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It has been assumed previously that the nuclear charge radius of Sn119 in the excited state 
at 23.8 keV is greater than in the ground state (.~R/R > 0 ). This conclusion, obtained from 
chemical shifts of Mossbauer lines in the compounds of tin, was based on a very crude pic
ture of the structure of the electron shells in these compounds and their interaction with the 
nucleus. The present analysis gives a general formula for the dependence of the chemical 
shift on the parameters of the molecular orbits and the orbits of the inner shells; for tetra
halogenides of tin these estimates lead to the conclusion that ~R/R < 0. These results are 
important for the interpretation of many experimental data from Mossbauer spectroscopy 
of tin compounds. 

1. INTRODUCTION 

THE percentage change in charge radius ~R/R 
of the nucleus when it is excited is an important 
characteristic of its contact interaction with the 
electron shell. The determination of this quantity 
involves familiar difficulties. Some possibilities 
for determining it come from Mossbauer spectra, 
from the dependence of the chemical shift of the 
center of gravity of the spectrum on the change in 
electron density at the nucleus, in which ~/R 
enters explicitly: 

l:!..R 
6 = const·R {1'1''(0) 12 -1'1'(0) 12}. (1) 

Here ll¥ ( 0 ) 12 and ll¥' ( 0 ) 12 are the total electron 
densities at the nucleus in the y ray source and 
absorber, respectively. 

For the Sn119 nucleus (where const = 1.97 
x 10-22 ( mm/ sec )em 3 ) Shpinel', Bryukhanov, and 
Delyagin [l] first used formula (1) to determine the 
sign of ~R/R from measurements of the chemical 
shift 6 in the absorption spectrum of 23.8 keV y 
quanta, and concluded that ~R/R > 0. Boyle, Bun
bury, and Edwards [2] gave a more detailed treat
ment of this question and estimated the absolute 
value of the ratio: ~/R = +1.1 x 10-4• 

These results are based on a quite crude approx
imation to the values of ll¥(0) 12, for which the fol
lowing basic assumptions were used: 1) only the 
contribution of the outer 5s electrons is important 
for the elect:r;on density at the nucleus; 2) this con-

tribution is determined only by the number of 5s 
electrons, which was taken to be zero for the so
called "ionic" compounds of tetravalent tin (for 
example, SnF4 ) and equal to 2 for the similar com
pounds of divalent tin ( SnC12 ); 3) the contribution 
of each 5s electron can be determined from the 
Fermi-Segre formula. [3•4] 

The value of the ratio ~R/R (and even its sign) 
obtained on these assumptions is certainly subject 
to doubt in view of the inconsistency of the first 
two assumptions. In fact, direct observations of 
nuclear quadrupole resonance spectra in halogens 
have shown quite convincingly (cf., for example,C5J) 
that the fraction of the electronic charge that is 
pulled over to the I, Br and Cl in compounds of 
the type SnX4 (the so-called ionic character of the 
Sn-X bond, cf. below) does not exceed 0.3-0.4. 
From this there arises the necessity for a more 
exact determination of the fractions of the elec
tron shells for the 5s-electrons contributing di
rectly to ll¥ ( 0) 12 and of the 5p-electrons which, 
by screening the s-electrons, reduce this contri
bution.1> 

In the present report we give a more complete 
treatment of the distribution of the electron shells 
in compounds of tin and its influence on the elec
tron density at the nucleus. We get a general for
mula for the dependence of the chemical shift 6 

l)The direct contribution of the p-electrons (in the P'h state) 
to \'11(0)\ 2 does not exceed 4.5% in the case of tin and will not 
be considered further. 
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on the parameters of the molecular orbitals in 
these compounds. Estimates of these parameters 
for tetrahalogenides of tin permit the conclusion 
that ~R/R < 0, contrary to the result found by 
Shpinel' et al [t] and Boyle et al. [2] The sugges
tion that the sign of ~R/R is negative was first 
made by two of us. [GJ The negative sign of this 
ratio for Sn119 (and a value ~(R2 )/(R2 ) ~ 2.6 
x 10-4 ) was subsequently found by Belyakov C7J 
on the basis of a calculation, in the approximation 
of the theory of finite Fermi systems, of the 
change in the charge distribution of the Sn 119 nu
cleus when it is raised to the excited state. 

2. BASIC FORMULAS 

We consider a molecular complex, consisting 
of a tin atom and ligands (atoms, molecules, ions, 
radicals) of the first coordination sphere, and 
assume that its outer one -electron states can be 
described by some set of molecular orbitals of 
the type 

"'¥, = N,{l)l, + A-,x,}, 

N,2 = ['1 + A-,2 + 2A~tSh]-l, 
sh = ~ ¢~<x,dt, 

(2) 

(3) 

(4) 

where 1/Jk is a linear combination of atomic func
tions CfJi for the tin atom: 

(5) 

Xk is the corresponding linear combination of 
ligand wave functions, and Sk is the overlap in
tegral. 

The total electron density at the origin, which 
appears in formula (1) for the chemical shift can 
be written approximately as 

' IW(O) 12 = ~ ehNk2aks2 lcpss(O) 12 + ~ 2ICJlns(O) 12. (6) 
h n=i 

It is assumed that in the one-electron approxima
tion only s -electrons contribute to the electron 
density at the origin, where only the 5s-orbit of 
tin contributes to the formation of the molecular 
orbitals (2) (where it is obvious that (6) is inde
pendent of symmetrization of the one-electron 
states). The constant Ek characterizes the occupa
tion of the corresponding molecular orbitals and can 
take on the values 2,1,0, while the second sum 
in (6) gives the contributions of the inner filled 
orbits of tin. 

Having determined the values of I >¥ 1 ( 0) 12 and 
I 'lr ( 0 ) 12 from (6), substituting them in (1) we find 

"-A{Icpss'(O)I 2 ~ 1 12"r12 ~ 2N2+P.} 
u - I (O) l2 LJ eh aks 1 v h - LJ eiais i 1-' , 

(jl5s h j 

11R 
A = '1.97 ·10-22 R- I CJlss (0) 12 [ ( mm/ sec )cm3 ] (7) 

The quantity (3 characterizes the relative contri
bution of the changes in the inner shells to the 
electron density at the nucleus when we change 
from source to absorber: 

~ = ( ICJlss(O) 12)-l ~ 2[lqJn/(O) 12 -l(jlns(O) 12]. (8) 
n=! 

We note that when we take account of the differ
ence between lcp:fi8 (0)J 2 and Jq;n8 (0)I 2 in these 
formulas, we are including not only the renormal
ization of the wave functions of the valence elec
trons as a result of formation of molecular orbit
als, but also the redistribution of the electron 
density in the atomic states as a result of chang
ing from one compound to another. 

To estimate the ratio I cp 5s ( 0) 12/ I cp ss ( 0) 12 we 
can use the Fermi-Segre formula. [3, 4] Remem
bering that the effective quantum number neff 
that appears in the formula is a slowly varying 
function of the effective charge Z, we can imme
diately write: 

(9) 

where Z 1 and Z are the effective charges for the 
tin atom in the absorber and source, respectively. 
Their values are determined both by the charge of 
the atomic core Z0 and by the screening effect of 
the other valence electrons, which depends on the 
parameters of the corresponding molecular orbit
als. Denoting the screening parameter of a 5s
electron by other 5s-electrons or the 5p-electron 
by a (since they are electrons in the same shell, 
they screen approximately equally), we can write 

Z 1 = Zo- a ( ~ eh1N~t12 -1) , 
h 

Z = Z0 - a(~ eiNi2 -1), 
. / 
J 

Z'/Z= i+b( ~eiNi2 - ~e~t1N~<'2 ), (10) 
j h / 

where we have introduced the source parameter 

b=a /[ Z0 -a( ~eiNi2 -t)J. (11) 
.1 

We can get an estimate of the relative change of 
I CfJns ( 0) 12 for the inner electrons from (8) by using 
the results of Crawford and Schawlow, [B] which 
they obtained from an estimate of the influence of 
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the screening of inner electrons by outer electrons 
on the value of the isotope shift. Assuming that 
the main contribution to the screening comes from 
5s-electrons, we have 

~ = ~ 2 .I£Pns(O) 12 __ 2_/ 
n I£P5s(O)I 2 Zns ns, 

(12) 

r, 

Ins=~ BjNlajs2 ~ Pns2 (r!)drt ~ P5s2 (r)dr-
j 0 0 

oo r 1 

- ~ B~t'N~t'2aks'2 ~ Pns'2 (r1)drt ~ P5s'2 (r)dr, (13) 
k 0 0 

where Pns(r) = rRns(r), Rns(r) is the radial 
part of the wave function. 

The difference between the functions P~s and 
P 5s in (13) becomes less and less important as the 
region of integration increases, and can thus be of 
importance only for deep-lying ns-states. But for 
them the term fns and its contribution to {3 are 
very small ( cf. [8]). Thus we can neglect this dif
ference in estimating {3. Then we have 

~ = ~o ( ~ BjNlajs2 - ~ e,.'N~t'2aks12 ), (14) 
j h ' 

- I£Pns(O) 12 2 r 2 r' 2 ~o- ~ 2 I (O) l2 z J Pns (rt)driJ P5s (r)dr. (15) 
n £P5s ns 0 0 

A similar correction term can also be written for 
the screening effect of the outer p-electrons. 

Substituting (9), (10), and (14) in (7), we get the 
general formula for the chemical shift of the Moss
bauer spectrum of the Sn 119 nucleus in the absorber 
compound relative to the source compound, ex
pressed in terms of the molecular orbital param
eters for the two compounds: 

X~ e,.'a~ts'2N~t'2 -(1-~o) ~ Bjajs2Ni2 }. (16) 
h j . 

Without loss of generality, we can simplify this 
formula by taking as the source of y quanta tetra
hedral gray tin ( a-Sn ). For it we can assume, in 
good approximation, that each tin atom is tetra
hedrally bonded to the surrounding tin atoms by 
four hybrid sp3-orbitals. In this case we easily 
find: 

j = 1, 2, 3, 4, 

and formula (16) becomes 

II=A{([ 1+b( 1~ 8 - ~8"'N"'2 )r -~o) 

X~B~t'N~t'2aks'2 - (1-13o)(1'+S)-t}. 
k 

b =a/ [Zo- a(3-4S) ]. 

(17) 

(18) 

We can in principle calculate 6 from this for
mula if we know the parameters of the molecular 
orbitals and ~R/R. Conversely, if 6 and ~R/R 
are known we can use them to find the parameters 
of the molecular orbitals. Later we shall use (17) 
to estimate the quantity ~R/R which enters in A. 

Here we mention that, of the three fundamental 
assumptions that were made earlier in interpreting 
data on the chemical shift in Mossbauer spectra, 
only one has been used in formulas (16) and (17)
the possibility of determining I cp 5s ( 0) 12 from the 
Fermi-Segre formula. [3] One may hope that, as a 
result of the extension of the limits of validity of 
the latter by Foldy, [4] this assumption is not very 
restrictive. There remain, of course, all the as
sumptions associated with the validity of the mo
lecular orbital method. 

3. ESTIMATES AND CONCLUSIONS 

To determine ~/R from (17) it is necessary 
to know the parameters of the molecular orbitals 
of the tin compounds for which 6 is measured. We 
look at the simplest class of such compounds, the 
tetrahedral molecules of the type SnR4, where R 
is a monovalent atom or radical. For them, as 
for tetrahedral tin, the bond is formed from four 
hybrid sp3-orbits: e:k_ = 2, alfs = Y4, k = 1, 2, 3, 4, 
but the Sn-R bond, unlike the Sn-Sn bond, may 
be polar, so that A.k_ = A. ;>! 1. Obviously A. depends 
on the acceptor nature of R, which in many cases 
(for example, for the halogenides) can be judged 
from experimental data obtained with nuclear 
quadrupole resonance. [ 5] 

We introduce a parameter y, satisfying the 
relation 

2N'2')..,2 = 1 + y. (19) 

Since 2N' 2A.2 is equal to the fraction of the electron 
charge shifted to the ligand in the two -electron 
bond Sn-R, y obviously characterizes the change 
in the charge of R when it forms bonds. We note 
that in a nonpolar bond, i.e., when A.= 1, the pa
rameter y= -S'(1+S')-1, i.e., is different from 
zero. It follows that, although y plays approxi
mately the same role as the so-called ionic char
acter of the bond, it is not identical with it, being 
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smaller by an amount of the order of the overlap 
integral S'. From Eqs. (3) and (19), neglecting s2 

compared to unity, we find 

2N'2 = 1- y- 2S'l'1- 'f. 

Taking account of this relation, formula (17) 
becomes 

6 = A{[1 + 4b(y- S + 2S'l'1- yz) J2 

(20) 

X(1- 'Y- 2S'l'1- y2) + ~o(V- S + 2S'l'1- yz) 

-1 +S} (21) 

for tetrahedral molecules. In this formula A, b, 
and {3 0 are treated as parameters (the overlap in
tegrals S and S' are easily computed ) and if o 
is measured for three tetrahedral tin compounds 
for which the value of y is known, then the deter
mination of A and consequently of the ratio ~R/R 
involves no difficulties. 

As already mentioned, the parameters y for 
the tetrahalogenides of tin Sn.X4, X= Cl, Br, I, 
are determined from nuclear quadrupole reso
nance of the halogens. Unfortunately the values 
of y thus obtained depend on other factors, mainly 
on the possibility of formation of drr - Prr bonds 
Sn-X, the fraction of which is not too well known 
( cf. [SJ ). But the behavior of y through the series 
of different X, i.e., the differences YCl -YBr• 
YBr - YI· etc, are almost independent of these 
other factors. 

The figure shows experimental curves for the 
dependence of 6 on y for tetrahalogenides of tin 
(A -for the case where y is determined without 
taking account of drr- Prr bonds, [9] and B -with 
a correction for the formation of such bonds taken 

[5] ' from ). From the figure we see that for small /' 
the experimental dependence of o on y is linear. 
This confirms our result (21). In fact, for small 
y, dropping y2 compared to unity, we easily find 

6 =A (8b + ~o -1)y +A (8b + ~o- 1) (2S'- S). (22) 

Comparing this formula with the experimental 
curve, we easily find from the slope (derivative) 
at y = 0, that 

A (8b + ~0 - 1) = -5.6 mm/sec (23) 

6(0) =A (8b + ~o- 1) (2S'- S). (24) 

From (23) and (24) we immediately find that o0 

= -5.6 ( 2S'- S ). This enables us to solve the prob
lem of the absolute values of the "ionicity" y in 
these compounds, and by comparing them with val
ues gotten from nuclear quadrupole resonance we 
can determine the fraction of drr- Prr bonds in these 

-!. mm/sec 
A 

1.0 

/J,.f 

0,1 o.z O.J l 

compounds. We note that there are no other experi
mental data for determining this quantity. The con
sequences of this result will be discussed in another 
publication. 

The ratio ~R/R which we want can be deter
mined from Eq. (23) if the parameters b and {30 

are known. Let us try to get an approximate esti
mate of them. The parameter b essentially de
pends on the parameter for screening of a 58-
electron by another electron in the same shell, a. 
We mention that, in a sense which follows from 
the derivation of the Fermi-Segre formula (cf. [4J), 
Z0 denotes the effective charge of the core at large 
distances. From this it follows that in estimating 
Z 0 one should take into account as large as pos
sible a fraction of the screening by the other elec
trons, i.e., as large as possible a value of a. We 
can therefore assert that a > a 0 = 0.35, where a 0 

is the Slater value for this parameter, which satis
factorily describes the average screening in the 
computation of energies and orbits. From formula 
(18) we see that if we use a 0 in place of a, we 
reduce the value of the parameter b. Setting S 
= 0.1 (the usual value; b has only a slight depen
dence on S ) , we easily find 

2b;;:;;: 0.25. 

But if we use the more exact data of Urusov [to] 

for Z 0 and a, we get 2b ~ 0.5. In either of these 
cases, since [3 0 > 0 it follows from (23) that A < 0, 
and thus ~/R < 0. 

To determine {3 0 from (15) we must know the 
atomic wave functions of the one-electron states, 
but these are not known for tin. The value of {3 0 

calculated by Crawford and Schawlow[B] for the 
mercury ion ( Hg+ ), is equal to 0.16. Since the 
5s -electron in tin screens more strongly than the 
6s -electron in mercury, it is natural to take for 
our {3 0 a value larger than 0.16. A rough estimate 
of {3 0 can be gotten by determining the ratio 
lcpn8 (0)I 2/Icp 58 (0) 12 from the Fermi-Segre for
mula and using for the estimate of the integral in 
(15) the analogous values calculated for mercury 
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in [BJ, adjusting them to the case of tin by increas
ing them in proportion to the ratio 
I CfJ5s ( 0) l~n/ I CfJ6s ( 0) lllg· We then find {3 0 ~ 0.2. A 
somewhat larger value of f3o is gotten from an es
timate based on the shifts of K, L, and M x-ray 
terms, from [1!, 12]. 

It is obvious that these estimates do not permit 
any reliable estimate of the absolute value of ~/R. 
Using the value I cp 5s(O >1 2 = 1.56 x 1026 cm-3[2] and 
the values 2b ~ 0.5, {3 0 ~ 0.2, we find I ~/R I 
::51.6 X 10-4• 

We may hope that the study of other tin com
pounds on the basis of the general formula (16) or 
(17) will enable us to get additional data both for 
the determination of the absolute value of ~R/R 
and the parameters of the electron shells in these 
compounds. But the estimates of the parameters 
already found here for the tetrahalogenides (in 
particular the negative sign of the ratio ~/R) 
must be kept in mind in interpreting data on Moss
bauer spectra in tin compounds. 

We note that the variation of the ratio 
(Z)abs/Zsource as a function of the ionicity of the 
bond (for a :::::: 0.8) is close to the analogous vari
ation of the ratio rsourcelrabs·• found by Sander
son's method. [ 13 ] This permits one to represent 
the chemical shift as a ratio of ionic radii, as has 
been done by two of us. [6] As a result we have 
succeeded in finding some simple relations that 
explain satisfactorily a whole series of experi
mental facts. Thus, in a series of tetrahedral tin 
compounds the quantity rsourcelrabs. increases 
continuously with increasing ionicity of the bond. 
Including this fact in the analysis of chemical 
shifts leads to the conclusion that the value of 
~R/R is negative. Continuing this analogy, it is 
qualitatively easy to see that, for example, with 
~R/R < 0 the chemical shift of white tin ({3-Sn) 
should be positive relative to a-Sn (whichis ac
tually the case), since the average atomic radius 
of the tin in {3-Sn is greater than its atomic ra
dius in a -Sn. 

A positive sign for the chemical shift can ap
parently also be obtained for divalent tin com
pounds, since in the latter, as follows from the 

work of Rundle and Olson, the covalent radius is 
considerably greater than the covalent radius in 
a-Sn. Finally, as was pointed out earlier,C6J on 
the basis of the atomic radii of tin embedded in 
different metallic hosts, with a negative value 
for ~R/R one can get good agreement of the 
calculations of chemical shifts with experiment. 

Naturally, for quantitative calculations of the 
chemical shifts in tin compounds with more com
plex structures than tetrahedral, it will be neces
sary to carry out an analysis of formula (17). 
These questions as well as other consequences 
of the relations found in this paper will be con
sidered in our next paper. 
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