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attempted. In these data, a useable Qmax ¼ 20 !A"1 was achieved,

equating to a real-space resolution of 0.31 !A. Further processing was

carried out on all data sets to obtain the total scattering reduced

structure function, F(Q), and the TSPDF, G(r), using the program

PDFgetX2.11 A summary of data processing steps is provided as

ESI.† The total scattering data, presented as F(Q), and the resultant

TSPDFs for the amorphous and polycrystalline samples of CBZ are

shown in Fig. 2.

F(Q) for the melt-quenched sample (Fig. 2(b)), measured over

a wide enough range ofmomentum transfer and properly normalized

(see ESI),† is rich in information content compared to a conventional

laboratory-based XRPDmeasurement (e.g. Fig. 1). Close inspection

shows no clear Bragg diffraction, confirming a lack of long-range

order in the sample. F(Q) clearly distinguishes the polycrystalline

samples CBZ III and I (Fig. 2(a) and (c), respectively) with the melt-

quenched sample showing a closer resemblance to that of CBZ III

than CBZ I.

Transforming F(Q) to G(r) (i.e. the TSPDF; see ESI)† allows

interpretation and comparison to be carried out in real space. There is

a striking resemblance between the TSPDF of CBZ III and the melt-

quenched sample. Full-profile comparisons of the TSPDFs in the

range dominated by inter-molecular interactions, 3–20 !A, for the

three samples using PolySNAP12 yielded a correlation co-efficient of

0.8389 for themelt-quenched andCBZ III TSPDFs (perfect match¼
1.0; see ESI).† The next closest similarity was observed for melt-

quenched CBZ and form I, but yielding a correlation coefficient of

only 0.5164.

Given such close agreement between the melt-quenched and form

III TSPDFs, the structural similarity between these samples was

explored in more detail. The TSPDF of CBZ-III was modified by

attenuating the TSPDF peaks in the high-r region to simulate the

effects of reducing the range of structural coherence (or long range

ordering) on the data, assuming spherical particles. If the internal

atomic arrangement of a nanocrystalline domain resembles that of

a bulk crystalline analog, its TSPDF resembles that of the bulk except

that the amplitude of the TSPDF peaks is attenuated with increasing

r due to the loss of far-neighbour correlations outside the particle.

This can be modelled by multiplying the crystalline PDF with the

auto-correlation of the shape function of the particle as done here (see

ESI).†

The overlay shown in Fig. 3 was obtained using a nanocrystalline

domain diameter of 4.5 nm. The excellent agreement between the

attenuated TSPDF from CBZ III and the melt-quenched CBZ

TSPDF is definitive proof that the local packing in themelt-quenched

sample is that of form III with a range of structural coherence of

4.5 nm. It is interesting to ask whether the sample is made up of

discrete 4.5 nm nanocrystallites of form III or whether it is truly

a homogeneous amorphous structure with short-range molecular

CBZ III-like packing. The data suggest the former since the sharpness

of features in the TSPDFs is preserved with increasing r whilst their

amplitude is simply reduced, which is not the behaviour seen in truly

amorphous samples. We thus conclude that the structure of the melt-

quenched CBZ used in the measurement is actually nanocrystalline

CBZ III with an average particle diameter of 4.5 nm. Although the

TSPDF of the melt-quenched sample is well explained by CBZ III

attenuated by the PDF characteristic function for a sphere, we cannot

rule out that there is a dispersion of nanoparticle sizes centered

around the value of 4.5 nm. For example, narrow dispersions with

#10% polydispersity are well explained using the characteristic

function for a single sphere.

A similar analysis has also been carried out on a melt-quenched

sample of IND, and the results are shown in Fig. 4. Again, F(Q)

shows the melt-quenched IND sample to be X-ray amorphous (no

evident Bragg diffraction) and rich in structural information. The

highest correlation coefficient from full-profile comparisons of the

TSPDFs of melt-quenched, a and g IND in PolySNAP was 0.6770,

returned for the melt-quenched and a-IND phases. This is signifi-

cantly lower than the highest value obtained for the CBZ TSPDF

comparisons. All other coefficients were less than 0.5 (ESI).† Thus,

the TSPDFs indicate that the local structure of the melt-quenched

IND sample at 100 K is largely distinct from the a and g crystalline

forms. This contrasts with the suggestion based on crystallization and

spectroscopic evidence that below Tg (315 K
13) amorphous IND has

a local structure, with dimeric hydrogen bonding, similar to the g
form.14 Linear combinations of the a and g crystalline phases also do

not give good agreement with the TSPDF from the melt-quenched

sample. Further comparisons with the d form of IND were not

possible at the time of writing as neither a crystal structure nor

experimental TSPDF were available.15 However, this result clearly

shows that the TSPDF can readily characterise distinct local molec-

ular packing arrangements in the amorphous IND sample. We note

Fig. 2 Total scattering diffraction patterns and TSPDFs of CBZ. Panels

(a) and (d) correspond to CBZ III, (b) and (e) to the melt-quenched

sample and (c) and (f) to CBZ I; (a), (b), (c) show the total scattering data

in the form of F(Q) (see ESI)† whilst (d), (e), (f) are in the form of the

TSPDF, G(r).

Fig. 3 Comparison of TSPDF from the melt-quenched amorphous

sample (green) and CBZ III (blue), modified as if it were a 4.5 nm

nanoparticle (see text for details). PolySNAP correlation coefficient

0.8601.
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The use of high-energy X-ray total scattering coupled with pair

distribution function analysis produces unique structural fingerprints

from amorphous and nanostructured phases of the pharmaceuticals

carbamazepine and indomethacin. The advantages of such facility-

based experiments over laboratory-based ones are discussed and the

technique is illustrated with the characterisation of a melt-quenched

sample of carbamazepine as a nanocrystalline (4.5 nm domain

diameter) version of form III.

The majority of active pharmaceutical ingredients (APIs) are mar-

keted as crystalline forms for reasons of stability. However, the

formation, stability and performance of amorphous solids are also of

significant interest within pharmaceutical research and development.

Whilst the amorphous state can confer desirable properties to an

API, such as increased aqueous solubility,1 the inadvertent produc-

tion of non-crystalline material during processing can also lead to

uncontrolled variability in physical and chemical attributes. The

potential for commercial exploitation of amorphous APIs is often

complicated by their tendency to revert to amore thermodynamically

favourable, and less soluble, crystalline state. Although the identifi-

cation, characterisation and quantification of amorphous pharma-

ceuticals has received considerable attention, little is known about

local ordering in amorphous APIs due to the lack of reliable exper-

imental probes. The powerful tools of crystallography begin to lose

their power for structures on the nanoscale; conventional X-ray

powder diffraction (XRPD) patterns become broad and featureless in

these cases (Fig. 1) and are not useful for differentiating between

different local molecular packing arrangements.2 Accordingly,

XRPD is generally used simply to identify such samples as non-

crystalline (i.e. ‘X-ray amorphous’).

It has recently been suggested that Fourier transforming conven-

tional laboratory XRPD data‡ to obtain the atomic distribution

function (PDF)3,4 allows more structural information to be extrac-

ted.5 The PDF, G(r), yields the probability of finding an atom at

a distance r from any reference atom and so provides information on

local structure in real space. However, this approach is intrinsically

limited by the relatively low momentum transfer magnitude Q

(4psinq/l) values typically accessible in the laboratory environment,

resulting in a PDF of limited real-space resolution. For an accurate

PDF across a wide range of r, data should be collected with low

instrumental background and good counting statistics to high Q.

These requirements can be met by combining high-energy

(synchrotron) X-rays with imaging plate detectors.

In this work, a high-energy XRPD method known as total scat-

tering,3 coupled with Fourier transformation and PDF analysis, is

applied to individual X-ray amorphous samplesx of the anti-epileptic
drug carbamazepine (CBZ; Fig. 1) and the non-steroidal anti-

inflammatory drug indomethacin (IND). This approach is referred to

as the total scattering pair distribution function (TSPDF) method to

differentiate it from the approach of obtaining the PDF from

conventional laboratory XRPD data.5The TSPDFmethod has been

widely applied to inorganic materials to study amorphous structures6

and more recently crystalline and nanocrystalline systems,3,7 but its

application to molecular systems has to date been very limited.

Total scattering data were collected{ frommelt-quenched samples

of CBZ and IND as well as polycrystalline samples of CBZ I and III8

and a9 and g10 IND. The short wavelength used (0.137#A), combined

with an appropriate data collection strategy enables data to be

recorded over a sufficiently high Q-range to provide the necessary

resolution in real-space for quantitative structural analysis to be

Fig. 1 Molecular structures and laboratory Cu Ka1 XRPD patterns for

X-ray amorphous melt-quenched samples of CBZ (top) and IND

(bottom).
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UK Priority Research Areas

>>Digital Economy

>>Energy

>>Nanoscience through engineering to application

>>Towards next-generation healthcare

>>Ageing – lifelong health & wellbeing

>>Global uncertainties

>>Living with environmental change
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XPDF Beamline design



Si crystal cut Energy
(keV)

2D detector Qmax

(Å–1)
Full Qmax

(Å–1)
111 40.0 23 41

220 65.3 38 66

311 76.6 44 78

XPDF Beamline design



XPDF Referees: Points for discussion

>>Monochromators: Number and type (Laue/Bragg)

>>Background: Minimising !uorescence and sample background

>>Detectors: Scanning vs 1D vs 2D

>>Focussing: Compound refractive lenses

>>Wiggler: Opportunity for I-15 upgrade?

>>Beam stop and low-Q component



XPDF Referees: Dedicated PDF?

The XPDF proposal delivers a 
compelling scienti"c case that is 
clearly internationally competitive. 
A dedicated beamline will certainly 
go a long way in delivering the 
science that is proposed.

The decision to optimize the 
beamline purely for PDF studies 
rather than making technical 
compromises in order to carry 
out diverse experiments is 
clearly the right one.

The push for a simple to operate and 
stable beamline will ensure that the focus 
of the XPDF is scienti"c output.



Entropically Stabilized Local Dipole
Formation in Lead Chalcogenides
Emil S. Božin,1 Christos D. Malliakas,2 Petros Souvatzis,3 Thomas Proffen,4 Nicola A. Spaldin,5

Mercouri G. Kanatzidis,2,6 Simon J. L. Billinge1,7*

We report the observation of local structural dipoles that emerge from an undistorted ground state
on warming, in contrast to conventional structural phase transitions in which distortions emerge
on cooling. Using experimental and theoretical probes of the local structure, we demonstrate this
behavior in binary lead chalcogenides, which were believed to adopt the ideal, undistorted rock-salt
structure at all temperatures. The behavior is consistent with a simple thermodynamic model in
which the emerging dipoles are stabilized in the disordered state at high temperature due to the extra
configurational entropy despite the fact that the undistorted structure has lower internal energy.
Our findings shed light on the anomalous electronic and thermoelectric properties of the lead
chalcogenides. Similar searches may show that the phenomenon is more widespread.

Ferroelectric materials are characterized
by a spontaneous alignment of static local
dipole moments leading to a net electric

polarization that can be switched by an applied
electric field (1). Above their critical Curie tem-
perature, Tc, they undergo a phase transition to
a higher symmetry, nonpolar state, which by anal-
ogy with ferromagnets is called paraelectric. Al-
though the question of whether the paraelectric
phase consists of fluctuating local dipole mo-
ments or entirely centrosymmetric arrangements
of atoms remains open (and likely depends on
material, temperature, and length scale), the tran-
sition from paraelectric to ferroelectric on cool-
ing always involves a lowering in symmetry that
is well described within the traditional Landau
picture of phase transitions, for example, in
BaTiO3 (2). In PbTe and PbS, we have observed
the existence at high temperature of such a para-
electric phase of disordered, fluctuating dipoles,
but the ground state rather than being the ferro-
electric state is a dielectric with no local dipoles.
There is no macroscopic symmetry change asso-
ciated with the spontaneous local dipole forma-
tion, so the behavior is invisible to conventional
crystallographic techniques. We detect the local
atomic off-centering at high temperature using
recently developed local structural probes.

Lead chalcogenides such as PbTe and the
mineral galena (PbS) have been known and ex-
ploited since ancient times (3). They are partic-
ularly important today, with PbTe currently
the leading thermoelectric material in applica-
tions just above room temperature (4). Despite

their long history, their nanoscale structure has
only recently been studied in detail (5–7), mo-
tivated by the realization that intrinsic nanoscale
structural modulations are helpful in produc-
ing low thermal conductivity and, therefore,
high thermoelectric figures of merit (4, 8). Such
studies of the nanostructure have been enabled
by powerful synchrotron-based local structure
probes, such as atomic pair distribution function
(PDF) analysis (9, 10). The PDF is obtained by
Fourier transforming appropriately collected
and corrected x-ray or neutron powder diffrac-
tion data (9) and has peaks at positions corre-
sponding to interatomic distances in the solid.
We show in Fig. 1B the PDF of the simple rock-
salt structure (Fig. 1A) that the lead chalco-
genides were previously believed to adopt at all
temperatures. Because both Bragg and diffuse
scattering signals are used, the PDF yields local
structural information rather than just the aver-
age crystallographic structure.

Our main results, obtained from temperature-
dependent neutron diffraction studies, are sum-
marized in Fig. 1, C to I. Because PbTe and PbS
behave qualitatively similarly, we present only
the PbTe results in the figure; data for PbS are
contained in figs. S1 and S2 in the supporting
online material (11). The dramatic effect of tem-
perature on the structure of PbTe is evident in
the powder diffraction pattern, shown in the form
of the corrected and normalized diffraction in-
tensity function F(Q) (11) in Fig. 1C. This figure
also serves to illustrate the high quality and good
statistics of the neutron powder diffraction data
collected over a wide range of momentum trans-
fer, Q (Q = 4psinq/l, where q is the Bragg angle
and l the wavelength of the x-rays or neutrons).
The dramatic loss of intensity in the Bragg peaks
at highQ in the 500 K data (red) compared with
the 15 K data (blue) is clear. The attenuation is
due in part to the usual Debye-Waller effects (12)
from increased thermal motion; however, the
extent of the changes is extraordinarily large. In
Fig. 1, D and E, we show the PDFs at 15 K and
500 K, respectively; the effect of temperature on
the PDFs is anomalous, with notable broadening

evident at 500Kcomparedwith 15K. (The scale in
Fig. 1E is one-fifth that in Fig. 1D.)

To study the temperature-induced local struc-
tural effects in more detail, we next analyze the
temperature dependence of the low-r region,
where r is the interatomic pair separation dis-
tance, of the PDF (Fig. 1F), where measured PDFs
are shown every 50 K from 15 K to 500 K. The
PDF peak broadening is reflected in the drop in
the maxima of the peaks. Particularly striking is
the drop in the nearest-neighbor peak, which oc-
curs as rapidly as those in the higher-neighbor
peaks. This strong broadening of the nearest-
neighbor PDF peak does not occur in conventional
materials. This is because of the highly correlated
dynamics of nearest-neighbor atoms (13), which
results in the relative motion of directly bonded
atom pairs having a much smaller temperature
dependence than the higher-neighbor pairs.

In Fig. 1, G and H, we show the Pb-Te nearest-
neighbor peak on an expanded scale. At 15 K
(Fig. 1G), the peak appears as a sharp, single-
Gaussian function with small ripples coming
from the finite Q range of the Fourier transform,
so-called termination ripples (9). The red line is
a calculated PDF peak with a pure Gaussian
line-shape, convoluted with a sinc function to
simulate the effects of the finite Fourier trans-
form (9). This is characteristic of a single aver-
age bond length with harmonic motion taking
place around that position, indicating that the
ground state of PbTe at 15K is ideal rock-salt in
both the local and average structures, as expected.
However, at 500 K (Fig. 1H), the peak is consid-
erably broadened and qualitatively non-Gaussian,
with extra intensity apparent on the high-r side
of the peak. This unambiguously indicates the
appearance of nonharmonic effects with increas-
ing temperature.

We have quantified the asymmetry of this
peak, and in Fig. 1I we plot the temperature de-
pendence of a PDF peak asymmetry param-
eter, ∆RASYMM (11). It has a value of zero for
a perfectly symmetric peak such as a Gaussian,
and its numerical value increases as the peak be-
comes more asymmetric. As evident in Fig. 1I,
the asymmetric nature of the first PDF peak
increases continuously from 15 K to ~250 K,
where it saturates.

The non-Gaussian asymmetry can be inter-
preted either in terms of strong anharmonicity in
a single-welled potential probed by the atomic
motions or by the appearance of multiple, incom-
pletely resolved, short and long bond lengths
under the nearest-neighbor PDF peak, charac-
teristic of quasistatic structural dipoles in ma-
terials studied using the PDF (14, 15). Figure 1F
points to the latter interpretation because it is
evident that higher-neighbor peaks are also losing
their Gaussian character at high temperature.
Despite being globally rock-salt, characteristic
of lone-pair–inactive Pb2+ compounds (6), the
local structure behaves like that in ferroelectrically
distorted lone-pair–active Pb2+ compounds such as
PbTiO3 (14). The off-centered ions are disordered
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From local structure to nanosecond
recrystallization dynamics in
AgInSbTe phase-change materials
Toshiyuki Matsunaga1,2, Jaakko Akola3,4,5, Shinji Kohara2,6, Tetsuo Honma6, Keisuke Kobayashi7,
Eiji Ikenaga6, Robert O. Jones3,8, Noboru Yamada1,2*, Masaki Takata2,6,9,10 and Rie Kojima1

Phase-change optical memories are based on the astonishingly rapid nanosecond-scale crystallization of nanosized amorphous‘marks’ in a polycrystalline layer. Models of crystallization exist for the commercially used phase-change alloy Ge2Sb2Te5(GST), but not for the equally important class of Sb–Te-based alloys. We have combined X-ray diffraction, extended X-rayabsorption fine structure and hard X-ray photoelectron spectroscopy experiments with density functional simulations todetermine the crystalline and amorphous structures of Ag3.5In3.8Sb75.0Te17.7 (AIST) and how they differ fromGST. The structureof amorphous (a-) AIST shows a range of atomic ring sizes, whereas a-GST shows mainly small rings and cavities. The localenvironment of Sb in both forms of AIST is a distorted 3+3 octahedron. These structures suggest a bond-interchange model,where a sequence of small displacements of Sb atoms accompanied by interchanges of short and long bonds is the origin of therapid crystallization of a-AIST. It differs profoundly from crystallization in a-GST.

Phase-change (PC) recording is used extensively in rewritable
high-density storage media, particularly in optical recording
discs, for example digital versatile disc—random access

memory (DVD-RAM), digital versatile disc re-recordable (DVD-
RW) and Blu-ray disc—rewritable (BD-RE), and non-volatile
computer memory such as PC random access memory (PC-RAM).
Information is stored as a row of nanosized amorphous marks in
a polycrystalline layer or cell arrays and accessed by means of the
difference between optical or electrical properties in the amorphous
(a-) and crystalline (c-) phases1. The most common materials are
GeTe–Sb2Te3 pseudobinary compounds2 (group 1 in Fig. 1a) and
Sb–Te binary compounds with small amounts of In, Ag and/or
Ge, for example Ag3.5In3.8Sb75.0Te17.7 (AIST), shown as group 2 in
Fig. 1a (ref. 3). It is well known that recrystallization in the two
groups is strikingly different: in group 1 it proceeds mainly by way
of nucleation inside themarks (Fig. 1b), in group 2 by way of crystal
growth from the rim (Fig. 1c; ref. 1).

Materials in both groups have superior rewrite speeds and their
amorphous phases are stable at room temperature (RT) for long
periods, indispensable characteristics of PC memories. Elements
in groups v and vi (including As, Sb, S, Se and Te) readily form
disordered structures4 that are often short lived at RT (a supported
a-Sb film crystallizes in a few minutes), but compounds containing
other elements, including Ag and In or Ge, can remain amorphous
at RT for several decades. Pronounced stability implies a low
tendency to crystallize, but this process can be accelerated greatly
by laser irradiation or electric heating. A rapid transformation

1Panasonic Corporation, 3-1-1 Yagumo-Nakamachi, Moriguchi, Osaka 570-8501, Japan, 2JST, CREST, 5 Sanbancho, Chiyoda-ku, Tokyo 102-0075, Japan,3Institut für Festkörperforschung, Forschungszentrum Jülich, D-52425 Jülich, Germany, 4Nanoscience Center, Department of Physics, University ofJyväskylä, PO Box 35, FI-40014 Jyväskylä, Finland, 5Department of Physics, Tampere University of Technology, PO Box 692, FI-33101 Tampere, Finland,6Japan Synchrotron Radiation Research Institute/SPring-8, 1-1-1 Kouto, Sayo-cho, Sayo-gun, Hyogo 679-5198, Japan, 7Beamline Station at SPring-8,National Institute for Materials Science, 1-1-1 Kouto, Sayo-gun, Hyogo 679-5198, Japan, 8German Research School for Simulation Sciences, FZ Jülich andRWTH Aachen University, D-52425 Jülich, Germany, 9RIKEN SPring-8 Center, 1-1-1 Kouto, Sayo-cho, Sayo-gun, Hyogo 679-5148, Japan, 10Department ofAdvanced Materials, University of Tokyo, Chiba 277-8561, Japan. *e-mail: yamada.noboru@jp.panasonic.com.

Te

Ge(In, Ag, Sn)

GeTe

Group 1

Group 2

Sb70Te30
Sb2Te3

Sb(Bi, Au, As)

a b

c

Figure 1 | Phase diagram of PC materials and crystallization patterns.
a, The most commonly used materials for optical recording are in groups 1
and 2. b, Nucleation-dominated recrystallization (as in GST).
c, Growth-dominated recrystallization (AIST).

to the crystalline phase can occur within tens of nanoseconds in
amorphous Ge2Sb2Te5 (GST) and AIST materials5,6, which then
have both the long-term stability and the rapid switching needed for
effective PCmemories. Crystallization is the rate-limiting process in
all PCmaterials, and an atomistic understanding of it is essential.

There have been many studies of crystalline GST (rock salt)
and AIST (A7) materials1,7. The average number of p electrons is
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