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Abstract 

From ASAXS measurements partial pair correlations can be determined both in the fluctua- 
tions Aci(r) = ci(r) - Ei of the local concentrations ci(r) = ni(r)/n(r) of the ith species and in the 
fluctuations An(r) = n(r) - ii of the local number density of all kinds of atoms. This requires a 
separation of the measured intensity into partial intensities which depend linearly on the squared 
average atomic form factor, form factor differences and cross terms. The structural analysis is 
illustrated for the example of simple 2-phase models. 

1. Introduction 

In general the interpretation of SAS scattering from multicompositional samples is not unam- 
biguous: Inhomogeneities of both compositional (=chemical) and topological (=density) origin 
may contribute to the scattered intensity and an identification of the individual scattering con- 
tributions is not possible. Especially in studies of early stages of precipitation in metallic alloys 
or semiconductors high background scattering contributions from pure density defects as voids, 
grain boundaries or rough sample surfaces arise and cannot be subtracted without additional 
assumptions. 

Given even the case of a background-free SAS study of the most simple compositional inho- 
mogeneities as illustrated in Fig. 1, the full structural characterization requires the knowledge of 
their scattering contrast Apf. This, however, cannot be retrieved from the scattering cross section 
as measured at 1 X-ray energy 

do  
-(Q> = N - - F U 2  . P(Q) dR (1) 

\ 

independently on other unknowns as N = particle number, F = particle formfactor and cp= 
interparticle interference. 

2. Anomalous scattering for contrast variation 

The analysis of the scattering contrast requires anomalous small angle X-ray scattering (=ASAXS) 
measurements g(Q,E)  at more than 1 X-ray energy E. In an ASAXS experiment the intense 
continuous energy spectrum of synchrotron radiation is used to tune the incident photon energy 
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Fig.1: Topological and chemical in- 
homogeneities with identical particle 

pure topological pure chemical formfactors in samples with 2 kinds of 

mixed 

atoms 1 (0) and 2-(0). Differences in 
their SAS arise merely from their dif- 
ferent scattering contrast Apt = f (pure 
topological), Apf = fl - f = ~ ~ ( f l  - f2) 
(pure chemical), Apf = nl/nMfl - T - 

. K(Q/Q)T - (combined, a), Apf = 
nl/nMfi - T (combined, b) and Apf 
nl/nMfl + n2/nMf2 - f (combined, c). 
n,, ni are the local number densities 

cornbined(a) combined(b) combined(c) in the matrix and of the 
Oooo.OOOOO.o. 0000.0000000. OOOOOOO~OOO~. individual kinds i, respectively. The 
0000000000000 0.000000.0000 0.000ggg00000 

, " o " , " :  ? ,  ggggo. 00g:gg ~ g g g , ~ ~ ~ ~ ~ ~ ~ ~ g ~ g g  fi's are the atomic formfactors and T = 
0 0 0 0  o.... 000. 0000. . 0000. 000 000000 00. 
0000 ..... 0000 0000 0000 .OOO~**.*OOOO xiFifi is the mean atomic formfactor. 
OO.OO~O~OO.OO 00.00* .00.00 00.0 0°00 0.00 
0 0 0 0 ~ ~ ~ ~ ~ 0 0 0 ~  00000000000.0 00000B8~000.0 Av/V.  K . f is the scattering contribu- 
O.OOOOO~OOOOO 0.00000.00000 0.00000.00000 

tion of displaced matrix atoms; AV/V 
is a relaxation volume and K amounts 
to the order of 1 /4/. 

close to the absorption edges of the individual elements. This varies their atomic scattering 
amplitudes (=atomic formfactors) 

up to about 20% by anomalous scattering. 
f '  values at the low energy side of the absorption edge can be taken from f'-values for free 

atoms by Cromer and Liberman /I/, when possible chemical shifts of the absorption edge energies 
are taken into account by the normalization of the energy scale to the measured edge energy. The 
f'-values in all other regimes, especially very close and within the edge region have to be calculated 
from the f"-values using the Kramers-Kronig /2/ relation. f" for each element is directly obtained 
from the photoelectric absorption cross section for this element via the optical theorem /3/. 

For a contrast analysis, we measure do/dn(Q,E) for more than 1 X-ray energy and apply 
the known energy dependencies of the atomic formfactors fi(E) to probe the scattering con- 
trast in question: Scattering from pure topological (=density) inhomogeneities like e.g. voids, 
dislocations, grain boundaries or roughness of the sample surface is identified for the finding 
da/dQ(E) - I T ( E ) ~ ~  for all - Q's. T = xiEifi is the mean atomic formfactor. Given the case of 
pure chemical inhomogeneities, e.g. a binary system containing compositional different precip- 
itates with an unchanged local number density of atoms within the precipitate, da/dn(E) 
Ifl(E) - f2(E)I2 = IAf(E)I will be identified for all - Q-vectors. For all combined inhomogeneities 
the situation becomes more complex: IfI2, lAfI2 and T A ~  contributions will arise. 

As a first step of data interpretation it is desirable to probe for all three of these scattering 
contributions. This becomes possible because of their quite different energy dependence, which 
is illustrated in Fig. 2 for a Feo.75Gdo.25-alloy. Applied to the situation of a sample containing a 
mixture of pure topological and pure chemical inhomogeneities 



Given combined inhomogeneities 

the otherwise unknown quantity nl = nM(l + $K(:)) may be retrieved from a plot 

versus 2 (E). Measurements with anisotropic single crystals along crystallographic directions with 
different K values /4/ yield both nl/nM and separately. 

Fig.2: Contrast terms lAfI2 = l f ~ d  - 
fF,I2, lfI2 = J F ~ ~ ~  $ (1 - c)fF,I2 and -Re 
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3. Beyond the 2-phase models 

{T* . Af} near the K(Fe) and L I I ~ ( G ~ )  
absorption edges of a Fe0.75Gd0.25 alloy. 
The f'- and f"-values were taken from 
a Cromer-Liberman calculation for free 
at oms. 

200 ' I I 

7100 7200 7300 CeVl 

a measurement at 2 energies enables to separate the individual scattering contributions 

- I I , > 

Generally the SAS cross section writes 

A n i ( ~ )  = ni (I) - Ei are the fluctuations in the local number densities ni(r) of the individual atoms 
i. The scattering cross section may be expressed as a weighted sum of partial structure factors 
si,j(Q), which are the Fourier transforms of the partial pair correlations < Ani(r)Anj(r - 2) >,, 
in the fluctuations Ani(r). They can be retrieved from the set of linear Eq. (7), which is obtained 
from ASAXS measurements at different X-ray energies with varied atomic formfactors. 

However, to answer the question for a topological or chemical origin of the Ani-fluctuations, 
it becomes favourable to decompose 
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For each atomic species i, fluctuations Ani(r) can arise from compositional fluctuations Aci(r) = 
ci(r) --Ei in their local concentration ci(r) = q(r)/n(r) and from pure density fluctuations An(1) = 
n(r) - ii in the local total number density n(r) = Cini(r) of all kinds of atoms. 

For binary systems Eqs. 6 and 9 then yield the following Bhatia-Thornton expression 

The small angle scattering cross section then is expressed as a weighted sum of partial structure 
factors SNN for pure topological (=density) fluctuations, Scc for pure chemical (=compositional) 
fluctuations and a factor SNC, which contains the correlations. From a set of at  least 3 ASAXS 
measurements with the varied prefactors (T(E) 1 2 ,  lAf(E) l 2  and ~ e { ? * ~ f ) ,  all 3 partials can be 
determined. For ternary systems, e.g. the scattering contrast is 

where additional fluctuations and additional form factor differences are included. 

Given the case of multicomponent materials, possible findings are 

Scc = 0 ,  necessarily in connection with SNC = 0, and SNN # 0: 
This is a material where scattering arises only from density fluctuations, e.g. in the form of voids, 
grain boundaries, dislocations or surface inhomogeneities. 

See $: 0, SNC = 0 and SNN = 0 : 
This is the observation for pure compositional inhomogeneities with no changes in the number 
density of atoms. Density defects are not detected. 

Scc # 0, SNC = 0 and SNN # 0 : 
In this case, additional topological inhomogeneities are formed in the sample. No correlation 
exists between compositional and density fluctuations. 

Scc # Q ,  SNC # 0 and SNN # 0 : 
This is a more complex, but most general case. Both compositional and topological inhomo- 
geneities are present and correlations exit. Whereas the Scc and SNC contributions are directly 
connected to concentration fluctuations, the SNN contribution may arise also from noncorrelated 
additional topological inhomogeneities. Scattering from precipitates of a different chemical phase 
with different total number density of atoms will give a contribution SsN. Additional, uncorre- 
lated pure density defects such as voids, e.g. contribute along with SgN to SNN = SLN + SgN. 
Without Fourier backtransforms of Scc and SNC, the separation of SNN becomes possible, when 
both the See- and SNC-terms show the same (Q) - dependence, or in other words, when the ratio 
s~c(Q) /Scc(Q)  becomes independent of - Q. Accordingly, equal r dependences An(r) - &(I) 
lead to the relation 

s b ( 4 )  = , 
SZN (Q)Scc(Q) 

(16) 



whereas the general case is 

From Eq. (16) SKN(Q) can then be determined and the complete separation of precipitate scat- 
tering from the topological background scattering contribution is achieved directly. 

The split individual scattering contributions may then be analyzed in the framework of simple 
two-phase models, or according to Eq. (7) in terms of density pair correlations, using the relations 
(4 = c). 

Conclusions 

In ASAXS studies of multicomponent materials it is favorable to separate the measured scat- 
tering cross section into partials which depend linearly on the squared average atomic form factor 
I ? 1 2 ,  form factor differences lAfI2 and cross terms of 2 ~ e { T ' ~ f ) .  This allows a direct sepa- 
ration of the concentration fluctuation dependent scattering from other topological background 
scattering intensities, which arise from additional topological disorder present in most materials. 
Applications are studies of precipitation in metallic alloys and serniwnductors, as well as larger 
scale concentration fluctuations in amorphous materials. 
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