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There are two coupling schemes for obtaining Russell Saunders atomic term symbols (terms) for the equivalent
electrons, one is Russell-Saunders (L-S) coupling scheme and another is spin-orbit (j-j) coupling scheme. The Russell
Saunders atomic term symbol provide the information about spectral and magnetic properties of an atom. For this work
computation is done to calculate all the possible microstates and atomic terms for equivalent electrons of nf* and nf!*
configurations and a comparative study is carried out between the Russell Saunders atomic terms of nf* and nf'®
configurations. The possible microstates counted for these configurations are 1001 and the terms obtained from these
states are 47, these terms are quintets (5), triplets (22) and singlet’s (20) and the predicted ground state term for both the
configurations is quintet I (°I). The ground states for nf* and nf' configuration are 14 and °Is respectively.
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INTRODUCTION

The Russell —Saunders (L-S) coupling scheme
first proposed by Henry Russell and Frederick
Saunders in 1923 [1] and originally used for
electrons in partially filled shells of elements with
lower atomic number but for the elements with
greater atomic number spin-orbit coupling becomes
more significant because higher nuclear charge [2-
4]. However, for heavier transition elements and
rare earth elements it is still convenient to use
Russell-Saunders scheme [5]. The vector model for
terms which was developed before the quantum
mechanical treatment was successfully used to
interpret the complex spectra of systems with
valence electrons in different sub shells [6]. The
current nomenclature for the various energy levels
(L) is based on the Russell-Saunders coupling

—_

which leads to the three vectors S LandJ . L is
the vectorial sum of the orbital angular momentum

vectors of the valence electrons, S is the vectorial
sum of the spin angular momentum vectors of the

valence electrons and J 1is the vectorial sum of

Land §. L and S coupled together to give a state
of definite J [7] and the allowed values of J range
from L+ S to [L-S|. The each term split into (2J+1)
terms differing in energy by an amount proportional
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to the applied field strength (Zeeman effect) and
states are characterized by a quantum number M;
which have allowed values of J, J-1..., -J +1, -J [8].
It follows that if L>S the J can take 2S+1 values,
but if L<S it can take 2L.+1 values, when L=0 J can
take only one value. The values of J may be either
1+1/2 or 1-1/2 but 1-1/2 is of lower energy state
since in 1-1/2 state the orbital and spin are opposed
[9, 10] By knowing the allowed values of L, S and
J one can define the energy levels for the valence
electrons [11].

A Russell-Saunders atomic term is applied for
energy associated with the state of an atom
involved in a transition and term symbols are
abbreviated description of the energy levels in a
multi electron atom. The degenerated state is
broken up into two or more states due to electronic
repulsion when the ion or atom is introduced into a
lattice [12]. The equivalent electrons are those
which have same values of / such as np?, nd*, nf? or
nf> configuration. The formulation of hole can be
used for the sub shell that is more than half full and
the equivalent electrons for a pair of atoms with n/"
and n/*" (x=6, 10 orl4) configurations give rise
identical Russell Saunders atomic term symbols
[13]. Therefore, the equivalent electrons of nf* and
nf'® configurations give identical terms. The
numbers of microstates for the incomplete sub shell
increase with increase in the number of electrons in
orbital of the sub shell but in the nonequivalent
electronic system the number of microstates are
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much greater than the similar equivalent electronic
system [14]. In the Russell Saunders coupling a
term is specified by @5*V L; [2, 3, 7, 10] where 2S +
1 the multiplicity or spin multiplicity of a term. The
number of states deriving from a given term is
simply (2S+1) x (2L+1) and the stability order and
ground state term can be predicted by applying
Hund’s rule [5, 10-15].

The problem with equivalent d or f electrons or
nonequivalent electrons is finding the microstates,
which are 252 for nd®, 364 for nf’, 1001 for nf*,
2002 for nf° 3003 for nf® and 3442 for nf’ for
equivalent electrons and for nonequivalent
electrons 910 for f2 d', 3640 for £3d' and 10010 for
f*d'. Methods have been introduced to help
generate the states [16, 17] and used for cases up to
nd’ for equivalent electrons. The Russell Saunders
terms have been determined for equivalent
electrons of nf® and nf!! configuration [18, 19] and
for nonequivalent electrons of f2d! configuration
using R-S coupling scheme [20].

METHODOLOGY
Counting Total number of Microstates for nf* and
nf'’ configurations

The total number of microstates for any
configuration can be counted using by following
expression [21].

Number of ways of filling electrons N=

221 +1)! or n! 1)
x!'2R1+1)!-x!) x!(n!-x!)

n= 2(2/+1) or double of the total number of
orbital’s, x= Total number of electrons in sub shell.
So, for nf* configuration n= 2(21+1) =14 and x=4
and for nf' configuration n= 2(21+1) =14 and x=10.

!
For nf* configuration N = _ 4 and for
41(14!-4)
!
nf'® configuration N = _ 14t
10! (14!-4!)

N= 14x13x12x11x10x9x8x7 x6x5x4x3x2x1

Ax3x2x1x10x9x8x7x6x5x4x3x2x1
Therefore, N = 1001 Microstates for nf*
N= 14x13x12x11x10x9x8x7 x6x5x4x3x2x1

4x3x2x1x10x9x8x7 x6x5x4x3x2x1
Therefore, N = 1001 Microstates for nf'°

Counting the values for Total Orbital Angular
Momentum Quantum Number (L), Total Spin
Angular Momentum Quantum Number (S), My,, Ms
and J

Therefore, L values for nf* and nf"
configurations are 0,1,2,3,4,5,6,7,8,9 and 10 and the
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atomic terms codes for these L values are S, P, D,
F,G,H,[L K, L, M and N.
The length of total orbital angular momentum

vector L is|L|=yL(L+1) h. 3)
Therefore, |Z | are m h, @ h, \/7_2 h, \/% h,
V421 4/30 b, +/20 b /12 b /6 b V2 hand 0.

S=(s1s2), (s1+52-1).....| (51-82) |. (4)

Therefore, S vectors are for nf* and nf'
configurations are 2, 1 or 0.

Therefore, S vector length is |§ |=S(S+Dh. (5
Therefore, for nf* and nf'® configurations of

S vectors are v/6 h, /2 1 and zero.

The component of the total angular momentum
along a given axis is M =2L+1 (6)

Here L=10 (maximum value of L for nf* and
nf'® configurations), Therefore, M;=2x10+1=21
values that ranging from +10 to -10.

The spin state for a given S value is
Ms= (2S+1) (7)
Here S=2(maximum value of S for nf* and nf°
configurations), Therefore, Ms=2x2+1=5 values
that ranging from +2 to -2.

Therefore, J values for M term are 10, 9 and 8
and other terms illustrated in table 5 Magnitude of
vector sum of L and S or magnitude of J

isyJ(J+1) h ®)
The vectorial sums for L and S for some terms
are illustrated in figure 1.

Ml s Ty

Coupling of L and 3 for 3M terms and for W, Mo and g States

L=6 L=d L= L=6 L=é.
1= J=4 =7 J=f I=5
B=2 =2 8=2 2=2 H5=2
a4 R Eeh a5

T
Coupling of L and & for 50 terms and for 0y, 507 %3 g 335 and G4 States

Figure 1: L-S coupling for J values for different terms
and states

The Fundamental Tables for Russell Saunders
Coupling Scheme

The fundamental table for equivalent electrons
for nf* configuration (table 1) and for nf'® (table 2)
configuration for Russell Saunders coupling
scheme representing possible spin states that
allowed by the Pauli Principle with the microstates.
These tables include total number of microstates
with spin states. The fundamental table 3
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Table 1: The fundamental table for equivalent
electrons of nf4 configuration used in Russell Saunders
coupling scheme representing possible spin states that
allowed by the Pauli Principle with microstates.

SN Possible spin states Total Total
o for nf* electrons spin microstates
1 1 1 1 1 +2 35
2 1 1 1 ! +1 140
3 1 1 1 ! 0 210
4 1 1 ! ! -1 140
5 ol -2 35
6 U 1 +1 105
7 (U ! 0 210
8 (] ! -1 105
9 1l 0 21

Total number of microstates for nf* configuration -1001

Table 2: The fundamental table for equivalent
electrons of nf!® configuration used in Russell Saunders
coupling scheme representing possible spin states that
allowed by the Pauli Principle with microstates.

SN Possible spin states for nf'®  Total Total
o electrons spin  microstates
P N I o4 35
E A N R Y 140
K B I e A 210
4 1ot Ll Al 140
R e A A 35
6 1L o1ttt +1 105
L P A R W 0 210
O A -1 105
S B S S v 0 21

Total number of microstates for nf'® configuration - 1001

Table 3: The fundamental table representing total
microstate numbers according to My and Ms valufor
equivalent electrons of nf*and nf'* configurations.

Ms— +2 +1 0 -1 -2 Total
10 1 1
9 1 2 1 4
8 2 5 2 9
7 4 8 4 16
6 1 7 14 7 1 30
5 1 11 20 11 1 44
4 2 15 28 15 2 62
3 3 20 34 20 3 80
2 4 23 41 23 4 95
1 4 26 44 26 4 104
T™L 5 27 47 27 5 111
-1 4 26 44 26 4 104
-2 4 23 41 23 4 95
-3 3 20 34 20 3 80
-4 2 15 28 15 2 62
-5 1 11 20 11 1 44
-6 1 7 14 7 1 30
-7 4 8 4 16
-8 2 5 2 9
-9 1 2 1 4
-10 1 1
Total 35 245 441 245 35 1001

representing microstate numbers according to Mp
and Ms values for equivalent electrons for nf* and
nf'® configurations and table 4 representing
microstate array My versus 2S+1 in a statistical way
for both the configurations

Resolving the Microstate Chart into Appropriate
Atomic States and Drawing Sub Tables for Each
Terms

An atomic state forms an array of microstate
consisting 2S+1 columns and 2L+1 rows. Thus, for
a °N state requires two columns or (21x3) array, ‘M
state requires (19x3) array and °L state requires
(15x5) array'®. By removing each state from the
microstate table a microstate sub table for each
Russell Saunders term can be drawn. This treatment
on microstates for both nf* and nf'® configurations
give °L, °G, °F, °D, °S,’M, 3L, *K(2), ’I(2), *H(4), °G
(3), °F(4), *D(2), *P(3), 'N, 'L(2), 'K, '1(3), 'H(2),
'G(4), 'F, 'D(4) and 'S (2) atomic terms. The
microstates of electrons remain conserved in atomic
terms, therefore, it is verified by obtaining the
microstates from the atomic terms and it is given in
table 5.

Stability and splitting pattern of Russell- Saunders
Atomic Terms

The splitting pattern and stability order of
Russell- Saunders atomic terms for equivalent or
non-equivalent  electrons for a  particular
configuration can be predicted by applying Hund’s
rule. For the nf* and nf'® configuration it is
illustrated in (figurel) and this splitting pattern give
different ground states for nf* and nf!°
configurations, since one (nf*) has less than half fill
orbital configuration and another (nf'®) has more
than half fill orbital configuration.

RESULT AND DISCUSSION

There are the three types of Russell Saunders
atomic terms obtained from the microstates for
equivalent electrons of nf* and nf'® configurations
that are quintets (5), triplets (22) and singlet’s (20).
These terms are °I, °G,°F, °D, °S, M, 3L, 3K(2-
Terms), *1(2-Terms), *H(4-Terms), *G (3-Terms),
’F(4-Terms), *D(2-Terms), *P(3-Terms), 'N, 'L(2-
Terms), 'K, '(3-Terms), 'H(2-Terms), 'G(4-
Terms), 'F, 'D(4-Terms) and'S (2-Terms). The
ground state term for both the configurations
obtained is Quintet I (°I).

CONCLUSION

It is concluded that the equivalent electrons of
nf* and nf' configurations can be arranged in 1001
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Ms— +2 +1 0 -1 -2 Total
10 | 1
9 | I | 4
8 Il I | 9
7 Il AL Il 16
6 {1} (HTH (1l 30
5 | T I I | 44
4 [ TR (AT TRAAEAEL T [ 62
3 Il TR R I Il 80
2 M T Y N e 95
1 M T T G e 104

I™MLO ([IF T T T e 111
8 S
-2 (/AT TR RA M 95
-3 l T I AT I [ 80
-4 | T (IR (R | 62
-5 | I I I | 44
-6 Ml (RTEA Il 30
-7 Il (T Il 16
-8 l I | 9
9 | l | 4
-10 | 1

Total 35 245 441 245 35 1001

Table 4: The fundamental table representing microstate array My v/s 2S+1 in a statistical way for
equivalent electrons of nf* and nf'° configurations.

SN Term Total Several Possible Arra Micro
o symbol values of J Terms y States
1 N J=1 "Nio 21x1 21
2 M J=3 3M 10 Mo Mg 19x3 57

L J=3 3Ly 3Lsg ’Ly 17x3 51
3 L(2) J=1 g (17x1)2 34
4 3I<(2) J=3 3Kg R 3K7 ,3K6 (1 5X3)2 90
K J=1 K- 15x1 15
1 J=5 3g 1716515 514 13x5 65
5 31(2) J=3 317 316315 (13x3)2 78
'1(3) J=1 s (13x1) 39
6 SH(4) J=3 3He,*Hs *Ha (11x3)4 132
TH(2) J=1 H; (11x1)2 22
5G J=5 5G6 ,5G5 ,5G4 ,5G3,5G2 9x5 45
7 3G(3) =3 3Gs,3Gs °Gs (9x3)3 81
1G(4) J=1 Gy Ox1)4 36
F J=5 Fs F4 °F3 °F2 F 7x5 35
8 3F(4) J=3 3F4 3F; ’F (7x3)4 84
IF J=1 IF3 7x1 7
5D J:5 5D4 ,5D3,5D2,5D1,5D0 5X5 25
9 3D(2) J=3 D3 3D, 3Dy (5x3)2 30
'D(4) J=1 'D, (5x1)4 20
10 3P(3) J=3 3P, 3P; Py (3x3)3 27
1 ’S J=1 S, 1x5 5
'S(2) J=1 1So (1x1)2 2

Total number of microstates for nf* and nf'® configuration-1001

Table 5: Conservation of state or levels a cross verification of terms and microstates for equivalent the electrons of
nf*and nf'? configurations.

energy states or levels that have different values of these states by R-S coupling treatment. Theoretical
s (spin quantum numbers) and / (angular quantum stability order of these Russell-Saunders atomic
numbers) and 47 Russell-Saunders atomic terms according to Hund’s rule is

spectroscopic terms symbols (terms) obtained from
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'5(2-Terms)

Singlet

Tettrs

Trplet Terms \gf*  ofl?

'5(2-Terms)

"¢ 4- Terms)

1G04-Temns)

Singlet VH(2-Terms)

Tetrris U 3- Tertns)

*G(3-Terms)

Triplet Terms *H(4- Temms)

D
L F Quintet
Iy G Terms
516 51
°Is
“ nf* configuration

(L-5% Coupling, (L.-L)y Coupling, (5-5) Coupling

1 2-Terms)

A 2-Terms)

i
Quintet F I
Terms 3G s
§I SIG

nf'? configuration

(5-5) Coupling, (L-L) Coupling, (5-L) Coupling

Fig. 2: The stability order and splitting pattern of Russell- Saunders atomic terms for equivalent the
electrons for nf* and nf'° configurations.

SI>3G>F>D>3S>3M>YL>3K (2)>1(2)>*H(4)>*G(3)
>3F(4)>*D(2)>*P(3)>'N>'L(2)>'K>'I(3)>'H(2)>'G
(4)>'"F>'D(4)>!S(2) and the stability order of
ground state terms for nf* configuration is °Is <317 <
316 <15 <’I4 and for nf'* is °Is > I; >°1 >I5 >°14. This
study illustrates that equivalent electrons for nf* and

nf'® configurations give same type of atomic terms
and same number microstates but the ground states
for both configurations are different, since nf*
configuration has less than half fill orbital
configuration while nf'® configuration has more
than half fill orbital configuration. Therefore, the
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ground state for nf* configuration is quintet I four
(°14) and for nf'® configuration is quintet I eight (°Is).
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Ms +1 0 -1 Mg 0
8 | | | 7 \
7 | | | 6 \
6 | | | 5 \
5 | | | 4 \
4 | | | 3 \
3 | | | 2 \
2 | | | 1 \
1 | | | My 0 |
M0 | | | -1 |
-1 | | | -2 \
-2 | | | -3 \
-3 | | | -4 \
-4 | | | -5 \
-5 | | | -6 \
-6 | | | -7 |
-7 | | | 15
-8 | | | L =7, S=0, 2S+1=1, Microstates=15, Term='K
17 17 17
L=8, S=1, 25+1=3, Microstates=51, Term=>"L hgs +|2 +|1 +|0 '|1 |2
M 0 5 | | | | |
8 I 4 | | | | |
7 I 3 | | | | |
6 I 2 | | | | |
5 I 1 | | | | |
4 I M0 | | | | |
3 I -1 | | | | |
2 I -2 | | | | |
1 I -3 | | | | |
MLO0 I -4 | | | | |
-1 I -5 | | | | |
-2 I -6 | | | | |
-3 | 13 13 13 13 13
-4 | L=6, S=2, 2S+1=5, Microstates=65, Term="1
P | Ms +1 +0 -l
-6 I
7 I 6 I [ [
8 I 5 I [ [
T 34 4 I [ [
L=8 S=0, 2S+1=1, Microstates=34, Term='L (2-Terms) g H H H
Ms +1 0 -1 1 I I I
7 I l [ M0 I I
6 I l [ -1 I I I
5 l l l -2 I I I
4 I l [ -3 [ I I
3 I l l -4 I I [
2 I l l -5 I I [
1 I l [ -6 I I I
M. 0 I | | 26 26 26
-1 I | | L=6, S=1, 2S+1=3, Microstates=78, Term="1 (2-Terms)
-2 l l l
-3 I I I
-4 I I I
-5 I I I
-6 I I I
-7 I Il Il
30 30 30

L=7, S=1, 2S+1=3, Microstates=90 , Term="K (2-Terms
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Ms +0 Mg +1 0 -1
6 I 4 Il Il Il
5 Il 3 Il Il Il
4 Il 2 Il Il Il
3 Il 1 Il Il Il
2 Il Mo ] Il Il
1 Il -1 Il Il Il
M0 ] -2 Il Il Il
-1 Il -3 Il Il Il
-2 Il -4 Il Il Il
3 27 27 27
-4 Il L=4, S=1, 2S+1=3, Microstates=81, Term=>G (3-Terms)
S My 1
39 VR
L=6, =0, 28+1=1, Microstates=39, Term='I (3-Terms) ; HH
Mg +1 0 -1 1l
5 Il Il Il Mol
4 Il Il Il -1 Il
3 Il Il Il -2 i
2 Il Il Il -3 i
1 Il Il Il -4 Il
M. 0 il Il Il 36
-1 i i il L=4, S=0, 2S+1=1, Microstates=36, Term='G (4-Terms)
FR My 2 0 o
4 >
Sl o
44 44 44 1 | I |
L=5, S=1, 2S+1=3, Microstates=132, Term="H (4- Moo
Terms) -1 | | | | |
o -2 | \ \ | \
_Ms 0 -3 | \ \ | \
5 I 7 7 7 71 7
4 | L=3, S=2, 2S+1=5, Microstates=35, Term="F
; H Mg +1 0 -1
1 I 3 lll Il Il
MO | 20
SR Co
2 MOl
30 S
4 20
5 3 il
— 28 28 28
L=5, $=0, 2S+1=1, Microstates=22, Term='H (2-Terms) L=3, S=1, 2S+1=3, Microstates=84, Term=3F (4-Terms)
Ms +2 +1 0 -1 =2 _Ms 0
a1 T T T >
31 1 T
2 |
N N N M0 |
MO S
S S
2 0 S .
30 R
4 | | | | | L=3, S=0, 2S+1=1, Microstates=7, Term='F
9 9 9 9 9
+1=5. M

L=4, S=2, 2S+1=5, Microstates=45, Term="G
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Ms +2 41 0 -1 -2 Mg 0
2 | | | | | 2 Il
e Vo HH
MO | SR
S N Dol
-2 | | | | | 20
5 5 5 5 5 L=2, S=0, 2S+1=1, Microstates=20, Term='D (4-Terms)
=7 Q= — : — _s
L=2, S=2, 2S+1=5, Microstates=25, Term="D Ms ] 0 1
Ms +# 0 -1 1 Il I Il
2 I I l Mol Il Il
1 [T -1 1 I
MO 9 9 9
) I i i L=1, S=1, 2S+1=3, Microstates=27, Term="P (3-Terms)
2 I I [ Ms +2 +1 0 -1 -2
10 10 10 ML O | |
L=2, S=1, 2S+1=3, Microstates=30, Term="D (2-Terms) 1 1 1 1 1
— L=0, S=2, 2S+1=5, Microstates=5, Term="S
Ms 0
Mp0 |
2

L=0, S=0, 2S+1=1, Microstates=2, Term='S (2-Terms)

CPABHMTEJIHU U3CJIEABAHNS HA ATOMHUTE TEPMOBU CUMBOJIU (TEPMOBE)
HA RUSSELL-SAUNDERS 3A EJJEKTPOHU OT nf* U nf!*-KOH®UT'YPALIUN

I1.JI. Meena'* H. Kymap!, A.C. Meena!, K.C. Meena’

! Tenapmamenm no xumus, Ynuusepcumem M.L.S., Yoaiinyp, Padxcacman, Hnous
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(Pesrome)

CrhIecTBYBaT JBE CIPETHATH CXEMH 3a OINPEICITHETO Ha aTOMHHTE TEPMOBH CHMBONH (TepmoBe) Ha Russell-
Saunders 3a eKBHBaJICHTHHTE eNeKTpoHH — cxemarta Russell-Saunders (L-S) m cmmH-OopOuTanmHara (j-j) cxema.
AtomuuTe TepMoBH cuMBoIM 1o Russell-Saunders maBaT mH(pOpMAIs 3a CIIEKTPaTHUTE W MarHUTHUTE CBOWCTBA Ha
atomute. B Taszm pabora 3a U3BBPIICHN U3YMCICHUS Ha BCHYKH BB3MOXXHU MHKPO-CHCTOSIHUSI M aTOMHHM TEpPMOBE 3a
enexTponnuTe konpurypamuu nf* u nf'’, kaxto m mexmy atommure Tepmose Ha Russell-Saunders ma nf* u nf'*
KoH(urypauuu. Bb3MOKHUTE MUKPO-CHCTOSHHS 3a Te3n KoHpurypamuu ca 1001, a momydeHuTe TepMoBe 3a Te3M
ChCTOSIHUSA ca 47, Kato Te3u TepMmoBe ca kBuHTeTH (5), Tpuruietd (22) u cunrieru (20). TepmbT Ha TpeaCKa3aHOTO
OCHOBHO ChCTOSIHHE 3a JiBeTe KoHurypanuu € ksuntet [ (°1). OcHoBHuTE cheTostHus Ha nf* u nf!® kor@urypauuunre ca
cboTBeTHO 14 1 3l
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