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T h e e x t e n d e d x - r a y absorption fine-structure ( E N A F S ) has been used t o determine b o n d 
lengths a n d coordination n u m b e r s around the central O s - a t o m in b o n d - i s o m e r i c hexakis (thio-
c y a n a t o - i s o t h i o c y a n a t o ) o s m a t e s ( I I I ) [ O s ( N C S ) n ( S C N ) 6 - w ] 3 ~ , n — 1 , . . . , 6 : T h e a b o v e assign-
m e n t o f the species with w-values is confirmed. T h e O s - N b o n d length decreases with increasing 
n while the O s - S b o n d length is the same in all c o m p o u n d s . T h e N - b o n d e d l igands f o r m a n u n -
distorted linear chain with the central O s - a t o m . T h e b o n d angles b e t w e e n t h e S - b o n d e d l igands 
a n d O s - a t o m s are distorted b y at least 10° around their a v e r a g e va lue ( ~ 1 0 5 ° ) . 

1. Introduction 

The analysis of the extended x-ray absorption 
fine structure (EXAFS) which shows up above the 
absorption edges of atoms in molecules, liquids, and 
solids has developed to a reliable method for the 
determination of the short range order around the 
absorbing atom [1, 2, 3]. EXAFS is caused by an 
internal electron interference effect [4, 5]. The 
superposition of the outgoing photoelectron wave 
with parts of it backscattered from the neighbouring 
atoms results in a modulation of the matrixelement 
of the transition probability with the electron 
energy. Periodicity and amplitudes of EXAFS 
reflect the parameters of the local geometrical 
structure e.g. bond lengths and coordination 
numbers. Most of the investigations have been 
performed on EXAFS at K-edges. In this case only 
transitions to p-symmetric final states are possible. 
The analysis of EXAFS at K-edges of heavy 
elements is hindered by the increasing broadening 
of structures due to lifetime effects. For elements 
like Cu. Kr. or Ag the lifetime broadening amounts 
to 1.5 eV, 3 eV, and 7.5 eV, respectively, [6] which 
is tolerable for a structural analysis. For heavier 
elements this value increases rapidly. For Au e.g. 
the broadening of 54 eV [6] is of the same order as 
the periodicity of EXAFS so that the fine structure 
is effectively smeared out. Further experimental 
problems arise from the decrease of intensities even 
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at high flux x-ray sources and decreasing reflec-
tivities of crystals at high photon energies. 

At Lui-edges the lifetime broadening is an order 
of magnitude smaller than for K-shells. Generally 
transitions to s- and d-symmetric final states 
contribute to the absorption coefficient in this case. 
However the probability /us for transitions to 
s-symmetric final-states is approximately a factor 
of 50 smaller than that to d-states (fid) [7, 8] so that 
those contributions can be neglected in all practical 
cases. The analysis of Lm-edge EXAFS can there-
fore be performed with techniques developed for 
K-shell EXAFS. 

In this paper we report a structural analysis of 
the complexes [Os(NCS)w(SCN)6-w]3-. Six of the 
seven possible complexes have been isolated by 
Preetz and Peters [9] by ion exchange chromato-
graphy. From the intensities of groups of lines in the 
IR and Raman spectra characteristic for the S- and 
N-bonded (SCN)-group the sequence has been 
attributed to n = 1, 2, . . . , 6. Because of the com-
plexity of this analysis independent criteria to 
confirm this assignment were desirable. Up to now 
it has not been successful to grow single crystals 
with good enough quality to determine the structure 
from x-ray diffraction experiments. Therefore we 
have analyzed the EXAFS beyond the Lm-edge 
of Os. From these spectra we evaluate the spherically 
averaged radial geometry around the absorbing 
Os atom. In the next section we briefly describe the 
experimental arrangement. In Sect. 3 we give a 
detailed analysis of the absorption spectra and 
evaluate coordination numbers for the first coordi-
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nation spheres and the interatomic spacings between 
the central Os atom and the surrounding N, C, and 
S atoms. 

2. Experimental Arrangement 

The measurements have been performed at the 
Deutsches Elektronensynchrotron (DESY). The 
synchrotron-radiation is monochromatized with a 
channel-cut Si(220) crystal. In the energy range 
under consideration (10700 eV to 11600eV) the 
spectral resolution amounts to 3 eV. The intensities 
of the monochromatic radiation are monitored by 
Ar filled ionization chambers. The signals are 
digitized and stored in a computer. Details about 
the experimental setup are published in a forth-
coming paper [10]. 

The compounds are available as salts of tetra-
n-butylammonia (TBA) [9]. Each sample has been 
prepared from 55 mg of the Os-complex covered 
with 15 mg polyethylene on both sides under a 
pressure of 2 kbar in the form of foils of 32 X 4 mm2 

area. This technique yields polycrystalline samples 
of homogeneous thickness. The sample thickness has 
not been determined explicitly. To optimize the 
signal to noise ratio it has been chosen so that the 
transmission is 10% above the Os-Lm-edge. To 
reduce the influence of thermal motions of the atoms 
on the amplitudes of the EXAFS all samples have 
been cooled to liquid nitrogen temperature. 

In addition to the compounds under investigation 
here, we have measured the absorption of dibromo-
tetrapyridineosmium (II) [Os(py)4Br2]. In this 
complex the Os-N bond lengths are known from 
x-ray diffraction studies [11]. As shall be discussed 
later in detail, this material has been used as 
reference to determine the N backscattering 
amplitude and the phase shifts of the photoelectron 
wave for the Os-N atom pair. 

3. Results and Discussion 

For simplicity we shall label the isolated six 
samples with their index n= 1, . . . , 6, all of which, 
except n — 4, have been investigated by EXAFS. 
As an example representative for all complexes we 
show the absorption spectrum of sample 6 in 
Figure 1. The contribution to the absorption 
coefficient due to transitions of weaker bond 
electrons has already been eliminated by a procedure 
described elsewhere [3]. This spectrum is charac-
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F i g . 1. A b s o r p t i o n spectrum o f [ O s ( N C S ) e ] 3 ~ a t t h e O s L m 
edge . T h e b a c k g r o u n d a b s o r p t i o n due to exc i tat ions o f 
w e a k e r b o u n d electrons h a s b e e n r e m o v e d . 

terized by the Lm-edge at EUn = 10868 eV [12], 
and a white line right above the edge. This line is 
due to a high density of d-symmetric final states. 
I t is omitted in the following data analysis. Beyond 
the line EXAFS shows up. 

I t is convenient to write the absorption coefficient 
in the following way 

p(E) = p>(E)'[\ + z{E)). (1) 

Here E is the photon energy and /no an atomic-like 
monotonous absorption coefficient which should be 
observed after removing all atoms surrounding the 
central Os atom. 

Since mainly the transitions to d-symmetric 
states contribute to the transition probability for 
polycrystalline materials, the fine structure can be 
written in the following form (7): 

(2) 

y>t(k) = 21cRi + 26d(k) + arg(/<(**, k)), (3) 

Ai(k)=\fi(n, k) | (Ai/Iii2) 
• exp(— 2 at2 k2) exp(— 2i2</A). (4) 

Here, FT (JI, k) is the complex scattering amplitude 
of the scattering atoms, A* of which are located at 
an average distance Ri from the absorbing atom. 
The phase shift of the central atom is denoted by <5d. 
A Gaussian pair distribution with mean square 
relative displacements a%2 has been introduced to 
describe the displacement of the atoms around Ri 
due to thermal vibrations. The mean free path X 
considers the damping of the photoelectron wave 
by inelastic scattering processes. The wavenumber k 
is calculated from the free electron dispersion 

12m 
k = ] / h 2 < 5 ) 
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F i g . 2 . a) E x p e r i m e n t a l a n d b) Four ier filtered fine struc-
ture kx(k) of [OS(NCS)6]3-. 

where Ei,iu is the binding energy of electrons in the 
Lin-shell. The formal description of EXAFS by (2) 
is only valid for values k > 3 A - 1 , i.e. 50 eV above 
the edge. Below this value structures in /x are 
caused by variation of the density of states, by 
multiple excitations or by multiple scattering events 
which are not adequately described by (2). 

Our experimental k • %(k) of sample 6 is shown 
in Figure 2 a. The rapid decrease of the amplitudes 
of k • %(k) with increasing k is typical for scattering 
atoms with small atomic numbers, in this case N, 
C and S [13]. Figure 2b shows the same k • %(k) 
after applying a Fourier filtering which consists of 
a Fourier transform of %(k) to real space and a sub-
sequent inverse transform to fc-space after truncat-
ing the data at r = 6 A. Only the presence of atoms 
at distances less than approximately 5 A from the 
central atom leads to contributions to EXAFS. 
Therefore, both filtered and unfiltered spectra are 
identical apart from the statistical noise. 

The Fourier filtered spectra of all measured 
samples are displayed in Fig. 3. A systematic 
change of the % (fc) is obvious: in going from n = 6 
to n= 1, the amplitudes of k • %(k) at £ = 6.2 A - 1 

and 7.8 A - 1 decrease whereas at £ = 7.0 A - 1 a 
structure grows up. Note the relatively large 
changes between n = 3 and = 5. which clearly 
confirms the missing of sample n = 4. 

A preliminary conclusion about the type of 
scattering atoms can be drawn from the £-depen-
dence of the amplitudes of Compared to 
sample n= 1, where the envelope of k • y (k) has a 
maximum at k ~ 5 A - 1 we observe larger amplitudes 
at small k-values and a more rapid relative decrease 
of the amplitudes with increasing k for sample 
n = 6. This means that according to the Ar-depen-
denee of \f(n,k)\ the dominant contribution to 

%(k) in n = 6 arises from the presence of N whereas 
the spectrum of n = 1 tells us that in this case the 
S atoms are dominating as nearest neighbors. 
Furthermore, in going from n = 6 to n= 1, the 
k • %(k) develop to the simpler form of a single 
oscillation. We conclude that in n = 1 the scatterers 
further apart from the central Os atom than the 
nearest neighbors are highly disordered. 

So far we have discussed these spectra to demon-
strate which conclusions about the local geometry 
in the vicinity of the absorbing atom can be drawn 
from the qualitative description of EXAFS. From 
the above discussion we have seen that the experi-
mental %(k) is a superposition of more than one 
oscillation with different frequencies in &-space. To 
separate these contributions we perform a Fourier 
transform to real space [2, 3]. Each term in (2) 
attributed to scatterers at Rt shows up as a peak 
in the magnitude of the Fourier transform F(r). The 
amplitude of this peak is characterized by Ai(k). 
The position is determined by the total phase yt(k) 
from which Ri can be evaluated. It should be noted 
that according to the ^-dependent parts of da{k) 
and arg {fi(n, k)) the positions of the peaks in | F(r) | 
differ from the Rt by 0.2 to 0.5 A. 

The magnitude and the real part ~Re(F(r)) of the 
Fourier transform of the k • %(k) (Fig. 3) is shown 
in Figure 4. In all cases, the same range in &-space 
(2.5 A"1 f ^ k f ^ 12.5 A"1) has been transformed. A 
Gaussian window function has been used to reduce 
truncation effects [3]. 

In the range 1.2 AfSr r^2.5 A we observe two 
maxima at r\ = 1.67 A and r2 = 2.06 A. According 
to the fact that the atomic radius of sulphur is 
approximately 0.4 A larger than that of nitrogen 
we attribute the first peak at r\ to the N scatterers 
and the second peak to the S scatterers. As expected, 
the amplitude of the peak at r\ decreases in going 
from n = 6 to n= 1, whereas the peak at shows 
the opposite trend. This corresponds to the succes-
sive conversion from N-bonded to S-bonded SCN-
groups. Two additional peaks in |F ( r ) | of sample 
n = 6 at r = 2.68Ä and r = 4.44A are attributed 
to the C and the S atoms, respectively. In going to 
w < 6 these peaks decrease and, as expected from 
the x(k), the | F(r) | of sample n = l is dominated 
by a single S peak. Beyond r = 3 A only two tiny 
structures in |-F(r)| of sample n= 1 are observed 
at 3.4 A and 3.9 A. Similar structures also show up 
in all the other 1^(^)1 and are therefore attributed 
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F i g . 3 . Fourier filtered k-/(k) o f t h e measured 
[ O s ( N C S ) „ ( S C N ) 6 - n ] 3 - c o m p l e x e s . 

to spurious effects due to the data handling. The 
fact that the presence of C and N atoms in the 
thiocyanate complex yields no significant contribu-
tion to %(k) can be explained with strong distortions 
of the Os-SCN bond angles. This leads to a certain 
spread of the Os-C and Os-N spacings and therefore 
to a destructive interference in %(k) [14, 15]. 
Assuming an average bond angle of 105° we must 
conclude that in the complex n = 1 the bond angles 
for the thiocyanate ligands vary by at least 10°. 

A linear arrangement of the Os-NCS in sample 
n = 6 can be deduced from an anomalous scattering 
phase of the Os-C and the Os-S pairs. For the S shell 
in n = Q, Re(F(r)) and | F (r) | show a maximum at 
the same point (r = 4.4 A). This means an additional 
phaseshift of approximately n compared to the 
S-scatterers in sample 1 where Re(F(r)) shows a 
minimum at the maximum value of |F ( r ) | . The 
same holds for the C shell in sample 6. According 
to the similar electronic structure of the atomic core 
of N and C, the phases of these scatterers differ only 
insignificantly. On comparing the first two shells for 
n — 6 in Fig. 4, an additional phase shift between 
these scatterers is observed. This behavior is 
typical for the case where a scatterer is shadowed 
by an other atom, i.e. where the central atom and 
two scatterers form a linear chain. Because of the 
strong peaking of the scattering amplitude in 
forward direction significant contributions to %(k) 

|F(r)| Re(F(r)) 

Fig . 4 . M a g n i t u d e |-F(r)| a n d real p a r t s R e (F(r)) o f t h e 
Fourier t ransform over the range 2 . 5 A - 1 ^ k ^ L 1 2 . 5 Ä - 1 

using a Gauss ian w i n d o w calculated f r o m t h e k-/(k) s h o w n 
in Figure 3 . 

due to multiple scattering events are expected. 
A similar phase shift difference of 71 has been 
observed for the fourth neighbors in metallic Cu 
[2, 3], which together with the absorbing atom and 
its nearest neighbor form a linear chain. 

The easiest way to extract absolute coordination 
numbers seems to be a direct comparison of the 
peaks in |_F(r)|. According to Eq. (4) these ampli-
tudes are directly proportional to N*. This simple 
analysis leads to inconsistencies which are demon-
strated in the following for the first N and S 
scatterers at r = 1.67 A and r — 2.06 A, respectively. 
The average difference Zlg and As of the peak 
heights and between neighboring samples 
(An=\) should correspond to a change of the 
coordination number by A N i = 1. The ratio A s I As 
and should then yield the coordination 
numbers of the N and S shell respectively. The 
results of this analysis shown in Table 1 predict 
seven in contrast to the maximum six bonds. The 

values confirm the assignment of Preetz and 
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T a b l e 1. A m p l i t u d e s a n d . 4 s in arbitrary units of peaks 
in | F(r) | (Fig . 4 ) a t t r i b u t e d t o the first N a n d S scatterers. 
Ar = 21.3 a n d Z l s = 1 9 . 9 are t h e a v e r a g e a l terat ion o f 
a n d .4s w i t h An = l . T h e analysis y ie lds t h e incorrect 
result o f seven O s b o n d s . 
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Peters [9], whereas the As/As predict an assignment 
altered by An = —- 1. The reasons for this inconsis-
tency are to be found in the mutual interactions of 
the two peaks and influences of the C peak on the 
amplitudes of the first peak. Especially, the 
structure at 2.2 A in of sample 6 where in 

of the other samples the S peak grows up 
is due to a constructive interference between N and 
C peak and has nothing to do with an S scatterer. To 
demonstrate this we have performed a Fourier 
transform of a model y{k). This y(k) has been 
calculated from Eq. (2) using theoretical back-
scattering amplitudes and phase shifts [8] for the 
Os absorber and the scatterer N and C. For the 
C scatterer, an additional phase shift of n has been 
added to xp(k). The bondlengths and a scaling factor 
for the amplitudes Ai(k) have been adjusted to 
give a best fit with the experimental data. In the 
resulting (Fig. 5) a structure shows up at 
r = 2.2 Ä similar to that observed in the |.F(r)| 
calculated from the measured y[k). The remaining 
differences in the F(r) are certainly due to the 
assumptions made in this model calculation, 
especially the assumption of a constant phase 
introduced by the multiple scattering. Nevertheless, 
this comparison shows that the peak at r = 2.2 A 
in is not caused by an S scatterer and we 
reach the conclusion that sample n = 6 has six 
N bonded SCN~ ligands in agreement with the 
proposed assignment of Preetz and Peters [9]. 

A first step to a more reliable way for the 
evaluation of coordination numbers and bond 
lengths is an inverse Fourier transform over a 
limited range in F(r) [3] as indicated by a bar in 
Figure 4. First, we analyse the y(k) of sample 6. If 
the assignment is correct, the result is a single term 
of Eq. (2) from which A (k) and ip(k) for this shell 
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Fig . 5. M a g n i t u d e |.F(r)| a n d real p a r t R e (F(r)) o f k%(k) 
of [ O S ( N C S ) 6 ] 3 - ca lculated f r o m t h e e x p e r i m e n t a l k%(k) 
spectrum (solid line) a n d f r o m a t w o shell ( N a n d C) m o d e l 
(dot ted line) using calculated a m p l i t u d e f u n c t i o n s a n d 
scattering phases (8) . 

can be calculated. The bond length is then calculated 
from [3] 

B{k) = {y>(k)-<p(k))l(2k). (7) 

Here, <p(k) is the sum of the absorber and scatterer 
phase. The phase shift <p(k) is known to be transfer-
able i.e. we can either use calculated <5d(fc) and 
arg(/(jr, k)) or determine (p{k) from y(k) of a 
reference compound with the same absorber and 
scatterer pair and with known bond length. The 
^-scales of the xp(k) and <f(k) may differ. To com-
pensate those differences we have varied E ^ in 
Eq. (5) in a way so as to obtain a constant B(k) 
over the whole k range. Using an experimental 
phase <£E (&) evaluated from an Os-Lni absorption 
spectrum of [Os(py)4Br2] where the Os-N bond 
length has been determined by x-ray diffraction 
(B = 2.09 ± 0.04 A) [11] we obtain i?E = 2.07 
±0.045 A (Figure 6 a). The error is the sum of the 
uncertainty for B of the reference material (0.04 A) 
and the deviation of B(k) from a horizontal straight 
line (0.005 A). In Fig. 6b we have included B^(k) 
obtained with a theoretical phase [8] which 
has been approximated by a polynomial of second 
degree in k. From this analysis we get 7?T = 2.13 
±0.04 A which is significantly larger than BE. The 
error of 0.04 A is the sum of the difference between 
polynomial and tabulated value (0.01 A), the 
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F i g . 6 . D e t e r m i n a t i o n of O s - N b o n d lengths using E q . (6) 
a n d cp (k) a) determined from an absorption spectrum of 
[ O s ; p y ) 4 B r 2 ] a n d b) taken from [8]. 

deviation of from a constant (0.01 A) and a 
typical error of 0.02 Ä for <pT/(2 k) [3j. 

In the same way using the calculated phase shift 
[8] we determined the bond lengths for the next 
nearest C neighbors in n = 6. To account for the 
shadowing of the C atoms by the N atoms a con-
stant phase of ti has been added to (fr{k). The result 
for the Os-C distance is RT = 3.19 ± 0.05 Ä. 

The coordination number for sample 6 is evaluat-
ed from 

ln (A6(k)IAB(k)): — 2(or| — a%) k2 

/ Ne R% ln 
R'i 

(8) 

where the index B denotes the reference compound. 
In this analysis we have assumed equal values for A 
in both samples. A plot of the result of Eq. (8) 
versus k2 is shown in Figure 7. Using RB and AB 
of the reference material and the values of Re deter-
mined above, we get Ne = 5.72 A: 0.4 atoms in 
agreement with the results of Preetz and Peters [9]. 
Additionally the slope of the straight line in Fig. 7 
tells us that the mean square relative displacements 
a2 of the Os-N pair in [Os(NCS)e]3_ is smaller by 
an amount of A a2 = 0.0025 A2 in comparison to a% 
of the same atom pair in [Os(py)4Br2]. 

Fig . 7 . D e t e r m i n a t i o n of the N coordination n u m b e r of 
[ O S ( N C S ) 6 ] 3 - f r o m l n ( . 4 ( k ) / A n ( k ) ) [ E q . ( 8 ) ] at )K = 0 where 
A(k) a n d A^(k) are the ampl i tude functions of the nearest 
n e i g h b c N scatterer in [ O s ( N C S ) 6 ] 3 _ a n d [Os(py)4Br2] , 
respect ively . T h e slope of the straight line vields Aa2 = 
0 . 0 0 2 5 A 2 . 
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Fig . 8 . Contribut ion t o t h e fine structures k-/{k) caused b y 
the first N a n d S shells calculated f r o m an inverse Fourier 
transform over the range 1 .2 A f ^ r ^ 2 . 5 A (solid lines). 
T h e d o t t e d lines are the k%(k) f itted t o the experimental 
fine structures using the parameter ized E q u a t i o n (9). 

For the samples » < 6 an inverse Fourier trans-
form over the range 1.2 A ^ k ̂ 2 . 5 A yields a 
filtered EXAFS spectrum which is described by a 
sum over two terms in Equation (2). The results of 
this transform are shown in Fig. 8 as solid lines. To 
isolate each term and to calculate the bond lengths 
and coordination numbers of the individual N and 
S shells we have analysed these data by a fitting 
procedure. The fine structure has been represented 
by 

4 = 1 1 T~ 0.2 i 
Pli 
(k - M2 

e-r*tk- sin(pSi k + a2i k2 + a3i) 
with 

pn = t>u(NilRi2) e~2Ril?-

p n = 2 Gi2 , 

P3i = 2 Ri + au. 

(9) 

(10) 

(11) 

(12) 
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The parameters a^ and bji ( j = f. 2, 3) are known 
from tabularized and parameterized amplitude 
functions of N and S and phase shifts [8, 16] of the 
pairs Os-N and Os-S so that in total six free param-
eters have been used to fit the experimental data. 
The best fits have been included in Fig. 8 as dotted 
lines. In detail we obtain the following results: 

a) Bond Lengths 

Together with the i?-values of sample 6 deter-
mined above we have summarized the bond lengths 
of all compounds in Table 2. The Os-N bond length 
of sample 6 obtained from the fit is identical with 
the value RT obtained above which shows the 
reliability of the fitting technique. I t is interesting 
to note that the Os-N bond length increases with 
decreasing number of N bonded ligands whereas 
the Os-S bond length of i? = 2.50Ä remains un-
changed within an experimental uncertainty of less 
than 0.01 A. This means that the S-bonded ligands 
squeeze out the N-bonded ligands. Furthermore we 
have considered that two different Os-N bonds 
might exist in sample 6. A fit with two shells results 
in a similar bond length for both components thus 
ruling out this possibility. 

To confirm the increasing Os-N bond length with 
decreasing n we have investigated the beating 
introduced by a superposition of two contributions 
to Eq. (2) with different ^-dependence of the xp(k) 
[17]. The amplitudes An(k) of the finestructures 
shown in Fig. 8 (w< 6) normalized to the amplitude 
A%(k) of the fine structure for n — 6 have been 
plotted in Figure 9. The minima in Än(k)IAß(k) 
marked by arrows move to higher ^-values with 
decreasing n. These minima show up at 

kmin = (mn - A(p)l(2AR) (w = 1 , 3 , 5 , . . . ) . (13) 

Here Acp is the difference of the phases <p of the 
S- and the N-shell. The difference in bondlengths of 
the two shells is denoted by AB. In the region of 
interest Acp amounts to 3.6 rad [8 j. Using this value 
and the experimental km-m we obtain the AR values 
as listed in Table 2. We observe an excellent agree-
ment between the zJ/?(B) determined from the 
beating and the AR(T) calculated from the fitted 
R values. For sample n = 1 the more reliable value 
for AR is the value extracted from the beating. 

Using the bondlengths of the first N-shell in 
sample 6 (2.13 A) determined above and the peak-
position in \F{r)\ (r = 1.67 A) yields the shift 

structure for n < 6 shown in Fig. 8 to the ampl i tude of 
•/ (k) for n = 6. From the minima as indicated b y arrows 
A R between N and S shell has been calculated, b) Difference 
of phase shift Aq>(k) between the cp {k) of the pairs O s - S 
and O s - N taken from [8]. 

Table 2. B o n d lengths in A between Os and the nearest 
N and S neighbors. i?N(R) and jRn<t) determined f r o m 
eq. 6 with phase <p(k) extracted from an absorption spec-
trum of [ O s ( p y ) 4 B r ] 2 ~ and theoretical phase shifts (8) 
respectively; /?N<F) and Rs(F) determined from a fit of a 
two shell x(k) calculated from an inverse Fourier trans-
form over a limited range in F(r) (see Fig. 4) using calcu-
lated scattering amplitudes and phase shifts ; <4r(F) = 
-ßs(F) — -BN(F>; A R ( B ) difference of R s and 7?n obtained 
from the beat frequency. 

n -RN(R) ^N(F) -ffs(F) AR(A) ARm 

6 2 . 0 7 2 .13 2 .13 
5 2 . 1 3 2 . 5 0 0 .37 0 . 3 7 
3 2 . f 6 2 . 5 0 0 . 3 4 0 . 3 3 
2 2 .2 f 2 . 5 0 0 . 2 9 0 . 3 1 
f (2.26) 2 .51 (0 .25) 0 . 3 0 

a = 0.46 A which is caused by the ^-dependent 
parts of cp(k) and which is characteristic for the 
Os-N pair. Assuming that a for Os-C has the same 
value according to the similar electronic structure 
of N and C we can simply determine the Os-C 
distance from the position of the C-peak in | F (r) |. 
The result of i? = 3.16 A is close to the value deter-
mined above using theoretical phases (Table 3). 
The same analysis for the S-shell in sample 6 yields 
R = 4.89 A with a taken from the bondlength of 
the first S-shell in sample 1 and the corresponding 
peak position (Fig. 4). 
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T a b l e 3 . O s - C a n d O s - S distance in n = 6 . R-a is the p e a k 
posit ion in | F ( r ) | a n d R t h e true bondlength . F o r the 
C scatterer, the a of the first N peak in Fig . 4 (w = 6 ) , 
for the S scatterer the a of the first S peak in F i g . 4 (n = 1) 
has been used. Rc is the O s - C distance d e t e r m i n e d f r o m 
E q . (6) using calculated phase shifts of R e f . [ 8 ] a n d an 
additional constant phase o f ~i due to mult iple scattering . 
A l l values in A units. 

N (n = 6) C (n = 6) S ( n = 1) S (n = 6) 

R — cc 1 .67 2 . 7 0 2 . 0 6 4 . 4 4 
a 0 . 4 6 0 . 4 6 0 . 4 5 0 . 4 5 
R 2 . 1 3 3 . 1 6 2 . 1 5 4 . 8 9 
Rc 3 . 1 9 

b) Coordination Number 

The fitted pu values (i = N or S) are directly 
proportional to the coordination numbers Ni . In 
Fig. 10 we have plotted these values versus n on 
the basis of the assignment of Preetz and Peters [9], 
The linear regressions through the data points 
shown as solid lines in Fig. 10 have been calculated 
from 

pis(6 — n) = Asn + Bs , 
pix(n) = Ay n-\- Bx. (14) 

If the assumed assignment is correct, the inter-
section with the vertical axis at n — 0 should take 

1.0 
i i i i i i i 

-
a / 

- 0 . 2 

- / "c 
CD 

y / 
CN 

cr 
/ 

i/ i i i 1 i i n 
0 2 A 6 

n (atoms) 
F i g . 10. P lot o f the fitted p a r a m e t e r p u ( E q . (9)) versus 
coordination n u m b e r n : a) N - s h e l l (i— 1 ) ; b) S -shel l (i = 2 ) . 

[1] F . W . L y t l e , D . E . Sayers , a n d E . A . S tern , P h y s . 
R e v . B 11, 4 8 2 5 (1975) . 

[2 ] E . A . Stern, D . E . Sayers , a n d F . W . L y t l e , P h y s . 
R e v . B 11, 4 8 3 6 ( 1 9 7 5 ) . 

[3] G . Martens , P . R a b e , N . Schwentner , a n d A . W e r n e r , 
P h y s . R e v . B 1 7 , 1481 ( 1 9 7 8 ) . 

[41 E . A . S t e r n , P h y s . R e v . B I O , 3 0 2 7 ( 1 9 7 4 ) . 
[5 ] P . A . L e e a n d J . B . P e n d r y , P h y s . R e v . B l l , 2 7 9 5 

( 1 9 7 5 ) . 
[6 ] L . G . Parratt , R e v . M o d . P h y s . 31 , 6 1 6 ( 1 9 5 9 ) . 
[7] P . R a b e , G . Tolkiehn, a n d A . W e r n e r , J . P h y s . B 1 2 . 

8 9 9 ( 1 9 7 9 ) . 
[8] B . - K . T e o a n d P . A . L e e , J . A m e r . C h e m . S o c . 101 . 

2 8 1 5 (1979) . 
[9 ] W . Preetz a n d G . P e t e r s , Z . N a t u r f o r s c h . 3 4 b , 1 2 4 3 

( 1 9 7 9 ) . 

the value of B = 0. A change of the assignment by 
An — ^ 1 would lead to B = ±-4 . From the linear 
regressions we obtain 

A* = 0.165, 
.4 s = 0.047, 

By = 

Bs = 
0.013, 
0.012. 

Both B values are significantly smaller than the 
.4 values, which again confirms that the sequence 
7 i = l , . . . , 6 has been isolated. The error in this 
determination of relative coordination numbers 
amounts to 0.13 atoms in our investigations. 

If reference compounds of known geometry, as 
discussed in this paper, are not available, absolute 
coordination numbers can be determined using 
calculated backscattering amplitudes. From a linear 
regression 

Pis (6 — n) = Dsn , 
Pix(n) =Dsn (15) 

we obtain Ds = 0.0507 and Z>N = 0.1620. Using 
B = 2.13 A and the calculated &iN = 1.600 [16] for 
nitrogen, we obtain from (10) a mean free path 
X = 5.48 A. Together with this value of X, a bond 
length R = 2.50 A and the calculated biS = 0.779 
[16] for the S-shell, we determine a theoretical 
D s = 0.0500. The excellent agreement between the 
calculated and the experimental value of Z>s 
demonstrates the reliability of the concept of 
transferability of amplitude functions. 
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