data (black diamond). Labels on the horizontal
axis accord with those shown in Fig. 1, with hydrogen and deuterium
being considered as equivalent.

Figure 3
Calculated diffuse scattering from the model described in Table 1. (a)
gives the hk0, (b) the hk1, (c) the hk2 and (d) the hk1

2 for X-rays. (e), ( f )
and (g) give the hk0, hk1 and hk2 planes for neutron scattering.
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compared with X-ray single-crystal and neutron powder

diffraction results. The results from the X-ray-diffuse-only

model show the Bisos without the contribution of Boverall

(� 6:17 Å2). The trend with atom is correct (even if too weak)

but the magnitudes are not acceptable (H atoms omitted from

X-ray results). It can be seen that the combined neutron +

X-ray model provides a much better fit both in magnitude and

in the trends exhibited by the values. Full anisotropic ADPs

are available from diffuse scattering; Biso values are listed for

conciseness.

5. Discussion

The final set of refined intermolecular spring constants from

the combined fit, F1 to F11, are listed in Table 1 (cf. Welberry et

al., 2001, Table 3). The constants are all greatly scaled down

relative to the earlier model (on average by a factor of � 38),

which allows the greater thermal motion to occur, but the

same springs have remained relatively strong or weak, indi-

cating that the correlation structure produced by the X-ray

modelling is essentially intact. The major exception is that F4 is

relatively stronger (scaled down by a factor of � 19) in the

combined fit while F7 has become much weaker (scaled down

by a factor of 69). All contact vectors but 4 and 7 act either

within the ab plane (1, 2 and 11) or along the c axis (3, 5, 6, 8, 9

and 10). Overall, the combined significance of 4 and 7 is little

changed; indeed the balance between the contributions of the

three groups of contact vectors (‘ab’, ‘c’ and ‘4 and 7’) to the

molecular energy is almost the same here as in the X-ray work.

Hence the X-ray data were capable of determining the relative

importance of the intermolecular interactions, but not capable

of determining their magnitudes.

Fig. 2(e) shows that the neutron data close to the origin of

reciprocal space are absent due to the strong inelastic effects

seen there (Welberry et al., 2003). This is where the planes of

scattering that lie perpendicular to the hk0 plane (see for

example the arrow in Fig. 2a) are most pronounced. It was

found that refining the model against neutron data only

resulted in a reduction in the strong longitudinal correlations

in the molecular positions as transmitted by hydrogen bonding

between the O atoms of one molecule and the para H atom on

the next. This meant that, when the model refined purely

against neutron data was used to predict the X-ray diffuse

scattering, the planes of scattering as seen in Figs. 2(a), (b), (c)

and (d) were almost entirely absent. This suggests that the

excellent statistics and resolution of the X-ray experiment and

its ability to measure close to the origin of reciprocal space

means it is a stronger constraint on the longer-ranged corre-

lations, while the large reciprocal-space coverage of the

neutron data complements this by more strongly constraining

the thermal motions.

The energetics of the internal molecular motions were re-

examined in the light of this more quantitative model. The

spring constant on �2 and �3 suggests that the energy of the

phenyl group twisting is 35:3� 0:2 cm�1, in very close agree-

ment with the result in the previous study (38 cm�1), which

was itself in good agreement with ab initio results for an

isolated molecule and with experimental Raman measure-

ments (Hanuza et al., 2004). This indicates that the torsional

vibrations of the phenyl rings are not strongly altered by the

crystal environment. The same ab initio calculation showed

that the lowest mode of vibration was a twisting around the

centre bond – corresponding to �1. This is indeed found to be

the case here, where F12 and F13 are well differentiated, with

F12 being effectively zero; unlike when fitting the X-ray data

alone, fixing F12 ¼ F13 degraded the fit substantially, with the
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Figure 5
Some short-range correlations in benzil as revealed by diffuse scattering.
Hollow symbols apply to neighbours in the a direction while filled apply
to neighbours along the c axis. Diamonds show correlations between
a-direction displacements of neighbours, triangles give correlations
between c-direction displacements while squares give y-direction
displacements, where y completes a Cartesian set of coordinates. Circles
give correlations in the values of �1 on neighbouring molecules.

Table 1
Spring constants in units of kBT from the final combined X-ray and
neutron model (X+N, averaged over eight cycles of refinement after the
model had converged; uncertainties were also calculated from these
cycles), compared with those from the X-ray-only study [X, cf. Model 2
from Table 3 in Welberry et al. (2001)].

Num. is the number of each type of interaction associated with each molecule.
Ratio X/(X+N) gives the ratios of the spring constants from the two models.

Parameter Num. X X+N Ratio X/(X+N)

F1 4 120.0 3.90 (6) 31
F2 4 48.6 1.20 (9) 40
F3 4 15.7 0.25 (9) 63
F4 4 85.7 4.4 (3) 19
F5 4 34.8 0.67 (9) 52
F6 2 16.5 0.82 (3) 20
F7 4 145.6 2.11 (3) 69
F8 2 76.8 2.11 (6) 36
F9 4 120.4 4.1 (7) 29
F10 2 80.3 2.9 (1) 28
F11 4 37.8 1.40 (9) 27
F12 1 0.159 0.000 (1) N/A
F13 2 0.159 0.140 (3) 1.1
F14 1 0.000 0.000 (1) N/A
F15 2 0.000 0.0067 (5) 0.0
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best R factor being 22.2% when F12 ¼ F13. The Boverall in

Welberry et al. (2001) contributed an uncorrelated global

displacement to the whole molecule so could not compensate

for any internal motions. Hence the spring constants on �2 and

�3 remain little changed, and give much the same estimate for

the energy of the phenyl libration. Of the cross terms, F14 is

also effectively zero while F15 was found to be small but

positive, indicating a negative correlation between deviations

in �1 and the other angles. In reality there is not a ‘zero-

energy’ mode around the central bond, because (i) molecular

motions are inhibited by the intermolecular interactions and

(ii) interaction between �1 and the other angles is not zero.

The model’s structure was examined to gain insight into the

real crystal. Fig. 5 shows correlations in displacements as a

function of neighbour. A positive correlation indicates that

displacements are parallel, such that the correlated molecules

will tend to maintain their separation. The plot shows that

displacements in the direction of the vector connecting

neighbours tend to be stronger (diamond and filled triangle)

while those perpendicular are weaker. It also shows that ��1

is negatively correlated for molecules adjacent along the c axis,

which is to say ��1 tends to be of opposite sign for molecules

adjacent along the c axis, while it is uncorrelated for neigh-

bours in the a direction (and in the hk plane generally). Other

correlations (not plotted) show that the cross correlations

between displacements (for example between a-direction

displacements on a molecule and the c-direction displace-

ments on its neighbour) are weak, as are correlations between

�2 and �3 on neighbours and cross correlations between the

torsional angles within a molecule.

6. Conclusions

A simultaneous fitting of a 3D short-range-order model to

large areas of X-ray and neutron diffuse scattering data has

been performed. Using the neutron data, the fit was able to

differentiate the torsional spring constants on molecular

torsional degrees of freedom, owing to the sensitivity of

neutrons to the atoms at the molecular extremities (H/D) and

the greater extent in reciprocal space of the neutron data. This

also better constrained the atomic displacement parameters of

the model. The final model agreed broadly with the correla-

tion structure determined from the previous X-ray refinement.

The short-range dynamic correlation structure was

revealed, showing how the conformation of a molecule influ-

ences its neighbours. Information on how the crystalline

environment affects molecular conformation can lead to a

better understanding of polymorphism, significant in the

pharmaceutical industry. Hence this technique offers a

powerful new way to explore the dynamics and short-range

order within solids, including pharmaceuticals and, potentially,

large biomolecules, as it gives a model of how the molecules

interact and how their configurations propagate. For other

types of systems, such as substituted oxides, better under-

standing of short-range order offers new opportunities to tune

a material’s properties and optimize its technological useful-

ness.
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