Terms of Free lons withd" Configurations

® The usual notation for electronic configurationg (e3°) does not tell
us which specific orbitals are occupied, exceptwheegenerate set of
orbitals is half filled or fully filled.

® Except for a fully filled subshell, we rarely prese to know which of
the two possible spin states individual electromgehin, = £2).

Example: There are ten ways of arranging the sielctron in the
configurationnd* (n=3, 4, 5, ...)

m:_z m:_l m:O m:+1 m:+2
1

® The number of possible arrangements increasedygvatt additional
electrons.



Electron Arrangements for nd? (Same Spins)

® Consider the 20 possible ways of arranging elestfonthe
configurationnd® (n = 3, 4, 5, ...), in which the two electrons hdve t
same spins (botim, = +%2 orm, = —%) .

m=-2m=-1m=0m=+1{m=+2
1 1
1 1
1 1




Electron Arrangements for nd? (Opposite Spins)
® There are 25 additional configurations with opp®sipins.

m:-z m:-]_ m:O m:+1 m:+2
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Microstates

® Each set of individuaihn andm, values constitutesraicrostate of the
configuration.

® Some microstates may be allowable arrangemenkeiground state,
and others may be allowable arrangements in soghehenergy
excited state.

e \Vith additional electrons the number of microstaitess dramatically.
® For any allowed number of electrons in a set okdegate orbitals
(calledequivalent electrons), the number of possible microstates is

given by

(2N
Y(@N, - N)IN

D, = number of possible microstatesotal degeneracy of the
configuration

N, = number of degenerate orbitals in the set or slbsh
N, = number of electrons in the configuration

Example:nd?

(2x5)! 10 3628800

tT[@2x5) - 22! 8l x 21 (40320)(2)




Microstates for nd*°

configuration‘ dt d* & d* o d° d° o d° d*¥°
microstates‘ 10 45 120 210 252 210 120 45 10 1

i The number of microstates (the total degeneracya fo
configurationnd* is the same as foud 1%,



Microstates and Terms
® In any microstate both the individual orbital mafmenoments (related
tom) and spin magnetic moments (relatedntpwill interact with one
another, resulting in an energy stateeom for the configuration.

® Except for a fully filled configuration, no one mostate uniquely gives
rise to a particular energy for the configuration.

® A number of microstates generally contribute tangle term.

® Terms are usually degenerate according to the nuaflmicrostates
giving rise to them.

® In a ligand field, degeneracies among all the nsit@s comprising a
particular free-ion term may be partially lifted.



Russell-Saunders Coupling Scheme

® The ways in which individuah andm, values interact are not easily
evaluated for a real atom or ion.

® In fact, the notion that we can assign individmaandm, values to the
electrons and assess their interactions on th& iza®ally an extreme
extension of the one-electron wave mechanical model

® The Russell Saunders coupling scheme is a reasogaddl first
approximation for assessing the origins of the temargies in many
cases in terms of summations of individual electrpandm, values.

® The Russell-Saunders coupling scheme can be amplaExessfully to
interpreting the term energies of first and secawdtransition metals

O Less successful with the third row transition elatae

o Hopelessly inadequate witkblock transition elements (i.e.,
lanthanides and actinides).



Free-lon Term Symbols

® The various terms that can exist for a particutarfiguration are
indicated by derm symbol of the form

2S+ 1L

O L is related to the overall orbital angular momentanthe system of
electrons.
 Values ofL may be O, 1, 2, ...

O Sis related to the overall spin angular momentunite system of
electrons.
 Values ofSmay be 0, 1/2, 1, 3/2, ...

O L andSare analogous to the quantum numlibensds for single
electrons.

® The left superscript numbe62 1 is themultiplicity of the term.



The J Quantum Number

® A third quantum numbed, is often added to term symbols as a right

subscript.
28+1L
J

o Jrelates to the total angular momentum arising fspm-orbital
coupling.

o AllowedJvaluesaré +S L+ S-1,L+S-2,...,|[L-S.

O For a giveri value, the various values dfepresent closely spaced
energy sublevels of the term energy.

o0 2S5+ 1 equals the number éfvalues (and hence the number of
sublevels) for the particuldrvalue wher. > S

o WhenL = 0 orL < Sthe number of valuesis P + 1.

O For a giverl value the energy differences between the subl@fels
variousJ values are small and can be ignored for our p@go0s

iz We will omit theJ values from our term symbols.
® The multiplicity indicated by the superscrigg 2 1 is retained, because
it relates directly to the spin state (and heneentiimber of unpaired

electrons) of the term.

i 2S5+ 1 is often called thgpin multiplicity and used without
reference td.



Relationship ofL to
Resultant Orbital Angular Momentum
and
Resultant Orbital Magnetic Moment

L = Overall orbital angular momentum quantum number
= Resultant orbital quantum number

® L is related to theesultant orbital angular momentum and to the
resultant orbital magnetic moment of the system, obtained by vectorial
addition of the vectors related to thguantum numbers of the
individual electrons.

© The orbital angular momentum for individual elecsdas a
magnitude of [I(I + 1)]*(h/2r)

O Likewise the resultant orbital angular momentum dasgnitude of
[L(L + 1)]%(h/2nr).

® There are a variety of ways in which the individuahlues can add
vectorially, so a variety df values can result for a given configuration
of electrons.
O This is true even when all electrons have the sadeidual | values.



Vector Addition of Individual | Vectors to GivelL Values
for Configurations p* and d?

p2
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Term Symbol Notation

Lvalue| 01 2 3 4 5 6 7
State‘SPDFGH | K ..

e Capital letter designations follow orbital notatso, p, d, f)

® After L = 2 notation proceeds alphabetically (with the sswn ofJ, to
avoid confusion with the total angular momentumrquan number,J).

Example:
Configurationp? gives rise to the tern§ P, andD

Example:
Configurationd? gives rise to the tern§ P, D, F, andG



Relationship BetweenL and M,

® For a given term the magnitude of the resultanittalrengular
momentum is fixed as.[L + 1)]/(h/2r).

© However, the vector for the momentum can have aoeurof
allowed orientations in space relative to an appiragnetic field,
which defines the direction of the system.

O The various allowed orientations are associateld thigoverall
orbital magnetic qguantum number, M, which can take on the 2+ 1
values

M =L,L-1,..14,-L

o 2L + 1 may be regarded as tbroital multiplicity or orbital
degeneracy of the term.

o Each orientation has a projection owhose magnitude 8, (h/2nr).



Example: M, Orientations for aD Term

e ADterm (L =2, 4 + 1 =5) has five possible orientations
corresponding td, = +2, +1, 0, -1, -2.

® The magnitude of the resultant orbital angular mutone is
[L(L + 1)T%(h/2x) = [(2)(2+1)]*(h/2r) =¥ 6 (W/2nr)

® Each orientation of the resultant orbital angulammeantum has a
projection orz whose magnitude is

M, (h/2r) = +2h/2r, +h/2x, 0, -h/2m, —2h/2n

+27
A
+2h/2m M, =+2
+h/2m My =+1
0 M, =0
-h/21t M =-1
-2h/21mt M =-2




Relationship BetweerM, and m,

® In the Russell-Saunders coupling scheme valud4 @fn be obtained
as the sum of thim values of the individual electrons; i.e.,

M, =Xm.

® Thus it is possible to assign Bh value for each and every microstate
of a configuration.

® SinceM, represents the possible orientations of the drartgular
momentum vector, it follows that a givernvalue must arise from a
complete set of microstates with tne®21 valuesM, = L,L-1,...,1-
L, -L , which identify these orientations.



Overall Spin Quantum Number, S

® Theoverall spin quantum number, S, defines the spin state of the term,
and 5+ 1 defines the spin multiplicity.

S 2S5+ 1 State Multiplicity
0 1 singlet

1/2 2 doublet
1 3 triplet
3/2 4  quartet (quadruplet)

® Sis related to theesultant spin angular momentum and to theesultant
spin magnetic moment of the system.

® Scan be obtained by vectorial addition of the smgular momentum
vectors related to thequantum numbers of the individual electrons.

® The magnitude of the resultant spin angular monmansu
[S(S+ 1)]%(h/2n)

® Sis related to aoverall spin magnetic quantum number, Mg, whose
allowed values are

Ms=SS+1,...,1§-S



Allowed Orientations of the Spin Angular Momentum

® The IS5+ 1 values indicate the allowed orientations efspin angular
momentum vector relative to an applied magnetidfiehich defines
thez direction of the system.

® The spin multiplicity, given as2+ 1, represents thapin degeneracy of
a particular spin state.

® For a given spin state the magnitude of the spgukan momentum is
fixed as B(S+ 1)](h/2r), but its projections on theaxis in the
allowed orientations are given Mg(h/2nr).

ExampleS=1,Mg=-1, 0, +1

+Z
A
Mg = +1
Ms =0
Mg = -1




Relationship BetweerM and mq

® In the Russell-Saunders scheme we assumdtthiatthe sum o,
values of the individual electrons; i.e.,

Mg = Zm,
wherem, = +%5.

® Each microstate can be assigned a valudof

® SinceMgrepresents the possible orientations of the spgular
momentum vector, it follows that a giv&value must arise from a
complete set of microstates with the 21 valueM;= S S- 1, ...,
1-S-S



Relationship Between
M, and Mg of Microstates
and
L and S of Terms

iz A term having particular values of bdtrandS must arise from
the set of microstates that has the necesdamyPvalues oM,
and also the necessarg 2 1 values oM,

® This means that one can identify all the allowethteof a
configuration by systematically arranging all mstates in such a way
as to be able to cull the sets Bl andMg values with the appropriate
ranges that define the various terms.

® This is a straightforward but tedious process, @sfig for
configurations with large numbers of microstates.

© We will not concern ourselves with the mechanicthdf task,
except to note that a variety of techniques haen loeveloped
to carry out the labot.

Two good methods have been described by K. E. Hydghem. Educ., 1975 52, 87
and E. R. TuttleAmer. J. Phys.,, 1967, 35, 26.



Equivalent Electrons Have Fewer Possible Terms
Example: d?

e \We have seen by vector addition that the confignmat® gives rise to
the terms
SP,DFG

® The only possible spin states &e 0 (paired) an& = 1 (unpaired).

o Thus, the spin multiplicities of the terms can obéysinglets and
triplets.

o If the two electrons are in different subshellg (e3d'4d") all terms
will occur as both singlets and triplets.

o If we stipulate that the two electrons are equingleneaning a
configurationnd® within the same subshell, the Pauli exclusion
principle will limit the possible combinations of andm,, so only
certain terms can be singlet or triplets.
 For the configuratiomd® the allowed terms are

lS, 3P, 1D, 3F, 1G



Relationship Between Total Degeneracy and Term Degeracies
Example: nd* = 'S, °P, D, °F, 'G

® \We know that the terms for twemuivalent d electrons arise from 45
microstates.

O Therefore the sum of the degeneracies of all tterses must equal
this number.

rz=  The degeneracy of each term, equivalent to the number of
microstates giving rise to it, isthe product of its spin
degeneracy times its orbital degeneracy; i.e,,
(2S+1D)(2L +1).

® For the set of terms fond* we have

Term | S p 'D 3F G | D,
Degeneracy (1)(1)=1 (3)(3)=9 (1)(5)=5 (3)(7)=AL)9)=9| 45




Terms for Free lond" Configurations

d" Free lon Terms D,
d’, d* 'S 1
d,d® D 10
&>, d® 1S 'D, ‘G, P, °F 45
d®, d”  “P,?D(2),°F, “G, °H, P, “F 120

d d® 12),D(2), IF, 1G(2), U, °P(2), °D, °F(2), G, °H, D 210
¢ 25 2P, 2D(3),2F(2),%G(2),2H, 2, “P, ‘D, °F, ‘G, S 252

iz Note that in each case the total degeneracy ofstexmqual to the
calculated value db..

® The ground state term can be identified by applyngd's rules.

® In general the actual energies of the terms, andenhtheir relative
ordering, must be determined from analysis of specbpic data.



