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Abstract

Work has been ongoing at the NSLS to improve the orbit
stability of the X-Ray Ring by accounting for the thermat
motion of the vacuum chamber, which supports the
electron beam position monitors (BPMs). In-situ contact
measurements of the vacuum chamber motion have been
carried out using support stands that have been designed
and extensively tested to reduce errors associated with
thermal changes in the stands themselves. Using this
chamber motion as a correction to the orbit motion
measured by the BPMs, the precise location of the
radiation beam can be predicted. These predictions are
compared with actual radiation beam measurements on
the experimental floor, and with predictions based solely
on BPM measurements of the electron beam position. This
paper reviews this work including stand design and
performance, chamber motion measurements, predictions
based on these data, and results.

1 INTRODUCTION

In order to stabilize the electron beam position in the
NSLS X-Ray Ring, pickup electrodes monitor the beam
position and are used in the feedback system for
stabilization. However, the temperafie of the vacuum
chamber is a function of time due to radiative heating, and
therefore its motion is also a function of time. Thus, in
order to stabilize the motion in a stationary coordinate
system it is necessary that both the beam motion with
respect to the chamber, and the chamber motion itself, are
monitored and used in the feedback. Towards this end a)
motion of the vacuum chamber has been measured and
correlated to the motion of the radiation on the X-Ray
Ring floor, and b) carbon fiber stands which are
extremely stable and relatively insensitive to temperature
changes within the ring have been designed and tested.
This paper summarizes the results of this work to date.

2 BEAM MOTION

Themotion of the beam at the source point of the X28
beamline was measured with a pinhole camera. The

work performed under the auspices of the U.S.Department of Energy
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beam position with respect to the vacuum chamber on two
BPMs just upstream of X28 (BPM 33 and 34) and the fnst
BPM downstream (BPM 35) was also measured, along
with the horizontal vacuum chamber motion at the three
BPM locations. For measurement of the vacuum
chamber motion, linear voltage displacement transducers
are mounted on stands and are used to monitor the
horizontal motion. These transducers have a range of +/-
0.125 inches, and with our readback electronics the digital
resolution is 0.4 microns/count. Each of the LVDT
devices was calibrated individually throughout its range of
motion, with its cabling and circuitry.

The shift in the electron beam orbit at the X28 source
point can be predicted given the measured change in beam
position at nearby BPMs. This assumes that the orbit shift
is caused by magnetic field changes elsewhere in the ring.
The magnetic field changes between the BPMs and the
source point must be small.

Three BPMs are needed to accurately predict horizontal
motion at the source point, because horizontal orbit
motion can be caused by a change in electron emxgy (6)
as well as in horizontal betatron phase space (E x’). A
significant fraction of the closed orbit shift over the course
of a ffll in tbe X-Ray Ring is associated with 6 [1]. Given
the 3x3 transfer matrices for x,x’ and 3 and the measured
orbit shifts at the three BPMs, the orbit motion at X28 can
be predicted.

Through the course of a 12 hour fill of the X-Ray Ring,
the horizontal motion of tie vacuum chamber at BPM 33,
34 and 35 location was about 30, 130, and 160 microns
respectively. By comparing the chamber motion data with
the BPM data, it is seen that the chamber motion is
reflected in an apparent motion of the electron beam to
varying degrees for the various locations. For example, at
BPM 34 location, ahnost all of the electron beam motion
is due to chamber motion.

In Figure 1, the measured horizontal motion of the
radiation beam at the source point is compared with
predictions based solely on the motion of the electron
beamj and also on the movement of both the chamber and
the electron beam with respect to the chamber. The
prediction incorporating tbe motion of the vacuum
chamber closely mimics the actual radiation beam motion.
These results provide a strong impetus towards real-time
measurement and incorporation of the vacuum chamber
motion into the feedback as
significantly more stable beam.

a means towardsa
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In the earlier days of crystallography, powder diffraction data were used

extensively for structure determination, a ~at many relatively simple structures

being solved in this way by a combination of trial-and-error methods and

inspiration. For more complex structures the major problem in powder

difilaction is of course the overlap of peaks. Whereas in single-c]rystal work

the Bragg intensities are determined separately from a three-dimensiciml pattern,

in powder diffraction only a one-dimensional pattern is available. All

reflections that scatter close to a given Bragg angle are bunched together. Since

the number of independent observations is roughly the number of resolved

peaks, this approximately defines the number of structural parameters that can

be &etermined. ‘Until fa.idy recently, the problem of peak overlap) prevented

p6wder difihcticm techniques from being used for the routine analysis of more

complex structures. However, there are ve~ many interesting materials that

can be prepared cxdy in microcrystalline form with dimensions of 5 pm or less,

and for these one has no alternative but to seek the needed information from

powder dlfiactian data.

A major breakthrough came in the late 1960s when Rietveldl introduced the

use of the complete diffraction profile in a least-squares refinement procedure.

This circumvented the peak overlap problem and “allowed all the data in the

pattern to be used efficiently, provided that a reasonable guess could be made of

the basic structural features for a starting modeL Since the technique in its

original form relied on a simple and well-defined instrumental resolution

function with Gaussian peak shapes, it was first applied to reactor neutron

powder diffraction data collected at a fixed wavelength. In various

modifications it is now in routine use at Mb reactor centers and spallation

sources throughcmt the world. Rietveld refinement, as the technique is now

known, has proved particularly successful for a wide variety of’ inorganic

materials with 10-50 variable positional parameters, well over a thousand

structures having been refined in this way in the past decade. During this

period, the technique has been modified for use with X-rays by several groups,

but the overall impact has been much less in spite of the considerably better

resolution of modem laboratory powder instruments compared with their

1 H.M. Rietvel& J. Appf. Cryst. 2, 65 (1969).
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neutron counterparts. The more complicated peak shapes and instrumental

resolution function were long regarded as major obstacles to the widespread

application of conventional X-ray powder techniques for structure a.ndysis.

However, recent improvements in models and software have all but eliminated

this problem, and a rapid growth in the use of the Rietveld technique with

conventional X-ray data can be anticipated.

As mentioned above, the Rietveld method is a very powerful tool for

structure refinement, but it does not provide the initial model to be refined. The

frost problem is to index the pattern and determine the unit cell parameters and

space group. As pointed out by Cheetham,2 there are many advanced physical

methods available that may provide useful preliminary information: for example

analytical electron microscopy, selected-area electron diffraction, magic-angle

spinning NMR, and comparison with known structures of chemically related

compounds. Occasionally, even simple trial-and-error methods will work.

There are also several poweiful auto-indexing programs available for the

determination of unknown unit cells; clearly these are most effective if the

material is single-phase and the peak positions are known to high accuracy

(preferably to better than O.O1°). The next requirement is a fairly extensive set

of integrated intensity data out to relatively high scattering angles, similar to

those obtained in a typical single-crystal experiment. At this stage, traditional

methods of structure analysis, such as Patterson synthesis or direct methods,

can be used to establish the basic features of the structure, after which IRietveld

refinement can be carried out. Suitable data can sometimes be obtained from

high resolution X-ray film patterns, and this approach has been successfully

exploited by Werner and coworkers for example.3’4

A useful method for extracting integrattxi intensity data from powder patterns

is the profile decomposition approach f~st proposed by Cooper, Rcluse and

Sakatas and Pawley,6 in which the least-squares variables are the unit-cell

parameters, the instrument parameters and the individual Bragg intensities.

2 A.K. Cheetkn, Mater. Sci. Forum 9, 103 (1986).
3 J.E. Berg and P.E. Werner, Z. Krisr. 145,310 (1977).

4 S. Westerman, P.E. Werner. T. Schuler and W. Raldow, Acfa Chem. Scud. A35, 467 (1981).

5 M.J. Cooper, K. D- Rouse and M. Sakata Z. Krist. 157, 101 (1981).

6 G.S. Pawley, Y. App/. Crysf. 14, 357 (1981).
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Clearly, high-resolution data are needed in order to give an adequate number of

intensities, and there are some natural limitations, as when two or more peaks

overlap completely. The profile decomposition technique was exploited in the

early 1980s by several groups, for neutron data from a reactor source7 and

from a spallation Source,gand for X-ray data from a laboratory diffractometer,g

and now its use is becoming quite widespread. A promising alternative strategy

that ~uires much less computer time has recently been used successfully by I-e

Bail, Duroy andFo~quet.10 This is a simple and efficient iterative procedure

based on a minor modification to the Rietveld program in which there is no need

to treat the integrated intensities as refinable variables.

With the ‘advent of synchrotrons sources, it has become evident in the past

few years that the synchrotrons beam characteristics can be used very

advantageously for high-resolution powder diffraction. High resolution

powder diffraction is evolving rapidly into a very powerful technique for

structure sQlution starting Iiom scratch (commonly called ab irzitio), including

auto-indexing of unknowns, refinement of complex structures with iiis many as

200 positional parameters, and investigations of structural phase transitions.

One especially useful feature of synchrotronsradiation that is being increasingly

exploited in powder diffraction experiments is the possibility of using

anomalous scattering to selectively probe atoms with accessible K- and L-

absorption edges.

In the present chapter some aspects of synchrotronsX-ray powder diffraction

are described that are likely to be of interest to inorganic and solid state chemists

involved in structural investigations. The chapter is organized as fiollows. In

Section 9.2 a brief account is given of the various kinds of instrumental

arrangements that can be used, the resolution that can be expected, and some

strategies for data collection. Section 9.3 describes the data analysis, including

indexing, pattern decomposition, methods of structure solution, Rietveld

refinement, pair distribution function analysis, goodness-of-fit indicators and

7 A.W. Hewat, Resented at the 50th Anniversary of the Dkcovexy of fie Neutron, Cambridge
(1982).

8 A.K. Cheetham, W.I.F. David, M.M. Eddy, RJ.B. Jakemn M.W. Johnson and C.C. Torardi,
Nature 320, 46 (1!)86).

9A. Cletileld. L.B. McCusker and P. Rudolf, Inorg. Chem. 23,4679 (1984).

10A. Le Bail, H. Duroy and J.L. Fourqueg Muter. Res, Bull. 23,447 (1988).
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some comments about the accuracy of the results. A variety of possible

systematic errors are covered in Section 9.4, ad finally in Section 9.5 a few

illustrative examples of recent structural studies are provided. This chapter is

aimed primarily at research workers with some experience in crystallography

and laboratory X-ray powder diffraction techniques, and who are interested in

exploiting the unique properties of synchrotrons radiation. Because of space

limitations, it has not been possible to cover many other interesting aspects of

synchro~on X-ray powder diffraction that do not fall into the category of high

resolution, such as energy-dispersive diffraction at high pressures in diamond

anvil cells (Chapter 8), amorphous materials and quasicrystals, supported

catalysts and time-resolved studies (Chapter 7). For a more general description

of synchrotrons X-ray powder techniques the reader isrefemd to two recent

review articles.’ 1~12

9.2 Experimental techniques

9.2.1 Instrument geometry

Traditional laboratory methods of X-ray powder diffraction rely largely on

film cameras and diffractometers with a single counter, although linear position-

sensitive detectors (PSDS) are rapidly gaining popularity. An excellent account

of laboratory techniques can be found in the book by Klug and Alexander,l 3

and a detailed description of diffractometer resolution is given in the book by

Wilson.14

Film cameras are generally used for rapid survey work, phase identification

and determination of unit-cell parameters. Excellent angular resolution can be

obtained with focusing geometry as in the popular Guinier-type cameras,

typically 0.05° peak full width at half-maximum intensity (FWHM) at the

11 L.W. Finger, Rev. in Miner. 20, 309 (1989).

12 D.E. Cox, in Handbook on Synchrotrons Radiation, Vol. 3, G.S. Brown and D.E. Monctnn, Eds.,
Amsterdam: Elsevier (1991), p. 155.

13 H.D. Klug and L.E. Alexsn&r, X-l?ay Difiaction Procedures, New York Wiley (1974).

14 A.J.C. Wilson, Mathematical Theory of X-Ray Powder Diffractometry, Eiidhovem Philips
(1963).



focusing position. For quantitative intensity work diffractometers based upon

Seemann-Bohlin parafocusing geometry in the so-called Bragg-Brentano

arrangement 3Y’1sare generally preferred, and there are several excellent

commercial instruments of this type available. The usu@geometric features of

such a diffractometer are(i) a target with a narrow line-focus viewed at an angle

of 5° or so; (ii) incident beam divergence slits of 1°; (iii) a narrow receiving slit

mounted on the 20 scattering arm defining an angular aperture of 0.050-0.20,

which moves around the focusing circl~ (iv) Soiler slits to limit the axial

divergence of the incident and diffracted beatn~ (v) a pyrolytic graphite

monochromator crystal after the rciceiving slit’to eliminate K~ radiation and

unwanted fluorescence; and (vi) a Nal(Tl) scintillation counter. The last two

items are sometimes replaced with a with a semiconductor detector, which

provides an order-of-magnitude better energy resolution. The inconvenience of

liquid nitrogen cooling can be avoided by the use of a Peltier-cookxl device if

desired. A comparison of such a detector with a scintillation counter is given in

a recent paper by Bish andChipera.16

The angular resolution of a diffmctometer depends mainly on the receiving

slit aperture and the spectral Iinetidth of the characteristic radiation, and typical

FWHMS “lie between 0.10 and 0.2° over the full angular range of the

instrument. Of cc)urse,at low angles the effective resolution is poorer because

of the overlap of Kal and Kaz peaks (unless K~ radiation is used).

Greatly enhanced data collection rates can be obtained by the use c)fa linear

PSD, and there are now several commercial models with intrinsic spatial

resolution in the region of 0.1 mm. Either flat or curved detectors are ~availabl~

in the former case the resolution is degraded towards the ends because of

parallax effects and the useful angular range tends to be limited to a few

degrees, but with a curved detector a range of 120° can be covered anti full data

sets can be collected in a few minutes. The instrumental resolution lies typically

in the range 0.05 C)-0.10, but peak-to-background discrimination is likely to be

significantly poorer than for a single counter.

15 W. Parrish, X-ray and Electron Methods of Analysis, H. Van Olphen and W. Psrrish, I&, New
York Plenum (1965), p. 1.

16 D.L. Bish and S.J. Chiper~ Powder Diffraction 4, 137 (1989).

.
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The most important difference between an X-ray powder diffraction

experiment in the laboratory and at a synchrotronsis that at the latter the source is

situated 10-20 m from the sample, and the beam divergence is 2-3 orders of

magnitude less. This results in an essentially ‘parallel-beam’ geometry instead

of the familiar focusing geometry of a labora~ory diffractometer. Because of

this and the high intensity of a synchrotrons source, several ki:nds of

experimental configuration are feasible.

In the following discussion it is assumed that a verncally scattering {iouble-

erystal monoehromator is used in the incident beam. This could be a channel-

cut Si crystal, for example, or alternatively a two-crystal arrangement

incorporating horizontal focusing (Chapter 3). The latter has the advantage of

giving several times more photons in a horizontal spot less than 1 mm in size at

the sample position. This can be very useful for small samples, like those used

in a high-pressure diamond anvil cell, but for the many powder experiments in

which sample size is not a limitation a larger beam area is to be prefemed from

the viewpoint of better statistical averaging over the grains, beam stability and

reduced heating effects.

Some different types of sample-detector geometry’ are illustrated

schematically in Fig. 9.1. Fig. 9.1(a) shows the flat-plate geometry with a

narrow receiving slit familiar to most laboratory diffractionists and used by

Parrish and coworkers~ T~ls in some early experiments at. the Stanford

Synchrotrons Research Laboratory (SSRL). From the derivation for a neutron

diffractometer, described by Caglioti et al.,1g it can be shown that the i~gd~

resolution, r (FWHM)may be expressed approximately as

r= [d(2tanWta-n eM-f + ij2]1h [9.1]

where 2e is the scattering angle, $Vis the vertical divergence of the incident

beam (typically O.O1°or less as discussed in Chapter 3), eM is the Bragg angle

17 W. Parrish and M. HarL Trans. Amer. Crysr. Assoc. 21,51 (1985).

18 W. Parrish, M. Hart and T.C. Huang, .1. Appf. CrySt. 19, 92 (1986).

19 G. Caglioti, A. Paoletti and F.P. Ricci, Nucl. lnstr. 3, 223 (1958).
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of the monochromator and b is the convolution of the incident beam and

receiving slit apertures WISti.ndWRS,

where DSRis the distance between

are set equal to 1 ]- and DSRis 1

& and r is essentially constant at about 0.08°. Similar.considerations apply to

sample and receiving slit.

m, the resolution function

[9.2]

If w]s and WRS

is dominated by

capillary geometry, as shown in Fig. 9.1(b). In this case WIS in [9.2] is

replaced by WSD,the sample diameter. Thus for a 1 mm capillary there wotdd

be no loss of resolution compared with the flat-plate situation. However, this

arrangement would clearly be unsuitable for strongly absorbing samples. In

principle, a much narrower capillary (say 0.1 mm) could be used, but the

overaU reduction in counting rate would probably be unacceptable. This

drawback could bc remedied by the use of a PSD, and at the same time excellent

I instrumental resolution would be obtained, for in this case the appropriate

Fig. 9.1. Some differenttypes of sample-detector geometry used for synchrotrons
X-ray powder dfilfraction experiments in the vertical scattering plane. 10represents
a monochromatic beam from the source (typically 20 m distant), IS the incident
beam slits, S the sample and D the detector. (a) Flat-plate geometry with single
receiving slit RS. (b) Capillary (Debye-Scherrer) geometty with single receiving slit
RS. (c) Flat-plate geometry with Soiler stits SS. (d) Flat-plate geometry with crystal
analyzer CA.
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quantities in [9.2] would be the sample diameter and the spatial resolution of the

PSD. If these are both 0.2 mm and the sample-detector distance is 50 cm, the

FWHM at the resolution minimum is about 0.03°. This type of geometry was

used k some early experiments by Lehmann, Christensen and coworkerszo~l

at the Hamburg Synchrotronstrahlungslabor (HASYLAB).

Figure 9. l(c) illustrates a rather different kind of approach employed by

Parrish and Hart2zY2sin which a Soiler collimator was used in the diffracted

beam. This type of arrangement is used extensively in neutron diffractometers

and allows a much wider incident beam and hence a much larger sample area to

be used, with a comesponding gain in the integrated intensity of the diffracted

peak. The resolution function is still described by [9.1], but now 6 is the

angular divergence of the Soiler slits defined as the spacing between the foils

divided by the length of the collimator. Parrishzz describes such a collimator

356 mm in length with an aperture of 0.064° made from thin steel foils 0.05

mm in thickness. At lower angles, the resolution function of [9.1] is clearly

dominated by 8, the observed FWHMs behg about 0.05°.22 A further point

to note about [9.1] is the focusing minimum at tan 0 = (tan gM)/2, which in

principle can be controlled by the choice of monochromator crystal and setting.

The final arrangement we shall discuss is shown in Fig. 9.l(d). This is the

‘crystal-analyzer’ geometry investigated in some early experiments at the

Cornell High Energy Synchrotrons Source (CHESS) by Cox, Hastings,

Thomlinson and Prewittza and Hastings, ‘l%omlinson and Cox.zs A perfect Si

or Ge crystal is mounted in the diffracted beam, in much the same way as the

pyrolytic graphite crystal normally used on a laboratory diffractometer.

However, the perfect crystal plays a different role, for it acts as a very narrow

‘receiving slit’ capable of providing very high resolution (0.010-0.030) over a

wide range of 26. In addition, excellent peak-to-background discrimination is

20 A.N. Chrktensen, M.S. Lehrnann and M. Nielsen, Aust. J. Phys. 38,”497 (1985).

21 M.S.~hmau A.N. Christensen M. Fjellvag, R. Fiedenhans’1 and M. Nielsen, J. App/. CrYSf.
20, 123 (1987).

22 W. Parsish. Amt. J. Phys. 41. 101 (1988).

23 W Pamish and M. HarL Aust. J. Phys. 41.403 (1988).

24 D:E. Cox, J.B. Hastings, W. Thomlinson and C.T. prewit~ Nucl. Instr. and Meth. 208, 573
(1983).

25 J.B. Hastings, W. Thorrdinson” and D.E. Cox, J. AppL CrysZ. 17, 85 (1984).
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obtained with well-crystallized samples, since the narrow bandpass of a few

electrovolts discriminates very effectively against unwanted radiation. In

common with the Soiler-slit geomeny described above, a further advantage is

that, in contrast to conventional receiving slit geometry, displacement-type

effects are eliminated with the use of a crystal analyzer. This is shown

schematically in Fig. 9.2, which illustrates how the crystal reflects all rays with

a given wavelength independent of the point of origin. Thus the peaks are not

only narrow but alsc~symmetric in shape, except at low angles where axial-

divergence effects become signiilcant. The instrumental resolution fimction for

this arrangement can be derived easily from arguments similar to those used for

neutron powder diffractometers many years ago by Caglioti and

coworkers.’ “26 To a good approximation, r may be expressed as

[9.3]

where 6A is the Bragg angle of the analyzer crystal, rmin represents the

contribiition born the Damvin widths of the latter and the monochromator crystal

(typically a few thousandths of a degree), and the other terms tie as defined

above. In practice, 17minis usually found to lie in the range 0.0050--0.010.

Once again there is a focusing minimum that is given by the relation

tan e =(tan6A+tan6M)/2.In this case it is possible to control the focusing

position very conveniently by a suitable choice of analyzer crystal instead of the

monochromator crystal.

The combination of high resolution, good peak-to-back,ground

discrimination and flexibility of focusing conditions that can be achieved with

the crystal-analyzer technique has proved to be particularly valuable for

structure solution and refinement. If absorption is not a problem, prefemd-

orientation effects Ciin be eliminated or at least minimized by the use clf wide-

diameter capillary samples with no loss of resolution, since there are no

26 G. Caglioti and D. Tocheui, Nucl. Instr. and Meth. 32, 181 (1965),
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Fig. 9.2. Schematic illustration of conventional flat-plate focusing geometry
showing aberrations due to (a) extended flat-plate and (b) penetration
displacement-type effects. S represents a narrow line source and RS the
receiving slit, and the broken line depicts the focusing circle. These effects are
eliminated with synchrotronsparallel-beam geometry,and a crystal analyzer, which
selects all rays scattering at the correct angle irrespective of the point of origin in
the sample, as seen in (c) and [d).25

displacement-type effects. The main disadvantage is that because of the small

effective ‘angular aperture’, which is equivalent to the integrated reflectivity of

the crystal analyzer,zT the counting rates are relatively low and the step size

must be kept small, usually in the range 0.004°-0.020. This configuration is

used extensively at the dedicated powder diffractometer at beamline X7A at the

National SynchrotronsLight Source (NSLS), where a typical extended scan with

an incident beam intensity of 2x101Ophotons s-l takes from 6 to 12 h.

9.2.2 Peak shapes and

The recent literature on

sample-broadening effects

modelling of X-ray peak shapes is notable for the

great variety of different functions proposed for this purpose. Many of these

are described in a recent review article by Howard and Preston.z8 A suitable

function should provide an adequate description of the instrumental resolution

27 P. Suonti, J.B. Hastings and D.E. Cox, Actu Crysr. A41, 413 (1985).

28 S.A. Howard and K.D. Preston, Rev. Miner. 20,217 (1989).
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function over awiderange of2fl, preferably taking into account the source

characteristics (conventional or synchrotrons), and the diffraction Op<ticsand

geometry (including asymmetric terms such as axial divergence and

displacement-type effects). It should also allow the incorporation of sample-

broadening effects (particle size, strain and stacking disorder) in a physically

intuitive way. Last, and not leas~ the number of refinable parameters should be

kept to a minimum! A function that appears to sttt.is~ these criteria well is the

Voigt function, which is the convolution of Gaussian and Lorentzian functions,

or a simple linear a~proximation to this known as the pseudo-Voigt function,2g

which is now in widespread use for the analysis of X-ray data. This

approximation was first suggested by Wertheim, Butler, West and

Buchanan,30 and allows the intensity I(A26) at a point displaced by &29 from

the p~ m~mum at 29J3to k formtdatd as

I(A28) = 10{ CLql[l + 4(~)2]-1

+ @(l-q) exp[-4 in 2 (~)2] } + IB “ [9.4]

10 is the integrated intensity, CL and Q are normalization factors equal to

(2/z)/r and 2(ln 2/7c)l~~ respectively, q is a linear ‘mixing’parameter, 17is the

peak FWHM, and IB the background contribution (usually obtained by linear

interpolation between values on the low- and high-angle sides of the peak).

Although r and q are sometimes treated as refinable parameters per se, it is

really the individual Gaussian and Lorentzian FWHMs rG and rL that contain

the physically useful information about instrumental resolution and sample-

broadening effects. Convenient numerical expressions relating r, q, r~ and rL

can be obtained by computer-generated convolutions and have been described in

previous publications.sl ~sz They are reproduced here for convenience:

29 R.A. Young and D.B. Wiles, J. Appl. Ct-yt. 1S, 430 (1982).

30 G.K. Wertheim, M.A. Butler, K.W. West and D.N.E. Buchanan. Rev. Sci. Zmstr. 11, 1369
(1974).

31 P. Thompson, D.E. Cox and J.B. Hastings, J. AppL Cryst. 20,79 (1987).

32 D.E. COX, B.H. Toby and M.M. Eddy, Ausf. J. PhyS. 41, 117 (1988).
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2.69269r& + 2.428431&~ + 4.47

~=L36603rh - o.m19(rJrY+o.mdrJrY

rJr = 0.72928Tl+ O.19289q2 + 0.07783q3

[9.5]

[9.6]

[9.7]

r~r = (1 - 0.74417q - 0.24781?12- 0.00810q3)lb

AItematively one can use a fast algorithm for numerical convolution of the Voigt

function itself.w~34

The instrumental resolution functions described in Section 9.2.1 are

predominantly Gaussian in character, and can be expressed in the generalized

form

%’@tan28+hIo+w)l~ [9.9]

where U, V and W depend on the particular difllaction geometry used. Itmay

be noted that this expression is identical in form to the one derived by Ca.glioti

and coworkers ‘~26and used routinely in the analysis of neutron powder data.

The Lorentzian component is found experimentally to be described well by the

expression
\

rLdhf)+y/COS8 p.lo]

The fmt texmhas the angular dependence associated with microscopic strain

broadening, and the second is readily identified as the Scherrer approxim~ation

for particle-size broadening, with Y = ~ (in radians), where ~ is the mean

dimension. Strain broadening is often assumed to be Gaussian in form rather

33 M. Ahtee, M. Nurmelq P. Suorui, and M. JarvinexLJ. Appl. Cryst. 22,261 (1989),
34 W.I.F. David axld J.C. Matthewman, J. AppL CrySt. 18,461 (1985).
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ihan Lorentzian, but there seems to be no a priori reason why this shiould

always be the case.

The pseudo-Voigt function generally gives a very acceptable fit to raw data

collected at a synchmtron, although occasionally ‘super-Lorentzian’ peak

shapes are obsexved,sz :forwhich q refines to a value greater than unity, which

has no physical meaning in ‘tie context of [9.4]. A fit to some data collected

from a reference flat-plate sample of Si at X7A with a channel-cut Si(l 11)

monochromator and Si(400) analyzer is shown in Fig. 9.3. The corresponding

values of rG, rL and r for several peaks are plotted in Fig. 9.4, together with a

plot of Ad/d, which is a commonly used criterion of resolution applicable to dl

types of diffractometer. For example, Ad/d for most laboratory X-ray

instruments is about 1,0-3,and ranges down to around 5x10-4 for the best

neutron diffractometers.

It maybe noted that [9.9] and [9.10] also provide a good approximatic)n for

the symmetric part of the instrumental peak profiles obtained on a laboratory

diffractometer.12 In this case rG reduces to a constant term C, where C is the

convolution of focal-line and receiving-slit profdes, and rL = X tan 6, where X

is the spectral

9.2.3 Data

line-broadening contribution 2 m.

collection

Sample characterization. Prior to the collection of data at a synchrotmn, it is

essential to check samples on a laboratory diffractometer for phase purity,

sample-broadening effects, and diffuse scattering indicative of a non-crystalline J

component. If the pm.ks are significantly broadened, say by 0.05°--0.10 .

(corresponding to a particle size of 0.1 ym or so), there is probably littie to be

gained by collecting s!inchrotron data for the purpose of structure refinement.

Scanning-ekctron microscope photographs may also provide useful information

about the nature of the sample.

1
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.loo~ ~
28 (deg) “

3 (331) 1.5216A

‘:E
75.1 75.3 75.5

* 28 (deg)

Fig. 9.3. Least-squares fits to observed (220) and (331) peak profiles frc~ma Si
reference standard with a Si(l 11) channel-cut monochromator and a Si(400)
crystal analyzer. In each case the points from a step-scan at 0.0025° intervals are
shown by the open circles, the solid line is a fit to a pseudo-Voigt function (9.4),
and the difference plot is indicated below by crosses.
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Fig. 9.4. Plots of r~, rL, 11and Add as functions of 20 for a Si reference slandard.
The open circles are values obtained from fits to a pseudo-Voigt function (!3.4)and
the solid lines are derived from fits of rG to [9.9] and rL to [9.1O].

Choice of diffraction geometry. AS described in Section 9.2.1, there are

several different kinds of diffraction geometry, and a choice will be governed

by both the nature of the experiment and the inevitable compromise between

resolution and counting rates. The best instrumental resolution and peak-to-

background discrimination are obtained with crystal-analyzer geome~. This

should therefore be considered first if the experiment involves indexing of

.
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202 Synchrotronsradiation crystallography

unknown unit cells, ab initio structure determination, Rietveld refinement of

complex structures, or studies of phase transitions in which there are small

distortions of the unit cell, for example. As expressed in [9.3], the ch[oiceof

analyzer geometry also offers considerable flexibility in focusing conditic}ns.

If a channel-cut monochromator is used, counting rates will be relatively

slow. If a horizontally focusing two-crystal monochromator is available, an

order-of-magnitude improvement should be possible. The Soiler-slit geometry

shown in Fig. 9. l(c) offers the combination of increased counting rates and

more modest instrumental resolution that may be advantageous in investigations

of less complex materials. The highest data collection rates will be obtained

with a PSD, and good resolution can be achieved. This technique is especially

useful for capillary samples of 0.2 mm diameter or less, but, as with Soiler-slit

geometry, generally results in poorer .peak-to-background discrimination than

that obtained with the crystal-analyzer technique.

In general, the familiar flat-plate reflection geometry used with laboratory

diffractometers is preferable ftom the viewpoint of more diffracted intensity and

better peak-to-background discrimination. The latter is particularly desirable for

investigations of pseudosymmernc structures where there may be many weak

peaks. A significant amount of diffuse scattering is produced by glass or quartz

capillaries which adds unwanted background and may mask some of these

peaks.

Special consideration must be given to anomalous-scattering experiments in

which data are to be collected within a few electrovolts of an absorption edges

As far as possible, the diffraction geometry should be chosen so as to minimize

AE,the energy spread in the incident beam, and the background intensity due to

resonant Raman scattering. On the other hand, it is necessary to have

sufficiently good counting statistics to enable subtle changes in intensity to be

measurable. A crystal analyzer will provide the best discrimination a,gainst

resonaitt Raman scattering, but counting times may then be prohibhively long if

several data sets are to be collected at dtiferent energies. A PSD does not suffer

from this drawback, but may give unacceptably high background coun[s. In

such a situation the best compromise may be slit geometry with a solid state

35 A.P. Wilkkion. D.E. Cox and A.K. CheethanL Y. Phys. Chem. Solids (In Ress).
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detector, which has good enough energy resolution to discriminate against most

of the resonant scattering obsexvedjust below the absorption edge.

Standard methods for the preparation of fiat-plate samples are summarized

by Klug and Alexancieqla however, there are several points to be kept in mind.

If a crystal analyzer is used, peak broadening effects are measurable for :particle

sizes below 1 ~m or so; hence excessive grinding of the sample may ciegrade

the quality of the data.. Since it is essential to rotate or oscillate the sample

during data collection, the sample should be fdy pack~ but even so there is

a possibility that it may slip out as the scan progresses to h@er angles. In such

cases it may be helpful to first smear a thin layer of grease in the recess of the

sample holder. Ahematively a small amount of binder can be mixed with the

sample. However, organic materials of this type are apt to contribute some

unwanted background. The problem can be avoided altogether if pressed discs

or slabs are prepared, but in this process any tendency towards preferred

orientation is exacerbated.

Toxic or air-sensitive compounds can be covered’ with a Be foil I-2 Um

thick the few diffraction peaks from this are narrow and can be excluded from

the data to be refined, and attenuation comctions are straightforward to apply.

Materials such as mylar foil or scotch tape contribute a lot of diffuse scattering

and are generally to be avoided.

The most likely problem to be encountered with a flat-plate sample is

preferred orientaticm, which can change relative intensities by an order of

magnitude in extreme cases. As discussed in more detail in Section 9.4.1, this

is perhaps the most serious of the systematic errors in Rietveld refinement of X-

ray powder data. One way to minimize this problem is to use capillary samples,

and good results can be obtained with 0.5-1 mm diameter samples and crysta.i-

analyzer geometry provided that the linear absorption coefficient is not too high

(say 100-200 cm-l with a typical packing density of 20-30%). This technique

is obviously well su~itedto hydrocarbons and many zeolites, for exarnpl.e. With

0.7 ~ X-rays, it may also be feasible to use capilkwy samples c~fmany

compounds containing 3d-, 4d- and even some 5f- elements. If some sacrifice

of resolution can be tolerated, improved counting rates can be obtained with

receiving-slit geometry, or better still, by the use of a linear PSD if available. In

k

*:

. .
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the latter case it should be possible to collect useful data for samples with

absorption coefficients as high as 1000 cm-l.

One final point to keep in mind is that other kinds of configuration maybe

advantageous on occasions. One possibility is flat-plate transmission, which

might be useful for weakly absorbing compounds exhibiting strong preferred-

orientation effects. A PSD can also be used in this mode with very thin samples

and a namow incident beam. Asymmetric reflection geometry with a small

angle of incidence could be considered for thin films of materials deposited on a

substrate.

Choice of wavelength. There are no hard and fast rules concem.ing the

optimum choice of wavelength, since there are many factors to be consider~,

for example, the type of beamline and monochromator, the sample geometry

and environment, the detector system and attenuation in the sample. For a

given sample and detector configuration the relative counting rates can be

estimated from the expression

C = I()(k)VA(l) A(#)Ay [9.11]

where 10(1) is the photon flux at the sample position, V is the sample volume,

A(k) is the transmission factor, and A$ and Ay are the axial. and equatorial

angular openings of the detector. For a crystal analyzer AV is the integrated

reflectivity.2 T For asymmetric flat-plate geometry in the infinite-thickness limit

VA(A) is equivalent to the more familiar quantity A~~, where AB is the cross-

sectional area of the beam and Kthe sample linear absorption coefficient.

In a typical experiment at X7A, which is situated on a bending-magnet

bearnline at the NSLS, which operates at 2.5 GeV, a channel-cut !Si(l 11)

monochromator is used routinely over the wavelength range 0.7-2.0 ~. Below

0.7 A the intensity falls off sharply because of the machine spectrum ((2hapter

2), and above 2.0 A attenuation effects become increasingly troublesome. At

the latter wavelength, for example, there is a roughly 50% transmission loss

through 1 mm of Be, which is commonly used as a window material, and a

20% loss through 10cm of air. In most diffractometers the b&rn will probably

.



traverse several Be foils between 0.25 and 0.5 mm in thickness and perhaps

10-20 cm in air.

From experience at X7A, a wavelength of around 1.2 A seems to be an

optimum choice for a typical experiment in a flat-plate geometry with a crystal

analyzer, the number of photons being about 2x1010 S-l in a 8 mm x 1 mm

incident beam for a stored current of 150 mA. For the majority of capilhiry

samples a considerably shorter wavelength generally gives better results, even

though the corresponding intensity at 0.7 ~ is only about 7X109 photons s-l.

Data scans. If a flat-plate sample is used, the normal procedure for data

collection is similar to that used in the laboratory. A step scan is performed

over the desired range of 20 for a preset time at constant angular increments

while maintaining [3-20 geometry. Because the incident beam is so highly

collimated, it is essential to rotate or oscillate the sample in order to average over

an adequate number of crystallite. A conventional spinner in which thie sample

is rotated at about 1 Hz about the diffraction vector can be used. for this

purpose. However, at a synchrotrons it is possible to use an alternative

approach without lIOSSof resolution in which the sample is rocked about the

horizontal axis (i.e. perpendicular to the scattering plane) over a small angular

range (say 0.2°–0.50, depending on (3). This is especially useful for

experiments in ccmstrained environments such as cryostats, furnaces or

pressure cells, when it may not be feasible to use a sample spinner.

Since the synchrotrons beam current decays exponentially with time, it is

necessary to monitor the intensity of the incident beam. This can be

accomplished by pl,acing a thin film of a radiation-resistant polymeric material

(e.g. Kapton) in the beam and measuring the scattered intensity with a

scintillation detectc}r,or alternatively an ionization chamber can be usrd. In the

latter case the ioni25ationcurrent is usually converted into monitor counts via a

current-to-voltage amplifier and a voltage-to-frequency converter (Clhapter 4).

With this arrangement, the absolute intensity transmitted by the chamber can be

determined routinely within an accuracy of 10% from

[9.12]

>.
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1~~ is the number of absorbed photons s-l, w is the linear absorption coefficient

of the gas in the chamber at ambient temperature and 1is the active length of the

chamber. Iabs is determined born the counting rate shown by the monitor,

Imon:

1~~ = Imm 6.2e x 1018/Ge [9.13]

where e is the average energy required to create an ion pair (about 30 eV for

N2) and e the phot& energy, both in eV, and G is the combined gain fnctor in

the amplifier and the voltage-to-fkquency converter.

Capillary samples are ryn in much the same way. To minimize back,grmmd

scattering, the incident beam size in the vertical direction should be reduced with

masking slits until it is only slightly Iarger than the diameter of the capillauy. To

check if the latter is properly centered, a transmission image can be obtained by

mounting a piece of X-ray-sensitive paper (e.g. Kodak Iinagraph type 2167)

just behind and exposing it to the beam for a few seconds.

Since the intensity of the diffraction peaks falls off steadily with increasing

26, it is a good strategy in the case of an extended scan to divide this into

segments and allocate increasingly more time to the higher-angle segments. At

the end of the scan, the raw data and the corresponding standard deviations

must be normalized by scaling with the monitor counts recorded at each point

before subsequent input into plotting and analysis programs.

There have been very few applications of PSDS to structure analysis based

upon synchrotronsX-ray powder data. Some practical aspects of data colkction

are described in a series of papers by Lehmann, Christensen and coworkers.20~

2113G In this work a straight PSD was mounted on the 29 arm of the

diffractometer about 1 m from a narrow-diameter capillary sample and stepped

at 1.7° intervals. The center 10 portion of each segment was used in the

subsequent data analysis and corrections made for non-linearities. Over this

36 M.S. Lehmanm AN. Christensen, M. Nlelsem R. Fiedenhansl and D.E. Cox, J. Appl. Cryst.
21, 905 (1988).



small an angular range,

parallax.

there is negligible degradation of the resolution due to

Calibrationprocedures. Calibration of the instrument is best accomplished

with a welhcrys tdiz~ reference sample. This rdlows the wavelength and zero-

point offset to be determined very accurately, and also provides a measurement

of the ins-trumentrdresolution function. A pressed disc of Si powder such as

those suppIiti for laboratory diffractometers is suitable for this purpos% the one

used at X7A consists predominantly of crystallite 5-20pm in size. It should

be noted that the NBS Standard Reference Material Si 640A shows signflcant

line broadening. other possible standards are Ce02 that has been f~ed at

1500°C or higher, and crushed samples of CaF2 or BaF2 crystals.

Calibration is camied out by step-scanning over several peaks, which are

then fit to the pseudo-Voigt function in [9.4]. Since this is a symmetric

function, the axial divergence should be reduced if necessary to minimize

asymmetry effects. The results of a calibration based on the data shown in

I%gs.9.3 and 9.4 are summarized in Table 9.1. me mean difference between

observed and calculated peak positions is seen to be. about 0.002°, a striking

example of the kind of accuracy that is routinely obtained at a synchrotrons.

A somewhat different procedure is used “forexperiments ~ith a straight

PSD. In this case, it is better to fise a very thin sample (e.g. CeQ powder

lightly sprinkled on an adhesive tape) in transmission geometry. Data are

collected in several segments as the detector is stepped at intervals of a few

degrees. In addition to the wavelength and zero-point offset, it is necessary to

refine a linear scaling variable, and possibly another parameter to allow for non-

linearities in the detector or associated electronics.. This type of transmission

geometry is free from the kinds of displacement errors illustrated in Fig. 9.Z

however, it should lbenoted that when flat-plate reflection or capillary geometry

is used, the possibility of such errors must be kept in mind.

The wavelength may also be calibrated by scanning the monochromator

through the absorption edge of a reference sample in transmission geometry and

measuring either the transmitted intensity or the integrated intensity of a

diffraction peak. If anomalous scattering experiments are to be carried out very
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close to an edge, it is essential to make preliminary scans of this type to

accurately determine the position and width of the edge and then to set the

desired energy. A preeise calibration with a Si reference samp~ecan be carried

out l~ter. Needless to say, the possibility of significant changes in incident

beam energy due to fluctuations in the electron orbit must be kept in, mi’nd,

particularly after a new fill of the ring.

9.3 Ilata analysis

Since one’s experimental beamtime at a sfichrotron is likely to @ limited to

a few days, it is desirable to work at a dedicated powder diffractometer with

reasonably user-friendly software for preliminary data analysis, including a

graphics peak-fitting package. Fits to the first few observed peaks will reve~d

whether there are any significant line-broadening effects or unexpected lattice

distortions. If crystal-analyzer geometry is chosen, the optimum step size for a

very well-crystallized material may be as small as 0.004°, corresponding to

perhaps 25000 points over an extended scan! Since there are no displacement-

type errors, accurate peak positions can be determined from the stronger low-

angle reflections. This is very useful for auto-indexing and measurements of

unit-cell parameters as a function of temperature, for example. The high

resolution and peak-to-background discrimination may reveal previously

unobserved peaks due to impurity phases or some subtle and unexpected

structural feature.

As data accumulate, it should be possible to estimate profile variables such

as unit-cell and half-width parameters with enough accuracy to make it feasible

to embark upon pattern decomposition or preliminary Rietveld analysis. If this

stage proceeds satisfactorily, one may even be in a position to try other

techniques such as Patterson synthesis, direct methods or Fourier analysis

before the run is finished. Some of the above techniques for structure analysis

will now be discussed in more detail.
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9.3.1 Indexing the pattern

For single crystak where the intensity data are distributed in three

dimensions, it is normally easy to identify the unit cell and hence index the

Bragg reflections. For powders, where all the data are projected onto a single

axis, indexing is tihefirst major obstacle to structure determination. Every effort

should be made to identify the unit cell before attempting a synchrotrons

experimen~ in some cases this may be accomplished by selected-area electron

diffraction, in others by comparison with a structurally related material of

known structure. If these approaches fail, the next step is to generate an

accurate set of 2[3-values from high-resolution data obtained with a Guinier

camera or laboratory d~ctometer and an internal standard.

If the unit cell is small and has high symmetry, it may be possible to find a

solution by trial-and-error methods, but in less simple cases the number of

operations required to find the cell quickly becomes so large that advanced

methods and sophisticated computer programs are necessary, ran~ging from

trial-and-error over deductive determination to exhaustive search. This topic

has been reviewed by Shirley3T; widely used programs for this purpose have

been written by “Visser,sBWerner et al.,sg and Louer and Vargas.40 Which

program to use depends partly on the crystal system in question, but the general

approach is to @*the different methods until one of them is successful.

If none of these approaches works, then, the one remaining .hopc is the

synchrotrons. Since the low-angle peak positions can easily be detemnined to an

accuracy of 0.002° or better, there is clearly a great deal of potential for auto-

indexing methods, and there are already several examples that testify to this.

However, one must obviously be on the look-out for very weak spurious peaks

resulting fkom minor amounts of impurity phases.

Once the unit cell is known and all the lines are indexed, it should be

37 R. Shirley, Procee;iings of Symposium on Accuracy in Powder Diffraction, S. Block and C.R.
Hubbard, Eds., NBS Special Publication 567, Gaithersburg, MD (1980), p. 360.

38 J.W. Visser, J. Appi. Cryst. 2, 89 (1969).

39 P.E. Werner, L. Eriison and M. Westdahl, J. AppL Cryst. 18, 367 (1985).

40 D. LOUC3T and R. V’argas, J. App/. Cryst. 1S, 542 (1982).
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Table 9.1. Results of a wavelength calibration based on the data from

a flat-plate Si reference standard shown in Figs. 9.3 and 9.4. The

peak positions were determined from a least-squares fit to the

pseudo-Voigt function of [9.4], and the calculated values from the Si

unit cell (a = 5.430825 A)and two variable parameters: L ancl a zero-

point offset 200. Numbers in parentheses are esds referred to the

least significant digit.

20(obs) 2e(calc) A2fY

28.088° 28.091° -0.003°

46.6910 46.692° -O.OO1°

55.382° 55.378° 0.004° “

75.280° 75.277° 0.003°

86.678° 86.681° -0.003°

93.432° 93.432° 0.OOOO

k = 1.52161(6)& 200= 0.006(4)0

possible to find the systematic extinctions and identify the space group, or at

least a small number of possible space groups.

9.3.2 Pattern decomposition

In the subsequent crystal structure analysis, the ultimate goal is to determine

the atomic positions of the inequivalent atoms in the unit cell, x, y, z, and, if

possible, the corresponding isotropic temperature factors B. Reliable values of

anisotropic temperature factors are difficult to obtain by powder diffraction

techniques, and we will not be concerned with this topic. This information is

contained in the structure factor F(hkl):
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-13nsin2 e
F(hk~ = ~fn exp[-2ni(hxn + kyn + ~lzn)] exp( ~2 ) “
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[9.14]

where the sum is over all the atoms in the unit cell and fn is the scattering factor

of atom n. The integrated intensity of a peak in a powder pattern is related to

F(hkZ) as follows.

I(W) = KlF(hkZ)12j(hkZ)PA/(sin 9B sin 2eB) [9.15]

where K is a sciding constant, j is the powder multiplicity term, P is the

polarization factor (approximately unity in the vertical scattering plane for

synchrotrons radiation (Chapters 2, 4)), 9B is the Bragg angle of the reflection ,

and A is the absorption correction. For flat-plate reflection geometry in the

infinite-thickness limit, the latter is independent of angle and has the value l/2~

which can be incorporated into the scaling constant. For cylindrical geome~,

the correction is a fairly complicated function of pR, and is evaluated

numerically .$? Fc]rcylindrical samples with @l less than one the cmmction is

well-described by an apparent temperature factor term with a negative overall
B*42

The intensity ‘Yiat a given point i in an individual peak profile may be

expressed as

Yi = Bi + I(hkl)g(A28; I’)N [9.16]

where Bi is the background intensity, g is a peak shape function, A2$ = 26-

29B is the displacement from the peak position, 17is the peak FWHM nnd N is a

normalization factor such that

\

00

N g(A2EI, I’) d20 = 1

J-

[9.17]

41 Iruerruztional Tables jbr X-Ray Crystallography, Vol. 2, Birmingham KynochRess, (1959),
295.

42A.W.Hewu Acts Cryst. A3S, 248 (1979).

.,
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Asdiscussed earlier, thepseudo-Voigt function isapopular choice in this

respect, although many others are in use. In a typical powder pattern several

reflections may contribute to a given point, and then the expression for Yi can

be written as

Yi = Bi + ~ I(hld) N g(A2e, ~ [9.18]

where Bi is the background intensity, and the sum is ia.ken over all possible

contributing reflections I(hkZ)within some specified range on each side of the

peak positions. This range may bean angular one (usuaIly at least 5r fcx X-ray

data) or an intensity one (e.g. 0.1% of the peak intensity). Each point in the

diffraction profile is represented in this way. In a complicated powder pattern

there are Iikely to be several hundred reflections or more whose intensities are

the unknowns, and as many as 20000 observations. At this stage there are

two possible strategies for extracting integrated intensities by a profile fitting

routine, based on different treatment of the background. In the first of these the

individual I(hM) values are treated as independent variables in a least-squares

refinement, together with the profile (i.e. zero-point, unit-cell, half-width and

asymmetry) variables.s~G~xs If the unit-ceil and half-width parameters are

known with reasonable accuracy, they may be held fixed until the later stages of

the refinement. The background intensity at each point can b estimated by

interpolation between average values detetied in regions where there are no

contributions from peaks. Alternatively the background can be approximated

by some polynomial function with a number of coefficients, which are then

treated as variables in the refinement process. Both methods have

disadvantages. With interpolation, it may be difficult to estimate the true

background in regions of high peak density, while with background refinement,

them-are often problems modeling the low-angle background and features such

as diffuse peaks.

In the course of the least-squares calculations, the obsenations are assigned

weights according to some scheme. Normally, Poisson counting statistics are

.

43 H. TorayA 3. AppL Cryst. 19, 440 (1986).



assumed and the weight wi is set equal to lfli. This may not nezesstdy be the

best choice, and other schemes have been proposed in the literature, including

unit weights, but these are not in general use. When two or more peaks are

superimposed, which is quite common in cubic systems, the correlations

between intensities prevents the determination of the individual conwibutions. ‘

This can also be a, serious problem at higher angles in heavily overlapped

regions when the angular separation between adjacent peaks is much less than

the peak widths. (One way out of this problem suggested by Pawley6 is to

constrain the intensities of the reflections in question by introducing ~additional

‘observations’ into the least-squares refinement. Since it is not known a priori

which reflection is the stronger, the “additionalinformation is expressed as

I(hlklll) - I(hzkzlz) = O [9.19]

where the overlapping reflections are hlklll and hzkzlz.. In practice this is done

by assigning a weight to this equation that depends upon the separation between

the peaks and is zero above a certain value. If the separation is very small, me

two peaks are ~surned to coincide and are treated as a single observation.

An alternative strategy has recently been proposed by Le Bail, Duroy and

Fourquetl Owhich is based upon a very simple modification to the approximate

procedure used by Rietveldl for the extraction of integrated intensities at the end

of the structure refinement, but does not require any structural model.. Instead,

an arbitrmy set of calculated structure factors is input and only the appropriate. .
profile parameters refined. From this ‘calculated’ contribution,, a set of

obsexved I(hkl) values is generated by apportioning the observed intensity at

each data point in the ratio of the calculated values and summing up for each

reflection. These values are then input as calculated values and the whole

procedure repeated until the refi~ement converges. This is usually a rapid

process, since the number of profile parameters is small and the ccxrelations

generally unimportant. However, peaks that are not well resolved will tend to

*
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Fig. 9.5. Pattern decomposition for (V())3(P04)2.9H20 using the method
described by Le Bail et al.10 Data were collected in the flat-plate mode at beamline
X7A with Si(l 11)-Ge(220) crystal-analyzer geometry. 675 indvidual integrated
intensities were extracted, shown by the short vertical markers under the profile
fits and difference plots. 450 of these were used to sofve the structure. 44
Sample-broadening effects are evident in the inset, which shows the va,nation of
peak FWHMSwith 20 compared with the instrumental resolution func%on obtained
with a Si standard.

be assigned similar intensities, or identical ones in the case that the peaks are

exactly coincident. Whether these data should be used in the structure solution

process will necessarily be a matter for judgment. The application c)f the Le

Bail method for profile decomposition is illustrated in Fig. 9.S, which shows

some high-resolution synchrotronsdata collected on (V0)3 (P’04)z9H2C) and the

1
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corresponding profile fit and difference plot.44 Although there are significant

sample-broadening effects, seen in the inset to Fig. 9.5, these data nevertheless

generated close to 700 integrated intensities, of which 450 were used for

structure solutioin by Patterson synthesis.

9.3.3 Structure solution methods

Once enough~individual intensities have been determined reliably, all the

standard methods of single-crystal structure detemrination can be applied. The

two most important techniques are Patterson synthesis and direct methods, and

these are usually followed by difference calculations to locate any missing

atoms not found in the first stage.

Use of these methods will generally provide at least a partial sohvion of the

structure. At this point it should be possible to carry out a Rietveldirefinement

(see Section 9.:3.4) based upon the known atoms. From the calculated

contribution of each reflection at a given data point the observed contribution is

estimated by apportioning the intensity in the ratio of the calculated values, as

described in Section 9.3.2. The corresponding structure factors are then used

in a difference synthesis as above. With this approach, it is possible to use

heavily overlapped regions of the pattern at higher angles that may not be much

use in the pattern decomposition process, and which in turn provide more data

for the Fourier transform and consequently a better map. However, the

observed structure factors will be biased towards the calculated values due to

the approximate nature of the extraction procedure.

9.3.4 Rietveld refinement

In simple CilSeS

accomplished on the

decomposition with a

a satisfactory refinement of the structure can be

basis of the integrated intensities obtained by pattern

program similar to those used in single-crystal analysis.

J

With suitable modifications, peaks that ~ completely or nearly overlapped can

be lumped together as a single observation, as described by Will, h4aschiocci,

u R.G.Teller,P.Blum E. Kostiner snd J.A. Hriljac, J. Solid Sruce Chem, m press.

.......
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Parrish and Hart.4s If desired, allowance can be made for correlations between

the intensities of overlapping peaks with a non-diagonal weight matrix.

However, by far the most commonly used method for structure refinement

with powders is the profile technique introduced by Rietveld in 19691 for the

analysis of neutron data, now known as Rietveld refinement. This is based

upon minimization of the least-squares residual

M = ~ Wi [(yi (Ohs) - Yi(C~C)]2 [9.20]
i

summed over all the points of the pattern, with yi = Yi - Bi (see [9.18]). Just as

in the pattern decomposition process, there area number of profde variables that

describe the peak shapes and positions (e.g. unit-cell, half-width, zero-point

and asymmetry parameters). However, in Rietveld refinement it is the atomic

coordinates and temperature factors (and perhaps site occupancies) that are

refined rather than the individual I(hkl) values. For the minimization to be

successful, approximate values of the atom positions must be known (or

guessed). If a few atoms are missed, they can usually be found by difference

techniques later in the analysis, as described in Section 9.3.3. The original

Rietveld source c&ie was widely distributed and there are now manly locally

modified versions available. In addition, a number of new and powerful

programs with many sophisticated features have been written in the last few

years.46-5~

The main advantage of the Rietveld technique over pattern decompclsition is

that the structural model imposes strong constraints on the calculated intensities,

allowing all of the raw data to be used, irrespective of the degree of overlap.

Refinements usually converge fairly rapidly and smoothly, and the maximum

amount of information can be extracted from the pattern. Manly quite

45 G. Will, N. Mascioccti W. Parrish and M. HarL J. AppL Cryst. 20,394 (1987).

46 D B Wks and R.A. Young, J. AppL Crysf. 14, 149 (1981).

47 C: Baerlocher, XRS-82, The X-Ray Rietveld System. ETH, Zkich (1982).

48 S.A. Howard and’R.L. Snyder, Ad. X-Ray Analysis, 23,73 (1983).
49 F. Izumi, H. Asano, H. Murata and N. Watanalx, ~. AppL G-ysr. 20, 411 (1987).
50 A.c. ~~on ad R.B. Von ~eele, RePfl LAUR 86-748, ~~ A1~os Nation~ ~~ra[ory, L4x3

Ahmos, NM (1988).

51 J.K. Maichle, J. Ihringer and W. Pmndl, J. Appl. Cryst. 21, 22 (1988).
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complicated structures have been successfully refined in this way.,mainly from

neutron data but increasingly more from conventional and synchrotrons X-ray

data. However, with even more complex structures, better instrumental

resolution is needed. How this enters into the design of a monochromatic beam

neutron diffractometer has been considered in detail by Hewat:52~53 who

pointed out tha~ by shifting the focusing minimum in the resolution function to

high angles, one can roughly match this to the density of peaks over a very

wide range of the pattern. For a neutron diffractometer this is usually achieved

with a high take-off angle for the monochromatoq however, for a synchrotmn

X-ray instrument it is more convenient to use a high-angle setting for the

analyzer (see [9.3]), as illustrated in Fig. 9.4.

At this level of resolution, it is interesting to ask what is the practical limit to

the number of inequivalent atoms that can be refined in a complex structure? A

rough estimate can be obtained by extending the arguments of Christensen,

Lehmann and Nielsenz” in the following, way. The number of independent

Bragg reflecticms NB in a powder pattern expressed as a function of d* is given

approximately by

N~ = 4zVc(d*)s/ 3j [9.21]

Vc is the volume of the primitive unit cell and the other symbols have their usual

meanings. For centrosymmetric cells of higher Laue symmetry in each crystal

class in which the atoms are all in general positions the number of inequivalent

atoms NA may be written as

NA = VC/(vAj) [9.22]

where VA is the mean atomic volume. The required number of independent

observations based upon the usual experimental practice of over-cletermination

52 A.W. Hewa~ Arucl. [nstr. and Mcth. 127,361 (1975).

53 A.W. Hewa~ Muter. Sci. Forum 9,69 (1986).

. .
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Fig. 9.6. Comparison of the ‘required’ resolution funotion 2 A%.) (sotid tine) with
the instrumental function obtained with Si(l 11)-Si(400) ctysta:-analyzer geometry
(broken line, see Fig. 9.4). The required function is twice the avefiige peak
separation derived from [9 .21H9.25] as discussed in the text. The o~?n circles
are values obtained from the actual number of peaks in the pattern averaged over
5* segments.

by a factor of 10 is therefore about

positional parameters is 3NA. Hence

NB = 30NA = 30V~(V~)

30NA, since the number of variable

[9.23]

Substitution in [9.21] gives the required range of data collection in iterms of
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d& = [90 /(4zvA)]l~ [9.24]

If VA is taken to be 12 As, d* “mm 1s seen to be about 0.84 ~-1, a :result that is

independent of crystal class or cell volume. Data should therefore be collected

at least out to this value, which comesponds to 28 values of roughly 70° and

120° for wavelengths of 1.3 and 2 ~ respectively, a range that covers most

neutron and X-my diffractometers.

From [9.21] the average angular separation between reflections A2Elcan be

detemined

A29 = 360j (tan0)fi4z2Vc(d*)3] [9.25]

which is a rapidly decreasing function of 26. If it is assumed that the minimum

separation needed to resolve adjacent peaks so that they may be regardcxi as

independent obsmvations is 0.5 FWHM then an adequate resolution function is

just twice the average separation. This is a fairly conservative assumption,

since the peiik positions and half-widths are strongly constrained in the profile

fitting process.

As an illustration, we take the commercially important zeolite catalyst known

as ZSM-5,54 which in calcined form has the ideal composition SigdOlgz per

unit cell. The relevant crystal data are given in Table 9.2, and the required

resolution function based on [9.25] is drawn in Fig. 9.6 as the solid line.,—
Actual values of A20 obtained from the calculated pattern by averaging over 5°

segments are plotted as solid circles. The measured resolution for the Si

powder stanckmi with Si(l 11)-Si(400) geometry (Fig. 9.4) is shown by the

broken line. We can therefore feel confident that this is more than adequate to

give a satisfactory refinement of’the orthorhomblc ZSM-5 structure, which has

110 positional parameters. ,In fact, at this level of resolution we can predict that

it should be feasible to undertake refinements of at least 200 and possibly 300

positional parameters. However, there is one very important caveat, namely

that sample-broadening effects should be negligibly small. In practice the

limiting factor is more likely to be the ability of the chemist tc~synthesize

.

54 G.T. Kokotailo, S.L. Lawton, D.H. Olson and WM. Meier, Nature 272,437 (1978).
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samples with a crystallite size in the region of 1 pm or more that are strain- and

disorder-free.

9.3.5 Pair distribution analysis

Another technique that can provide valuable complementary information for

structure analysis and Rietveld refinement is pair distribution function (PDF)

analysis. Although this method has traditionally been applied mainly to

materials with a non-periodic structure, recent advances in experimental

techniques and data analysis show that it is possible to carry out this sort of

analysis for crystalline solids.ss Since the PDF is simply a real-space

representation of the raw data, the method has no particular advantage over

standard crystallographic techniques for perfectly periodic structures. The

major advantage of PDF analysis is that it provides information about local non-

random atomic displacements, since both the Bragg intensities and diffuse

scattering are included in the data analysis. Standard crystallographic

refinement methods must treat such displacements as random by either a static

disorder model or anomalously high temperature factors. The method may also

be useful for structure solution when standard techniques fail to provide a

satisfactory set of initial atomic positions for refinement.

A disadvantage of the PDF method for crystalline solids is that the total

structure factor S(Q), where Q = 2xd*, must be determined over a large range

of Q in order to minimize termination errors. This should be at least 20 ~-1

((sin 6)n = 1.6 ~-1) for X-ray powder data thus fairly hard radiation (1=

0.5 ~) is required. On a bending-magnet bea.rnlineat a 2.5 GeV source such as

the NSLS the photon flux at this wavelength is down by an order of magnitude

compared with that at 1 ~. In addition, very careful experimental technique is

required, since quantitative corrections must be made for absorption,

polarization, multiple scattering, inelastic scattering and instrumental

background.

55 T. Egarni, Mater. Truns. JIM 31, 163 (1990).
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Table 9.2. Comparison of actual and calculated values of NE),NA and

NP for ZSM-5 used in derivation of required resolution function based

on [9.21 ]-[9.25]. Crystallographic data for ZSM-5 taken as follows;

orthorhombic, s~pacegroup Prima, a = 20.119 A,b = 19.928 ~, c =

13.402 A,VC= 5373.3 As,formula unit SiOz, Z = 96. Note that the

calculated values of NA and Np are over-estimated because of the

very open framework structure.

Actual Calculated

NB 1949 1864

NA 38 56

Np 110 168

~ = 1.3154 ~, 28 = 5°–700, d:,, = 0.872 ~-1

This method is not yet in general use, but has already provided valuable

information about short-range correlated displacements in superconducting

oxides .56 For fiurther details, the reader is referred to review auticles by

Egami55 and Toby.sT

9.3.6 Agreement factors

A number of agreement factors are in common usage as indicators of the

quality of the fit obtained in Rietveld refinement. These are based ei~heron the

overall fit to the points in the profile or to the fit between calculated and

obsetved integrated intensities.

The profile agreement factors most fkquently quoted are the unweighed and

weighted R-factors, RP and RW (usually as percentages):

56 B.H. Toby, T. Egami, J.D. Jorgensen and M.A. Subramanian Phys. Rev. Let?. 64, 2414
( 1990).

57 B.H. Toby and T. E,gatni, Acla Cryst. k m press.
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Rp = ~ Iyi(obs) - Yi(calc)l ~ yi(obs)
i i

Synchrotronsradation crystallography

[9.26]

Rwp = { ~wi[yi(obs) - yi(calc)12\~wi[yi(obs)12} 1P
i i

[9.27]

The ‘expected’, or statistical, R-factor&is defined as

~= { (NO - NP) ~wi[yi(obs)]z} 1P [9.28]
i

where No is the number of profile points and Np is the number of refined

parameters (adjusted for constraints if necessary). The ratio R~ & @es the

reduced chi-squared goodness-of-fit index for the profile, usually reported as

Swp:

Swp = { ~Wi [Yi(obs) - yi(c~c)12 / (No - NP) } l@
i

[9.29]

As originally defined by Rietveldl, yi is the background-corrected intensity at

point i, and summation is taken over all points that contribute to the Bragg

intensities as determined by the angular range specified at the start of the

refinement (typically ~ 5-10 FWHM for X-rayS). However, if a background

model is refined as well, the quoted R-factors usually apply to all points in the.

pattern, includlng background regions.

Unlike conventional single crystal R-factors, the weights wi are normally

derived purely from the counting statistics as mentioned earlier, and Rp is not a

particularly useful indicator of fit. Typical values of RP for synchrotrons data

range from 10 to 20%, while SW is usually in the range 1.5-2.0.

The integrated’ intensity agreement factor is sometimes denoted by RI,
/

sometimes by RB:

RI= ~ lI(obs) - I(calc)l I ~ I(obs) [9.30]

Summation is taken over all the possible Bragg reflections NB. As pointed out

previously, an approximation is involved in which the observed intensities of



9. Powder cliffraction and structure determination 223

overlapping refktions are extracted by apportioning the observed counts yi in

the ratio of the calculated values of the contributing peaks. Since RI is based

upon a comparison of observed and calculated integrated intensities and is

relatively insensitive to profile and background parameters, it can be :regarded as

the most useful indicator of the adequacy of the structural model. Values

between 5 and 10% are genemllyindicative of a respectable fit.

It is also possible to calculate an integrated intensity goodness-of-fit index SS

analogous to SW although this is seldom done:

/
S1 = (~ W [I(obs) - I(calc)]2 (NB -N$ } 1P

i
[9.31]

NB is the number of Bragg. reflections and Ns the number of structural

parameters (i.e. atomic positions, temperature and occupancy factors, preferred

orientation and scale factors). Our experience with high resolution synchrotrons

data is that SI is generally a factor of 2-4 larger than S* in extreme cases it Cm

be a factor of 10. This simply reflects the fact that SW tends to b dominat~

by large regions of low background counts, whereas S1 is more sensitive to

systematic errors in the integrated intensities and/or the structural model.

9.3.7 Estimated standard deviations

As is common practice in single-crystal refinements, the least-squares esds

in most Rietveld programs are obtained from the diagonal elements of the

variance-covariance matrix multiplied by the goodness-of-fit index as follows

~i = Sw (Aii)-]LC [9.32)

This procedure implies that the proper weighting scheme has been used except

for a common scale factor, but, as princess has observed, this is a questionable

assumption for powder data when the only source of variability is due to

counting statistics. To correct for systematic errors in this way is a

controversial and statistically unsound procedure, and Rietveld refinement is no

exception. Unfortunately, it is rare that the refined model gives an adequate

58 E. ~m~. J. A@. @Sf. 14.157 (1981).

.
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statistical fit, and the question of the reliability of the esds has generated a lively

debate in the past decade, which is beyond the scope of the present chapte~ a

detailed summary can be found in a recent review article by Post and Bish.sg

There is fairly widespread evidence that the calculated esds of pclsitional

parameters tend to underestimate the ‘true’error by a factor of 2–3, and those of

temperature factors and site occupancies by even more. This is indicated in

several cases by a comparison of structural parameters obtained in independent

powder studies, or in powder and single-crystal refinements of the same

compound. This issue is currently under investigation in an intercomparison

project being conducted by the Commission on Powder Diffraction of the

International Union of Crystallography. In most cases this is not a serious

problem, but obviously one should exercise great caution in interpreting the

significance of individual thermal parameters or occupation factors.

It has been suggested on various occasions that more realistic esds for the

structural parameters would be obtained if SWPwere to be replaced by S1, the

latter being abetter indicator of the structural fit. In the analysis of synchrotrons

X-ray powder data taken at the NSLS over the past few years this has been

generally found to be true. Even though this procedure is statistica~y unsound,

it “probably provides. a more realistic estimate of the accuracy of the values

obtained horn Rietveld refinement of such data (and perhaps conventional X-

ray and neutron data as well). At the very least, there is much to be said for

including values of SI in papers as well as Swp.

9.4 Systematic errors

As in experiments on conventional equipment, there are several systematic

errors that can affect the quality of the data and the subsequent analysis. A few

of these have already been mentioned above; several will now be considered in

more detail. The reader is also referred to a comprehensive article by Suortti

and Jennings.Go

59 J.E. Post and D.L. Bish, Rev. Miner. 20, 277 (1989).

60 P. Suortti and L.D. Jemings, Acra. Cryst. A33, 1012 (1977).
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9.4.1 Preferred orientation

This has long been a troublesome problem in the analysis of conventional X-

ray powder diffraction dam and is equally so at a synchrotrons when flat-plate

samples are used. If the aystallites are acicukwor platy, preferred orientation is

very difficult to eliminate, and a correction must then be incorporated into the

refinement model.. In his 1969 paper,’ Rietveld described an empirical

correction to be us{edfor neutron diffraction data when there was a tendency for

platy crystals to stack perpendicular to the axis of the cylindrical sample holder,

as follows:

I(obs) = I(calc) exp(Ga2) [9.33]

Here a is the angle between the scattering vector and the preferred orientation

axis, and G is a refinable parameter representing the degree of preferred

orientation. The exponential quantity can be regarded as a special case of a

probability distribution function P(a), and has been largely superseckd by the

so-called March correctional $2

P(a) = (r2 cos2 a + r‘1 sinz a)-q~ [9.34]

where r is the refinable parameter, and it is assumed that the sample has

cylindrical (axial) symmetry and that the crystallite are effectively rod- or disc-

shaped. The first assumption is usually satisfied for X-ray flat-plate or

cylindrical samples as normally prepared, but in any case can be ensured by

spinning the sample during data collection. The March distribution has several

desirable features: it has a valid theoretical basis, it is a true probability

distribution function with unit integral that is symmetrical and continuous across

a = O and a = x/2, and it can be applied to both platy and rc)d-shaped

crystallite in either kmd of geometry.

Many of the more widely used Rietveld codes now contain the March

correction. However, some caution is required when the symmetry is cubic or

61 A. March, Z. Krist. 81, 285 (1932)

62 W.A. Dollase, J. A,ppl. Crysf. 19,267 (1986).
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the preferred orientation axis does not lie along a unique axis, for then the

scattering vectors of otherwise equivalent planes V@ not make the same angles,

and P(a) must be replaced by an average, i.e.

[9.35]

where summation is over the j equivalent reflections. In such cases the latter

must all be specified in the input list to the program.

A generalized treatment of preferred orientation has been incorporate” in a

Rietveld code by Ahtee, Nurmela, Suortti and Jarvinen.ss In tlhis the

orientation distribution function W (6, $), expressed in spherical poiar

coordinates 6 and $, is expanded in terms of site-symmetrized haxmonic

functions as described in a series of papers by Jarvinen, Pesonen and

coworkers.~es

W(e, $) = ~ CijKij(e, $)
ij

[9.36]

Here the Elj are properly symmetrized spherical harmonics with coefficients

Cij. Then

I(obs) = I(cdc) ~ Cij Kij pi (cos a) [9.37]
.

where Pi (COSa) is the Legendre polynomial of order i, and a is now the angle

between the axis of rotation and the scattering vector. Thus for nomnal flat-plate

geometry a = Oand Pi (COSa) = 1, while for Debye-Scherrer geometry a = z/2

and Pi (COSa) <0.5, so that preferred-orientation effects are substantially

reduced. The coefficients Cij are now the refinable parameters in the profile

fitting procedure. Based on the few examples published to date, it appears that

only two or three such coefficients are likely to be needed in most cases. This

method has the very considerable advantage that the probability distribution

63 M. Jarvinm M. Merisalo, A. Pesonen andO. Inkiien, J. Appl. Cryst. 3, 313 (1970).

u A. Peson~ hf. Jarvinen and K. Kurki-Suonio, Physics Ferutica 8,81 (1973).

65 A. Pesonw J. AppL Cryst. 12, 460 (1979).
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function is consistent with the crystal symmetry and that no a priori choice of

preferred axis has to be made, and it seems likely that this approach will be used

increasingly in future applications of Rietveld refinement. Finally, it is

important to note tha~ although preferred orientation is generally regarded as a

nuisance, it does lprovide a potentially powerful technique for sepaming the

contributions fkom coincident or closely overlapping peaks if data sets can be

coIlected in reflection and transmission geometry, for example. This might

have useful application to improving the quality of the data to be used for ab

initio structure solution.

9.4.2 Inadequate randomization

If the size of the crystallite is too large, the number participating in the

diffraction process may not be enough to satisfy the criteria for a random

powder disti.buticm. This is the origin of the spottiness sometimes observed on

Debye-Scherrer films, of course, and an analogous effect is occasionally seen in

the form of saw-toothed profiles in the synchrotronsX-ray patterns from highly

crystallized materials. The importance of rotating or oscillating the samples has

already been emplhasize& however, significtit fluctuations in intensity have

been observed for duplicate scans at X7A on occasions when the czystallites

were a few microns in size, even though the sample was rocked through several

degrees. For routine room-temperature work a sample spinner would probably

help in such cases; otherwise the only,.solution is to grind the sample more.

Inadequate randomization may be the major contributing factor to an

unexpectedly poor intensity fit for a well-characterized “andhighly {crystalline

material.

9.4.3 Extinction

Extinction is the reduction in the ideal kinematical intensity due to the

depletion of the primary beam and rescattering of the diffracted beam. This a

well-known probl,em encountered mainly in single-crystal studies, and there is

.
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an extensive literature directed mainly towards making suitable corrections of

this sort (see e.g. Suorttiee*67 and Sabine,m~6gand references therein).

Extinction effects are normally ignored in the analysis of powder dat~

however, Sabine and coworkers70 have shown that in time-of-flight neutron

diffractometry primary extinction can be very significant for a highly crystalline

material. FoIlowing Sabine,eg we may write

I(obs) = I(cdc) E

where the extinction

parameter x, namely

coefficient E is a

E =ELCOS26 + EB sin28

EL= 1- xj2 + x2/4 -5xS]48 + 7x41192

EL= (2/zx)l~ [1 - l/(8x) - 3/(128x2) -

EB = 1/(1 + x)12

[9.38]

function of the Bragg angle i~d a

{

[!).39] “

(x<l) [!).40] :

3/(1024x3)] (X>l) [!).41]

[9.42] <

In @ese expressions x = (I@& M?D)2, where D is a refinable par~eter and K

is a shape factor ranging from unity for a cube of edge D and 3/4 for a sphere of ~

diameter D. A correction of this type accounts very satisfactorily for neltitron

time-of-flight data collected on highly crystalline samples of Mg0.70

Except for the lighter atoms, X-ray structure factors are considerably larger i

than their neutron counteqmrts, and correspondingly large primary extinction ~

effects are possible in samples consisting of crystallite 1-10 ~m in size. An

actual calculation for the (220) reflection horn a sample of Ge consisting of :

1 pm cubes reveals that the intensity reduction would be about 9% at 1.5 ~,, but

66 P. Suortti, Acts Cryst. A38, 642 (1982).

67 P. Suortti, Proc. lndian Acad. Sci. 92, 359 (1983).

68 T.M. Sabme, Acts Cryst. A44, 368 (1988).

69 T.M. Sabine, Aust. J. Phys. 41, 413 (1988).
70 T~. sa~me, R-B. von ~eele ~d J-E. Jorg~~~ Acts Cryst. A44, 374 (1988).
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only 1YOat 0.5 & In such cases, it is clearly desirable to choose the shortest

wavelength practicable.

In general, if the raw data slhownegligible peak broadening firom sample

effects and the refinement yields systematically high calculated intensities for the

strong peaks, an extinction correction should be tried.

9.4.4 Absorption and microabsorption

As emphasized in Section 9.2!.3,absorption effects area major consideration

in planning a synchrotrons X-ray experiment with a capillary sample. If the

effective value of@ determined fi-omthe radius of the capillary anldthe weight

of the sample is less than unity, an adjustment to the refined values of the

temperature factors may be made on the basis of the simple forndae given by

Hewat.AQ Suitable corrections in cases where yR is substantially greater than

uni~ will require mcxMication of the intensity expression by numerical factors

of the type listed in the International Tables.Al Failure to do this will inevitably

lead to serious systematic errors in the ternyerature factors and qu~itepossibly

the occupancy factors if refined.

For ideal flat-plate samples the absorption factor is a constant ami is taken up

in the scale factor. In practice, however, there may be a reduction in intgnsity

due to the granularity of the flat-plate specimen, which is usually termed

microabsorption. This topic has been discussed in detail by Suortti71 and in

two recent papers by Hermann ~d Ermrich.72~73 Following Sucmti, we can

write the intensity diffracted from a granular specimen as

I(obs) = (I@P)[(l - P(6)] [9.43]

where 10/2wrel?resents the familiar absorption-comcted result and P($) is a

granularity correction that originates from correlated lateral fluctuations in the

absorption path lengths for X-rays in and out of the particles near to the

geornerncal point of reflection. From fluorescence measurements on carefully

71 P. SuortL J. Appl. Cryst. 5, 325 (1972).

72 H. Herrnann and M. Ermrich, Acts Ciys/. A43. 401 (1987).

73 H. Hermasm and M. Errnrick Powder Difhction 4, 189(1989).



A well-known feature of laboratory X-ray diffractometer patterns is the

obvious asymmetry of the low-angle reflections, which takes the form of an

extended tail on the low-angle side of the peak. As discussed in detail by

Wilsonl 4 and Klug and Alexander,l 3 this asymmetry arises from a

combination of axial divergence, the extended flat-plate surface and the

specimen transparency effects. As illustrated in Fig. 9.2, the latter two can be

regarded as displacement-type effects, which can be eliminated in synchrc~tron

experiments by the use of crystal-analyzer or Soiler-slit geometry. However,

some degree of axial divergence is inevitable, and it may be necessary to

introduce an asymmetry correction in the subsequent data analysis. Most

Rietveld programs contain some sort of algorithm for this purpose, ranging

from the semi-empirical function originally suggested by Rietveldl to the more

quantitative functions described by Howard,7s PrinceTG and Van Laar and

. .
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pressed discs of Cu powders with different particle sizes with MoKa radiation,

Suortti observed intensity reductions that were most pronounced for the less

densely packed specimens and ,at low scattering angles, consistent with a

constant bulk porosity effect PO and an angle-dependent surface roughness

effect P@).

In these experiments the effects amounted to no more than a few percen~

however, “one xbight anticipate much larger reductions for typical flat-plate

samples, particularly for very gra@ar and highly absorbing materials. In a

structure refinement the bulk porosity effect will be incorpomted into the scale

factor and thus have no adverse consequences. on the other hand, surface

porosity may result in systematic errom, for example, a refinement that yields

negative thermal factors is most likely due to the neglect of an effect of this

type. It may be possible in certain cases to make corrections from

measurements of the characteristic fluorescence in the same geometry as

described in a recent paper by Kumar et al.T4

9.4.5 Asymmetric peak broadening

74R. Kumsr,CJ. Sparks, T. Shiraishi E.D.Spech~ P. ZschackG G.E. Ice and K. Hisatsune, W@.
Rcs. Sot. Sy~. 2%x. 213,369 (1S91).

75 CJ. HOWWA ~. A@. Cryst.15,615 (1982).
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Yelon77 for use with neutron powder data. Howard has derived a simple

expression for the asymmetric peak profile that takes into account the path of the

detector across the diffraction cone and is a convolution of a Gaussian function

with an asymme~ric function with one refinable parameter to allow for the axial

divergence of the detector aperture. The resulting integral can be evaluated

approximately by a three- or five-point Simpson’s rule summation. This

approach has now been incorporated into several widely used Rietveld

programs.

An approach similar to Howard’s can be used to model the low-angle

asymmetry observed in synchrotronsX-ray peaks. In some early experiments

by Hastings, Thcttiinson and Coxzs a very good fit was obtained bynumencal

convolution of an appropriate asymmetry function with a psleudo-Voigt

function, even though the asymmetry was very pronounced due to the relatively

large axial divergence of the Soiler slits used in the diffracted beam, i.e. about

1.4°. In a typical experiment nowadays at X7A, the axial divergence is only

about 0.5° and asymmetric broadening is vanishingly small when 2!0is greater

than about 15°.

An altemativ{~to the convolution procedure described above is the so-called

split-Pearson VII function.~@ This has been applied mainly to laboratory X-

ray data, but an example of its application to synchro~on data is given in a

recent paper by Smith et al.?~ Although this function appeam to work

reasonably well, it offers little physical insight into the origin of the asymmetry,

in contrast to the convolution approach, which is based explicitly upon axiaI

divergence.

At low angles there will also be deviations from the intensity expression of

[9.15], which is derived on the assumption that the curvature of the diffraction

cone is negligible across the segment intercepted by the detector aperture.

Correction factors for neu,tron diffraction geometry have been tabulated by

Cooper and Gla:;spoo17gand Van Laar and Yelon.?T The latter paper considers

the effects of both detector and sample dimensions, and gives expressions that

76 E. Prince, J. Appl. Cryst. 16, 508 (1983).

77 B. Van Lam and W.B.Yelom J. Appl. Cqwt. 17,47 (1984).

78 R.I.Smiti A.R. ‘WesL I. Abrahams and P.G. Bruce. Pow&r Diflruction 5, 138 (1990).

79 M.J.Cooper and A.V. Glasspool, J. Appl. Cryst. 9, 63 (1976).

.
.

.
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can be applied equally well to synchrotrons X-ray geometry. For typical

configurations such as those in Fig. 9.1, correction factors are unlikely to be of

much significance.

9.4.6 Anisotropic peak broadening

Anisotropic peak broadening due to particle-size and strain effects or

stacking disorder is ‘seldom a problem in Rietveld analysis of neutron or

laboratory X-ray data, and generalized models to describe such effects are not a

feature of most Rletveld codes. Simple particle-size corrections for uniaxia.1

symmetry have been incorporated into some programs; examples are given by

Greaves80 and Toraya.sl A generalized approach based upon Warren-

Averbach Fourier analysis has been developed by Le Bail and coworkerssz~83

based on an ellipsoidal model analogous to the thermal ellipsoid model used for

anisotropic thermal factors. A more fundamental approach has been ustxi by

Thompson, Reilly and HastingssA$s for hexagonal and cubic symmetry in

which expressions for the strain broadening are derived in terms of refinable

parameters related to the components of the elastic compliance tensor.

The situation is clearly different for high-resolution synchrotronsX-ray data,

where significant peak broadening is the rule rather than the exception. To

illustrate this we note that at a wavelength of 1 ~ the Scherrer broadening at low

angles is about 0.010 for a mean particle size of 0.6 ym, comparable to the

instrumental resolution. The resolution function embodied in [9.9] and [9.10]

provides an adequate description of isotropic-strain and particle-size

broadening, but we can certainly anticipate that generalized anisotropic

corrections will have to be considered more explicitly in the near future.

80 C. Greaves, J. App[. Cryst. 18, 48 (1985).

81 H. Toray~ Powder Diflruction 4, 130 (1989).

82A. Gibaud, A. Le Bail and A. BulotL J. Phys. C19, 4623 (1986).
83 C. L=tigue, A. ~ Bail ad ~. percheron~ueg~ J. ~~~ co~~ Met~~ 129, 65 (1987).

84 P Thompson, J.J. Reilly and J.M. Hastings, J. Less Common Metals 129, 105 (1987).

85 P: Thompson, J.J. Reilly and J.M: Hastings, J. App/. Cryst. 22, 256 (1989).
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9.4.7 Polarization

The polarization factor P which appears in the intensity expression given in

[9.15] may be conveniently expressed as

P = (IO,J + IO,]] KCOS22e)/1() [9.44]

where ~,1 and Io,l~are the components of the incident intensity 10at the sample

position respectively perpendicular and parallel to “thescattering plane, and K is

a polarization term that depends upon the diffraction geometry after the sample.

For a conventional laboratory diffi-actometer equipped with a pyrolytic graphite

crystal in the diffracted beam, K is usually assumed to have the ideal

kinematical value CC}S220A and P has the standard form

P=@ + COS2 29A COS2 20)/2 [9.45]

In practice, though, because of secondary extinction, K is found to be much

closer to the dynamical value Ices 26A] characteristic of perfect c~stal

analyzers.sG$T

In the case of synchrotrons radiation, ~~ and 10,11can be calculated from the

machine parameters and the beamline optics (Chapter 2).~$g Alternatively the

polarization ratio 10,~/10,11may be measured by a simple powder diffraction

experiment of the type described by Materlik and Suortti (Section 2.5).88 For

typical powder geometry at a high-emittance source this ratio shoulcl be about

0.05, and hence

p = 0.95+ 0.05 KCOS228 [9.46]

Since X-ray powder data sets for Rietveld refinement seldom extend much

beyond 2El= 90°, it is readily seen that neglect of the polarization factor will be

compensated for by a small apparent increase AB in the overall temperature

factor. At a wavelength of 1.2& AB would be in the region of 0.1 ~,2.

86 L.D. Jennings. Actu Cryst. A40,12 (1984).
87 P. Suortti, A. Kvick and T.J. Emge, Acra Cryst. A42.184 (1986).
88 G. Materlik snd P. Suortti. J. Appl Crysr. 17, 7 (1984).

89 D.H. Templeton and L.K. Templeton, J. Appt. Cryst. 21.151 (1988).
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9.4.8 Source stabil ty
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Synehrolronra~ationcrystallography

Since data collection from a powder sample

. possibly extend over more than one fill of the

may take several hours, and

storage ring, changes in the

position and inclination of the beam may need to be considered. For example, a

random check of the beam position monitors on either side of the bending

magnet at X7A over a one-week period revealed fluctuations in the source

height and inclination of around dill mm and #.02 mrad respectively. For a

typical experiment with a vertically scatteringSi(l11) monochromator set for a

wavelength of 1 A, the corresponding fluctuations in incident energy would be

about N eV. This is unlikely to have any significant effect on a standard

Rietveld refinement, but could conceivably lead to systematic errors in an

anomalous scattering experiment very close to an absorption edge. It is

therefore advisable to note any major changes in the electron orbit over the

duration of an experiment in case of unexpected difficulties in the subsequent

data analysis.

9.5 Examples

In this section we shall give a few examples of recent structural studies of

different types. These have been chosen both to illustrate many of the points

discussed in the previous sections and also to describe some of the problems

that can be encountered.

9.5.1 Glycylglycine

This study was undertaken primarily to test the feasibility of carrying out

Rietveld refinement of a small-molexxle organic srructure with high-resolution

data colleeted with a linear PSD.3G The compound chosen was glycylglycine,

NH3+CH2CONHCH2C00-, a simple peptide that is one of the basic building
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Fig. 9.7. Comparison of data sets collected at beamfine X13A from gtycylgfycfne
with Ge(111 )-1.iF(400) crystal-anal yzer geometry .36 Top: Simulat[?d pattern.
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SCATTERING ANGLE, 26 (c&g)

Fig. 9.8. Comparison of peak FWHMSobserved for gylcylglycine with the
instrumental resolution function. Top: HASYLAB. Bottom: NSLS data. Note the
sample-broadening effects.

blocks of proteins. This substance is monoclinic (a= 7.83A, b = 9.56 .~, c =

9.42 & ~ = 124.66°, space group P21/a, Z = 4), with 17 inequivalent atoms

in general positions, of which 8 ~ H. The structure was first inVestigaLte.din

an X-ray single crystal study in 1968,90 in which the carbon positions were

determined with the hydrogen atoms fixed in reasonable positions. The

complete structure was found in a subsequent neutron study of a deuterated

Crystal?l

Three sets of powder data were collected from (i) a capillary sample 0,3 mm

in diameter at the W 1 wiggler beamline at HASYLAB equipped with a straight-

90 A.B. Biswas, E.W. Hughes, B.D. Sharma and J.N. Wilsom Acts Cryst. B24,40(1968).
91 H.C. Freemam G.L. Paul and T.M. Sabine, Acts Cryst. B26,925(1970).
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linear PSD covering an angular range of 2.7°, with a pixel size of about O.O1°

and a step interval of 1.OO;the wavelength was 1.300A and the instrumental

resolution at the focusing minimum (2e = 15°) was about 0.02°; (ii) a 2 mm

diameter capiky at the X13A beamline at the NSLS with a L@ crystal analyzer

in the (4oo) setting witi a step interval of O.OIO;the wavelength was 1.315A

and the resolution at the focusing minimum (2$ = 50°) was about 0.025°; and

(iii) as for (ii) but with a flat-plate sample. These data revealed very

pronounced prefimed orientation effects characterized by an order-of-magnitude

enhancement of the (hOO)intensities, and were not used in any subsequent

refinements. Tk effixt of preferred orientation is illustrated rather strikingly in

Fig. 9.7, which shows a comparison of the two latter data sets together with a

simulatwl pattern based on the published X-ray single-crystal coordinates.~

The PSD data were frost corrected for non-linearities and the central 10

region of each step was used to produce a set of 2&alues and intensities.

Unlike a conventional step scan, the step interval is not constant as assum~ in

most Rietveld programs, and appropriate modifications were made to the

program”used, a version of EDINP.92

Refinement was carried out with the hydrogens fixed in the positions found

in the neutron study.gl Some of the results are summarized in Table 9.3; the

values of the atomic positions maybe found in ref. 36. Several pc)ints may be

noted. The total number of Bragg reflections NB in this range is accurately

predicted from [9.2’1]; however, [9.22] underestimates the number of

inequivalent atams because the mean atomic volume in this case is only about

8.5 ~3. Refinement of the 27 non-hydrogen positional parameters proceeded

smoothly, as wcmldbe expected for this number of observations. The variation

of the obsenwd peak FWHMS is qualitatively consistent with the respective

instrumental resolution functions (Fig. 9.8); in particular, the NSLS data show

a pronounced ,minimum. close to the expected value. There are clearly

significant sample broadening effects amounting to 0.03°-0.040 at higher

angles, but at lIDWangles only the NSLS data are broadened. Although this

could be due to differences in sample preparation, it might simply reflect the fact

that the instrumental peak-width function is poorly defined in the Iow-angle

92 G.S. Pawley, J. @pi. Cryst. 13, 630 (1980). .
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region, where there are relatively few peaks. In both cases the actual resolution

is far better than the ‘desired’function of 2 (A2~) derived from [9.25].

In common with most Rietveld refinements, the unit-cell parameters are

determined with apparently very high precision (Table 9.3), but comparison of

the monoclinic angles shows the esds are unrealistically low by at least an order

of magnitude. The differences in the two sets of dimensions are undou~btedly

due to an error of about O.1% in me wavelength calibrations, most probdiy in

,the HASYLAB experiment, where there was insufficient time for a precise

measurement.

The average values of the esds for the atomic coordinates are somewhat

lower in the case of the NSLS refinement and comparable to those obtained in

the X-ray single-crystal study. At fmt sight, this is a tither surprising result,

since the latter was based on 1098 observed intensities, and raises questions

about the reliability of the powder esds as discussed in Section 9.3.6. One way—
to judge this is to calculate the mean difference Ap between the two sets of—
coordinates obtained in the powder study, where Ap is defined as36

1P=(1/Np) ~p lApil 1[9.47]

where

Api = [pi(l) - pi(2)]/ [~(l)+ &(2)]l~ [9.48]

A value of around unity would indicate a realistic choice of esd~ the actual

value of 3.0 suggests an under-estimate by roughIy this factor. A second testis

to carry out an analysis by means of a half-normal probability plot of the Api,

which should show linear behavior with approximately unit slope anti zero

intercept for properly assigned esds.gs The results of such a plot are shown in

Fig. 9.9; the distribution of the Api is consistent with an under-estimate of the

esds by a factor of between 3 and 4. This suspicion is reinforced by

‘3 S.C. Abrahams andE.T. Keve, Acts Cry!. A27,157(1971).
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Table 9.3. Some of the results obtained in structural studies of the

peptide glycylglycine carried out at I-IASYLAB and the NSLS.3G

Monoclinic, space group P21/a, formula unit C&N@& Z=4. NB and

NA are respectively the number of Bragg reflections and tho number

of atoms in the asymmetric unit (see [9.21] and [9.22]).

HASYLAB NSLS

k (A)

20

d~ (&l)’

NB(obs)

NB(cdlc)

~A(obs)a

NA(calc)

a (A)

b (A)

c (A)

P
& (A)b

1.300

.10°-600
0.769

272

277

17

12’

7.81996(7)

9.55280(10)

9.41354(9)

124.6879<5)0

0.007

1.3115

10°-600
0.760
262

267
-,—-.

17

12

7.8:!938(l~’”-

9.56369(14)

9.41!388(12)

124.6633(@g

0.006

Gc(Ap 0.010 0.008 ---- . .. . . . . .!
.-~-... . .

60(A)b 0.006
~

0.005 — - ~
—{ .&. -.=4.

1
Ia Includes 8 H atoms.

:~-’—kz:.
b Average esd from Rietveld refinement,sG

comparison of the two sets of powder results with tha~-ray single-c

values, which yields values
—

of 3.2 and 3.7 respectively fordp, and

values for the slopes of the half-normal probability pl~ ‘we con
...

-- —- .—.—--+ ---

—.
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Fig. 9.9. Half-normal probability plot comparing the actual distribution of Ap
values as defined in [9.48] with the expected distribution. The slopeof 3-4 is
consistentwith an under-estimateof the two sets of esdsby a similarfactor.~

that more realistic values of the esds of the atomic positions are in the region of

0.02 A.

9.5.2 Zeolite structures

Zeolites and related microporous materials are widely known for their

moleeular-sieve and ion-exchange properties. More recently, their ability to

serve as shape-selective catalysts for the synthesis of petrochemicals has

stimulated a great deal of interest in detailed structural studies.

Zeolites are aluminosilicates with fkamework structures composed of SiOAor

A104 tetrahedral linked through oxygens containing systems of cages and

channels of molecular dimensions. Access to these systems is limited by

peripheral oxygens in rings of different sizes. These are classified by the

number of oxygens; e.g. 8-rings and 12-rings with pore sizes of 4-5 ,~ and

7–8 ~ respectively. Even larger pores (18-rings) can exist in the analogous

family of AIPOAcompounds. In zeolites charge compensation for the Al atoms

is provided by cations or protons, leading to the generation of a variety of active

sites in different regions of the pore structure. Access to these sites is restricted
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to molecules of appropriate size and shape, and this forms the basis for shape-

selective catalysis.

In general, one. must rely on powder diffraction techniques for structure

determination, since standard methods of synthesis usually yield products with

dimensions of a few microns at most. The unit cells can be quite large,

pseudosymmetry is frequently encountered, and often conventional X-ray

techniques lack the resolution and peak-tobackground discrimination necessary

for structure refinement (or even unit-cell determination), as illustrated in

Section 9.3.4 for ZSM-5. Nevertheless, the essential features of the fhmework

topology have been established in many cases by the use of modeling and

distance least-squares (DLS) refinement.gA The latter is based on a refinement

minimizing the discrepancies between the bond lengths from a model and ideal

bond lengths. The.resulting atom positions give a simulated powder pattern for

comparison with the obsenwd data. With the developments in high-resolution

synchrotrons X-ray powder techniques described in Section 9.2, it is now

possible to obtain data of the necessary quality for Rietveld refinement to be

undertaken, as discussed for the following examples.

ZSM-zeolites. SynchrotronsX-ray data have been used in refinements of the

structures of ZSM- 11 and ZSM-12, which involve respectively 54 and 63

atomic positional parameters. g5~96 ZSM- 12 is a particularly interesting

example, as earlier X-ray powder studies on laboratory equipment hadlindicated

a monoclinic unit cell with C2/m symmetry (a = 24.88 & b = 5.02 & c =

12.15& ~ = 107.7°) and 7 inequivalent Si atoms, consistent with Si magic-

angle-spinning NMR data.g7 Some high-resolution synchrotronsX-ray data are

shown in Fig. 9.10, in which a number of very weak superlattice peaks are

ciearly revealed. These are consistent with a doubled c-axis and C2/c

94 W.M. Meier and H1.Villiger, Z. Kri.w. 129,411(1969).
95B.H.Toby, MM. FAdy, CA. FyfR G.T. Kokotailo, H. Srrobl and D.E. Cox, J. Matm. Res. 3,

563 (1988).

96 C.A. Fyfe, H. Gies, G.T. Kokotailo, B. Marler and D.E. Cox, J. F%ys. Chem. 94, 3718 (1990).

97 R.B. LaPierre, A.C. Rohrman, J.L. Schlenker, J.D. W~ M.K. Rubin and W.3. Rohrbaugh,
Zeolires 5, 346 (1985).

.
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Fig.9.10. Pad of the X-ray pattern collected from a flat-piate sampie of ZSM-12
with Ge(l 11)-Ge(220) crystai-analyzer geometry .96 Top: The iow-angie region
plotted on a normai soaie. Bottom: The region between 17” and 29” plotted on a
scale expanded by 20. The doubiing of the c-axis is cieariy shown by the
superiattice peaks (fiiied-in).

symmetry, involving a shift of the atoms off the mirror planes of the higher

symmetry celL97

CdS supercksters in zeolite-Y. The synthesis of small clusters of lmetals

and semiconductors is cumently a very active area.98 One promising route is

direct synthesis within the pore structure of zeolites, which yields novel

superclusters with a structural geometry governed by the host fkamework, in

98 G.D.Stuc&and J.E. MacDougaU, Science 247,669 (1990).
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this case zeolite-Y, which is an aluminosilicate with a large cubic unit cell (a =

25A, space group Fd~m) in which charge balance is provided by cations such

as Na in extra-framework sites. In the present example CciS clusters were

prepared by passalgeof H2S over Cd ion-exchanged zeolite-Y at 100°C by

Herron and coworkers.gg Samples of materials containing 13.0 and 16.0 wt%

of CdS were packed into flat-plate holders in a dry box and covered with Be foil

to prevent reacticm with atmospheric moisture. Extended data sets were

collected with crystal-analyzer geometxy. Structure refinement was carried out

by a combination of Rietveld analysis and difference Fourier synthesis as

described in Section 9.3.4.

The most interesting feature. of the structme is the presence of discrete

Cd(S,O) cubes situated within the small sodalite cages of the framework

structure. The Cd atoms are located in the W-called SI’ sites (Fig, 9.11) in

roughly octahedr’d coordination with three ffamework oxygens of the sodalite

6-ring at a distance of 2.48 A, and three S or O atoms in SII’ sites at distances

of 2.28 A and 2.45 A. The distorted cube is depicted in Fig. 9,,12. The

remaining Cd is found in the 12-ring window sites SIII of the supercages. At

higher loadings, the optical properties indicate an interaction between the CdS

clusters and a progression towards a semiconductor supercluster with properties

intermediate betwem those of discrete cubes and bulk semiconductor.

Ab initio structure determin.ution of Sigmu-2. Increasing emphasis is being

placed on the solution of completely unknown structures from both

conventional and synchrotronsX-ray powder data, and many structures have

been solved by ab initio techniques in the past few years. A partial compilation

of these is given in a recent review article by Cheetham.l m

The various stages involved in ab initio structure determination from

synchrotrons data are nicely illustrated in a recent study by McCuskml o’ of a

new clathrasil plhase known as Sigma-2, for which no prior structural

W N. Herrom Y. Wang,, M.M. Eddy, G.D. Stuc@, D.E. Cox, K. Moller arid T. Beim J. Am. C&m.
&7C. 111, 530 (19:B9).

lW A.K. Cheeth~ Ike Rietveld Method,” RA. Young, Ed., Oxford University Press (1992), in
press.

101 L. McCuskm, J. App/. Crysr. 21, 305 (1988).
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Fig. 9.11. Extra-framewotk sites in zeolite-Y. The framework (Si, Al) atoms are
shown as vertices connected by sticks with the O atoms omitted. In eaeh of (a), (b)
and (c) are shown two views of the sodalite cage with extra-framework sites S11,SI’
and SII’,respectively. The supercage is shown in (d) m“th the SIII site.m

information was available. Clathrasil compounds have frameworlc cage

structures analogous to those of zeolites, but with no system of channels. The

sample contained entrapped l-aminoadamantane used as a template during the

synthesis and had the overall composition Si~O128”4Cl&f 17N. Data were



w. * UWWUU* u*a**uuwu** -8, .“ -.. -”.-. “ ““.” . . . ...-..”.. -.

Fig. 9.12. The distorted Cd(S,O) cubes formed in zeolite-Y. Shaded circles are
Cd atoms in S1’sites (see Fig. 9.1 lb), open circles are (S,0) atoms in SWsites (see
Fig. 9.llc).~9

obtained from a 1 mm capillary sample with crystal-analyzer geometry. Auto-

indexing of the pattern was accomplished successfully with the program

TREORsg on the basis of a tetragonal cell with a = 10.24 ~, c = 34.40 & The

highest-symmetry space group consistent with the systematic reflection

absences was 141/~md. Pattern decomposition into integrated intensities was

carried out with the program ALLHKL,6 giving a total of 258 observations for

input into the Direct methods part of the single crystal package XTAL 10ZThis

resulted in the generation of411 triplets and 23 quartets. From the best solution

it was possible to identify the 4 Si atoms and 5 of the 7 0 atoms in the

asymmetric unit. The remaining atoms were found by difference Fourier

techniques. At this stage, Rietveld refinement was carried out with the program

XRS-82,47 which permits bond-distance and angle least-squares constraints to

be imposed. A series of difference Fourier maps then showed the C atoms in

the l-axninoadamantane to be located in the large cage. As is frequently the

case, the template molecule was found to be disordered, and the N and H

102 S.R. Hall and J.M. Stew@ ?(TAL 2.1 User’s Manual, Univ. of Western Austrdla (1986).
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positions could not be determined. In the final refinement there were 45 I

contributing reflections and 47 structural parameters, and the gocxhess-of-fit

index SWpwas 1.18. The esds found for the framework atoms were in the

region of o.01 A.

The flamework structure of Sigma-2 is illustrated in Fig. 9.13. There are

eight small and four large cages in the unit cell, the latter being roughly

spherical, with a i%eediameter of about 7.5A.

9.5.3 Applications of anomalous scattering

The value of anomalous scattering techniques is well documented in the

single-crystal literature over the past several years, but examples ofs ystematic

powder diffraction studies are relatively tie. In a few cases it is possible to

take advantage of the proximity of an absorption edge to the energy of the

characteristic radiation from a conventional source, e.g. Ni with CUK(X

radiation, to improve the scattering contrast between closely neighboring

elements. In fact, there are a few studies of this type dealing with cation

ordering in simple systems dating as far back as the 1930s, but it is only with

the availability of synchrotrons radiation that anomalous scattering can be

systematically exploited for structural studies. Recent investigations have

shown that anomaIous scattering can provide a sensitive probe of not only the

site distribution of close neighbors in the periodic table, but also “siteselectivity

of different oxidation states of the same element.

As described in Chapter 6, the X-ray scattering factor maybe expressed as

f(e, s) = fo(e)+f ‘(E)+if“(&) [9.49]

where fO(9) is the angle-dependent atomic scattering factor, and f ‘(e) and

f “(E) are the energy-dependent real and imaginary dispersion temns. The



Fig. 9.13. The framework structure of Sigma-2, showing the large and small cages.
The Si atoms are shown as vertices connected by sticks with the O atoms
omitted.lol

anomalous terms

dispersion relation

.

are related through the well-known Kramers-Kronig

pa

Lf“ (c)s def’(&i)=~ -
&2-$

[9.50]

The position of the edge, eo, depends upon the binding energy of the electron

that is excited. At the edge f‘ is a substantial fraction of fo; for example, f‘ is

about 7 electrons at the Fe K-edge, while fo is about 17 electrons for (sin 9)fi =

..

0.3 A-I. Thus anomalous scattering can serve as a quite sensitive probe of the

distribution of neighboring elements over more than one kind of
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crystallographic site. It is interesting to note that in this respect X-rays provide

comparable or better contrast than neutrons for roughly half the adjacent pairs of

elements in the periodic table.

There are several experimental techniques available for the determination of

f ‘(&), including interferometric methods, measurement of refractive index,

Kramers-Kmnig transformation of X-ray absorption data, and refinement of

single-crystal data. In addition, there are a number of theoretical calculations,

the most widely used Ming those of Cromer and Liberman based on relativistic

wave ftmctions.1 o~l OS For a detailed discussion the reader is refereed to the

review by Creagh.1~

Synchrotrons X-ray powder diffraction provides another technique for the ‘

determination off ‘(e) that is convenient and applicable to most materials. In

one of the first examples of this application, Suortti and coworkers 07 carried

out absolute measurements on a well-characterized sample of Ni as a function of

scattering angle at several energies within 300 eV of the absorption edge at 8332

eV. The results were in good agreement with values determined both by

transformation of absorption data and by direct interferometric methods,108 and

dso confirmed that f ‘(&)was independent of scattering angle within about 0.2

electron units.

If a compound containing the desired element is used rather than the element

itself, it is possible to use standard refinement techniques with f ‘(&)as a

varigble. This method was used by Will et al.109to determine f‘ near the L1lI-

edge of Yb from synchrotrons data collected from a sample of Ybz03.

However, since the scale factor must also be refined as an independent variable,

correlation effects are likely to be very pronounced when the scattering is

dominated by the element in question, and some caution is necessary in

interpreting the esds. In order to avoid additional correlations with tempemture

factors, it is a good rule in anomalous scattering experiments to obtain an

103 11.T. Cromer and D. Liberman, Y. Chern. Phys. 53, 1891 (1970).

lW D.T. Cromer and D. Liberman, Acra Cryst. A37, 267 (1981).

105 D.T. Cromer and D. Liberman, J. Appi. Crysf. 16, 437 (1983).

106 D.C. Creagh, Aust. Y. Phys. 41, 487 (1988).

107 P. Suortti, J.B. Hastings and D.E. Cox, Acts Cryst. A41, 417 (1985).

108 U. Bonse and L l-Iartmarm-Lotsch, Nucf. /nstr. und Meth. 222, 185 (1984).

lW G. Will.N.Mascioczhi, M. Hart and W. Parrish, Acts Cryst. A43. 677 (1987).
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independent estimate of these quantities by refinement of an off-edge. data set,

or perhaps from an independent single-crystal or neutron measurement.

The use of differential anomalous X-ray scattering to determine atomic site

distribution was used by Howland and coworkers 10 in a study of doped

samples of YBa2Cu3-XMX07,with M = Fe (x = 0.3 and 0.5), Co (x:= 0.2 and

0.5), Ni (x= 0.3) and Zn (x= 0.3). Substitution of Cu by other 3d elements in

YBa@307 tends to have a drastic effect on the superconducting properties,

and it is important to know if there is preferential substitution into either of the

two kinds of inequivalent Cu positions, the so-called ‘chain’ and ‘plane’ sites.

One would normally turn to neutron difilaction for this information, and several

such studies have been reported. However, this is a challenging neutron

diffraction problem for small dopant concentrations, because the scattering

lengths for Fe, Ni and Zn are not too different horn that of Cu (9.5, 10.3 and

5.7 fin vs. 7.7 fin). At energies about 10 eV below the appropriate K-edges the

X-ray scattering contrast should be somewhat better with respect to Sldbstitution

of these three atoms on the Cu sites. From an analysis based on a few selected

integrated intensities with fixed atomic coordinates, Howland et al. ccmcluded

that Fe and Co preferentially occupied the Cu(l) chain sites, and that F?iand Zn

were distributed roughly statistically over both Cu(l ) and CU(2) sites. The

results for Zn-doped material are somewhat at variance with neutron studies,

with refinements showing Zn predominantly on the Cu(l ) chain sitesl 11 or on

the CU(2) plane sites.11z-l ~4 A recent study based on simultaneous Rietveld

refinement of both neutron and X-ray data is in agreement with a nearly random

distributional 1s

110 R.S. Howland, T.H. Geballe, S.S. Laderrnan, A. Fischer-Colbrie, M. Scott, J.M. Tarascon and
P. Barboux, Phys. Rev. B39, 9017 (1989).

111 T. Kajitani, K. Kusab% M. Kikuchi, Y. Syono and M. Hirabayashi, Jpn Y. AppL Phys. 27,
L354 (1988).

112 G. Xiao, M.Z. Cieplak, D. Musser. A. Gavrin, F.H. Streitz, C.L. Chien, J.J. Rhyne and J.A.
Gotaas, Nature 332, 238 (1988).

113 H. Maed~ A. Koizumi. N. Bamb% E. Takayama-Muromachi, F. Izti H. Asano, K. Shmizu,
H. Moriwtil, H. ManyamA Y. Kuroda and H. Yamaztil, Physics CIS7, 483 (1989).

1*4 H. Shaked, J. Faber, B.W. Veal, R.L. I-ititterman and A.P. Paulikas, Solid Stale Conwzun. 75,
445 (1990).

115 G.H. Kwei; R.B. Von Dreele, A.Williams, J.A. GoMstone, A.C. Lawson and W.K. Warburt~,
J. Mol. Structure 223, 383 (1990).
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A novel application of anomalous scattering powder diffraction techniques

has been demonstrated in some recent work aimed at probing a single i~totic

species in two different oxidation states. This relies on the rapid change in f‘

with energy just below an absorption edge, together with the fact that there is a

small shift, typically a few electrovolts, in the position of the edge for the ~o

oxidation states (see Chapter 6). This ‘chemical’ shift is sufficient to provide a

measurable difference in the respective f‘ values if data are collected at cr very

close to the edge. This is nicely illustrated by measurements by Kwei and

coworkers 1S on CU20, C@ and Kcu@ which may be regarded as model

compounds in which the oxidation states are formally Cul+, CU2+and Cuq+. A“

series of joint refinements of neutron and X-ray data revealed a clear difference

in the f‘ curves for Cul+ and CU2+near the K-edge, but no obvious difference

between those for CU2+and CU3+@lg. 9.14). Thus the conventional picture of

charge balance is not a good electronic description of KCUOZ,and a ibetter

description would probably be Cuz+ with holes on neighboring oxygens,, as is

widely accepted in the literature on superconducting Cu-based oxides. By

making use of this result, Kwei et all 1s were able to demonstrate fmm further

joint refinements of this type that in non-superconducting YBa@@c.~, there

was a difference in f‘ for the chain and plane sites corresponding to the

presence of CU1+ and CU2+ respectively, as illustrated in Fig. 9.15. k

superconducting materials of composition YBa2Cu@6.72 no such difference

could be detected, the effective valence behg CU2+at both sites (Fig. 9.15).

These results are generallyconsistent with polarized X-ray near-edge absorption

data and neutron diffraction magnetic scattering measurements reported by

Tranquada et all lG~11T

Analogous experiments have been done on EuO at a single energy close to

the Eu L~l~-edgeby Atttleldl 1s, where a difference in f‘ of over 10 electron

116 J.M. Tranqua@ A.H. Moudden, Al. Goldman, P. Zolliker, D.E. Cox, G. Shirane, S.K. Shh~
D. Vaknin, D.C. Johnsto~ M.S. Alvareq A.J. Jacobson, J.T. Lewandowski and J.M.
Newsam, Phys. Rev. B38, 2477 (1988).

117 J.M. Tranquada S.M. Heald, A.R. Moodenbaugh and Y. XW Phys. Rev. B38, 8893 (1988).
118 J.P. Atilel& Nature 343,46 (1990).
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Fg.9.14. Real pan of the anomalous scattering factor f‘ (&) as a function of energy
for Cu in nominal valence states 1+,2+ and 3+. The f‘ (E) values were determined
by simultaneous Flietveld refinement of X-ra and neutron powder data, from

Jmodel compounds CU20, CUO and KCu02.~ 1 The broken line represents f‘ (&)
obtained from a Cromer-Liberman calculation.’ 0>105 The sotid lines are guides
to the eye.l 15
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Fig. 9.15. f’(&) asa functionof energy determined from simultaneous Rietvekf
refinement Of x-ray and fWUVOn data from non-superconductingY8a2@@&Ofj
(left) and SuperconductingYBa2Cu@6.72 (right).115 f‘ (e) is shown for the Cu(l)
chain and CU(2) plane sites, and the broken lines correspond to tt]e CU1+ and
CU2+curves obtained from CU20 and CUO as shown in Fig. 9.14.

units was observed between Eu2+ and Eu3+, and on GaCIQ by Wilkinson et

all 1g at several energies. In the latter case, a maximum difference of about 3

electron units was found between Gal+ and Gas+, with f‘ for Gali reaching a

minimum of -12.9 electron units compared with -10.6 for Ga in Ga4s,l ZO

This indicates that the chemical environment of Ga may be responsible for more

than just an edge shift, such that the detailed shape of the f‘ curves for the two

species in GaC12 may be different in the vicinity of the edge due w near-edge

structure. Overall, the results were consistent with an edge shift of about 8 eV

from Gal+ to Gas+, but this interpretation must be treated with caution in view

of possible near-edge structure.

For this type of experiment one should ideally collect reference ciatasets on

appropriate model compounds, as is standard practice in EXAFS and XANES

studies. Because of time constraints, this approach is hardly practical for most

powder diffraction measurements, but a possible alternative is to obtain

information about f ‘(&)from a Kramers-Kronig transformation of absorption

119 A.P. When, A.K. Cheetham and D.E. Cox, Acts Cryst. B47, 155 (1991).

120 T. Fukamachi, S. Hosoyz T. Kawarnura and M. Okunuki, Acla Cryx A33, 54 (1977).
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data. In this case it is important to allow for differences in the instrumental

energy resolution.

9.6 Concluding remarks

It is clear that high-resolution synchrotrons X-ray powder diffraction is a very

powerful and convenient tool for material characterization and structure -

determination. Most investigations to date have been carried out under ambient

conditions and have focused on structure solution and refinement. The

application of high-resolution techniques to increasingly complex structures will

certainly represent an important part of future studies, and it has Mm seen how

ab initio solution of structures with perhaps 100 atoms in the asymmetric unit is

within the realms of possibility. However, the ease with which temperature-

dependence measurements can be made combined with improvements in the

technology of position-sensitive detectors will undoubtedly stimulate precise in

situ structural studies of phase transitions and related phenomena. One

challenge in this area will be to develop high-resolution techniques for ultra-

high pressure investigations in diamond anvil cells. This will require highly

focused beams and very precise collimation in front of the cell down to

dimensions of 50 pm or less.

Anomalous scattering offers many interesting possibilities as well. As a

means of enhancing scattering contrast it has applications not only to the

determination of cation distribution in mixed systems such as the

superconducting oxides discussed in Section 9.5.3, but also to the location of

specific cations in partially occupied sites, such as the extra-framework

positions in zeolites, for example. Another possible application is to provide

phasing information for ab, initio structure solution. Fhally, the precise

determination of f‘ as a function of energy through an absorption edge can

provide useful information about cation oxidation states, particularly in

conjunction with XANES data.

In contrast to many experiments at a synchrotronsfacility, powder diffraction

is a relatively simple and user-friendly technique, and most of the procedures

.
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and software for data analysis are familiar to laboratory diffractionists. This is

reflected in the fact that there are already dedicated instruments for powder

diffraction at a number of synchrotrons sources, including the NSLS, the

Synchrotrons Radiation Source, Daresbury, the Photon Factory, Tsukuba and

HASYLAIL In addition, most general purpose beamlines can be adapted for

powder diffraction experiments fairly easily. Dedicated beamlines are also

planned or under consideration at the next generation of synchrotrons sources,

the European Synchrotron Radiation Facility, {Grenoble,the Advanced Photon

Source, Argonne, and the SPring-8 machine at Harima. These will be high

brilliance sources with a much harder radiation spectrum that will offer many

new possibilities for powder diffraction experiments, especially at energies

above 10 keV.
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