
417 

Acta Cryst. (1985). A41, 417-420 

Powder Diffraction with Synchrotron Radiation. II. Dispersion Factors of Ni 

BY P. SUORTI'I,* J. B. HASTINGS AND D. E. Cox 

Brookhaven National Laboratory, Upton, New York 11973, USA 

(Received 3 January 1985; accepted 18 March 1985) 

Abstract 

Accurate values of the absolute integrated reflections 
from a powder sample of Ni have been determined 
from measurements with synchrotron radiation as a 
function of scattering angle over a range of energies 
from 290 to 3 eV below the Ni K-absorption edge, 
8332 eV. From these values, the dispersion factor f '  
has been determined by comparison of the experi- 
mental scattering factors with the theoretical values 
of Wang & Callaway [Phys. Rev. B (1977), 15, 298- 
306] based upon a LCAO calculation with the KSG 
(Kohn & Sham and Gaspar) approximation for 
exchange [Kohn & Sham (1965). Phys. Rev. 140, 
Al133-1138; Gaspar (1954). Acta Phys. Acad. Sci. 
Hung. 3, 263-286]. The values obtained for f '  as a 
function of energy are within about 0.2 electron units 
of those calculated from measured and tabulated 
absorption coefficients by Bonse & Hartmann-Lotsch 
[Nucl. Instrum. Methods (1984), 222, 185-188] and 
within about 0.5 electron units of their direct measure- 
ments by interferometric techniques in the range 30 
to 3 eV below threshold. The variation of f '  with 
scattering angle is negligibly small (less than 0.2 
electron units on average). The present experiment 
demonstrates that powder techniques provide a 
simple and convenient method for the measurement 
off '  for many materials that are not available in forms 
suitable for the application of other techniques such 
as interferometry. 

I. Introduction 

Recently, there has been renewed interest in the X-ray 
dispersion factors f '  and f" now that tunable syn- 
chrotron radiation has made possible scattering 
experiments under near-resonant conditions. On the 
one hand, theoretical calculations of f '  and f '  can 
now be checked by direct measurements and, on the 
other, reliable values can be obtained for measure- 
ments that require anomalous dispersion techniques. 

Most of the recent measurements of f '  are based 
on X-ray interferometry (Bonse & Hartmann-Lotsch, 
1984; Siddons & Hart, 1983). Results are available 
for a number of elements that can be obtained as thin 
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uniform foils (Co, Ni, Cu, Fe, Zn, Se, W, Au). The 
measurements are supposedly very precise, but some 
of the results are clearly contradictory. The values 
calculated from the absorption coefficients through 
the Kramers-Kronig relations are generally in fair 
agreement with the measured values of f ' ,  but again 
there is some disagreement in certain cases. 

The angular dependence of f '  and f" has been 
debated for a long time. H6nl-type calculations, 
which have been supported by measurements (Hilde- 
brandt, Stephenson & Wagenfeld, 1973), suggest that 
f" depends only very slightly on sin O/h, in contrast 
to calculations, which show noticeable effects for both 
f '  and J" (Hazell, 1975). Interferometric measure- 
ments give f '  at zero angle, as do measurements of 
the critical angle or calculations from the absorption 
coefficient through the Kramers-Kronig relations 
(Bonse & Hartmann-Lotsch, 1984; Dreier, Rabe, 
Malzfeldt & Niemann, 1984; Hoyt, de Fontaine & 
Warburton, 1984). To our knowledge, there are no 
recent experiments on pure elements in which f '  has 
been determined as a function of angle although 
single-crystal measurements on Gd and Sm com- 
plexes (Templeton, Templeton, Phizackerley & 
Hodgson, 1982) have been reported. 

The accurate determination of the absolute 
integrated reflections from a powder sample of Ni 
with 1.54/~ radiation, which is reported in paper I 
(Suortti, Hastings & Cox, 1985), has encouraged us 
to extend measurements to wavelengths very close to 
the K-absorption edge of Ni. In addition to giving 
an independent determination of f ' ,  measurements 
of reflections at different scattering angles should 
reveal any angular dependence that would be of sig- 
nificance in diffraction experiments. 

II. Structure factor 

In the following we will separate the atomic scattering 
amplitude f into the nonresonant part fo and the 
components fo  and fo, which correspond to dipole 
and quadrupole transitions, respectively. The multi- 
pole expansion converges very rapidly, and the higher 
terms can be neglected. The dispersion terms are 
complex, so that fr, = f b  + if'~ and fo = f~  +/f~.  The 
dipole and quadrupole terms have their own angular 
dependence, and these will be considered separately 
in the following. Polarization of the incident beam 
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also affects the scattering amplitude, but the angular 
dependence due to this is usually incorporated in the 
'polarization factor'. For the component with the 
electric vector perpendicular to the plane of diffrac- 
tion, the atomic scattering amplitude is (Wagenfeld, 
1975) 

f~=(fo+fb+if'~)+(f'o+if'~)cos20, ( la )  

and, for the parallel component, 

f==(fo+ fb+if~)cosZO+(f'o+if'~)cos40. (lb) 

The intensity of the scattered radiation is obtained 
when the components are weighted by the polariza- 
tion ratio of the incident beam, K = P,~/P~. Accord- 
ingly, 

IFi2=(T~f*+KTj*~)/(I+K), (2) 

and after substitution from ( la )  and (lb),  

IFI~- = [(1 + K cos: 20) / (1 + K ) ] l f o + f o l  2 

+ 2 a  cos 20(1 + K cos 40)/(1 + K) 

+ b(cos 2 20 + K cos 2 40)/(1 + K),  

where 

(3) 

Ifo+fDi2=(fo+f'D):+(fb) 2, (4a) 

a=fb(fo+ f'D)+ f'~f'~, (4b) 

b = ( f~) :  + (f~)2. (4c) 

The results of Hildebrandt et al. (1973) indicate that 
f~/f~, is typically 0.01 to 0.05. The same is presum- 
ably true for the real parts, and so a ~> b. The angular 
dependence of the first term in (3) is just the normal 
'polarization factor' and hence the angle-dependent 
dispersion effects are dominated by the second term 
in (3), and this differs from zero only when f b  or f ~  
do. 

The expressions above are valid only for pure ele- 
ments. Clearly, these results can be extended to com- 
pounds. 

IlL Measurements 

The details of absolute intensity measurements from 
a powder sample are reported in paper I. In the 
present case three reflections of Ni were used: 111, 
311 and 331. At energies just below the Ni K edge 
(8332 eV) the scattering angles are about 43, 89 and 
134 ° , respectively, so that the angle-dependent second 
term in (3) should be clearly different in the three 
cases. 

Measurements were made at nine energies ranging 
from 290 to 3 eV below the Ni K edge. In order to 
eliminate possible systematic errors from fill to fill of 
the storage ring, measurements at any single energy 
were made only during a given fill. We were able to 
obtain measurements on all three reflections at five 
of the selected energies, and on two at the other four 

energies. The energy of the incident photons was 
calculated from the angular positions of the reflec- 
tions, and the known lattice parameter of Ni 
(3.5239 A), the precision of this determination being 
about 0.1 eV. The energy bandwidth transmitted by 
the double-crystal sagittally focusing monochromator 
was about 4.5 eV. The scans of the reflections were 
very similar in shape at the different energies, and 
the background and tails of the reflections were 
analyzed in the same way as for the measurements 
reported in paper I. 

The absolute scale was fixed by the integrated 
reflections of the Ni standard at the Cu Ka  
wavelength. The calculated and measured parameters 
that relate the measured integrated counts to the 
integrated reflections through (3) of paper I yield 
essentially the same scale, and these values of the 
parameters are used in the subsequent calculations. 
The parameters change with wavelength, and the 
details of the calculation of the relative values are as 
follows. 

The wavelength dependences of the conversion 
factor of the monitor and the reflectivity of the 
analyzer were discussed in paper I. Absorption in air 
is proportional to E -2"8 (Suortti, 1971). The various 
factors compensate each other, so that 
noA A~o A~b Kpo I changes only by a few percent in the 
region of interest. 

The structure factor fhkl is related to the integrated 
reflection Phkt through (4) of paper I. Immediately 
below the K-absorption edge the attenuation 
coefficient of the sample is due to scattering and 
photoelectric absorption in the higher shells together 
with resonant Raman scattering (RRS). The former 
contribution can be extrapolated from the tabulated 
values (International Tables for X-ray Crystallography, 
1974). The RRS cross section trr.RRS can be calculated 
when the radiative width of the K shell, Fr, is known 
(Suortti, 1979). 

Crr~RRS = FKO'K(nK + Ev)l~r(n~ + EF-hW,). (5) 

Here (Or  +EF)  is the excitation energy of the K 
electron, htol the energy of the incident X-ray photon, 
and O'K(/'2K + EF) the K-shell contribution to the 
absorption cross section at the K edge. This approxi- 
mate form is valid when OK + EF- htol > 3FK. The 
following values were used: FK = 0" 59 eV (Walters & 
Bhalla, 1971) and trK (OK + EF) = 286 cm 2 g-~ (Inter- 
national Tables for X-ray Crystallography, 1974). 

The structure factors derived from equation (4), 
paper I cannot be compared with the theoretical 
values unless corrections for specimen effects are 
made. These were studied in detail when the Ni 
powder standard used in the present study was 
developed, and those results are used to correct for 
the extra absorption due to specimen granularity and 
for preferred orientation (Suortti & Jennings, 1977). 
Those results also showed that losses due to extinction 
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and amorphous scattering could be neglected. The 
effects of thermal motion are taken into account by 
multiplying f~xp by exp (+2B sin: 0/hE), and the 
results are given in Table 1. 

region where AE = (Or  + Ep - hoJ1) lies in the range 
30 to 3 eV. Thus, there seems to be an overall differ- 
ence of 0.5 electron units between the two measure- 
ments, which in fact represents a very satisfactory 
agreement. 

IV. Results and discussion 

The dispersion factors are obtained by a comparison 
of the experimental scattering factors with the theo- 
retical values. The most sophisticated calculation 
seems to be that by Wang & Callaway (1977), who 
used the LCAO method with the KSG approximation 
for exchange. The difference between the experi- 
mental and theoretical static scattering factors are 
plotted in Fig. 1 for the three reflections. 

Below the K edge, the imaginary part f" is only 
about 0.5 electron units, and (3) and (4) can be further 
simplified to: 

f~xp=[fl2Kpo~ 

1 + K cos 4_~_) 
= ( f o + f b ) 2 + 2  c o s 2 0 1 + ) (  co-fi 

x f'Q(fo+ fb), (6) 
and, as the second term is much smaller than the first 
o n e ,  

f exp- fo=f 'o  +cos 20 I_+K. cos 40f:  
1 + K cos 2 20 o" (7) 

The value of the angular factor in the second term is 
about 0.7 for 111, 0.0 for 311, and -0 .7  for 331, and 
so f ~  can be determined from the differences in 
fexp --f0. 

The figures show that if there are any differences 
in f~xp-fo between the three reflections, they are very 
small, about 0.2 electron units at most. This is only 
a few percent of f b, in agreement with the calculated 
and observed ratio f '~/f '~ of the imaginary parts 
(Hildebrandt et al., 1973). It can be concluded that 
although the present experiment does not give any 
definite value for the angle-dependent part of f ' ,  it 
gives an upper limit and this limit is so low that it 
rules out any speculations that there may be sig- 
nificant effects of this kind. 

Most of the experimental points lie 0.2 to 0.3 
electron units above the dotted line, which shows f '  
as calculated from measured and tabulated absorp- 
tion coeiticients (Bonse & Hartmann-Lotsch, 1984). 
The error bars shown on the data points are due to 
the possible error in the absolute scale and uncertain- 
ties in the theoretical scattering factors. In addition, 
a 10% uncertainty in the calculated trmRss is included 
on the points closest to the absorption edge. Direct 
measurements of f '  in forward scattering (Bonse & 
Hartmann-Lotsch, 1984) give values that are 0.2 to 
0.3 electron units below the calculated line in the 
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(c) 
Fig. 1. Real part of the dispersion factor, f '  =f~xp--fth, as a function 

of the difference between the edge energy and the incident 
energy, f E  = OK. + EF  -- htol, for three reflections from Ni. (a) 
111, (b) 311, (c) 331. The dotted line is the calculated f '  from 
the absorption coetficient (Bonse & Hartmann-Lotsch, 1984). 
The error bars allow for a 1% uncertainty due to the absolute 
scale and fth, and for a possible error in the calculation of/XK.RR s. 
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Table 1. Absolute scattering factors of Ni near the K-absorption edge 

The difference between the edge energy, f2~c + EF, and that of the incident photons, htol, is given by dE. The integrated reflections 
have been corrected for preferred orientation and specimen granularity (Suortti & Jennings, 1977), as well as by a Debye-Waller factor 

with B = 0.36 A 2. The theoretical scattering factors, fth, are from a calculation by Wang & Callaway (1977). 

(111) (311) (331) 
~(eV) foxp f' f~xp f' fo~p f 

289 17.42 -3"00 10"72 -2"86 7"46 -3"06 
102 16"54 -3"88 9"89 -3"69 6"65 -3"87 
54 15.40 -5"02 9"32 -4"26 6" 13 -4-39 
20.6 15.21 -5.21 5"25 -5-27 
19"4 15"16 -5"26 8"54 -5.24 
9-4 14.63" -5"79 7-61" -5.97 4"53* -5-99 
6"6 14.46" -5"96 4"28* -6"24 
5-7 13.79* -6"63 7" 12" -6.46 
2.7 13 "56* -6"86 6"94 -6"64 3"57* -6"95 

fth 20-42 13"58 10"52 

* The width of the incident energy band is included in the calculation of It = ItL.M + Itg.RRS. 

Perhaps the most significant finding of the present 
study, along with the observation that f '  is not angle 
dependent, is the close agreement between the 
measured values o f f '  and those calculated from the 
absorption coefficients. Obviously f '  can be calculated 
reliably, if absorption data are available over a large 
range of wavelengths. However, the use of the 
Kramers-Kronig relations requires that the energy 
scale is known precisely, and it should be remembered 
that the absorption edge for a given element may shift 
appreciably due to chemical bonding. 

Extension of the procedure described above to 
other systems requires the determination of the 
absolute scale of the integrated reflections using a 
standard sample, and calculation of the structure 
factors of the compound being studied from (4) of 
paper I. However, much work must be done before 
meaningful dispersion factors can be extracted from 
this method. Firstly, the intensity standard should be 
available in the wavelength region being used for the 
measurements, because the changes in the parameters 
of equation (3), paper I cannot be extrapolated too 
far. Secondly, specimen effects should be studied 
carefully before any structure factors are calculated, 
which involves subsidiary measurements as discussed 
by Suortti & Jennings (1977). Nevertheless, the pres- 
ent method can be applied to elements, and with a 
suitably modified analysis to a large number of com- 
pounds, which may not be available in the forms that 
are needed for other methods. 
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