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Abstract 

On the basis of a simple sp-bonding scheme, an empirical linear correlation is obtained between interatomic distances of elemental 
substances and the weighted average pseudopotential radii which are calculated from Zunger's s and p pseudopotential radii by considering 
the outermost electronic configuration. Using this empirical linear correlation and the weighted pseudopotential radii, interatomic distances 
of 178 closed- and open-shell sp-bonded compounds are calculated within 10% accuracy with the exception of only a few compounds. It is 
suggested that deviations of the calculated interatomic distances from the observed values arise from the differences in d electron contributions, 
high covalencies and some contributions of p-character in the light (ns) N elements. Again with the exception of only a few compounds, 
interatomic distances for 101 transition metal and 242 lanthanide compounds are also reproduced within 10% accuracy by the effective 
pseudopotential radii of these elements, which are determined by the empirical correlation for sp-bonded elemental substances and the 
pseudopotential radii of Zunger. Furthermore, the ratios of the sd hybridization effect in transition elements and lanthanide elements are 
proposed on the basis of this empirical correlation. 
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1. Introduct ion  

The importance ofinteratomic distance in crystalline mate- 
rials has been underlined by many investigators, especially 
in the context of atomic and ionic radii [ 1-5]. Furthermore, 
a close connection of interatomic distances with the bond 
character in the crystalline state was proposed [ 6]. According 
to Van Vechten and Phillips [7,8], the interatomic distance 
is correlated with the covalency (or ionicity) of ANB 8-N octet 
compounds, and band gaps of the compounds can be esti- 
mated using the formula Eh = 40d -25, where d is the inter- 
atomic distance for the A-B bond in these AB compounds. 
Harrison pointed out that matrix elements in the energy 
matrix for band gap calculation can be formulated using the 
interatomic distance [ 9,10]. Thus the interatomic distance is 
the essential parameter for estimating the bond character of 
solid state materials. 

In previous studies [ 11-13], it has been indicated that 
orbital electronegativities, which are derived from Zunger's 
pseudopotential radii [ 14], are effective for estimating the 
band gaps of various binary compounds, and for constructing 
the two band parameters (hybrid function H and gap reduc- 
tion parameter S), which are successfully used in classifying 
various crystal structures. In these studies, however, the bond 
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mode for calculation of the two band parameters, taking into 
account the bond character, has been assumed roughly for 
respective A-B bonding, especially for transition elements 
(for example, 50% sd contribution in late 3d transition metal 
elements). Although structural maps can be constructed 
using these parameters as structural coordinates, the respec- 
tive bond mode or ratio of d electron contribution needs 
to be determined more precisely in order to obtain more 
precise numerical values of the two band parameters for each 
bonding. 

For lanthanides, it is generally supposed that 4f electrons 
do not contribute significantly to their characteristic proper- 
ties because they are more tightly bound to the nucleus. How- 
ever, delicate contributions of 4f electrons to chemical bonds 
cause anomalies in systematic trends of various properties of 
lanthanides [ 15], e,g. the valence state of Ce 4+, Eu 2+ and 
Yb 2+ and very low melting points of light lanthanides. 
Although it has been supposed that these anomalies arise from 
4f hybridization with 5d and 6s valence electrons [ 16], until 
now no clear understanding of these hybridizations has been 
firmly established. Thus, the contribution of d electrons 
through f-d hybridization and/or interaction between f levels 
and sd bands is important for understanding various anoma- 
lies of lanthanide compounds [ 17 ]. 
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In order to de termine  the d electron contr ibut ion,  in the 
present  study, the correlat ion be tween the interatomic dis- 
tance and Z u n g e r ' s  pseudopotent ia l  radius is examined  in 
e lemental  substances  as a first step. Secondly,  we examined  
whether  the interatomic dis tances for various sp-bonded com- 
pounds  can be calculated us ing the empirical  relation for 
e lemental  substances.  Lastly,  we tried to est imate the d elec- 
tron contr ibut ions  of  t ransi t ion and lanthanide e lements  
through the empir ical  relat ion be tween interatomic distances 
and Zunge r '  s pseudopotent ia l  radii for e lemental  substances.  

2. Pseudopotential radii and interatomic distances in 
elemental sp-bonded substances 

First  of  all, we examine  the correlat ion be tween average 
pseudopotent ia l  radii in sp-bonded  e lemental  substances not  

Table 1 
Weighted average pseudopotential radii rps of sp-bonded elements based on 
the configuration of valence electrons and the observed interatomic distances 
d(obs) 

Element rp~ EC r~ d(obs) 
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d ( o b s ) = 1 . 3 2 r  ~: +0.57,  R (c r )=0 .98  

0 ~ 
0 1 2 3 4 

H 0.126 S 0.252 0.746 

Li 0.985 s 1.97 3.039 
Be 0.64 s 2 1.28 2.226 
B 0.425 s2p 0.85 1.589 
C 0.32 sZp 2 0.64 1.545 
N 0.258 s2p 3 0.516 1.098 
O 0.215 s2p 4 0.43 1.208 
F 0.182 sZp 5 0.364 1.417 

Na 1.10 s 2.20 3.716 
Mg 0.90 s 2 1.80 3.197 
A1 0.815 s2p 1.63 2.863 
Si 0.71 sZp 2 1.42 2.352 
P 0.624 s2p 3 1.248 2.21 
S 0.553 s2p 4 1.106 2.07 
CI 0.507 s2p 5 1.014 1.988 

K 1.54 s 3.08 4.544 
Ca 1.32 s 2 2.64 3.947 
Ga 0.8 ls sZp 1.63~ 2.442 
Ge 0.78 s2p z 1.56 2.450 
As 0.715 s2p 3 1.43 2.49 
Se 0.652 s2p 4 1.304 2.321 
Br 0.609 s2p 5 1.218 2.290 

Rb 1.67 s 3.34 4.95 
Sr 1.42 s 2 2.84 4.302 
In 0.997 sZp 1.994 3.251 
Sn 0.94 s2p 2 1.88 2.810 
Sb 0.893 s2p 3 1.786 2.90 
Te 0.85 s2p 4 1.70 2.846 
I 0.809 s~p 5 1.618 2.662 

Cs 1.71 s 3.42 5.309 
Ba 1.515 s 2 3.03 4.347 
TI 1,083 sZp 2.166 3.408 
Pb 1,045 sZp 2 2.09 3.500 
Bi 1,014 s2p 3 2.028 3.09 
Po 0.973 s2p 4 1.946 3.345 
At 0.943 sZp 5 1.886 

rz~ sum of weighted average pseudopotential radii, EC electronic config- 
uration. 

Sum of pseudopotent ia l  radii, r z [a,u.] 

Fig. 1. Correlation between the sum of weighted average pseudopotential 
radii and the observed interatomic distance for 28 sp-bonded elemental 
substances. Solid circles show elemental substances with molecular state 
and these are excluded from calculation of the linear correlation. 

including transi t ion and post- transi t ion e lements  as well  as 
lanthanide elements.  As described in Sect ion 1, we use Zun-  
ger ' s  pseudopotent ial  radii in the present  study. W h e n  an sp 

bond  is formed by s and p electrons, the bond  length, that is 
the interatomic distance, will be correlated with some average 
of  the pseudopotent ial  radii of  these electrons, al though the 
value of  the average may depend on the mix ing  ratio be tween 
these electrons. In this study, the values of  s and p pseudo- 
potential radii are weighted by consider ing the outermost  

electronic configurat ion in the atomic state. For  the e lemental  
substances be longing  to Groups Ia and Ila, the pseudopoten-  

tial radius of  the s electron is used by assuming  no contr ibu-  
tion of p electrons. The weighted average pseudopotent ial  
radii for sp-bonded elements  are g iven  in Table  1. 

The correlation be tween the sum of the weighted average 
pseudopotent ial  radius and the observed interatomic distance 
for 28 sp-bonded elemental  substances is shown in Fig. 1; 
molecular  substances were not  included for calculat ion of  the 
l inear  correlation. All  the data on interatomic dis tance are 
quoted from Ref. [ 18]. Quite good linearity is obta ined and 
the correlat ion Coefficient of  the straight l ine is 0.98. This  
empirical  correlation with quite high l ineari ty suggests that 

the interatomic distances of crystal l ine substances can be 
predicted from these pseudopotent ial  radii as long as the 
simple assumpt ion on sp bonding  is permitted. Data for 
molecular  substances do not  deviate far f rom the straight l ine 
in Fig. 1 but  the linearity becomes  worse. 
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3. Pseudopotential radii and interatomic distance in sp- 
bonded compounds 

3.1. Closed-shell sp-bonded compounds 

The exis tence  o f  a corre la t ion be tween  the interatomic 

dis tance and sum of  the weigh ted  average  pseudopotent ia l  

radii for  sp-bonded  e lementa l  substances can be conf i rmed if  

the in tera tomic  dis tances  o f  var ious  sp-bonded compounds  
can be de te rmined  using the empir ica l  correlat ion.  Firstly, 

the reproducibi l i ty  o f  the l inear  corre la t ion be tween  inter- 

a tomic  dis tance and sum o f  we igh ted  average  pseudopotent ia l  

radii is e x a m i n e d  for c losed-shel l  sp-bonded compounds .  

Table  2 shows,  for 118 sp-bonded compounds  used in this 

study, the in tera tomic dis tances observed  [ 8,19,20] and the 

sums o f  the weighted  average  pseudopotent ia l  radii  for  these 

sp-bonded compounds .  (Excep t  for in tera tomic  dis tances 
quoted  f rom Refs.  [ 8] and [ 19],  all in tera tomic  dis tances  o f  

compounds  are f rom Ref.  [20] .  The  newes t  numer ica l  value  

is selected when  more  than one  in tera tomic  dis tance has been 

reported for the same compound . )  As  is shown in Fig. 2, 

except  for SiTe2, all c losed-shel l  sp-bonded  compounds  are 

placed very close to the straight line obtained empir ica l ly  for 
sp-bonded e lementa l  substances.  Al l  the data, except  for 
SiTez, are plotted within 10% accuracy for  the in tera tomic 
distances calculated f rom the empir ica l  equat ion  in Fig. 1. 

The  values o f  deviat ion are calculated using the equat ion 
[d (ca l )  - d ( o b s )  ] / d ( c a l ) ,  where  d ( c a l )  and d ( o b s )  are the 

Table 2 
Data of interatomic distances d(obs) and sums rz~ of the weighted pseudopotential radii for closed-shell sp-bonded compounds 

d(obs) r~ Reference d(obs) r~ Reference d(obs) r~ Reference 

LiF 2.009 1.167 19 BeO 1.649 0.855 8 BeFz 1.543 0.822 20 
NaF 2.310 1.282 19 MgO 2.106 1.115 19 MgF2 1.989 1.082 20 
KF 2.674 1.722 19 CaO 2.405 1.535 19 CaF2 2.366 1.502 19 
RbF 2.820 1.852 19 SrO 2.580 1.635 19 SrF 2 2.511 1.602 19 
CsF 3.004 1.892 19 BaO 2.762 1.73o 19 BaFz 3.021 1.697 19 
LiCI 2.565 1.492 19 BeS 2.105 1.193 19 BeC12 2.02 1.147 20 
NaCI 2.820 1.607 19 MgS 2.410 1.453 8 MgClz 2.51 1.407 20 
KC1 3.146 2.047 19 CaS 2.845 1.873 19 CaC12 2.74 1.827 20 
RbC1 3.291 2.177 19 SrS 3.010 1.973 19 SrClz 3.021 1.927 19 
CsC1 3.571 2.217 19 BaS 3.194 2.066 19 BaClz 3.20 2.022 20 
LiBr 2.751 1.594 19 BeSe 2.225 1.292 19 BeBr2 - - - 
NaBr 2.987 1.709 19 MgSe 2.762 1.552 19 MgBr2 - - - 
KBr 3.299 2.149 19 CaSe 2.955 1.972 19 CaBr 2 2.89 1.929 20 
RbBr 3.427 2.279 19 SrSe 3.115 2.072 19 SrBr2 3.20 2.029 20 
CsBr 3.712 2.319 19 BaSe 3.330 2.167 19 BaBr2 3.35 2.124 20 
LiI 3.000 1.794 19 BeTe 2.436 1.490 19 Belz - - - 
NaI 3.236 1.909 19 MgTe 2.762 1.75o 8 MgI2 - - - 
KI 3.533 2.349 19 CaTe 3.173 2.17o 19 Cal2 - - - 
Rbl 3.671 2.479 19 SrTe 3.235 2.270 19 SrI2 3.338 2.229 20 
CsI 3.955 2.519 19 BaTe 3.493 2.365 19 BaI2 3.63 2.324 20 

BN 1.565 0.683 8 LizO 2.004 1.20o 19 A1203 1.92 1.03o 20 
BP 1.965 1.049 8 Na20 2.41 1.315 19 AlzSe3 2.37 1.467 20 
BAs 2.069 1.140 8 K20 2.792 1.755 19 GazO3 1.83 1.033 20 
A1N 1.892 1.073 8 Rb20 2.919 1.885 19 Ga2S3 2.243 1.371 19 
AlP 2.360 1.439 8 LizS 2.472 1.538 19 Ga2Se3 2.351 1.47o 19 
AlAs 2.451 1.53o 8 Na2S 2.826 1.653 19 Ga2Te3 2.555 1.668 19 
AISb 2.656 1.708 8 K2S 3.200 2.093 19 In203 2.27 1.212 20 
GaN 1.944 1.076 8 Rb2S 3.31 2.223 19 In2S3 2.58 1.55o 20 
GaP 2.360 1.442 8 LizSe 2.605 1.637 19 InzSe 3 2.68 1.64 9 20 
GaAs 2.441 1.553 8 Na2Se 2.948 1.752 19 InzTe3 2.822 1.847 19 
GaSb 2.649 1.711 8 KzSe 3.324 2.192 19 TI203 2.26 1.298 20 
InN 2.154 1.255 8 Li2Te 2.822 1.835 19 
InP 2.541 1.621 8 Na2Te 3.167 1.95o 19 SiO~ 1.87 0.925 20 
lnAs 2.614 1.712 8 K2Te 3.530 2.390 19 SiS2 2.133 1.263 20 
InSb 2.806 1.890 8 Be3N2 1.89 0.898 20 SiSe2 2.275 1.362 20 
InBi 3.49 2.01~ 20 Mg3N2 2.14 1.158 20 SiTe2 3.04 1.56o 20 
SiC 1.883 1.03o 8 Ca3N2 2.46 1.57s 20 GeO2 1.89 0.995 20 

GeS2 2.21 1.333 20 
AIF 3 1.794 0.997 20 Be3P2 2.20 1.264 20 GeSea 2.354 1.432 20 
GaF 3 1.89 1.00 o 20 Ba3P2 3.40 2.139 20 SnO2 2.054 1.155 20 
InF 3 2.053 1.179 20 Li3N 2.05 1.243 20 SnS2 2.56 1.493 20 
T1F 3 2.29 1.265 20 Mg3Sb 2 2.98 1.793 20 PbO2 2.163 1.26o 20 
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Fig. 2. The observed interatomic distance of sp-bonded closed-shell com- 
pounds as a function of the sum of weighted average pseudopotential radii. 

calculated and observed interatomic distances respectively. 
The linear correlation coefficient obtained from 117 closed- 
shell sp-bonded compounds is 0.95 and the values of 

slope and intercept on the ordinate are 1.25 and 0.62 respec- 
tively. 

Somewhat large positive deviations are obtained for some 
pnictides of Group IIIa elements and chalcogenides of heavier 
Group IIa elements. Halides of Group IIIa elements, except 
the fluorides, are not considered in this study because these 
halides in the solid state have a molecular character (for 
example, dimer for AIBr3) and interatomic distances are only 
known for some halides. However, it should be noted that the 
experimental interatomic distances for molecular halides fit 
closely to the linear correlation for sp-bonded substances. 

3.2. Open-shell sp-bonded compounds 

The reproducibility of the linear correlation shown in Fig. 
1 was examined for 66 open-shell sp-bonded compounds. In 
most cases, several interatomic distances are observed in an 
open-shell sp-bonded compound, so the interatomic distance 
was calculated by averaging the interatomic distances of 
respective bonds. In some compounds with molecular char- 
acter, a few interatomic distances are shorter. In such cases, 
the interatomic distance of the compound is determined 
by averaging these shorter interatomic distances. The inter- 
atomic distances of these 66 open-shell sp-bonded com- 
pounds are given in Table 3, in which sums of pseudopotential 
radii are also listed. All these data are taken from structural 
reports [ 20] except for the three CsCl-type thallium halides; 
these data are from Ref. [ 19]. The resulting correlation of 
interatomic distance with the sum of the weighted pseudo- 

Table 3 
Data of interatomic distances d(obs), sums r~ of the pseudopotential radii and selected bond modes (BM) of cationic atoms for open-shell sp-bonded 
compounds 

d(obs) r~ BM d(obs) r~ BM d(obs) r~ BM 

T1F 2.88 1.402 p AsS 2.304 1.298 p AsBr3 2.36 1.354 p 
T1CI 3.32 1.727 p TIS 2.59 a 1.636 sp Asl 3 2.591 1.554 p 
TIBr 3.44 1.829 p TITe 3.528 1.933 sp SbF 3 2.27 1. I 17 P 
TII 3.636 2.029 p PbO 2.351 1.345 p SbCI3 2.359 1.442 p 
NaS 2.90 1.653 s PbS 2.967 1.683 p SbBr3 2.503 1.544 p 
NaSe 3.01 1.75z s PbSe 3.064 1.78z p Sbl3 2.765 a 1.744 p 
KS 3.22 2.093 s PbTe 3.231 1.980 p BiCI 3 2.500 a 1.427 p 
SiP 2.269 1.334 sp Bil 3.14 1.886 p BiBr 3 2.665 a 1.686 p 
GaS 2.334 1.37 ~ sp BiSe 3.00 1.729 p BiI3 3.07 1.886 p 
GaSe 2.453 1.470 sp BiTe 3.24 1.927 p As203 1.77 0.969 p 
GaTe 2.67 1.688 sp GaCI2 2.18 a 1.325 sp AszS3 2.283 a 1.298 p 
GeS 2.441 1.393 p GaBra 2.33 a 1.427 sp AszSe 3 2.421 a 1.397 p 
GeSe 2.58 1.492 p GeFz 2.00 a 1.02z p As2Te3 2.86 a 1.595 p 
GeP 2.625 1.404 sp GeBr2 2.57 a 1 . 4 4 9  p Sb203 1.977 1.150 p 
GeAs 2.753 1.495 sp lnBr z 2.50 a 1.604 sp gb2S 3 2.75 a 1.488 p 
InBr 2.80 a 1.719 p SnFz 2.17 a 1.182 p SbzSe 3 2.703 a 1.587 p 
InS 2.57 1.55o sp SnCI2 2.72" 1.507 p SbzTe 3 3.074 1.785 p 
lnSe 2.63 1.649 sp PbF2 2.52" 1.312 p Bi203 2.38 1.292 p 
InTe 2.819 1.847 sp PbCI2 2.98 " 1.637 p Bi2S3 2.67 a 1.630 p 
SnO 2.23 1.215 P TeO2 1.993 1.065 sp BizSe 3 2.98 1.729 p 
SnS 2.64 a 1.553 p AsF 3 1.71 ~ 0.927 p BizTe 3 3.145 1.927 p 
SnSe 2.91 ~ 1.65a p AsCI3 2.16 ~ 1.252 p Sn2S 3 2.551 " 1.493 p 

T1CI, T1Br, TII from Ref. [ 19], all other compounds Ref. [20]. 
a The average of the shorter bonds is taken as the interatomic distance by considering the anion's valence and number and, in some compounds 

or ribbon structure, the average of the bonds related to the structures is taken as the interatomic distance. 
with chain 
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Fig. 3. The observed interatomic distance of sp-bonded open-shell com- 
pounds as a function of the sum of weighted average pseudopotential radii. 

comparing the results derived. Hence, to zeroth approxima- 
tion, it is permitted to extend this assumption to TM and LN 
compounds. Furthermore, for simplicity, the bond characters 
of  TM and LN elements are approximated by the ratio of  sd 
hybridization. For  the compounds of  LN elements, the sub- 
stantial effect of  4f  electrons is evaluated through sd hybrid- 
ization. I f  these assumptions are permitted, the effective 
pseudopotential radii of  TM and LN elements can be calcu- 
lated by fitting the observed interatomic distances of  these 
elemental substances to the linear correlation given in Fig. 1. 
The observed interatomic distances of  TM and LN elemental 
substances are quoted from Ref. [ 18]. The numerical values 
of  effective pseudopotential radii of  TM and LN elements are 
given in Tables 4 and 5. 

Subsequently, the ratios of  sd hybridizations ( R ( s d ) )  for 
TM and LN elements are determined using the s, p and d 
pseudopotential radii of  Zunger [ 14] for respective elements 
from the following equation: 

R(sd)  [%] = rps(eff) - r s r  100 (1)  
rsd -- rsv 

Table 4 
Effective pseudopotential radii r~(eff), the ratios of sd hybridization R(sd), 
interatomic distances and ratios of d valence electrons for transition elements 

Element rps(eff) R(sd) d(obs) 102Qa/(Qsp+Qd) 
(AU) (%) (A) (%) 

potential radii of  constituent atoms is shown in Fig. 3. The 
plots of  62 compounds,  except for five thallium compounds, 
fit closely to the straight line determined for sp-bonded ele- 
mental substances. However,  the correlation for open-shell 
sp-bonded compounds is somewhat  worse than that for 
closed-shell  sp-bonded compounds,  yielding a correlation 
coefficient of  0.90 for open-shell  sp-bonded compounds. 

Bonding modes for open-shell  sp-bonded compounds,  
which are given in Table 3, are determined using two assump- 
tions: (a)  the anionic atom in the compound takes the sp 
bonding mode, and (b)  the cationic atom in the compound 
takes the sp bonding mode,  if  the sum of  valence electrons of  
cationic and anionic atoms in the compound is less than eight, 
and it takes the p bonding mode if  the sum is more than nine. 
Assumption (b)  corresponds to whether the s electrons are 
involved in the bonding or not. 

4. E f f e c t i v e  p s e u d o p o t e n t i a l  r a d i i  a n d  b o n d  c h a r a c t e r s  
f o r  t r a n s i t i o n  a n d  l a n t h a n i d e  e l e m e n t s  

In order to determine the bond characters of  transition 
(TM)  and lanthanide (LN)  elements, as a first step we tried 
to evaluate the effective pseudopotential  radii for these ele- 
ments. In the present study, it is assumed that the effective 
pseudopotential  radii of  TM and LN elements satisfy the 
linear correlation between the sum of  weighted average pseu- 
dopotential  radii and interatomic distances for elemental sub- 
stances. Justification of  this assumption is discussed later by 

Sc 1.00] 61. 3 3.212 60.0 
Ti 0.88~ 71.1 2.896 67.5 
V 0.777 89. 8 2.622 78.0 
Cr 0.730 87. 5 2.498 78.3 
Mn 0.819 58.2 2.731 - 
Fe 0.724 70.4 2.482 82.5 
Co 0.733 62.2 2.506 84.4 
Ni 0.728 70. 7 2.492 87.0 
Cu 0.752 56.8 2.556 97.0 
Zn 0.795 32.8 2.669 - 

Y 1.129 65-6 3.551 50.0 
Zr 0.988 83.3 3.179 67.5 
Nb 0.867 100. 6 2.858 80.0 
Mo 0.816 107.7 2.725 80.0 
Tc 0.808 100.o 2.703 - 
Ru 0.788 102.o 2.650 - 
Rh 0.803 92. 3 2.690 85.6 
Pd 0.826 82. 3 2.751 91.0 
Ag 0.879 65.3 2.889 88.2 
Cd 0.912 45. 6 2.979 - 

La 1.21 z 79-o 3.770 - 
Hf 0.969 99.2 3.127 - 
Ta 0.867 113.1 2.86 80.0 
W 0.822 117.9 2.741 78.3 
Re 0.822 112.] 2.741 - 
Os 0.798 112. 6 2.675 - 
Ir 0.812 106. 6 2.714 77.8 
Pt 0.824 110. 7 2.746 80.0 
Au 0.877 94. 2 2.884 88.0 
Hg 0.922 65. 5 3.005 - 

rp~(eff) and d(obs) are given in atomic units and 10-J nm (A) respec- 
tively. 

Qa and Qsp are the numbers of d and sp valence electrons reported by 
Nieminen and Hodges [23]. 
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Table 5 
Effective pseudopotential radii and the ratios of sd hybridization for lantha- 
nide elements 

Element rps(eff) R(sd) rsp rsa d(obs) 
(AU) (%) (AU) (AU) (A) 

La 1.212 79.0 1.54o 1.12s 3.770 
Ce 1.166 87.6 1.534 1.114 3.649 
Pr 1.17s 83.3 1.528 1.104 3.673 
Nd 1.169 82.3 1.523 1.093 3.656 
Pm - - 1.517 1.083 - 
Sm 1.156 80.9 1.51~ 1.07~ 3.621 
Eu 1.286 49.4 1.506 1.061 3.965 
Gd 1.16o 75.6 1.50o 1.05o 3.632 
Tb 1.147 76.5 1.495 1.040 3.599 
Dy 1.145 74.8 1.489 1.029 3.592 
Ho 1.139 74.o 1.483 1.018 3.576 
Er 1.132 73.6 1.478 1.008 3.559 
Tm 1.124 73.3 1.472 0.99 v 3.537 
Yb 1.252 44.6 1.465 0.986 3.876 
Lu 1.112 72,o 1.461 0,976 3.505 

where rsp and rsd are pseudopotential  radii which are the 
arithmetical averages of  s and p pseudopotential  radii of Zun- 
ger, and of s and d radii respectively,  rps(eff) is the effective 
pseudopotential  radius determined from the observed inter- 
atomic distance and the linear correlation for sp-bonded ele- 
mental substances given in Fig. 1. Because numerical values 
of rsp and r~a have not been determined for lanthanide ele- 
ments, except for La, they are evaluated using the values of 
s, p and d pseudopotential  radii which are linearly interpolated 
from those of  La and Hf. 

Numerical  values of  sd hybridization ratios for TM and 
LN elements are given in Tables 4 and 5. As expected, there 
is a smaller contribution of  sd hybridization in early TM 
elements such as the (nd)  3 configuration (Sc and Y) and 
post TM elements such as Cu, Zn and Cd, except for Au. 
With increasing atomic number in the same row, the effect 
of sd hybridizat ion increases first, reaches a maximum, and 
then decreases. In the 3d series, however, the decrease in sd 
hybridization effect is not as large as for the late TM elements. 
It can be seen that the effects for 4d and 5d TM elements are 
larger than those for 3d elements. However,  it is found that 
the effect of  sd hybridization including the effect of  4f elec- 
trons is fairly strong for LN elements except for Eu and Yb. 
Although Sc and Y are included as rare-earth elements, their 
bond characters may be somewhat different from those of the 
lanthanides. 

In order to justify the use of  the effective pseudopotential 
radii for TM and LN elements, the reproducibil i ty of inter- 
atomic distances for TM and LN compounds is evaluated 
using the empirical  equation d ( o b s ) =  1.32r~+0.57 given 
for sp-bonded elemental  substances. In the present study, only 
interatomic distances for TM and LN compounds with B 1 
(NaCI)  and B2 (CsC1) crystal structures are examined. Data 
for the interatomic distances of  101 TM compounds including 

Sc and Y and of 242 LN compounds are available [ 19,21 ]. 
The dependence of the interatomic distance on the sum of  
pseudopotential radii for these compounds is shown in Figs. 
4 and 5. Highly linear correlations are obtained for both TM 
and LN compounds except for some LN compounds. The 
interatomic distances of almost all TM and LN compounds, 
except for some T1 and Bi compounds and a few TM nitrides, 

can be reproduced within 10% accuracy. However,  the slopes 
of these linear correlations are considerably less than that 
(1.32) of the relation for sp-bonded elemental substances. 
The smaller slopes are attributed to the large positive devia- 
tions in several compounds with large interatomic distances 
and large negative deviations in some TM nitrides. 

Finally, it should be noted that interatomic distances of  Ag 
halides and chalcogenides of  late 3d TM elements were not 
calculated using the effective pseudopotential  radii in Table 

4 but using the average values of s and p pseudopotential  
radii, neglecting the effect of  sd hybridization. Chalcogenides 
of Cd are also plotted in Fig. 4 although these compounds 
which have B I structure except for CdO are high pressure 
phases. The observed interatomic distance for CdO can be 
fitted to the calculated distance if  it is calculated in the same 
way as for the Ag halides. Thus, in the compounds of  3d late- 
and post-TM elements, the effect of sd hybridization seems 

to depend on the chemical character (for example,  electro- 
negativity) of the partner element. 
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Fig. 4. The observed interatomic distance as a function of the sum of pseu- 
dopotential radii for transition metal compounds with B 1 and B2 crystal 
structures. For transition elements, each effective pseudopotential radius is 
used for calculation of the sum of pseudopotential radii. 
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tures. For lanthanide elements, each effective pseudopotential radius is used 
for calculation of the sum of pseudopotential radii. 

5. Discuss ion 

It is found that a s imple sp-bonding scheme yields a linear 
correlation between interatomic distances and the sums of  
average pseudopotential  radii  for sp-bonded elemental sub- 
stances. In the simple sp-bonding scheme, the average pseu- 
dopotential radius for each sp-element is determined by 
weighting s and p pseudopotential  radii, considering the elec- 
tronic configuration of  the atomic state. Based on the linear 
correlation, it is also indicated that interatomic distances for 
various closed- and open-shell  sp-bonded compounds can be 
calculated within 10% accuracy. Thus, these results prove 
that, to zeroth approximation,  the weighted average pseudo- 
potential radius can be taken as the characteristic parameter  
for each element. 

When the arithmetic average of  s and p pseudopotential  
radii is used instead of  the weighted average, we can obtain 
a similar linear correlation between the interatomic distance 
and the sum of  the arithmetically averaged pseudopotential  
radii for 28 elemental substances. The linearity of  the corre- 
lation based on the arithmetically averaged pseudopotential  
radii is similar to that based on the weighted averages because 
the correlation coefficient is 0.98 (see Section 2 and Fig. 1). 
However,  this way of averaging has a worse influence on the 
deviation of  calculated interatomic distances from the 
observed values for several fluorides, oxides and nitrides. As 
given in Table 6, the use of  weighted average pseudopotential  
radii gives a better fit for 14 compounds such as AIN, Ga20 3 
and InF3, whereas the use of  arithmetically averaged radii 
makes the fit better for nine compounds.  Among 118 closed- 
shell sp-bonded compounds,  the use of  the weighted average 
pseudopotential  radii gives a better fit for 71 compounds.  
Thus, the weighted average pseudopotential  radii are more 
suitable than the arithmetically averaged radii for calculating 
the interatomic distance of  sp-bonded compounds.  

The slope of  the linear correlation for elemental substances 
is slightly steeper than that for closed-shell  sp-bonded com- 
pounds. Furthermore, the discrepancy between the two linear 
correlations increases with increasing interatomic distance. 
This discrepancy may be due to the variabil i ty of  the atomic 
size of  the heavier alkaline and alkaline-earth elements such 
as K and Sr, resulting in somewhat large positive deviations 
for the calculated interatomic distances of  compounds of  
these elements. These deviations are probably due to differ- 
ences in d electron contributions in elemental and compound 
states. 

Fig. 6 shows the distribution of  the number of  compounds 
against the deviation of  the calculated interatomic distance. 
A maximum is observed on the side of  posit ive deviation. 
The asymmetrical  distribution is mainly due to the positive 
deviations for the compounds of  heavier alkaline and alka- 
line-earth elements and of  Group III elements. As described 
above, the positive deviations for the compounds of  heavier 
alkaline and alkaline-earth elements may arise from variabil- 
ity of  the constriction effect due to d electrons. However,  the 
positive deviations of  the calculated interatomic distances for 
chalcogenides and pnictides of  trivalent cations such as A1 
and Ga could not originate in the difference in d electron 

Table 6 
Several compounds for which the deviation values change largely when arithmetic average pseudopotential radii are used instead of weighted average radii 

Dev(WA) Dev(AM) Dev(WA) Dev(AM) Dev(WA) Dev(AM) Dev(WA) Dev(AM) 
(%) (%) (%) (%) (%) (%) (%) (%) 

NaF -2.1 0.0 BN -6.3 -4.9 BeO 2.9 6.1 Na20 -4.5 -2.6 
MgF2 0.5 3.1 AIN 4.8 8.1 MgO -3.1 -0.7 SiO2 -4.4 -1.3 
AIF3 4.9 9.0 GaN 2.3 6.2 A1203 0.5 4.6 GeO2 - 0.4 - 2.4 
G a F  3 0.0 4.8 InN 3.3 6.4 GazO~ 5.4 9.6 SnO2 1.9 3.0 
l n F  3 3.4 7.3 Be3N2 - 7.7 - 4.8 I n 2 0 3  --  4.6 -- 0.8 PbO2 3.1 5.1 
TIF 3 - 2.2 1.9 Mg3N2 - 2.0 - 0.0 T1203 1.0 4.6 

Dev (WA) and Dev (AM) show the deviations for the usages of weighted and arithmetic average pseudopotential radii respectively. 
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contribution but rather are due to the covalent effect. Plotting 
the deviations of the calculated interatomic distances for these 
compounds against d(cal) 2.5 (where d(cal) is the calcu- 
lated interatomic distance), a linear correlation is obtained 
for these compounds with few exceptions, as shown in Fig. 
7. Most chalcogenides of Group IV elements such as Si and 
Ge also satisfy the linear correlation. Since the covalent band 
gap is proportional to d 2.5 and covalency can be defined 
using the covalent band gap [8], it is concluded that the 
deviation of the calculated interatomic distance from the 
observed value has a linear dependence on covalency, though 
limited to highly covalent compounds. Some compounds of 
In, Sn and T1 may be plotted on another straight line with 
steeper slope. The reason is not clear but is probably due to 
additional contributions of d electrons from the cations. 

According to Zhang et al. [22], interatomic distances of 
diatomic crystals can be determined from the atomic s pseu- 
dopotential radii. In their approach, the effect of electrone- 
gativity difference is also considered for calculating 
interatomic distances. Excellent agreement with the observed 
interatomic distances has been obtained for compounds with 
B3 and B4 structures. The excellent agreement for B3 and 
B4 type compounds indicates that variability of atomic size 
can be corrected using the electronegativity difference, so 
that the correction based on the electronegativity difference 
corresponds physically to the observation of a good depend- 
ence of the deviation in this study on d(cal) -25. For B I and 
B2 compounds, a good empirical relation between the inter- 
atomic distance and s pseudopotential radius has also been 
reported by Zhang et al. [22] but the agreement is not as 
excellent as for the compounds of B3 and B4 structures even 
though the correction is applied using the electronegativity 

differences. The less excellent agreement for B 1 and B2 type 
compounds coincides with the lack of good dependence of 
the value of deviation on the calculated interatomic distance 
in this study. This lack of dependence of the deviation from 
the observed interatomic distance may be due to the differ- 
ence in bonding modes of light (ns) N (N= 1 or 2) elements 
in the compound state from those in the atomic state. For 
these elements, it may be necessary to consider some p- 
character for their bonding modes in the compound state. For 
example, the bonding modes of Li and Mg change with the 
kind of anionic partner atom, resulting in the occurrence of 
both positive and negative deviations from the observed inter- 
atomic distances. 

It can be expected that the interatomic distances of com- 
pounds can also be obtained from the experimental atomic 
radii determined from experimental interatomic distances for 
elemental substances (see Table 1), instead of the average 
pseudopotential radii. When the interatomic distances of sp- 
bonded compounds (given in Table 2) are calculated from 
the values of experimental interatomic distances (given in 
Table 1), a linear correlation is also obtained, as shown in 
Fig. 8. However, the correlation coefficient (0.93) is some- 
what worse than that (0.95) for the results in Fig. 2 and the 
scatter of data points in Fig. 8 is clearly wider than that in 
Fig. 2. The wider scatter may be owing to the fact that deter- 
mination of each atomic radius from the experimental inter- 
atomic distance is influenced by the difference in bond 
character in each elemental substance. For example, atomic 
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radii for metallic substances such as Na, Ca and A1 are cal- 
culated using metallic interatomic distances, while those for 
molecular substances such as H2, O2 and N2 are calculated 
from covalent interatomic distances. However, calculation of 
interatomic distances through the pseudopotential radii is 
based on the atomic state, so that these atomic radii are inde- 
pendent of bond character. Although not clearly explainable, 
it is shown that the use of pseudopotential radii yields a better 
fit in the calculation of interatomic distances of compounds. 

For the open-shell sp-bonded compounds, precise deter- 
mination of interatomic distances depends on selection of the 
bonding mode. In the present study, it is simply assumed that 
the anionic atom in a compound takes the sp-bonding mode 
and the cationic atom in the compound takes sp- or p-bonding 
modes, depending on the number of total valence electrons 
in the compound. This simple assumption is not always sat- 
isfied because p electrons may not ideally contribute to sp- 
bonding and p-bonding may occur in a compound with a total 
number of valence electrons less than eight. However, as 
shown in Fig. 3, the two simple assumptions taken in Section 
3.2 are not so unsuitable for determination of the bonding 
mode for open-shell sp-bonded compounds, except for some 
thallium compounds, because these assumptions yield a 
highly linear correlation between the observed interatomic 
distances and sums of the weighted average pseudopotential 
radii. Thallium compounds are quite singular and the large 

deviations of these calculated interatomic distances remain 
unclear. 

The most interesting point for TM and LN elements is 
whether the effective pseudopotential radii for these elements 
can be determined by fitting the observed interatomic dis- 
tances of these elemental substances to the correlation given 
by the empirical equation d ( c a l ) =  1.32rx+0.57. The cor- 
rectness of these effective pseudopotential radii cannot be 
examined directly because no data related to these radii are 
available. However, an indirect argument can be derived from 
the ratio of the number of sp electrons to the number of d 
electrons because the ratio can be compared roughly with the 
sd hybridization ratio. The ratios for TM metals are calculated 
from previous results of Nieminen and Hodges [ 23 ]. Numer- 
ical values are shown in Table 4. Comparing these values 
with sd hybridization ratios for TM elements, these sd hybrid- 
ization ratios are not so unreasonable except for post-transi- 
tion metals. In particular, sd hybridization ratios for early TM 
elements show fairly good agreement with the ratios of elec- 
tron numbers. The ratios of sd hybridization for 4d and 5d 
TM elements calculated from pseudopotential radii may be 
overestimated. Unfortunately, sd hybridization ratios for LN 
elements cannot be discussed because no data are available. 
Consequently, the ratios of sd hybridization for TM and LN 
elements are suggested as given in Table 3 but these numer- 
ical values must be confirmed by examining their suitability 
for the construction of crystal structure maps and prediction 
of various physicochemical properties such as heat of for- 
mation or melting point. 

Lastly it should be noted that relativistic effects may be 
taken into account for the pseudopotential radii of heavier 
elements. According to Zhang et al. [24], the relativistic 
effect increases with increasing atomic number of the ele- 
ment, and the maximum differences between relativistic and 
non-relativistic pseudopotential radii reach about 10%, so 
that the relativistic effects may be considered to cause the 
deviations of the calculated interatomic distance in the present 
study. 

6. Summary 

The interatomic distances of 178 closed- and open-shell 
sp-bonded compounds can be calculated within 10% accu- 
racy from the weighted average pseudopotential radii of the 
28 sp-bonded elements, which are determined by Zunger's 
pseudopotential radii on the basis of the sp-bonding scheme 
and outermost electron configuration. It is suggested that 
deviation of the calculated interatomic distances arises from 
the effect covalency and variability of atomic size in the 
compounds owing to the difference in d electron contribution 
and some p-character in light (ns) N elements. Interatomic 
distances for most of 101 transition metal and 242 l anthanide 
compounds are calculated within 10% accuracy using the 
effective pseudopotential radii of transition elements and lan- 
thanide elements. These are determined by assuming that the 
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linear corre la t ion for sp-e lementa l  substances is val id for 

transit ion e lements  and lanthanide e lements  too. Further-  

more ,  it is sugges ted  that the contr ibut ions o f  d electrons to 

the bondings  in transit ion e lements  and lanthanide e lements  

can be evalua ted  numer ica l ly  f rom the empir ical  l inear cor- 

relat ion for sp-bonded  e lementa l  substances and the sd 

hybr id iza t ion  scheme.  
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