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esters below —40 0C, the temperature at which the oxidation 
usually is carried out.27 
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X-Ray Photoelectron Diffraction: A New Technique 
for Structural Studies of Complex Solids 

Sir: 

Whenever a guest species is substitutional^ incorporated 
within a host solid the precise location of the dopant atoms is 
seldom capable of being determined directly. So far as iso-
morphous substitution in minerals is concerned, the classical 
studies of Mauguin1 and others2-4 have demonstrated the 
deductive principles which have enabled site assignments to 
be made for those ions which may, in principle, occupy more 
than one distinct structural location. There remains, however, 
a need for direct techniques which can identify specific occu
pied sites, be they regular or interstitial, especially when the 
degree of occupancy (dopant concentration) is low. X-ray 
photoelectron diffraction (XPD), as is described below, 
promises to fulfill that need. 

It has for some years been recognized that photoelectrons 
generated below the surface of a single-crystal specimen may 
be elastically scattered (diffracted) before their escape into the 
vacuum, resulting in anisotropy of the ejected electron flux.5-7 

Interest in these phenomena has, however, been relatively 
slight, probably because on the one hand there existed no im
mediate prospect of any adequate quantitative interpretation 
of the diffraction patterns8—although this problem now seems 
closer to solution, at least for simple crystal structures9—while 
on the other their considerable potential value in chemistry has 
not been emphasized. We report here the first examples of the 
use of x-ray photoelectron diffraction (XPD) to derive (in an 
attractively direct noncomputational manner) valuable 
structural information relating to complex solids—information 
which would, indeed, be difficult, if not impossible, to obtain 
from established techniques. In this study, we are concerned 
with a class of solids, the micaceous sheet silicates, which 
possess a range of compositions within a fixed structural type. 
Much has been deduced, indirectly, concerning the structural 
chemistry of these solids and idealized formulae and structures 
of two such materials, muscovite and phlogopite, are shown 
in Figure 1. We seek here direct answers to questions such as 
these. Is the Al in muscovite indeed partly located at tetrahe-
dral sites? Does phlogopite contain Al in octahedral sites? Do 
Na+ and K+ occupy exactly equivalent interlamellar sites? 
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Figure 1. Projection of idealized structures for muscovite, K(Al2)-
(Si3Al)Oi0(OH)2, and phlogopite, K(Mg3)(Si3Al)Oi0(OH)2, along the 
a axis. 

We have recently recorded x-ray photoelectron spectra of 
a number of vacuum-cleaved micas as a function of electron 
takeoff angle. As well as the diffraction phenomena mentioned 
above, the spectra show substantial variations in overall in
tensity due to purely experimental factors (e.g., probe eccen
tricity); intensity ratios are, however, independent of such 
factors. For a constant angle between incident photon and 
ejected electron, no angular variation derives from the angular 
momentum character of the (core) orbital ionized.10'11 Es
sentially all remaining (oscillatory) variations with angle are 
thus attributable to diffraction. Chemical inhomogeneities, 
if present in the near-surface region, can give rise to additional, 
easily-recognized, systematic trends in the angular variation 
of peak intensity ratios; these effects are themselves of con
siderable geochemical interest but will be described elsewhere. 
The spectra described here are free from such complexities. 

In Figure 2 we show the angular variation of the principal 
intensity ratios for muscovite. Qualitatively similar results were 
obtained from the other materials examined. A priori, a 
number of factors might be expected to be important in de
termining XPD patterns from a given crystal in a fixed azi-
muthal orientation: these include (i) the location (site sym
metry) of the ionized atom, (ii) the wavelength, X, of the 
photoelectron, and (iii) the radius of the ionized shell. How
ever, all the intraelemental ratios examined (e.g., K 2p/3p and 
Si 2p/2s in Figure 1) have been found to remain essentially 
invariant with angle, showing clearly that both differences 
between the photoelectron wavelengths (5J 30%), and between 
the radii of the shells ionized, are very much of secondary 
importance in determining the overall range of values of a peak 
area ratio.12 Consequently, we are able in Table I to correlate 
the overall ranges of variation of each ratio directly with the 
differences between the sites of the core levels concerned. This 
fact permits the use of XPD as a structural technique for lo
cating "foreign" atoms substituted into a complex (single-
crystal) solid. 

Comparison of Figures 1 and 2 immediately demonstrates 
(cf. Table I) that, when the two core levels compared have 
different and unique locations in the crystal (Si 2p, K 2p), the 
range of variation is at its widest, while, when the two levels 
are situated in the same atom (Si 2s, 2p; K 2p, 3p), the range 
of variation is minimal. The Si 2p/0 Is ratio varies much less 
than that for Si 2p/K 2p because oxygen occurs in three dis
tinctly different environments in these minerals so that the O 
Is XPD pattern is partly "averaged-out"; the variations in the 
absolute O Is intensity with angle are proportionately much 
lower than those for any other atom in these minerals.13 

The excess aluminum present in muscovite (including the 
present specimens11) over the proportion required to fill two 
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Figure 2. Normalized XPD patterns for muscovite. The takeoff angle is 
defined as the angle between the electron beam and the normal to the 
surface of the specimen. Filled and open circles distinguish data from 
different cleavages in the same specimen; \r denotes the ratio of the de 
Broglie wavelengths of the electrons concerned. 

Table I. XPD Range Data for Micas 

Ratio 
classification 

Each core level in atom at 
different, unique site 

One core level in atoms at 
several sites 

Both core levels in same atom 

Mean 
range of 

VaHaIiOn12 

(S.D.*) 

25(3) 

18(2) 

6(2) 

No. of 
Representative 

examples 
instances (inmuscovite17) 

7 

4 

8 

Si2p/K2p 

Si 2p/0 Is 

K2p/3p,Si 
2p/2s 

" Appreciable changes in the electron acceptance angle may affect 
the magnitude of the range observed; these data were taken with an 
AEI ES 200A electron spectrometer. * Standard deviation. c See 
Figures 1 and 2. 

thirds of the octahedral sites (Figure 2) is believed, from the 
studies mentioned earlier,1-4 to replace silicon in tetrahedral 
sites. The evidence for this hypothesis, however, is largely 
circumstantial; so XPD data for these elements in micas are 
of particular interest. The considerable reduction in the range 
of the Si 2p/Al 2p ratio in muscovite in comparison with the 
Si 2p/K 2p ratio suggests, directly in line with the arguments 
(above) concerning the Si 2p/0 Is ratio, that such substitution 
does indeed occur in muscovite, an interpretation which re
ceives support from studies of related minerals. Thus in phlo
gopite, which is believed to contain aluminum only in substi
tution for tetrahedral silicon, the Si 2p/Al 2p ratio remains 
essentially constant (range ±4%), whereas in lepidolite this 
same ratio varies by ±24%; in this latter mineral the majority 
of the aluminum is in octahedral rather than tetrahedral 
coordination. 

Sodium is not present in an "ideal" mica, but its presence 
in trace quantities in the present specimens has been unam
biguously established by electron spectroscopy. Naively, one 
might expect sodium simply to replace potassium in the 
structure of Figure 2; so K/Na photoelectron intensity ratios 
should remain essentially constant with angle. The Na 2s and 
2p peaks were here too weak for the recording of reliable XPD 
patterns; however, because photon-excited Auger electrons 
must display precisely analogous angular phenomena, the K 
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2p/Na KLL Auger ratio could be used instead. As Figure 1 
shows, this ratio varies by ±12%, considerably more than 
would be expected (cf. Si 2p/Al 2p in phlogopite) if the two 
atoms occupied identical sites. However, it is known that, when 
Na replaces K in montmorillonite, a closely-related alumi-
nosilicate, the smaller cation (Na+) is displaced toward the 
aluminosilicate layer from the central position preferred by 
the larger ion (K+) for steric reasons.14 It would thus seem 
entirely plausible to postulate a similar effect in muscovite. In 
any event, it is clear that the Na and K sites are nearly, but not 
totally, equivalent in this mineral. Information such as this 
cannot be derived from x-ray or neutron diffraction studies 
because of the low concentration and random distribution of 
the substitutional atom. Sodium comprises only about one 
tenth of the interlayer ions within the sampling depth (the 
electron inelastic mean free path is here ~35 A15) in these 
specimens. 

The potentialities of XPD for the study of substitutional 
impurities in minerals are thus clearly considerable, but the 
technique is not confined to geochemistry. It would, for ex
ample, seem possible to distinguish between substitutional and 
interstitial sites for impurity atoms present in any monocrys-
talline solid at low concentrations. Much further work will, 
however, be required to delineate fully the areas in which XPD 
will prove useful. 
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Extended X-Ray Absorption Fine Structure Studies 
of the Hydrolytic Polymerization of Iron(III). 1. 
Structural Characterization of the 
M-Dihydroxo-octaaquodiiron(III) Dimer1 

Sir: 

The hydrolytic polymerization of iron(III) has been the 
subject of numerous studies2 over the last several years. 
Aqueous solutions of iron(III) hydrolyze over a range of pH 
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Figure 1. Raw EXAFS pattern. A plot of ux, the absorption coefficient 
times the effective thickness of the sample as a function of photon energy 
in electronvolts. 

forming dimer and polymer complexes. These complexes are 
of interest because they display unusual magnetic properties3 

and because they are believed to provide useful models4 for iron 
storage proteins. Since the complexes tend to exist only in so
lution, structural characterization by x-ray diffraction is 
usually lacking. The advent of the extended x-ray absorption 
fine structure (EXAFS) technique provides a unique oppor
tunity to investigate the structures of the iron complexes in the 
solution phase. 

The existence of the dihydroxo-bridged iron(III) dimer 
M-dihydroxo-octaaquodiiron, [(H20)4Fe(OH)2Fe(OH2)4]4+ 

(1) in low pH solutions has been postulated to be the pre
dominant specie on the basis of electrometric,5 thermochem-
ical,6 magnetic,7 and spectral3'7 studies. No direct structural 
evidence has been reported to substantiate this formulation. 
We now wish to report structural data, based on EXAFS 
measurements, demonstrating the existence of the postulated 
dimer, 1. 

The EXAFS data were taken on a modified General Electric 
XRD-5 diffractometer equipped with a standard line focus Mo 
x-ray tube, a curved germanium monochromator crystal, an 
automatic sample positioner, and a translatable scintillation 
counter. The iron solution samples were prepared by absorbing 
a 1.819(2) M Fe(ClO4)3-0.023 M perchloric acid solution (pH 
1.2 ± 0.2) on a piece of filter paper (12 ju thick) and sealing the 
paper with Parafilm to prevent evaporation and concentration 
changes. Figure 1 shows the resulting raw EXAFS pattern 
(data taken in 16 h), a plot of ux, the absorption coefficient 
times the effective thickness of the sample, as a function of 
energy in electronvolts. Following a procedure described by 
Lytle, Sayers, and Stern,8 the raw EXAFS pattern was 
transformed to a wave vector, x(k), spectrum by subtracting 
the background and setting k = [Im(E - Eo)/h2]1/2 where 
EQ and m are, respectively, the threshold energy and mass of 
the ejected photoelectron (Figure 2). x(&) may be related to 
interatomic distance by 

, M(Zc) - ,0(/C) 

WW 

= 1/fc Z Aifi(k)e-2"'2k2 sin [2krt + *,(£)] 
i 

where /uo(fc) is a smoothly decreasing function about which 
ii(k) oscillates; r,- is the distance from the absorber to the /th 
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