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The effects of Sm doping into CulnTe; chalcopyrite on the cohesive energy before and after light absorption are
systematically investigated by the empirical electron theory (EET) of solids and molecules. The results show that the
static energy of Culn;_,Sm,Te, decreases with Sm content increasing due to the valence electronic structure modulated
by doping Sm into Culn;_,Sm,Te;. The calculated optical absorption transition energy from the static state to the excited
energy level in Culn;_,Sm,Te, accords well with the experimental absorption bandgap of Culn;_,Sm,Te,. Moreover, it
is found that the energy bandgap of Culn;_,Sm,Te, is significantly widened with Sm content increasing due to its special
valent electron structure, which is favorable for enhancing the light absorption in a wider range and also for the potential

applications in solar cells.

Keywords: Culn;_,Sm,Te;, empirical electron theory (EET), light absorption bandgap, hybridization energy

PACS: 31.15.bu, 61.72.uj, 42.70.Qs, 71.15.Nc

1. Introduction

The I-I1I-VI, chalcopyrite is investigated for its potential
applications in nonlinear optical device, semiconductor laser
device, and solar cells!'-%! due to its excellent photoelectric
properties such as large absorption coefficient, direct bandgap,
large nonlinear susceptibility in the infrared region.[”-'"] The
conversion efficiency 1 of Cu(In, Ga)(Se, S); in solar cell with
thin-film absorber layer has reached up to 22.6%.!'°1 How-
ever, single phase Cu(In,Ga)(Se,S), is not easily prepared due
to its composition deviation in the synthesizing process, and
causes the impurities to form. Owing to the existence of toxi-
cal p-type CdS in Cu(In,Ga)Se; thin-film solar cells, its poten-
tial application is limited. The CulnTe; has a direct bandgap
of 1.06 eV at room temperature,!!?] which matches the light
absorption bandgap of solar energy conversion. Therefore,
CulnTe; is predicted to have stronger quantum confinement
effect and larger Bohr radius of exciton than the Culn(S/Se),
due to the covalent property of Te.l”!

The double layers Cu(In, R)Te,/Cu(In, R)Te, (R = rare
earth) are designed for controlling the charge transport by
modulating the valent state of the rare earth, e.g. Ce** for p-
type and Eu”* for n-type,!'?>~13) which can simplify the synthe-
sis technology from three-layer ZnO/CdS/CIGS to two-layer
Cu(In, R)Te,/Cu(In, R)Te,. Since the rare earth element has
an excellent light transmission, it can be used to replace the
transparent ZnO front electrode layer. After the rare earth el-
ement, which has specific 4f electronic structure and unique
optical properties such as subsequent emission light at long
wavelength and high quantum efficiencies of absorption, is
doped into a semiconductor, its luminescent and fluorescent
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properties can be enhanced.!!®18] Sm is usually in two kinds
of valence states, i.e. Sm?>* and Sm3T. Sm ion substituted for
In in CulnTe; might adjust the charge transport type of semi-
conductor (Sm2* for n type). Thus, Culn;_,Sm,Te, chalco-
genide might be developed into a promising absorber material
for new-generation solar cells due to its low toxicity and good
optical property.

In this study, the empirical electron theory (EET) is used
to investigate the effect of Sm doped into CulnTe; on the cohe-
sive energy before and after light absorption. The calculation
of EET is very simple without any integral and differential cal-
culations, and the number of its various parameters are much
less than those of the other approaches such as the first prin-
ciple and molecular field theory. The essential mechanism of
light absorption can be revealed by the correlation between the
properties and valence electron structure.

2. Calculation methods

The EET, which is based on Pauling’s valence electron
theory and quantum theory, consists of three hypotheses and a
bond length difference method (BLD).!!>19-27]

Hypothesis 1 The electronic configurations of the static
state (h) and the excitation state (t) are based on the observed
photoelectronic energy spectra.[*8! The involved electrons are
the lattice electron n (() or () in lattice spaces, the dumb-pair
electron ny (||) in atomic inner shells, the 3d magnetic electron
m3d (1), the valence electrons n, (e) in s, p, and d orbitals and
equivalent d electron (e) transiting from d orbit to s or p or-
bit; and the total electrons nt (n. +n;). The single-bond radius
R(1) is also defined in Refs. [28,29].

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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Hypothesis 2 According to the state superposition prin-
ciple of quantum mechanics, the o-th hybridization state is
superposition of h state and t state, the hybridization states are
discontinuous. A parameter of K is introduced for calculating
the proportion Cy, for h state and C; for t state.[30-31]

The o-th hybridization state is given by

1
CKZ41

X U 4m 4 [ 4m 0 1£V3mE/5n )
T Txmtn NV l+mtn I LBV

where the numbers of s, p, d valence electrons correspond, re-

Cm' Chcr =1 *Clcy (1)

spectively, to [, m, n for h state and I/, m’, n’ for t state; T and
7’ are 1 for the valence electron and 0 for the lattice electron
in s orbit.

The numbers of various electrons Ngs can be calculated
from Ng = CyNy + CiNy where N, and N, are the number of
electrons in h state and t state, respectively.

Hypothesis 3 Pauling’s equation is modified for calcu-
lating accurately the covalent bond length D, (nq) between u
and v atoms, which is expressed as

Dy (ng) =R, (1) +R, (1) — Blogng
(¢ =A,B,...,N), 3)

where R, (1) and R,(!) are single bond radii of « and v atoms,
respectively, the third term on the right-hand side denotes the
effect of electron cloud overlap between u and v atoms, which
induces the u—v bond length to elongate or shrink along the
bonding direction; the coefficient B denotes the ability of elec-
tronic clouds to overlap each other, and the value of B is de-
termined to be 0.6 for metal and alloy and 0.71 for the non-
metal in Pauling’s valence and bond theory. The ny denotes
the number of covalent electron pairs in the a-th u—v bond. In
the EET, modification is done according to the maximum of

ng as shown below: 28]

0.71 A, M <0.25 or n™ > 0.75,
B=< 0.6A, 0.3 <nM <0.70, 4)
071A-22e A, n"=025+€e0rnM=0.75—¢,

with 0 < € < 0.05.
BLD: According to hypothesis III, the shortest bond
length D, (n4) should be written as

Dyy(na) =R, (1)+ R, (1) — Blogny. %)
Then we have
Dy(ng) =Ry (1) + R (1) — Blogng, (6)

for the other bond lengths Dy (ny), o = B,C,...,N.
From Egs. (5) and (6), we have

n
lgi = lgrg = [Duy (1) — Dy (ng) — Ryu(1)

=R, (1) +Rs(1) +R(1)]/B, @)

where ry = ng/na and B are checked by Eq. (4). The calcu-
lation of n4 can be found in Ref. [29]. The theoretical bond
length Dy, (ng) is estimated from ny = rgna and Pauling’s
equation

Dyy(ng) =Ry, (1) +R, (1) — Blogng. 3)
The bond length difference |AD| = |Dy, (ng) — Duy(ng)| is
taken as a criterion for selecting the reasonable hybrid state.
AD| is not more than 0.05 A.
In this study, the 4b crystal position is disorderedly oc-

In general,

cupied by In and Sm in unit cell of Culn;_,Sm,Te,, In and
Sm are taken as a kind of atom M at 4b site, i.e., M =
(I —x)-In+x-Sm. The average model is used to calculate
the numbers of various electrons and averaged single bond ra-
dius as listed below:

Nele = xnglléhr( 1 *x)ngllm ©

Ravg (1) = xRsm (1) + (1 —x) Rin (1), (10)

where 7, nglfé‘, nglle (ele =s, p, d, c, 1, T, Y) donate the num-
bers of various electrons and the single bond radii are donated
by Rayg(l) for M, Ry (1) for Sm, and Ry, (1) for In.

The cohesive energy of intermetallic compound follows

an equation as given below 3=

— —Iyng — — m
EQ =Y By——Fq+B=——f"+buam*
C Za aD(na) o+ lD(n])f+ u@m
—b,CW + byam™* — b,CW, a1

where By, refers to the shielding coefficient along the o-th u—v
bond, Bq = v/b,b,, with b, and b, being the shielding co-
efficient of u and v atoms; b is defined as b = 313.95/(n —
0.368) (kcal-A/mol) withn =1,2,3,4,5,80r 13, § =2, 1,
0; F ¢ represents the bonding capability of covalent electron of
the a-th u—v bond, F o = % (fu+£o), where f = /o ++/3B +
8V57, o = ng/nt, B =n,/nt, ¥ = ng/nt; Iy is the number
of equivalent bonds; By = "R/birbt; D = Y 1D gy /L1 is
the weighted average of all bond distances; f' = v/2a’ is the
bonding capability of lattice electrons, and o = nj/nt, with
nt being the total number of valence electrons;?%! 4 is a pa-
rameter, which equals 0.1542; m34 is the number of magnetic
electrons; C = 0.907P, with P being a constant related to the
element group; W is the ratio of the sum of magnetic electrons
and dumb-pair electrons to the total electrons. The detailed
calculations of these parameters can be found in Ref. [29]. The
hybrid tables of Cu, Sm, In, Te are shown in Tables A1-A4 in
Appendix A. The A-type hybrid of Cu without 3d magnetic
electron is selected for calculating the valence electron struc-
ture since Culn;_,Sm,Te, is nonmagnetic material. The B-
type table of Cu is magnetic at h state.
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3. Results and discussion

Figure 1 shows the structural frame of Culn;_,Sm,Te,,
which is built based on the refined structural parameters. 7]
The experimental bond lengths are measured based on the
atomic ordinates and the numbers of equivalent bonds I, are
calculated based on the atomic coordination numbers. Table 1
lists the experimental bond lengths and numbers of equiva-
lent bonds in Culn;_,Sm,Te,. The valence electron structures
of Culn;_,Sm,Te; are calculated by the BLD method. The
CulnTe; is chosen as an example, and its equivalent bonds I,
i.e., experimental and calculated bond lengths are listed in Ta-
ble 2. The maximum of covalent electron pair ny is 1.4628,
thus, B is 0.71 according to Eq. (4). The calculated bond
lengths fit to the experimental ones well (AD = —0.0070 A),
showing that the calculated results are acceptable.

The key
Culn;_,Sm,Te; are listed in Table 3. The shielding coefficient
b value is 20.6044 kcal-A/mol for Cu, 32.894 kcal-A/mol for

parameters of cohesive energy of

In, 37.500 kcal-A/mol for Te, and 45.7317 kcal-A/mol for Sm.
The P value is O for IB group (Cu), IIIB group (Sm), and A
group (In and Te); f and f” will change in various ranges.

® Cu
© InSm
C Te

Fig. 1. Crystal structure of Culn;_,Sm,Te,.

Table 1. Various bonds, bond lengths, and bond numbers of Culn;_,Sm,Te;.

Compounds Bond order ~ Bondingatom I,  Bondlength (A)  Bondorder  Bondingatom I,  Bond length (A)
1 Cu-Te 8 2.5797 6 Cu-In 8 43822
2 In-Te 8 2.7943 7 Cu-Cu 4 43822
CulnTe, 3 Te-Te 4 4.1227 8 In-In 4 43822
4 Te-Te 8 42568 9 Te-Te 8 45196
5 Cu-In 8 43777 10 Te-Te 4 4.6486
1 Cu-Te 8 2.5816 6 Cu-In, Sm 8 43836
2 In, Sm-Te 8 2.7941 7 Cu-Cu 4 43836
Culng9Smo,1 Te, 3 Te-Te 4 4.1271 In, Sm-In, Sm 4 4.3836
4 Te-Te 8 42593 Te-Te 8 45195
5 Cu-In, Sm 8 43797 10 Te-Te 4 4.6479
1 Cu-Te 8 2.5825 6 Cu-In, Sm 8 43805
2 In, Sm-Te 8 2.7889 Cu-Cu 4 4.3805
Culng gSmy »Te, 3 Te-Te 4 4.1312 In, Sm-In, Sm 4 4.3805
4 Te-Te 8 42597 9 Te-Te 8 45124
5 Cu-In, Sm 8 43766 10 Te-Te 4 4.6368
1 Cu-Te 8 2.5800 Cu-In, Sm 8 43825
2 In, Sm-Te 8 2.7941 Cu—Cu 4 43825
Culng 7Smg 3Te; 3 Te-Te 4 4.1234 In, Sm-In, Sm 4 4.3825
4 Te-Te 8 42573 Te-Te 8 45195
5 Cu-In, Sm 8 43778 10 Te-Te 4 4.6481
Table 2. Valence electronic structure of CulnTe;.
lo buv (”oc) (A) Dy, ("a) (A) AD (A) Na AD/Du\f(”a) (%)

8 2.5727 2.5797 -0.0070 1.4628 -0.2713

8 2.7873 2.7943 -0.0070 0.3392 -0.2505

4 4.1158 4.1228 -0.0070 0.0080 -0.1698

8 4.2498 42568 -0.0070 0.0052 -0.1644

8 43707 43777 -0.0070 0.0025 -0.1599

8 43752 43822 -0.0070 0.0024 -0.1597

4 43752 43822 -0.0070 0.0011 -0.1597

4 43752 43822 -0.0070 0.0052 -0.1597

8 45126 45196 -0.0070 0.0022 -0.1549

4 4.6416 4.6486 -0.0070 0.0014 -0.1506
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Table 3. Key parameters of cohesive energy for Culn;_,Sm,Te,.

Element b (kcal-A/mol) F f P
Cu 20.6044 2.0000-2.0702  0.6325-0.5345 0
In 32.8940 1.4142-3.1389  0.8165-0.0000 0
Sm 457317 3.1947-3.6811  0.8165-0.0000 0
Te 37.5000 1.9319-1.7321 0 0

Table 4. Hybrid states and hybrid energy of Culn;_,Sm,Te;.

Compounds o Cu In Te Sm Hybridenergy (eV)
1 9 10 1 - 13.6432
2 11 10 1 - 13.7978
CulnTe, 3017 9 1 - 13.8729
4 13 10 1 - 14.8681
5 17 10 1 - 153614
1 13 9 1 1 13.2397
2 11 10 1 1 13.4953
CulngoSmo Tez 3 45 ¢ 1 13.5668
4 13 10 1 1 14.5603
5 15 10 1 1 14.8979
1 13 9 1 1 12.7769
2 11 10 1 1 12.9008
CulngsSmooTez 3 13 19 1 1 13.9581
4 15 10 1 1 14.2933
5 17 10 1 1 14.4455
19 10 1 1 12.3834
2 13 9 1 1 12.5614
Culng7SmosTez 3 43 19 1 13.5853
4 15 10 1 1 13.9182
5 17 10 1 1 14.0697

According to the above-mentioned valence electronic

structural parameters, all hybridization energy levels of

(a) CulnTe,

Culn;_,Sm,Te, are calculated from Eq. (11), and their re-
sults are listed in Table 4. The valence electronic structure
of Culn;_,Sm,Te, shows that the hybrid states of Te and Sm
are close to the h state, however, Cu and In prefer to occupy
the high hybrid state, which are closes to the t state. The hy-
bridization energy decreases with Sm content increasing.

The light absorption causes the energy level to transit
from the static state to the high energy state in Culn;_,Sm,Te,
as shown in Fig. 2. The transitions are from the 3rd energy
level to the 4th energy level for CulnTe; and from the 1st
to 5th energy level for the other ones. The energy differ-
ence between the two energy levels matches the experimen-
tal absorption bandgap of Culn;_,Sm,Te, [37] with the relative
differences ranging from 1.290% to 6.108% as listed in Ta-
ble 5. Based on the valence electron structure, the light ab-
sorption mainly affects the hybrid states of Cu and In atoms
as shown in Fig. 3, where the solid blue line and dashed red
line denote the energy before (static state) and after (excited
state) light absorption, respectively. The difference in en-
ergy between the two states is corresponding to the light ab-
sorption bandgap. It is very clear that the hybridization en-
ergy of Culn;_,Sm,Te, decreases significantly with the in-
crease of Sm doped into CulnTe; before and after light ab-
sorption. However, the decreasing slope slowly falls down af-
ter light absorption, which causes the light absorption bandgap
to broaden from 0.9952 eV to 1.6862 eV with Sm content in-
creasing: this phenomenon might be due to the special valence
electron structure of Sm, which is favorable for enhancing the
light absorption in a wider range for the potential solar cell

applications.

(b) CulnggSmy.1Te;

E,5=14.8979

E,;=15.3614
(SN
o - — E,;=14.8681
g hl/ /_/‘
g E,3=13.8729
=]
(]
< E,,=13.7978
3
>
as) E,, =13.6432
(C) Culno_gSmo.gTeg
E,; = 14.4455
21 / Foy=14.2033
> hv /
%” E,;=13.9581
o /
[0}
= E,, =12.9008
N
= E,=12.7769

S !
o E,.=14.5603
e hv /
5 E,3=13.5668
8 /
- E,»=13.4953
s
>
2l — B, =13.2397
(d) CuIn0‘7Sm0A3Teg

E,5=14.0697
% 4 7 Epy=14.9182
> hv /
$ o3 .
g /
o
- E,»=12.5614
= /
el
2 — E, = 12.3834

Fig. 2. Optical transition energy from static energy level to excited energy level in Culn;_,Sm,Te,.
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2 140k 1.6583 n - v
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Fig. 3. Hybridization energy versus Sm content for Culn;_,Sm,Te; in Fig. 4. Various electron numbers versus Sm content for Culn; _,Sm, Te,
static state (solid line) and excited state (dashed line). in static state and excited state.

Table 5. Hybrid states, energy, and light absorption bandgaps of Culn;_,Sm,Te,.

Compounds c Cu In Te en?rgr(i:V) di ffelizsz;iy(eV) Bandgap (eV) Fitting error
CulnTe; : i; 190 } }:gggé 0.9952 1.0600 0.06108
Culng.9Smg | Te, ? g 190 i i i;‘ig;g 1.6583 1.6799 0.01290
Culng gSmg > Tes f i; 190 i i 142“71323 1.6686 1.6999 0.01843
Culng7Smg 3Te, ? 197 ig } i i;‘gggz 1.6862 1.5999 0.05393

Table 6. Valence electron structures of Culn;_,Sm,Te, in static and excited states.

Compounds State Atom o ng np nq ne n Nm ny
cu 17 29958 29958  5.9916 1 4.0084
, In 9 06399 26399 06399 39197  0.3601 8.7202
static state Te 1 1 1 O 2 0 O 4
Sm -
CulnTe, Cu 13 27887 27887  5.5774 1 44226
. In 10 1 3 1 5 8
excited state Te I 1 | 0 2 0 0 4
Sm -
Cu 13 27887 27887 5.5774 1 44226
, In 9 06399 26399 06399 39197  0.3601 8.7202
static state Te 1 1 1 O 2 0 O 4
Sm 1 1 1 2 1 0 0
Culng.9Smy,; Tey Cu 15 29310 29310  5.8620 1 41380
A In 10 1 3 1 5 8
excited state Te 1 1 | 0 2 0 0 4
Sm 1 1 1 2 1 0 0
Cu 13 27887 27887 55774 1 44226
, In 9 06399 26399 06399 39197  0.3601 8.7202
static state Te 1 1 1 O 2 0 0 4
Sm 1 | 1 2 1 0 0
CulngsSmy, Te Cu 17 29958 29958  5.9916 1 4.0084
A In 10 1 3 1 5 8
excited state Te | 1 | 0 2 0 0 4
Sm 1 1 1 2 1 0 0
Cu 9 20752 22752 45504 1 5.4496
, In 10 i 3 1 5 8
static state Te 1 1 1 O 2 0 0 4
Sm 1 | 1 2 1 0 0
Culng.7Smy 3Te, Cu 17 29958 29958  5.9916 1 4.0084
A In 1 1 3 | 5 8
excited state Te 1 1 | 0 2 0 0 4
Sm 1 1 1 2 1 0 0
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Table 6 lists
Culn;_,Sm,Te, at static states and excited states, covering

the wvalence electron structures of

the numbers of various electrons. Sm doped into CulnTe;
mainly affects the hybrid states of Cu and In, and causes vari-
ous electrons to change as shown in Fig. 4. In the static state,
the electron numbers significantly fall down for dumb-pair
electron ny, covalent electron n. and total electron nt with
Sm doping content increasing, however, for the number of
lattice electrons n; increases. The same phenomenon is also
observed in the excited state; however, the decreasing ten-
dency of total electron number tends to be slow. With the
decrease of hybridization energy, the total electron number
(n1) decreases from 15.2714 to 13.9503 and from 15.5773 to
15.3916 before and after light absorption, respectively, and
the same tendency is also observed in covalent electron num-
ber (n.) from 13.9113 to 12.6503 for the static state and from
14.5774 to 14.0916 for the light absorption, the dumb-pair
electron number (ny) decreases from 20.7285 to 19.0497 and
from 20.4226 to 17.6083 before and after light absorption,
respectively. However, the lattice electron number shows the
reversal tendency, i.e., it increases from 1.3601 to 1.4881
and from 1.0000 to 1.3000 before and after light absorp-
tion, respectively. The abnormal decrease of n; is observed
in Culng7Smg3Te, since the Sm content is out of the solid
solution region of Culn;_,Sm,Te,. These changes of valence

24
O static state-ny A static state-n,

—~ O static state-n; V static state-ny
E 21 F V
: v
2 \Y4
3 v
o 18t v
” v
e | u [ ]
S 15 F 5 | a !
Z A A A
S 12F mexcited stateny A excited state-n,
k3t @ excited state-n, V excited state-ny
S ot
<l

¢ = ) °

0 L

0.10 0.15 0.20 0.25 0.30
Sm content

0 0.05

electronic structure weaken the bonding ability due to the
decrease of covalent electron number and induce the hybrid
energy of Culn;_,Sm,Te, to decrease with Sm doping content
increasing.

Figure 5 exhibits the changes of valence electron struc-
ture in Culn;_,Sm,Te, before and after light absorption. The
differences in electron number Ang. reflect the changes of va-
lence electron number in s, p, and d orbits, the covalent elec-
trons, lattice electrons, total electrons, and dumb-pair elec-
trons before and after light absorption. The value of Anges
increases for the total electron number and the covalent elec-
tron number, however, decreases for the dumb-pair electron
number and the lattice electron number, which is due to the
electron transformation driven by light energy. For revealing
the mechanism of light absorption, the optical transition en-
ergy between two hybrid energy levels is discussed as shown
in the inset plots in Fig. 5, where the photoenergy directly
drives the electron transformation from lattice electron in static
energy state to s valent electron in excited energy. Mean-
while, the dumb-pair electrons are separated from a dumb-
pair of electrons in static state to two valence electrons in p
and d orbitals in excited state. In a range of x > 0.2, the elec-
tron transition only occurs for the dumb-pair electrons because
Culn;_,Sm,Te, (x = 0.3) is out of the solid solution.
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Fig. 5. Differences in electron number versus Sm content for Culn;_,Sm,Te, after light absorption.

4. Conclusions

Based on EET studies, the cohesive energy of Sm doped
into CulnTe; is strongly correlative to their valence electronic
structure. The cohesive energy of Culn;_,Sm,Te, decreases
significantly with the increase of Sm doped into CulnTe, be-
fore and after light absorption. The light absorption causes
the energy level to transit from the static state to the high
energy in Culn;_,Sm,Te,. The calculated optical absorption

transition energy from the static state to the higher energy in

Culn;_,Sm,Te; accords well with the experimental absorp-
tion bandgap of Culn;_,Sm,Te;. The Sm doped into CulnTe;
mainly affects the electric structure of Cu and the electric
structure of In, and the electron number of Culn;_,Sm,Te,
significantly falls down for dumb-pair electron ny, covalent
electron n, and electron nt with the increase of Sm doping
content, however, the reversal increase happens to the number
of lattice electrons n; which weakens the bonding ability due
to the decrease of covalent electron number and induce the the
hybrid energy of Culn;_,Sm,Te; to decrease.
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The mechanism of light absorption for Culn;_,Sm,Te,
can be explained by photoenergy driving directly the electron
transformation from lattice electron in static energy level to s
valent electron in excited energy level. Meanwhile, the dumb-
pair electrons are separated from a pair of electrons to two
electrons and excited into p, d orbitals of excited state, respec-
tively. The energy bandgap of Culn;_,Sm,Te, is significantly

widened with increasing Sm content due to its special valence

electron structure, which is favorable for enhancing the light
absorption in a wider range for the potential applications in
solar cells.

Appendix A: The hybrid tables of Cu, Sm, In,
and Te

The hybrid tables of Cu, Sm, In, and Te are shown in the
following tables.

Table A1. A-type hybrid table of Cu.

hi||[|ee(d 001220
1|[[|eee () eee1330

c 1 2 3 4 5 6 7 8 9
Gyo 1 0.9999 0.9998 0.9983 0.9752 0.9502 0.9415 0.7997 07248
Cto 0.0001 0.0002 0.0017 0.0248 0.0498 0.0585 0.2003 0.2752
nto 5 5.0002 5.0004 5.0034 5.0496 5.0996 5.1170 5.4006 5.5504
no 1 1 1 1 1 1 1 1 1
neo 4 4.0002 4.0004 4.0034 5.0496 4.0996 4.1170 4.4006 4.5504

Ro(1) 1.1520 1.1520 1.1520 1.1520 1.1517 1.1513 1.1512 1.1492 1.1481

c 10 11 12 13 14 15 16 17 18
Gyo 0.6896 0.6601 0.5194 0.2113 0.1297 0.0690 0.0075 0.0042 0
Cto 0.3104 0.3399 0.4806 0.7887 0.8703 0.9310 0.9925 0.9958 1
nto 5.6208 5.6798 5.9612 6.5774 6.7406 6.8620 6.9850 6.9916 7
no 1 1 1 1 1 1 1 1 1
neo 4.6208 4.6798 4.9612 5.5774 5.7406 5.8620 5.9850 5.9916 6

Ro(1) 1.1477 1.1472 1.1453 1.1410 1.1398 1.1390 1.1381 1.1381 1.1380

Table A2. Hybrid table of In.

D eeo1200
t]||||||e o e0e1311
o 1 2 3 4 5 6 7 8 9 10
Cho 1 0.9996 0.9975 0.9755 0.8755 0.8735 0.7612 0.5495 0.3601 0
Cio 0.0004 0.0025 0.0245 0.1245 0.1265 0.2388 0.4505 0.6399 1
nro 3 3.0008 3.0050 3.0490 3.2490 3.2530 3.4776 3.9010 4.2798 5
no 1 0.9996 0.9975 0.9755 0.8755 0.8735 0.7612 0.5495 0.3601 0
n.o 2 2.0012 2.0075 2.0735 2.3735 2.3795 2.7164 3.3515 39197 5
Ro(1)) 1.4420 1.4420 4.4418 1.4404 1.4339 1.4338 1.4265 1.4127 1.4004 1.3770
Table A3. Hybrid table of Te.
hel||el1101
t]||ee0201
o 1 2 3 4
Gyol 0.5544 0.0820 1
Cto 0 0.4456 0.9180 1
nyo 2 2 2 2
no 0 0 0 0
neo 2 2 2 2
Ro(1) 1.313 1.4194 1.531 1.550
Table A4. Hybrid table of Sm.
heoocoo () e0ol1110
tooooo eeeo0l1021
o 1 2 3 4 5 6 7 8 9 10
C,o 1 0.9635 0.9042 0.8235 0.7078 0.6249 0.2996 0.2085 0.0444 0
Cio 0.0365 0.0958 0.1765 0.2922 0.3751 0.7004 0.7915 0.9556 1
nro 3 3 3 3 3 3 3 3 3 3
no 1 0.9635 0.9042 0.8235 0.7078 0.6249 0.2996 0.20857 0.0444 0
n.o 2 2.0365 2.0958 2.1765 2.2922 2.3751 2.7004 2.7915 2.9556 3
Ro(1) 1.4771 1.4901 1.5112 1.5398 1.5809 1.6104 1.7260 1.7584 1.8166 1.8325
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