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7.1

Electronic Spectroscopy

Atomic spectroscopy

Electronic spectroscopy is the study of transitions, in absorption or emission, between
electronic states of an atom or molecule. Atoms are unigue in this respect as they have only
electronic degrees of freedom, apart from translation and nuclear spin, whereas molecules
have, in addition, vibrational and rotational degrees of freedom. One result is that electronic
spectra of atoms are very much simpler in appearance than those of molecules.

7.1.1 The periodic table

For the hydrogen atom, and for the hydrogen-like ions such as He*, Li*", ..., with a single
electron in the field of a nucleus with charge + Ze, the hamiltonian (the quantum
mechanical form of the energy) is given by

(7.1}
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analogous to Equation (1.30) for the hydrogen atom, where the terms are explained.
For a polyelectronic atom the hamilionian becomes
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where the summation is over all electrons i. The first two terms are simply sums of terms like
those for one electron in Equation (7.1). The third term is new and is added because of
coulombic repulsions between all possible pairs of electrons a distance r;; apart. It is in
contrast to the second term, which represents the coulombic attraction between each electron
and the nucleus at a distance r;.

Because of the electron-electron repulsion term in Equation (7.2) the hamiltonian cannot
be broken down into a sum of contributions from each electron and the Schridinger



equation (Equation 1.28) can no longer be solved exactly. Various approximate methods of
solution have been devised and that of Hariree who rewrote the hamiltonian in the form
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is one of the most useful. He approximated the contributions to the potential energy due 1o
clectron repulsions as a sum of contributions from individual electrons. The Schridinger
equation is then soluble. The method is known as the self-consistent field (SCF) method.

An important effect of eleciron repulsions is to remove the degeneracy of those orbitals,
such as 2s, 2p and 3s, 3p, 3d which are degenerate in the hydrogen atom (see Figure 1.1), 10
give a set of orbitals with relative energies similar to those in Figure 7.1, The orbital energies
£, vary not anly with the principal guantum number s, as in the hydrogen atom, but also
with the orbital angular mementum quantum number &(=0,1,2,... for 5, p. d,...
orbitals). The value of £, for a particular orbital increases with the nuclear charge of the
atom. This is illustrated by the faci ihat the energy required to remove an electron from the
15 orbital (i.e. the ionization energy) is 13.6 ¢V for H and 870.4 eV for Ne.
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Figure 7.1 Crhital energies, E,, typical of a polyelectronic atom



Table 26-1 Some Properiies of Scandium, Yirrium, and the Lanthanides

Electron M*Radis | ONE
Fd Marme Symbol  Configuration Valences Ay MY £ o
21 Scandiim e [Ar] 344 5 064 i
9 Yessium Y [Kr]4d'5s 3 0,88 '“"::E
57 Lanthanum La [Ke]hd' G 3 1.04 Cip
58  Cerium Ce [Xe|4 M55+ 5.4 1.04 Colirke
59 Praseodymiom Pr [Xeld /6 34 1.01 Greem
A Meodymium Nl [Xel4/ G 4 .94 Litic
fil Promethium Pm [Xe {T5r 3 .98 Fink
62  Samarium Sm [Me 46 2.4 0596 Yelkme o}
63  Europium Eu [Xe 464 2.5 11,55 Pile sig
64 Gadolinium 3 0.94 [M"ﬁ
B5  Terblum 3 i 3.4 (.92 Pale: pink,
66 Dysprosium Dy [ Xe |4/ %7 4 .91 Yo flciudri
67  Holmium Ho [Xelu G 3 .89 Vellou
68 Erbium Er [Xe 4% 3 .84 Lilac 188
fi Thulivm Tm [Xe]4/ 6 3 na7 Corven
70 Yiterhium Yh [¥e]4/ a5 3 0.8 Ceikorlen |
i Lutetium Lui [Xe 4 565" 3 0.B5 [m

Eu® or by oxidation to give Th*. That other factors are invalved, however, ;
shown by the existence of many +2 ions stabilized in CaFy lattices and of Pr*
Md"™ Auoride complexes.

Magnetic and Spectral Properties

The lanthanide ions that have unpaired electrons are colored and are |

netic. There is a fundamental difference from the dblock elemenis in that thel
4f elecirons are inner electrons and are very effectively shielded from the il
ence of external forces by the overlying 55% and 5p" shells. Hence, there aie e
sentially only very weak effects of ligand fields. As a result, electronic 1nsiiony
between [ orbitals give rise to extremely narrow absorption bands, quite unlike
the broad bands resulting from d-d transitions, and the magneric properiies.
the ions are littde affected by their chemical surroundings.

Coordinafion Numbers aond Stereocchemisiry

It is characteristic of the M* ions that coordination numbers excealing six are 0%
mon. Very few siv-eoordinate species are known but coordination 1'|l|-ﬂ!|m:-£_'
seven, eight, and nine are important. In the ion [CeiMNO)1*, the Ce Bsur
rounded by 12 oxygen atoms of chelate NOy groups, 3

The decrease in radii from La to Lu also has the effect that different vl
structures and coordination numbers may occur for different parts of the L
thanide group. For example, the metal atoms in the trichlorides La w Gd 4%
nine-coordinate, whereas the chlorides of Th to Lu have an AICI, fype s
with the metal being octahedrally coordinated. Similar differences.in coordis
tion numbers occur for ons in solution.
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news and views

some of the protostomes are, em bryologically
ing, deuterostormes.

Sorwhy are the arrow worms (urning out
to be 5o hard to place within the animal king-
dom? The shart answer seems to be that the
arrow-wormy genes studied so far have been
sulbsject 1w more rapid evnlu.nnnar}' change
than those of other species”. The result is
that, on an LTEE, ArTOW Worms
form a long branch, and such long-branch
species ure notoriousty problematic, Unfor-
tunately, the simplest solution to the long-
branch problem — finding a species of arrow
‘worm with a more normal rate of evolution
— seemsimpossible, because all of the 100 or
so living species appear o suffer from the
same problem”. The unavoidable conclusion
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first law of photosynthetic eco-
nomics is A photon saved is a
photon earned” Research into the
| factors behind this principle has been
| burgeoning, and has recently culminated in
a paper in Phosical Review Letters by Jang et
| al' in which the authors look at photosyn-
| thetic encrgy transfer at the quantum level.
l FMlanis use solar antennae to caprure inc-
| dent photons and ransmit the escitation
energy Lo reaction centres, where it is used
e initiate the primary electron ransfer
mﬂbmnﬂ'plmmymbnh.humnu
are one of nature’s supreme examples of
nanvscabe engineeting, amd are constructed
froem light-harvesting complexes
formed of protveins that bind chlorophylls
and carotenvids. Photon collection invalves
up to several hundred lght-absorbing
malecules, o chromophores. Hundreds of
energy-trandfer steps over a hierarchy of
time scabes and distances, which often occur
with near-perfect efficiency’, are therefore
required to collect and urap solar energy.
More than 50 years ago, Theodore Forsues
described a method for calculating the rate of
energy transler between molecules from the
overlap of the donor mnlncule’s fluorescence
spectrum and  the acceptor  molecule’s
ahsorpeian spectrum’™, The lh:uq.r s had
an enormous impact on biolegy, chemistry
and physics. Colbectively, high-resalusion
structural models, ultrafast spectroscopy and
quantum chemical calculations have helped
to expose the complex and, in some cses,
subile relatbonships between structuse and
light-harvesting in photosynthetic systems.
Indieed, it has turned out that tere are only a

photosynthetic organisms use guant
L
axamination of enargy transfer at the submolecular scale

is that yet more genetic data need o be
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few cases in which the energy transfer within
photosynthetic light-harvesting complexes
can be correctly characterized by conven-
tixrial Farster theory. Moreover, the realiza-
tien that the concepts elucidated during the
study ol Hght- harvesting proteins are general
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complexes are critical for light harvesting.
Unlike most meoadel sysiems, where the
chromophores are spaced at distances that
are large with respect to their size, chromio-
phoresin light-harvesting svstems are densely
packed. This means that the electronic
interactions between the  light-absorbing
components are both  qualitatively and
quantitatively different from most other
moded systenis, This realization has spurred
the development of new theoretical meth-
ods, inchuding Jang and colleagues’ work',
which provides a detailed prescripthon lor
calculating energy wransfer in  muld-
chromophoric assemblies.

To understand the dymamics of lght-
harvesting and light-trapping in phatosyn-
thesis, cerrain design festures must be taken
into account. For example, the distances
between the molecubes are often smaller than
the overall size of each molecule. Inthis con.
fined geometry, energy vansfer is governed
by how the domor "sees” the acceptor on the
submobecular scale at which the fine differ-
ences in the shape of the wavelunctions
between the ground and excited states at the
donor-scceptor junction become signifi-
cant {Fig. 1), At this bevel of spatial confine-
ment, transitions and energy levels that
would be ineffective, or even inoperative, in
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Each electron in an atom has two possible kinds of angular momenta, one due to its orbital
motion and the other to its spin motion. The magnitude of the orbital angular momentum
vector for a single electron is given, as in Equation (1.44), by

(08 + 1)) = e* % (7.4)

where £ =0,1,2,..., (n = 1. (We shall come across the quantity [Q(Q + 1)]'%, where Q15
a quantum number, so often that it is convenient to abbreviate it to 0*.) Similarly, the
magnitude of the spin angular momentum vector for a single electron is, as in Equation
i1.46),

[ss + 1) *hi=s*fi (7.5)

where 5 = { only.

For an electron having orbital and spin angular momentum there is a quantum number j
associated with the total (orbital + spin) angular momentum which is a vector quantity
whose magnitude is given by

LG+ D12 = h (7.6)
where j can take the values
J=t+snl4s—1 . 8—4 (1.7

Since 5 = § only, j is not a very useful quantum number for one-electron atoms, unless we
are concerned with the fine detail of their spectra, but the analogous quantum number J, in
polyelectronic atoms, is very important.

A charge of —e circulating in an orbit is equivalent to a current flowing in a wire and
therefore causes a magnetic moment. That due to orbital motion, g, is a vector which 15
apposed to the corresponding orbital angular momentum vector /, as shown in Figure 7.2(a).
The classical picture of an electron spinning on its own axis indicates that there is a magnetic
moment g, associated with this angular momentum also. Figure 7.2(a) shows that this vector
is opposed to 5. The magnetic moments g, and p, can be regarded as acting rather like tiny
bar magnets. For each electron they may be parallel, as in Figure 7.2(a), or opposed, as in
Figure 7.2(b).

If the nucleus has a non-zero spin quantum number [ (see Table 1.3) there is an additional,
nuclear spin, angular momentum given by Equation (1.48) but, because of the large mass of
the nucleus compared with that of the electron, this angular momentum is typically very
small. We shall neglect this angular momentum here together with the small effects, in the
form of so-called hyperfine splitting, that it may have on an observed atomic spectrum.
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Figure 7.2 Vectors [ and s and magnetic moments g, and p, associated with orbital and spin
angular momenta when the motions are (a) in the same direction and (h) in opposite direclions

71.2.2 Coupling of angular momenia

It follows from the fact that the magnetic moments due to orbital and spin angular momenta
of each electron can be regarded as very small bar magnets that they interact with each other,
just as a set of bar magnets would. We refer to this interaction as coupling of the angular
momenta and the greater the magnetic moments, the stronger the coupling. However, some
couplings are so weak that they may be neglected.

Coupling between two vectors @ and b produces a resultant vector ¢, as shown in Figure
T7.3(a). If the vectors represent angular momenta, & and b precess around ¢, as in Figure
7.3(b}), the rate of precession increasing with the strength of coupling. In practice, ¢
precesses about an arbitrary direction in space and, when an electric or magnetic field (Stark
or Zeeman effect) is introduced, the effects of space quantization (Section [.3.2) may be
observed.

The strength of coupling between the spin and arbital motions of the electrons, referred to
a spin-orbit coupling, depends on the atom concerned.

The spin of one electron can interact with (a) the spins of the other electrons, (b} its own
orbital motion and (c¢) the orbital motions of the other electrons. This last is called spin-
other-orbit interaction and is normally too small to be taken into account. [nteractions (a)
arnd (h) are more important and the methods of treating them involve two types of
approximation representing two extremes of coupling.

|
b
B
e &
ar
e a
b
{a) (b}

Figure 7.3 (1) Addition of two vectors & and b o give ¢. (b) Precession of & and & around e



One approximation assumes that coupling between spin momenta is sufficiently small 10
he neglecled, as also is the coupling between orbilal momenta, whereas coupling between
the spin of an eleciron and its own angular momentum, to give a resultant total angular
momentum j, is assumed to be strong and the coupling between the j's for all the electrons 1o
be less strong but appreciable. This coupling treatment is known as the jj-coupling
approximation but its usefulness is limited mainly 1o a few states of heavy atoms.

A second approximation neglects coupling between the spin of an electron and its orbital
momentum but assumes that coupling between orbital momenta is strong and that between
spin momenta relatively weak but appreciable. This represents the opposite extreme to the jj-
coupling approximation. It is known as the Russell-Saunders coupling approximation and
serves as a useful basis for describing most states of most atoms and is the only one we shall
consider in detail.

7.1.2.3 Russell-Saunders coupling approximation

7.1.2.3(a) Non-equivalent vlectrons Non-equivalent electrons are those that have
different values of either n or € so that, for example, those in a 3p'3d' or 3p'4p!
configuration ar¢ non-equivalent whercas those in a 2p’ configuration are equivalent.
Coupling of angular momenta of non-equivalent electrons is rather more siraightforward
than for equivalent electrons.

First we consider, for non-equivalent electrons, the sirong coupling between orbital
angular momenta, referred to as € coupling, using a particular example.

Consider just Two non-equivalent electrons in an atom (e.g. the helium atom in the highly
excited configuration 2p'3d'). We shall label the 2p and 3d electrons ‘1" and '2',
respectively, so that €, = 1 and #; = 2. The £, and &, veciors representing these orbial
angular momenta are of magnitudes 2'/ # and 6'/* #, respectively (see Equation 7.4). These
vectors couple, as shown in Figure 7.3(a), to give a resultant L of magnitude

L+ D) h=14 (7.8)

However, the values of the total orbilal angular momentum guantum number, L, are limited,
or, in other words, the relative onientations of £, and £, are limited. The orientations which
they can take up are governed by the values that the quantum number L can take, L is
associated with the total orbital angular momentum for the two electrons and is restricted 1o
the values

L=t +&,4+8—1,.... ¢4 — & (7.9)

In the present case L = 3, 2 or | and the magnitude of L is 12"/ £ 6'/ #i or 2'/? fi These are
illustrated by the vector diagrams of Figure 7.4(a). 1 0,

The terms of the atom are labelled S, £, D, F, G, K, cbrresponding to L=0, 1,2, 3, 4,. ..,
analogous 1o the labelling of one-electron orbitals s, p, d, f, g, . . . according to the value of £.
It follows that the 2p'3d' configuration gives nse to £ D and F terms.
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Figure 7.4 Russell-Saunders coupling of (a) orbital angular momenta f, and £, (b) spin angular
momenta s, and s, and {c) total orbital and total spin angular momenta, L and §. oFa p and
a o electron

In a similar way the coupling of a third vector to any of the L in Figure 7.4(a) will give the
terms arising from three non-equivalent electrons, and so on.

It can be shown quite easily that, for a filled sub-shell such as 2p% or 3d'", L = (). Space
quantization of the total orbital angular momentum produces 2f. + | components with
M =L, L—1,..., —L, analogous to space quantization of £. In a filled sub-shell
2 (my), = 0, where the sum is over all electrons in the sub-shell. Since M, = 37, (m,),. it
follows that L = 0. Therefore the excited configurations

C 122423

Si 122022835731 3d! (7.10)

of C and 5i both give P, D and F terms.

The coupling between the spin momenta is referred to as sy coupling. The results of
coupling of the s vectors can be obtained in a similar way to €€ coupling with the difference
that, since s is always I, the vector for each electron is always of magnitude 3'/2%/2



according to Equation (7.5). The two s vectors can only take up orientations relative to each
other such that the resultant § is of magnitude

[S(S + 1)]'*% = 5*4 (7.11)
where S, the total spin quantum number,' is restricted to the values:
3=5.+.‘I‘1.5.+Iz—1....,|.'.‘J—31| {T.]E]

In the case of two electrons this means that 5§ = 0 or 1 only. The vector sums, giving
resultant § vectors of magnitude 0 and 2'/24, are illustrated in Figure 7.4(b).

The labels for the terms indicate the value of § by having 25 + | as a pre-superscript 1o
the 5, P, ID,... label. The value of 25 + 1 is known as the multiplicity and is the number of
values that My can take: these are

My=8,5-1,...,~% (7.13)

Since, for two electrons, § = 0 or 1 the value of 25 + | is 1 or 3 and the resulting terms are
called singlet or triplet, respectively. Just as L = 0 for a filled orbital, § = 0 also since
M;=3%(m), =0

It follows from this that the excited configurations of C and Si in Equation (7.10) give ' P,
P, 'D, D, 'F and *F terms. It follows also that the noble gases, in which all occupied
orbitals are filled, have only 'S terms arising from their ground configurations.

Table 7.2 lists the terms that anise from various combinations of two non-equivalent
electrons.

There is appreciable coupling between the resultant orbital and resultant spin momenia.
This is referred 10 as LS coupling and is due to spin—orbit interaction. This interaction is
caused by the positive charge Ze on the nucleus and is proportional 10 Z*. The coupling
between L and § gives the total angular momentum vector J.

The phrase ‘total angular momentum’ is commonly used 1o refer to a number of different
quantities. Here it implies *orbital plus electron spin” but it is also used to imply ‘orbital plus
electron spin plus nuclear spin’ when the symbaol F is used.

The resultant vector J has the magnitude

i + D]k = J%h (7.14)
where J 15 restricted to the values
J=LA48L+8=1,.. 1L =8) (7.15)

fram which it follows that if L = S then J can 1ake 25 + | values, but if L < S, J can take
2L 4+ 1 values.

! This use of § should not be confused with its use as a term symbol to imply that L = 0.



Table 7.2 Tecms ansing from some configurations of non-equivalent and equivalent electrons

Non-equivalent electrons Equivalent electrons
Configuration Terms Configuration Terms*

sty g P 's. D

.'F'p' I_J.p Pl 4SIIPI.ID

s'd! p d? 'SP 'DIF\G

Jl_r1 I.!F d! 2F44F-1D{1|.=F.

l’,.;'lpl "]S,I']P.E'JD ‘F,!G.IH

pIﬁrl ”‘F,1'3D,I'!'F P ad rSﬂ}F’P’[Z}.'HEL
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d'f' "l'P.I’iﬂ,"JF.I"J'G,"!H dﬁ 23."5’12.",41“1:9{3}.

r'r 135,13p,13p LIF 1IG, “D2F(2).'F G(2),
"!H.I'!f 45-'2;!'3}

* The numbers in brackets indicate thal & panicular term occurs more than once,

As an example we consider LS coupling in a *D term. Since § =l and L = 2, then J = 3,
2 or |; Figure 7.4{c) illustrates the three ways of coupling L and §. The value of f is attached
to the term symbol as a post-subscript so that the three components of *D are *D,. ‘Dy and
3
D,.
The total number of states arising from the C or Si configuration of Equation (7.10) is now
seen to comprise

‘P, PP, P DD D, 2Dy F R OFOF,

At this stage it is appropriate to digress for a moment on the subject of *configurations’,
‘terms’ and ‘states’. It is important that electron configurations, such as those in Table 7.1
and Equation (7.10), should never be confused with terms or states. An electron
configuration represents a gross but useful approximation in which the electrons have been
fed into orbitals whose energies have been calculated neglecting the last term in Equation
(7.2). Nearly all configurations (all those with at least one unfilled orbital) give rise to more
than one term or state and so it is quite wrong to speak of, for example, the 15'2s' state of
helium: this is properly called a configuration and it gives rise to two states, 'S, and '5,.

The use of the words ‘term’ and ‘state’ is not so clear cut. The word ‘term’ was originally
used in the early days of spectroscopy in the sense of Equation (1.4}, where the frequency of
a line in an atomic spectrum i expressed as the difference between two terms which are
simply terms in an equation.



Nowadays there is a tendency 1o use the word ‘term’ to describe that which arises from an
approximate treatment of an electron configuration, whereas the word ‘state’ is used 1o
describe somelhing that is observable experimentally, For example, we can say that the
15°25?2p' 3d" configuration of C gives rise 1o a *P term which, when spin-orbit coupling is
taken into account, splits into *P;, P, and *P; states. Since spin-orbit coupling can be
excluded only in theory but never in practice there can be no experimental observation
associated with the *P term.?

If the nucleus possesses a spin angular momentum, these states are further split and
therefore, perhaps, should not have been called states in the first place! However, the
splitting due to nuclear spin is small and il is normal to refer to nuclear spin componenis of
states.

7.1.2.3(b) Equivalent electrons The Russell-Saunders coupling scheme for two, or
more, equivalent electrons (i.e. with the same n and €) is rather more lengthy to apply. We
shall use the example of two equivalent p electrons, as in the ground configuration of
carbon:

C 157267257 (7.16)

Again, for the filled orbitals L = 0 and § = 0, so we have 1o consider only the 2p electrons.
Since n = 2 and £ = 1 for both electrons the Pauli exclusion principle is in danger of being
violated unless the two electrons have different values of either m, or m,. For non-equivalem
electrons we do not have to consider the values of these two quantum numbers because, as
either a or ¢ is different for the electrons, there is no danger of violation,

For one of the 2p elecirons, which we shall label 1, we have ¢, = ] and (me), =+1,00r
—1 and, in addition, 5, = 3, and (m,), = +1 or —; similarly, for electron 2. The Pauli
exclusion principle requires that the pair of gquanium numbers {(my)y and (m,), cannot
simultaneously have the same values as (m,); and (m,),. The result is that there are fificen
allowed combinations of values and they are all given in Table 7.3.

It should be noted that the indistinguishability of the electrons has been taken info account
in the table so that, for example, the combination tmg)y =(m)y =1, (m), = - g (m, ), =%
cannot be included in addition 10 (mg), = (m,); = 1, (m,), =1, (m,), = —L, which is
obtained from the first by electron exchange.

The values of M, (= Z{m,),) and My (= Z,(m,),) are given in Table 7.3. The highes
value of Mf; is 2 and this indicates that this is also the highest value of L and that there isa £
term. Since Af; = 2 is associated with only My = 0 it must be a ' D term. The term accounts
for five of the combinations, as shown at the bottom of the table. In the remaining
combinations, the highest value of L is 1 and, since this is associated with Mg =1, 0 and
—1, there is a P term. This accounts for a further nine combinations, leaving only M, = 1},
My = 0, which implies a 'S term.

It is interesting 10 note that of the 'S, 38, 'P, *P, ' D and *D terms which arise from two
non-equivalent p electrons, as in the 15"25*2p' 3p' configuration of the carbon atom, only 'S,

* It is unfortunately the case, however, that *P, for example, is sometimes referred 1o as a state.



Table 7.3 Derivation of terms arising from two equivalent p electrons

Quantium number Values
o)y 1 1 1 1 | | 1 1 1 0 0 o0 0 0 —]
(mg)y L ¢ 0 ¢ 0—=1-=1=1=1 0—-1=1=1=1=~]
(m), S T T A T S T O
) R R E R
My = 3 (m,), 2 1 1 &t 1 0 & 0 @0 0-=ft=1=1=1=3
]
M, = Y(m,), e 1 0 -1 1 0 0-1 O I ©0 O0-t O
i
Pairs of values of M; and Af; can be rearranged as follows:
M, 2 1 0-1-2 1 0 -1 1 0 =1 1 0 -1 0
My g o ¢ o a t 1 1 O 6 0D—-1-1-1 0
|D lP I-l;

P and 'D are allowed for two equivalent p electrons: the Pauli exclusion principle forbids
the other three.

Terms arising from three equivalent p electrons and also from various equivalent o
electrons can be derived using the same methods, but this can be a very lengthy operation,
The results are given in Table 7.2.

In deriving the terms arising from non-equivalent or equivalent electrons there is a very
useful rule that, in this respect, a vacancy in a sub-shell behaves like an electron. For
example, the ground configurations of C and O:

C 15282 | oy
O 1stastops| S PP (7.17)

give rise to the same terms, as do the excited confipurations of C and Ne:

c 15*25%2p' 3" Lap 134 03

Ne 1s2222p%3d! £, D, F (7.18)
In 1927 Hund formulated two empiical rules that enable us 1o determine which of the

terms arising from equivalent electrons lies lowest in energy. This means thal for a ground

configuration with only equivalent electrons in partly filled orbitals we can determine the

lowest energy, or ground, term. These rules are:



1. Of the terms arising from equivalent electrons those with the highest multiplicity lje
lowest in energy,

2. Of these, the lowest is that with the highest value of L.

Using these rules it follows that, for the ground configurations of both C and 0 i
Eqguation (7.17), the *P term is the lowes! in energy.
The ground configuration of Ti is

Ti  KL3s*3p°34744 (7.19)

Of the terms arising from the &° configuration given in Table 7.2 the rules indicate that 3 F
is the lowest in energy.
The splitting of a term by spin—orbit interaction is proportional to J:

EJ’ T EJ'—I =.:"!J {?.!ﬂj

where E; is the energy corresponding to J, and a multiplet results. If 4 is positive, the
component with the smallest value of J lies lowest in energy and the multiplet is said to be
normal whereas if 4 is negative the multiplet is inverled.

There are two further rules for ground terms which tell us whether a multiplet arising from
equivalent electrons is normal or inverted,

3. Normal multiplets arise from equivalent electrons when a partially filled orbital is fesy
than half full.

4. Inveried multiplets arise from equivalent electrons when a partially filled orbital is more
than half full.

It follows that the lowest energy term of Ti, *F, is split by spin-orbit coupling into a
normal multiplet and therefore the ground state is *F;. Similarly, the Jowest energy term of
C, 'P, splits into a normal multiplet resulting in a *P, ground state, whereas that of O, with
an inverted multiplet, is 3.F'3.

Atoms with a ground configuration in which an orbital is exactly half-filled, as for
example in N(2p*), Mn(3d*) and Eu(4f7), always have an 5 ground siate. Since such states
have only one component the problem of a normal or inverted multiplet does not arise. Table
1.1 pives the ground states of all atoms in the periodic table.

For excited terms split by spin-orbit interaction there are no general rules regarding
normal or inverted multiplets. For example, in He, excited states form mostly inverted
multiplets whereas in the alkaline earth metals, Be, Mg, Ca,. .., they are mostly normal.

There is one further addition 1o the state symbolism that we have not mentioned so far.
This is the superscript ‘o’ as in the ground state of boron, ?P‘,‘ﬂ, The symbol implies that the
arithmetic sum X ¢, for all the electrons in the atoms is an odd number, | in this case. When
there is no such superscript this implies that the sum is an even number; for example it is 4 in
the case of oxygen.



Table 7.1 Ground configurations and ground states of aloms, listed in increasing order of atomic
niunber Z, and their first ionization energies, E

Atum 2 Giround configuration Efev? Ground stale
H | I 13.508 %2
He 2 1s? 24.587 5,
Li 3 K2 5.392 in
Be 4 K2d 9322 %
# 5 K27 £.798 Py
C f Kt 11.260) P,
N 7 K273 1451 9y,
0 8 K252 13618 P
¥ 9 ks 17422 P
e 1] PR 21.564 5
MNa 1 IYER 5139 L
My 12 K3 7.646 %
Al 13 Kiadap! 5,986 P
5 14 AL3s'3p! 8.151 '
P 15 ﬁ'L]:‘lpJ 10,456 ] -;lﬂ
5 14 KL33p! 10,360 P,
Cl 17 K133t 12,967 P
Ar 1 KL3s3ph 15,759 g1
K 19 KL 3pmay! 4341 1.5"‘.’
Ca b ] KL 3t 6013 '%
S 2l KL 303 447 6.54 My
Ti 22 KL 3pt 3P 4 682 15,
v 23 KL 3p8 30047 6.74 Fin
Cr 4 LYRTETE R 6.766 R
Mn 25 -’l-u-lllﬁ‘]dd'-h] 7415 '-5”;
ke 26 K35 3P 3dma,? 7870 D,
Co 7 KL33p*3d" 48 7.86 Fain
Ni 28 K135 3p0 347 7.635 F,
Cu 9 KLAay' 1.726 s, o5
#n 3 FNNTET 9394 15,
Ga 3l KLAf4s" 4 5,944 p o
Ge ki KE Ay 4’ 7804 i,
As i3 KiMas4p* 98] 513
Se M KA 4" 4p* 9753 ip,
Hr 35 KLAfAs 4p° 11814 P
kr i KLMAs 4 13994 e
Rb 37 KLAAS 4" 51" 417 T
&r 38 KLMAS 4p" 55 5,695 5
¥ 19 KiMAs 4ptad' 55 6.38 LT
Zr 40 KLMAE 4p8 447557 .54 *Fy
Nh L1 KLAMAs gt ad' 55! b8E SDya
Mo 42 KLAMAS 4p0 44" 55 0% 15
Te 43 KLMAS 4pP4d° 557 728 i TP
Ru 44 KLMAs* 4p" 4d" 55 737 iR,
Rh 45 KLMAS 4p5 440551 7.46 s
Pd 46 LA 4p* 40" £34 5
Ag 47 KLMAP 4ptad 5! 7576 i
cd 48 KLAMAs ap 4" 5 2 $.993 5,
In 49 LA 4pP 41057 51 5,786 P
Sn 50 KLMAT4ph 30195, 0 500 7.344 b
Sh 51 KLMAS 444" 54 55 B S
Te 52 KLAAS 4t 4" 051 550 9 ()9 ip,



Table 7.1 (continued |

Alom Z Ground configuration Efev® Ciround state
i 53 KLA A5 4p 44" 55" 5p° . 10.45] P
Xe 54 KLAMs 4p" 455" 5 12.130 'S
Cs 55 KLAMAs 45" 1 56 5P ! 1894 i
Ba 56 KEAfAr 4pF ad 1?57 5 i 5212 £
La 57 KEAT45™ 4p"ad 55" SpP 5l 6 5.577 0y
Ce 58 KLA4s* 4ph 8"y 5 Sph 8" 57 547 o
Pr 59 KLMAs 4p ad 747 5% 5pb s’ 542 -
Nd 60 KLMAr 4p" ad"" 47 *55° Sp’ 6 5.49 %
Pm 61 KEMA 4phad " 4f° 5 2 SpPast 5.55 oY
Sm 62 KLMAR 4t 4" 47 527 5pb i 5.63 e
Eu 63 KLMAs dp®4d" 4y ' 55 5p%6s7 5.67 oo
Gd 64 KLMartdp®dd "4y " 50 5p*5ef 6 6,14 i
Th 65 KLMA 4p" 440817 557 Spt s 585 SHE
Dy i KEMAS 4p" 4047057 Spfs" 593 )
Ho 67 KLMAS 4p"ad" 47" 55 Sp* fur® 6.02 T
Er 68 KLMAS 4pF 410411 551 8pb 6y 6,10 SH,
Tm f9 KLMAS 4pP A 41V 552 Spbet 6.18 2
Yh 0 KLMN SF Spif 6 6.254 ‘s
Lu 71 KLAMNS Spf s i 5426 Dy
HF 2 KELMN S 5pt 5l b 7.0 F,
Ta 73 KLAMN S1* Spt 5" b 1.89 “Fip
W 74 KLMN 5+ 5p55d4 60" 798 Ly,
Re 75 KLMN 5 5p 5" 65 7.88 .
Os 76 KLAN S Sp* S BT oy
Ir 77 KLAN S5 S5p 5 "6 9.1 ‘e
P T8 KLMN S5 St 5o 6 9.0 i
Au 79 KLMN 527 Sp* 8\ 0! 9.225 e
Hg 0 KLMN S5 Sp*5d "6 10.437 "5
T ]| KLMN S5 Sp*Sd' 65 fip! 6.108 tpe
Pb 8z KLMN S5t 8675406 ip? 7416 Py
Bi 83 KLMN 55" 5 8" 065 6! 7.28% o
Po 84 KLMN 5y Sp* S Y6 i Ba42 Py
At 85 KLAPN S5 5p°5d' 65" 6’ - P
Rn 86 KLMNSS Spf 5 et fp® - 10.748 'Sn
Fr 87 KLAIN S Spb S Vel 60 7 — 15,4
Ra L1 KLMN 55* 5p* Sa V6" 6p® 7o' 5279 'S5
Ac EE KLMN 5 Sp* 8 V6" fpP ! 747 6.9 Dy
Th a0 KLMN S5 5p S " p" 6l 7 = R,
Pa M KLMN S SpP 5050 Ae GpPbf! T - LT
7 92 KLMN S5 Spb 5051 s g6 76 — s
Np 93 KEMN 55 5pP s 5 Y 6s* pP e 75 — S
Pu 94 KLAINVSS 5p° 5" 51 b typ 58 Fy
Am 95 KLMNSE Sptsd""5) " " 6ip 75" 6.0 i
Cm 96 KLAIN S5 SpP5d'V51" 6 b el 757 ‘e
Bk 97 KLMN 50 5pA 5051 s 6yt 75 - “He
cr 98 KLMN S5 5p8 5057 s 6 707 — it
Fs L1l KLAMN S5 5pt 5! 050 1 6 6p® 107 = e
Fm 100 KEAN S St 5l 50 P Ret iph 77 - H,
Aid 101 KLAINSS Sl S VS Ve 0 747 — e
Mo 102 KLANDGs" b Te? - 5
Lt 103 KNG Gy bl T+ — oy
il 104 KLAINGGs g el 75" - 'Fy

* For the process A — A" e, where A* is in its ground state
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Figure 7.7 (a) A simple doublet and (b} a compound doublet in the spectrum of, for example, the

sodium atom

the D lines are prominent in emission, which ex plains the predominantly yellow colour of
sodium discharge lamps,

The sharp series members are all simple doublets which all show the same splitting,
namely, that of the 3'P, ;; and 3’P, ; states

All members of a diffuse series consist of compound doublets, as illustrated in Figure
7.7(b), but the spliting of the 2D, j2: *Ds;; slales may be 100 small for the close pair of
transitions to be resolved. It is for this reason that the set of three transitions has become
known as a compound doublet rather than a triplet.

7.1.4  Spectrum of the hydrogen atom

The hydrogen atom presented a unique opportunity in the development of quantum
mechanics. The single electron moves in a coulombic field, free from the effects of inter-
electron repulsions. This has two imporiant consequences that do not apply to any atom with
wo or more electrons;

I. The Schridinger equation (Equation 1.28) is exaclly soluble with the hamiltonian of
Equation (1.30),

2. The orbital energies, at this level of approximation, are independent of the quantum
number £, as Figure 1.1 shows.

When the members of the Balmer and Paschen series (see Figure 1.1) are observed at high
resolution they show closely spaced fine structure and it was an important test of quanium
mechanical methods 10 explain this.
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Figure 7.8 The n = | and n = 2 levels of the hydrogen atom

Figure 7.8 shows that Dirac, by including the effects of relativity in the quantum
mechanical treatment, predicted the splitting of the n =2 level into two components
0.365 cm ™" apart. Form = 2, ¢ can be 0 or 1. Equation (7.7) shows that, since s = % f can
be 3 or } for £ = 1, and | for £ = 0. One of the components of the n = 2 level has j = ,
f = | and the other is doubly degenerate with j =1} £ =0, 1.

In 1947 Lamb and Retherford observed the 22Py,; — 225, transition using microwave
techniques and found it to have a wavenumber 0.0354 cm ™' less than predicted by Dirac.
The cormresponding shift of the energy level, known as the Lamb shift, is shown in Figure
7.8: the 2¢P, , level is not shifted. Later, Lamb and Retherford observed the 22§, , — 2P, ,
transition directly with a wavenumber of 0.0354 cm™', Quantum electrodynamics is the
name given io the modified Dirac theory which accounts for the Lamb shifi.

Figure 7.8 shows that the 125, state is shifted, but not split, when quantum
electrodynamics is applied. It is, however, split into two components, 0.0457 cm ™' apart,
by the effects of nuclear spin (/ = } for 'H).

The hydrogen atom and its spectrum are of enormous importance in astrophysics because
of the large abundance of hydrogen atoms both in stars. including the sun, and in the
interstellar medium.

Hydrogen is easily the most abundant element in stars and may be detected by its
absorption spectrum. The temperature of the interior of a star is of the order of 10° K but
that of the exterior, the photosphere, is only about 10 K. The absorption spectrum observed
from a star involves the interior acting as a continuum source and the photosphere as the
absorber. Whereas in an earthbound absorption experiment only the Lyman series would be
observed, because all the atoms are in the n = | level, the absorption spectrum of a star
shows the Balmer series, also, in absorption. Although the ratio of the population of the
n =12 to that of the mw = | level, obtained from Equation (2.11), is only 2.9 » 1075 at a
temperature of 10* K, the high concentration of hydrogen atoms, together with the long
absorption pathlength in the photosphere, combine to make the observation possible.
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