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SCLENCE AND ENGINEERING RESEARCH COUNCIL
DARESBURY LABORATURY

A REVIEW OF THE POWDER DIFFRACTION PROJECT JANUARY - JUNE 1988

By R J CERNIK

SECTION A

STATION 9.1

The station has been substantlally rebuilt, there 1s a new front end and
monochromater assembly, the working area outside the hutch has been re-
deslgned, the diffractometer drive system has been replaced and several new
detectors including a curved position sensitive detector have been acquired.
The statlon was ready for commissiloning on 20 January 1988, unfortunately a
serles of vacuum and shutter problems on 9.l have meant that only 120 shifts
from a possible 248 have been useable up to the end of the first scheduling
period in 19838. During these 120 shifts the Ffollowing projects have been

undertaken:

1. 51(111) monochromator test

2. Wavelength scanning

1. Structural studies of zeolites

4. Analysis of the line broadening standards BaF, and LaBg

5. Data collection for Rietveld reflnement for three samples of Bi-5r-Ca-Cu
High T. superconductors.

6. Studies of the kinetice of ordering processes in minerals

7. Preliminary in situ electrochemistry experiments

8. Studies of amorphous materials using anomalous dispersion

9. Phase translition and kineticse of the Kaclinite - meta Kaolinite
transformation using a furnace and curved positfon sensitive detector

10. Characterisation of CdTe-InS5b surface structures.

1. Honochromator tests

Principal Investigator: R J Cernik

A channel cut Si{l1l) monochromator has been used as the standard on

etation 9.1 Ffor the past three years. After the new front end was

31.1/1 1

completed the intensity output from the monochromator was monitored as a

function of time as the shutter was opened and closed. Fig 1 shows the
regults, It can be clearly seen that immediately after the shutter ls
opened the intensity drops rapidly by 25%. The amount of intensity lose
depends upon the gize of the polychromatic beam that is imcident on the
first monochromator crystal, The monochromator angle also changes the
specific heat loading on the crystal, the larger the angle (ie longer
wavelength) the more marked the effect. The heating effects can be
reduced by backfilling the monochromator vessel with He gas and by using
a very small beam size. However the original design concept of the
gtation was for a wide incident beam on the monochromator crystal so that
the wavelength could be changed without altering the height of the

monochromatic beam defined by the fine exit slits.

A water cooled channel cut monochromator has been designed and built by
M Hart and will be installed and tested in late July 1988, This
monochromator should significantly benefit those users working with

wavelength longer than L.2ZA.

Wavelength scanning
Principal Investigators: P Adams, P Hattom, H Jahns ABTAT 241

The energy resolution of a conventional energy dispersive experiment
using polychrometic radiatlion is detector limited. A method of achieving
a higher energy resolution is to maintain the specimen and detector at a
fixed angle, and to vary the monochromator angle in fine steps. The
energy resolution is then limited by the accuracy of the monochromator

drive system.

A preliminary attempt to evaluate this technique was carried out on 9.!
using Indium Iodide, Fig 2 shows the unnormalised results from this
specimen, the beam size was (0.7 x 5)mm, the detector angle was fixed at
15° 26, the detector recelving slit was set to 0,5mm, the counting time
was 1| second per point, and the monochromator steps alze was 4 m deg,
giving an approximate energy resolution of 4eV. The total data
collection time was 2} hours and covered the energy range B8.7-28 KeV.
The monltor count for this run is shown in Fig 3. The increase 1in
intensity follows the synchrotrom profile. 1In addition approximately 44

multiple reflection “glitches" can be seen.



The energy dispersive technique s particularly useful when using
environmental cells with limited angular apertures such as a diamond
anvil cell. Such cells require very small beam creoss sections, typically
100pym in dlameter, 1f we were Lo use a comparable beam size in the
wavelength scanning mode the intensity would drop by a facter of
approximately 350. With the current experimental design on 9.1 a typical
wavelength scan through a diawmond anvil cell with a beam cross section of
100um? would take approximately thirty days even for a wmodest energy
range, This technique is therefore currently only suitable for use on an
environmental cells that can tramsmit or reflect beams of a similar size

to those used in the conventional monochromatic angular scans.

Structural studies of zeolites
Principal Investigators: A M Glazer, L B McCusker, also Shell Amsterdam

Several groups both from academic and industrial backgrounds are
interested Iin the possibility of solving crystal structures ab initic
from powder diffraction data. This is necessary since many industrially
and chemically important substances cannot be grown as single crystals
large or pure enough for conventional Laboratory four circle methods;
Examples are many of the new high T, oxide superconductora, zeplitea and

industrial multi phase catalysts.

The experimental arraogement on 9.1 for high resoclution powder
diffraction consists of a diffractometer in Debye—Scherrer geometty with
a large apecimen - detector distance (640mm). The specimen is mounted in
a thin walled capillary tube which is bathed with the incident radiatiea.
The diffracted beam passes through a double slit and evacuated beam pipe
assembly before the signal 1is detected, The detector le usually a high
resolution Harshaw Nal(Tl) scintillation counter, but sclid state

detectors and propeortional counters are also available.

Fig 4 shows a spectrum collected on 9.1 for silicalite, a zeolite with a
complex but known structure. The diffraction pattern shown here has been
normalised for beam decay and has had the background subtracted.
Automatic peak finding {using a second derivative algorithn) followed by
autoindexing (P E Werner's TREOR) led directly to the correct unit cell.

The critical step in the data processing is the extraction of accurate

ceflecrion intensities Ffrom the powder diffraction profile. This was
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accomplished with a mwodified version of Pawley's ALLHKL program. The
program does a whole-pattern reflnement of all symmetry-allowed
reflection intensities (assuming a Gaussian peak shape), the unit cell
parameters, the 28 zero correction, and the FWHM function. For Debye~
Scherrer geometry with a simple slit system, a Gaussian peak shape is

quite valid and describes the test example peaks well.

Fig 4 shows the raw data, the calculated fit, the residual intensity and
the peak positions. 1Tt can be seen that even when seven peaks overlap to
give only two distinguishable peaks at 20 = 22,5° a good fit can be
achleved. The resldual 18 due mainly to the non Gaussian nature of the
peak tails. Hence a modification to the code to include the peak shapes
18 planned.

Once a set of indexed peaks 1is obtained together with a set. of integrated

intensities a structural solutlon can be attempted.

Data were collected from a zeolite (ZPBB) with an unknown structure,
parts of the data collection are ghown in Figse 5 and 6. A major problem
with zeolites is that they are poor scatterers and the data rapldly falls
off with increasing angle. The peaks shown in Fig 5 are well resolved
having peak halwidths of 0.065°. Fig 6 shows the same data set at higher
angles, the structural information is still present with the synchrotron
data although of reduced statistical signiflcance, The best laboratory
results so far on this compound using the Stoe high resclution system do
not show any detail of quallty above 28 = 40°. This compound 1s

currently belng analysed.

Once a physically and chemically sensible structural model has been
obtained, the atructure may be refined either by conventicnal least
squares or by using the method of Rietveld. Thie is a whole pattern
refinement technique for which a comprehensive suite of programs has been

developed by Drs A D Murray and A N Fitch.

Line broadening studies

Principal Investigator: J I Langford

BaF and LaBG are pogalble candidates for an international line-

2

broadening standard. While the BaF, gives slightly sharper lines than

the LaB; with a conventional diffractometer (A = 0.7A Cu Ka), the line
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breadths from 9.1 (A = 0.7A) are essentlally the same. This suggests
that the differences observed previously are due rto small differeuces in
absorbtion at the longer wavelength and are not due te residual intrinsie

broadening with LaB,

The quality of the high resolution data from 9.1 is excellent, especlally
for BaFy, the full data set is shown in Eig 7. The peaks fit well to
either a Volght or pseudo Voilght function, Flg 8 shows the 420 peak
fitred with the latter, the FWHM is 0.031°, the mixing parameter is 0.3,

and the peak position was found to be better than 1 x L0~" degrees.

The Ffull width half maximum function has a minimum value of 0.03° (28)
at 20-25° (20) for both samples (figs 9 and 10), and there 1s little
varfation in the 1integral breadth (B) over the range scanned. Sample
broadening is evidently very small or negligible. A preliminary enalysis
of peak shapes for LaBg indicates that the profiles are intermediate
between a Gaussian and a Loremntzian, and tend towards the latter as 28
increases. 1f Voight Functions are assumed, the Gaussian component 1is
essentlially constant over a wide range of angle, but Increases at low
angle due to axial divergence. Fig !l shows the integral breadths (B)
and the Gaussian (Bg) and Lorentzlan (@j) components of the Voight
function for LaB,. Fig 12 shows the equivalent results for BaF,. The
Gausslan components for both specimens are constant with 28, except for
the axial divergance component, which could in future be removed, either
by using a narrower incldent beam or by using Soller slits. Fig 13 shows
the increase in the Lorentzian component of both specimens. This 1s
approximately linear with 28 but increases more rapidly for LaBg. This
indicates that the resolution function of the Iinstrument is not the major

component of the line width.

Both data collections were punctuated with port closures due to beam line
vacuum fallures. The counting times for both experiments were therefore
not sufficiently long to produce data of the highest statistical quality.
This can be seen in the spread of points on the LaB, data compared with
the BaF, on figas 9 and 10,

However the initial analysis of the data collected during thils period
indicates that these data have the best resolution yet seen in Debye-

Scherrer geometry, coupled with a high count rate and symmetric peak
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shapes. For the Future it is planned to collect more data on a fewer
number of peaks over a wider 28 range in order to improve the quality of
the counting statistics. Coupled with the already excellent angular
resolution. Station 9.1 will offer excellent opportunities for the

guantitative analysis of polycrystalline materlals.

High T, supercenductors
Principal Investigators: J I Langford and W I F David

One sample of a Bi-Sr—Ca-Cu superconductor was prepared at Birmingham and
two were prepared at the Rutherford Appleton Laboratory. Two of three
datasets were sultable for further processing - and Rietveld refinement
showed that both have the same structure a8 Bi, SR; Ca Cu, Oz, R factors

are as follows

Rp % Rwp % Re %
Birmingham sample 7.9 9.9 6.3
RAL sample 10.0 13.0 6.1

The results of the RAL refinement were presented at the British

cryatallographic meeting at Warwick 1988.

The Kinetics of Ordering Processes in Minerals

Principal Investigators: E Salje, § Redfern and A Graeme-Barber

Dlsorder and strain are of fundamental importance to the energetics of
crystal wminerals. ldeas previously applied to the understanding of
thermodynamic equilibrium states of minerals undergoling phase transitions
are now belng extended by Salje and co-workers teo the problems of off-
equilibrium kinetic behaviour. Two mineral eystems have recently been

invesrigated by high resolution powder diffraction at beamline 9.1.

a) Hexagonal-Orthorhombic transition in Cordierite

Splitting of the 211 hexagonal Bragg peak in cordierite (a framework
mineral) has already been employed as a measure of the straln order
parameter, Q. The sttuctural distortion is found to be a function of

annealing time for hexagonal matecial crystallized from glass in the



orthorhomblce stabllity field, Recent study has focusaed on the role
of cation substitution on the kinetle and structural behaviour at
this phase transitioen, A sulte of potassium bearing cordierites
annealed for varlous times has revealed that the introduction of
potassium reduces the maximum spoutaneous strain associated with the
distortion aithough the kinetic behavioucr is ocherwise similar to
that in pure Mg-cordierite. The potassium intreduces local strain
fields which act as the conjugate field to the order parameter Q.
previous iaterpretations of the effects of porassium were confused
due to the lack of resolution of convencional diffractometers. The
high resolution results at the SRS have lead to a fuller
understanding of the role fo cation substitutfon in relation to the

conjugate field.

b) Al/S1 Ordering in Na~feldapar

The kineties of Al/Si ordering within the tetrahedral framework of
Albite (Na-feldapar} hae been investigated by means of observation of
the changes in the 131 powder line as a function of annealing time
for a serles of partially disordered samples. The line profile
represents a power spectrum of the states or order, Q, in a sample.
For the first ttme a kinetic pathway has been correlated with a
sequence of progressively inhomogeneous sotates of order finally
converging on a homogeneously ordered sample (Q; = 1). This
exciting result ties in with an approach to the kinetics of ordering
which applies Landau theory to off-equilibrium time dependent
processes, and provides the first supportive evidence for this
approach. Again, the Eine changes In line profile have been observed
with the aid of high resolution scane over a small 28 range at the

powder diffractometer.

Fig 14 shows the theoretical prediction for the evolution of the order
parameter as a function of time. Four synchrotron runs on specimens that
were annealed for 5, 21, 46 and b4 daye are also shown, These can be
geen in more detail in Fig 15. Graph 1 corresponds to the specimen that
was annealed for 5 days, 2 - 21 days, 3 - 4b days and 4 - b4 days.
Spectrum 4 has the true background value, the other spectra have had 1000

counts succeseively added for clarity in the dlagram,
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Preliminary in-situ electrochemiatry

Principal Investigators: S J Doyle and K Roberts

Studies of Zn and ZnFe phosphate formation on steel surfaces

Initial studies in the electrochemistry programme have centred on the
formation of Films of zinc and zinc-iron phosphates on stael. It is
known that such films provide corrosion protection to the steel, and this
effect is almost universally used in the motor {ndustry to protect car
bodles prior to painting. Due to technical problems with the In-situ
cell the atudies reported at present were carried out ‘'ex-situ', on
samples whlch were prepared fmmediately prior to X-ray characterisation.
It 48 hoped in forthcoming beamtime to extend these weasurements to in-

sltu characterigsation.

The two phosphates of intereat in corresion inhibition are the zine
phosphate hydrate Zna(POu}z.QHZD, and the zinc-iron phosphate hydrate
ZnyFe(P0, ), 4H,0, Both these salts occur naturally as the minerals
hopeite and phosphophyllite respectively, and it haa been shown that the
effectiveness of corrosion Inhibition is determined by the ratio of both
phosphates, and not by the presence of either one alone. MNormally the
process of phosphating is carried out in a solution of phosphoric acid
containing the required amounts of 1lron and zinc salts. 1In this way a
relatively constant proportion of both phosphates 1s formed. The
reaction 18 normally carried out at ‘rest potential’, fe under open
circult conditions, and the product 1s a mixture of both hopelire and
phosphophyllite, but it 1is also possible teo drive the reaction
electrochemically to produce an excess of one or other of the salts; for
example cathodic deposition, where the steel 1a at a negative potential
with respect to the reference electrode, gives a hopeite rich phosphate
deposit, while anodic deposition gives a phosphophyllite rich surface

layer.

An initial examination of the effect of varying potential on the
formation of the phosphate layer clearly illustrates that the deposition
product is potential dependent. Figure L53(a) shows both the observed and
predicted powder diffraction patterns for three different cases, the
first (a) being for deposition under cathodic conditions, where we expect
the product to be mainly hopelte, then (b), deposition under normal open
circuie conditiona, where a mixture of hopelte and phosphophyllite is



expected, and finally (c), deposition at anodi¢ potential, where the
product ghould be mainly phosphophyllite. The strong similarities
between the predicted and observed patterns demonstrates the rtole of

electrochemlcal control in the nature of the product.

It has also been possible to observe the development of the phosphate
film as a function of exposure time to the phosphating solution, and the
results, {llugtrated in Elgure 15(d), showns that even after Cimes as
short as a few seconds 1t 18 possible to detect the presence of the
phosphate layer on the steel substrate, Detectlon of crystallisaticn in
thie early stage is of importance in relation to the adhesive properties

and stability of the deposited crystalline phases.

Studies of amorphous materials using anomalous scattering

Principal Investigators: Professor J Finney and Dr G Bushnell-Wye

Progress was made recently in the development of experiments which
explolt anomalous scattering te study amorphous and poorly-crystalline
substances. A group from Birkbeck College are c¢ollaborating in a CASE
award wlth BP to 1investigate materials in which catalyst particles,
present 1in only a few percent by welght, are supported by inert
substrates. Although the refurbished station was not fully optimised for
thle type of study, and despite beam injection problems following a short
shutdown, with the improved flux now available on this station it was
possible to demonatrate clearly the anomalous scattering by the metal
component énd these effects confirmed the presence of cother compounds.
The higher Q .range achieved provided additlonal data and better apacial
resolution whereas, perhaps more significantly, the improved signal to
noise ratio greatly iIncrease the chances of obtaining reliable
quantitative detalls of the particles' shape and size from peak profile

analysis.

A Eour bounce monochromator system, based upon a free flex flexural pivot
design will soon be ready for operation. Thiz monechromator
configuratlon will reduce the &i/Xx distribution inm the main beam, and
alsoc improve the control stabllity driving in c¢lose to an absorbtion
edge. In addition the new water cooled monochromator will be available
from July 1988 and this will significantly Iincrease the intensity
avallable especially at the Ni edge.

(Example)

X-ray Anomalous Diffraction Study of Aqueous NiCl,.

A. ). Dent,)? P. §. Jarrett,? A. G. Orpen?

} Daresbury Labozatory, Daresbuey, Warringlon WA4 4AD.
Department of Chemistry, Univecaity of Manchealer, Mandu-?le: M13 9PL.
3pepartment of horganic Chemistry, Univerily of Bristol, Bristol BS8 1T5S.

The study of the structure of complex disordered spsteins by x-tny diﬂ'rm:ti‘on haa I..radi-
tionally been hampered by the one-di jonal data that can be measured. Ty.punll'y asingla
x-ray warelength is employad and » total structure factor 5(q) (¢ = 4x 3in #/2) ix derived l'ro‘m
the coherent diffcacted intensity as a function of scattering angle (26). From 5{q), » cadial
disttibution function G(r) may be derived by & Fourier trafaform. Use ul'. maltiple x-rny
wavelengths, measuring S{g) a3 a function of x-ray encegy close o nn nb:orphnn. edge, wlllere
substantinl changes in scattering factor occur, nay Jead to enhanced abructural ml'orrnulwr‘n.

Qur firat study using synchrotron radiation on station 8.1 at the SRS enabled un to ubl_mn
the difference structure factor AS(q) and corresponding difference radinal distribution function
AG(r) For the nickel environment. However, the results were Jimited by poor signal to noilel (1]
We have recently recollected the data after the modifications to station 9.1 and a coluparison
of the old (top) and new {battom) raw data are shown below. The improved !Ignl\.l.to noise
ralic is quite evident, although part of this i due to a twolold increase in sarple size. The
detailed ditferences between the spectra are due to a different sample halder.

We nre confident that the improved data will lead to a greater understanding of the struc-
ture of aquecus NiCly, although improvements to the atability of the monochromatar are
required Lo allow the x-ray enecgy to be defined accurately.

[1] A. J. Dent (1988) Ph. D. Thesis, Bristol University, in print.

4500 4+

500 1+

4000 +

1500

Intenelity fhrbicesry Unissl

0 10 20 50 &0 50 50 7a Ba 0 0 o 120
28

Figure I' The raw diffracted intensity (rom 4.2 wolal anueons NiCly al an x-ray energy of
8.01 keV (= 300 eV below the Ni K-edye) pre (Lop) and post [bottoin) Lhe needificationg te
station 9 1.



Phase Transltlon and Kinetics of the Kaolinite = wmeta kaolinite
Tranaformation using a Furnace and Curved Posltlion Sensitive Detector
Principal Investigetors: P Barnes, S Tarling, S Clark, J Jones, R Cernik
and E Dooryhee

The kaolinite -~ merta kaolinite transformacion is the central
transformation in many industrial processes lavolving the calcining of
clay materials and furnacing or hydrothermal activation of alumino
allicates. The structure of kaolinite has now been solved using a
combination of X-ray and neutron diffraction, but the meta — kaolinite
structure being semi or completely amorphous has not been adequately
modelled. It is important to model however since the industrial energy
cost of the transformation i3 high and the crystal chemlstry 1is still

unresolved.

The reaction temperature is approximately 585°C, the kaolinite specimen
was therefore mounted in the newly acquired GTP furnace. This is shown
in Fig 16, the sample is mounted in a flat plate specimen holder (2)
which is rotatable through a gear mechanism in the furnace mount (3).
The incident X-ray beam from the monochromator vessel emerges (4) and
falls on the specimen. The diffracted pattern is recorded by anm Inel
curved positfon sensitive detector (1) with a 120° aperture. The
detector is mounted on the diffractometer 28 arm (5), the detector can
therefore also be scanned. Fig 17 shows the furnace with the cover (l)
A beryllium window (2)

allows the inclident beam in and the diffracted besm out. The jacket is

and heating element 1n place ready for use.

water c¢cooled (3) and the heater element 1is supplied through cables (4)
from a transformer in the hutch., The maximum tested temperature for the
furnace as measured with the internal K type thermocoupler is 800°C at a
presaure of 5.1 x 10-% torr. A Full temperature calibratlon with
standard specimens sktill remalns one of the immediate priorities Eor the
furnace. There was insufficient time to carry this out during the
current run, the information collected on the transitlion is therefore
The neutronic controller provided satisfactory temperature

The oscillation of *0.5°C in a

qualitacive.
stability with a short response tlme.
ramping segment was acceptable even when heating as fast as 25°C/min,
however the ramping is less smooth below 100°C. The contrel over a dwell
segment is good with typically a small overshoot of 1°C and a negligible

temperature drift,
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A summary of the position sensitive detector is given in Appendix I
written by Dr G Bughnell-Wye. One of the problems assoclated with using
a detector with such a large aperture is that scattering from many
sources 1s seen and detected. Two examples of peaks extranecus to the
specimen are the scattering from the Be window on the end of the beam
pipe, and the scattering from the Be window on the furnace. A number of
possible solutlions are being investigated, including replacing the Be

with amorphous Kapton foll, and building a set of radial Socller slits.

Fig 18 shows the Kaolinite - meta kaolinite transformation, the
temperature scale on the right is in degrees C but is uncalibrated. The
onset of the phase transition is known to sccur approximately B80° higher.
However the tranasltion can clearly be seen., The seml amorphous stage
appears to have been reached by the 8th spectra. The small peak on the
left hand side 18 due to a Be window. Data collection times were 300s
per spectrum and the statistical specimen is good even in the amorphous
phase. The possibllikies for Kinetics work on 9.1 have therefore been
considerably improved by the addition of the Inel positlon sensitive

detector.

Characterisation of CdTe-InSb superlattices

Principal Investigators: J E MacDonald, K Conway, R Hine and R Potter

There 18 conslderable current interest 1In the use of saingle and
multilayer etructures of the narrow bandgap semiconductors CdTe and InSb
as infra-red detectors. Thelr use in practical devices is however limted
by the quality of the {nterface between the two materials. As part of a
collaboration between University College Cardiff, RSHE Malvern and Night
Vislon we are eamploying a laboratory-based double crystal diffractomer
and the powder diffraction station at Daresbury to investigate cthe
quality of CdTe-InSb heterojunctions and superlattices grown by molecular
beam epitaxy. Scans of the (004) and (006) peaks (figs 18(a) and 18(b}
regpectively) of a periocd superlattice of 900A CdTe - 900A InSb display
a series of fringes arising from the coherent interference between the
periodic layers, in addition to the substrate Bragg peak. These Eringes
are observed for pguperlattices composed of layers of thickness greater
than 200A.
with a broad CdTe peak are observed, indicating that ordered, discrete

However, for thinner layers, the substrate peak together

cerystalline layers are not formed. This may be due to either a chemlcal
reaction or roughness at the interface. Furcher investigatlon using

Tranamission Electron Microscopy 1ls in progress.
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SECTION B

STATION 8.3

Principal Investigators: A N Fitch, R Cernlk, P Pattison and € R A Catlow

The new high-resolutlon diffractometer at station B.,) 1is situated on a
bending magnet of the storage ring, and 1is equipped with a channel-cut
slilicon (111} monochromator, giving a range of X-ray wavelengths from
1-2.5A. The sauple is contailned in a rotating flat-plate specimen holder
which Le being loaded by Dr A N Fitch (see Flg 19), and scanning in either
8/20 mode or at fixed mample orlentation is possible. Owing to the parallel
nature of eynchrotron radiation in the vertical sense, the resolutlon of the
instrument is controlled by a set of long, fine, diffracted-beam collimators,
as described by Parrish and Hart |l|. To¢ enter the detector, photons from
the incident beam must fulfil the strict conditions of scattering direction
imposed by the eollimators, Fig 20. For 8.3, peak widths of about 0.05° are
obtained for highly crystalline samples. A coacser eet of vertical Soller
slits minimises the effects of the axlal divergence of the incident
radiation, so that well-defined, symmetric peaks are obtained, even down at

low angles,

The optics of the lastrument ensure that the positions of the diffraction
peaks are largely free from a number of systematlc and geometric ercrors which
can occur with conventional X-ray dlEfractometers. The diffractometer is
therefore ideally sulted to obtaining accurate peak positions for precision
lattice parameter measurements. Accurate peak positions are also essential
for the determlnatlon of the unit cell and for indexing of the patter in ab-
initlo structure determination from powder data alone. There Is increasing
interest in direct determluation of crystal structure from powder-diffraction
data, for the wilde range of materials for which single crystals are very
difficalt ocr Lmpossible to grow, eg industrial catalysts (which may be
multl-component systems) or the new classes of oxlde superconductors. The
diffractometer is equipped with high-resolutlion encoders linked directly to
the 20 and sample (w) axes, with a precision of 0.0001 and §.001,

respectively.
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Peak positions have been found to be reproducible to 0.0004%, ie within 2
standard deviations of the average peak position determlned by least-squares
fitting of an agssumed peak-shape function to the diffraction proflle, Fig 21.
For specific specimens however the peak poslitlons have been found to betrer
than 0.0001°. The diffractometer 1s driven by D.C. motors with direct
feedback from the encoders, so that the detector or the sample may be rvapldly
driven to any desired angular poslitlon. At present, data are collected in
the step-scan mode, but modificatlons are planned to allow continuous
scanning, thus leading te wmore-rapid rates o¢f data acqulsition. The
excellent signal to noise of the data will be useful 1in revealing samall
quantitiea of crystalline impurity phases in a sample, or (for the

identification of weak superlattice reflections.

As well as operating in a monochromatic, angle-scanning configuration, the
diffractometer can be operated in an energy-dispersive mode. By fixing the
detector at a chosen angle (28), and by scanning the monochromator through
its r;nge of accessible wavelengths (i), the Bragg condition (nX = 2dsind)
can be fulfilled at wavelengths cortesponding to the varlous lattice spacings
(d) of the sample. 1In this way a diffraction pattern can be obtalned, with a
resolution more than an order of magnitude better than that obtailned using
the conventional energy-dispersive technique, fe wusing white radiation and
an energy-sensitive detector. The geometry of this arrangement has great
advantages when using restricted sample environments, eg a pressure cell

with fixed entrance and exit windows.

Although operational for only about two months, a number of Iimportant
experiments have already been carrled out which illustrate the scope and

potential for the new diffractometer.

The high intensity of the synchrotron radiation and the flat-plate nature of
the sample are lde?lly gulted to experiments on thin, crystalline surface
layers. Thus experlments, pecrformed by workers from the University of Kent,
on a 5Suym layer of lead phthalocyanine on a saphire support showed that the
structure of the film is quite dlfferent from that of the bulk materlal.
Thin fllms of wmetal phthalecyanines exhiblt marked changes 1in thelr
conductivity in the presence of adsorbed gases (eg nitrous oxides NOy) thus

providing the bases for a slmple, cheap and highly-sensitive sensor.
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A layer of oxide grown on metal substrate can be under considerable stress,
owing to the mismatch between the structures of the two components, or to
differences in thelr thermal expansivity. It is recognised that these
stresses can plan an important role in the adhesive properties of the fllm;
as to whether {t eticks, forming a protective layer, or whether ir spalls
off, leaving an exposed area where renewed oxidation can occur. The stresses
in the layer cause small changes in the spacings of lattice planes as a
function of ctheir inc¢lination to the surface of the sgample. Thus by
observing the change in the position of a diffracrion peak with sample
orlentation, these stresses can be investigated. Wicth 8.3 there are no
problems assoclated with parafocussing, peak broadening or beam penetration
as are observed with conventilonal diffraction geometries. Meagurements on
layers of Ni0O (5 - 20 ym) on Ni, (provided by AERE Harwell), showed, from
very small splittings of the peaks, that the Ni0 layer has a rhombohedral
structure. Very small, stress—induced peak shifts from 0.001 to 0.04° with
sample orientation were easily identifiable owing to the high resclution and

preclsion of the diffractometer drive system.

Data collected on the ulcer drug "Cimetidine”, by workers from Chemical
Crystallography in Oxford, {llustrate the excellent quality of the
diffraction patterns that can be obtalned, Fig 22. Such data should be
guitable for least—squares refinement by the Rietveld method, which
calculates a complex diffraction profile as a gum of overlapping peaks of
assumed peak shape (eg Gauagsian, pseudo-Volght). Peak positions are
determined from the refined values of the lattice parameters {(and zero
point), peak widths follow a eimple function of 6, and peak intensities
depend on the structure factors and hence on the refined values of the atomic

parameters,

Rietveld refinement is belng performed on a number of samples of cement,
(Birkbeck College, London). Distinection betwen the wvarious proposed
structural models for this multi-component system will eventuzlly be
possible, leading to a greater understanding of the solid-state chemlstry of

this {mportant material.

|1] W Parrish and M Hart, Transactions of rhe Americanm Crystallographic
Assoclation, 21, 51, {1985).
M Hart and W Parrish, Materlals Science Forum, 9, 39, (1986).
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SECTION C

ENERGY DISPERSIVE DIFFRACTION
Brincipal Investigators: S M Clark, K Hoberts, P Barnes, M Hart and
C R A Catlow

There has been conslderable interest In energy-dispersfive powder diffractlon
(EDPD) since it was first demonstrated [1], using both laboratory [2, 3] and
synchrotron sources [4. 5]. Althgough the main contribution of the technique
has been in the field of high pressure research [6, 7] it has aleo been
applied to the study of high [B] and low [9, 10) temperature phage
trangitions and to structural studies not only of crystalline solids [12],
but sleo smorphous solids [12], liquids [13], and gases [l4]. 1In 1986 a
gtudy was carrled out on station 9.7 of the 5RS to determine if EDPD was
practical [15]. A permanent facility was subsequently constructed, and 1s

described in thle paper.

The conventional powder diffraction wmethod uses a wmonochromatic beam of
X-rays of wavelength A and varies the diffraction angle 28 in order Lo

sample a range of lattice planes of interplanar spacing d.
A = 2dsin@

In the energy-dispersive method the diffraction angle is kept fixed and a
polychromatic beam of X-rays 1s used. Each set of lattice planes diffracts
X-rays of different energy E, as given by:

E = 6.199
deind

where E 15 in keV and d is in Angstroms. The diffracted X~-rays are detected
by a semiconductor detector, which produces a voltage pulse of magnitude
proportional to the X-ray energy. The varlation of energy for various
reflections of silicon as a function of diffraction angle is shown in Fig 23.
Uging such a diagram it I8 possible to select the optimum detector angle for

a particular experiment.
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The number of counta trecorded by the detector at a particular energy and
diffraction angle I(E,B8) is glven by [2}:

I(E,8) = [X(E)*A(E}+T(E,8) |*S(E, 8)*D(E)

where X(E} is the distrlbution of X-ray intensity produced by a wiggler
magnet in this case, A(E) is any X-ray absorbtion due to air or berylllum
windows, T(E,®) 1is a geometrical aberation function, S(E,8) is the
scattering from the sample and D(E) is the detector efficiency Ffunction.
S(E,®) is the quantity to be determined but I(E,8) 1s actually measured.
Usually an empirical approach is used [5]. The pattern of a standard
material 1s measured and a normalisation curve 15 caleculated €rom the
measured pattern and the expected pattern. However, most energy-digpersive
patterns are collected in order to determine lattice constants; for peaks

that are not serlously overlapped Ad/d ~ 107",

The maln advantages of EDPD over conventional powder diffraction are that the
fixed detector angle makes It posesible to use sample environmente with
windows that have only small angular openings such as a diamond anvil cell.
The whole spectrum is collected simultaneoualy and rapidly, thus allowing the
study of continuously changing phenomena such as the kinetics of phasge

transitions.

The main disadvantages are that the peak to peak resclution is an order of
magnitude worse than the conventlonal powder method {making it unsuitable for
atudying materials of low symmetry), and the maximum count rate is limited by

the detector to about 5 x 10" counte/second.

In add{tion the statlon has also been developed for Laue diffraction studies
of proteins and crystal growth defects. The photon flux coming into the
station is shown in fig 24, the lower energies will be severely attenuated by
the Be window in the beam pipes and by ailr absorbtion. The spectrum seen by
the specimen will therefore be more heavily weighted to the higher energies

than this calculation suggests.

The new front end of statlon 9.7 consists of a water cooled restricting
aperture to reduce the beam to a manageable size and a selection of pinholes
and filters for selecting the beam size and energy distribution. Most high
pressure polycrystalline diffraction is performed with a 100um pinhole and
unfiltered radiation.
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Fig 25 shows an energy dlspersive pattern of NBS Si 640b, the 26 detector
angle was set to 10° and the counting time was 159 seconds. The figure shows
the excellent signal to raise ratio and low background that can be cbtalned

on the new station.

Figs 26 and 27 show the energy dispersive spectra from a specimen of
Lap Cu 0, in a diamond anvil cell mixed with NaCl at ambient pressure and
148 Kbar respectively, The detector angle was 3.8° the spectra was collected
for 7858 and 460s respectively. These results are dilsplayed in flgs 28 and
29 as pressure V lattlice parameter. These results tie in well with recent

band structure calculations [16] cacried out at Daresbury Laboratory.

Fig 30 shows a spectrum taken in grazing Incidence frem a 50 A layer of Cu
on an Au substrate. The six peaks at lower energles are due entirely to the
copper surface layer indicating that the X-ray photons are not penetrating
below the surface layer until they reach an energy of 16-18 Ke¥. This is

part of a prograwme to develop 2 method for thin film characterisation.

The structure of welded materials 1s of great industrial interest and is
already carried out in industry by high energy X-—ray and X-ray testing. An
initcial attempt has been made at Daresbury to map out the local structure of
welded materials. ¥Fig 3l shows an energy digpersive spectra through a 13 mm
welded steel plate. The pattecn took 15 minutes to collect, as expected only
photons with energies larger than 60 KeV are detected. By attaching the
specimen to an orientation stage and taking spectra at different angles and
positions it will be possible to bulld up extensive information about the

properties of the weld over a large region.
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The heatlng effect of the beam on the first Si(ll1)
monochromator erystal in station 9.1. The drop in intensity of
28% after the shutter is opened can clearly be seen.

This shows the spectrum obtained from Indium iodide collected at
constant 26 with the wavelength changing. The x axis shows the
monochromator angle. The energy range is from 26.4 KeV at 4.3°
to 9.14 KeV at 12.6°.

Shows the corresponding moniter count for the energy dlspersive
spectrum in Fig.2.

Shows the observed (upper) and calculated (lower) data for
Silicalite. The calculated difference IOBS“ICALC ig shown and
peak positions are also marked.

Shows part of a spectrum collected on a zeolite of unknown
structure.

Higher angle data from the same specimens as fig. 5.

Shows the raw data set Eollected on a Rennes standard of Barium
Fluoride.

Shows the 420 reflection fltred with a Pseudo-veight function.

Shows the full width at half maximum helght, and the integral
breadths as a Function of 248 for Ban,

Shows the same as fig. 9 for LaBe.
Shows the wvarlation of the Gauassian B and Lorentzian 8
components of a Voight function fit to the peaks of LaBy as a
Function of tan@. The sum of the component is algo shown B.

As fig. 11 but for Ban,
Shows the increase in the Lorentzian fraction of the peak shape
as a function of 28.

Shows the theoretical prediction for the evaluation of an order
parameter Q with time (t) together with the experimental data.

Shows an expanded view of the experimental data, 1 has been
annealed for 5 days, 2 for 21 days, 3 for 46 days and 4 for 64
days.

Shows the cathodic potentlial deposition on a steel surface,
primarily hopelite; the predicted pattern is also shown.

Shows the result of depositions with an open potential.
Shows the deposlition under an anodic potential, the deposltion
is primacily phosphophyllite. The predicted structure 1s shown

below.

Shows the deposition of FeZn phosphate as a function of time
from 0 -~ 300 seconds.
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22

23

24
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26
27

28

Shows the diffractometet/furnace/position sensitive detector
arrangement on station 9.1. l - P5D, 2 — rotating flat plate
specimen holder, 3 -~ furnace base, 4 - beam pipe, 5 - 20 axis.

As fig. 16 but with the furnace top in position. ! - furnace
cover, 2- Be window, 3 - cooling water pipes and current leads.

Shows the PSD output at 8 temperatures. 1 - 29°C, 2 - 422-427,
3 - 430-435, & - 437-422, 5 — 455-450, & - 452-457, 7 - 460 -
465, 8 - 467-472.

Shows the Q04 peak of a CdTe-InSb interface.

Shows the 006 peak of a CdTe-InSb interface.
Interference fringes are clearly visible on both 18(a) and (b).

Shows the diffractometer on station 8.3.

A schematic representation of the diffractometer, showing the
foils, specimen, detector and monochromator.

Shows a 31 220 peak with a pseudo-Voigt fit to the observed
data.

Shows the raw data from the organic antl histamine agent

cimetidine.

Shows the calculated positions of 51 diffraction lines as a
function of energy and 20.

Shows the incident flux into station 9.7.

Shows an energy dispetsive diffraction (EDD) pattern of Si NBS
640b.

Shows the EDD pattern of La,Cud, at ambient pressure.
As fig. 26 but at 148 Kbar.

Shows the ¢
of pressure.

lattice parameter of La,Cul, as a function

As fig. 28 but for c/a.

Shows a grazing incidence spectrum of a 50R layer of copper on
a gold substrate

Shows an EDD sgpectrum through a 13 nm welded steel plate.
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