CHAPTER 8

Many-Electron Atoms

What distinguished Mendeleev was not only genius, but a passion for
the elements. They became his personal friends; he knew every quirk
and detail of their behavior.

J. Bronowski

. e began our study of atomic physics in the previous chapter with a study
of the hydrogen atom. Now we will examine more complex atoms with
multiple electrons. The highlight of this chapter is the understanding of how
quantum mechanics explains the periodic table of the chemical elements. We
shall also discover how even a qualitative understanding of atomic structure al-
lows us to explain some of the physical and chemical properties of the elements.

8.1 Atomic Structure and the
Periodic Table

We now have a good basis for understanding the hydrogen atom. How do we
proceed to understand atoms with more than one electron? The obvious proce-
dure is to add one more electron (helium atom) to the Schrodinger equation
and solve for the wave functions. We soon run into formidable mathematical
problems. Not only do we now have a nucleus with charge +2¢ attracting two
electrons, we also have the interaction of the two electrons repelling one an-
other. The energy level obtained previously for the hydrogen atom for the first
electron will be changed because of these new interactions. In general the prob-
lem of many-electron atoms cannot be solved exactly with the Schrodinger equa-
tion because of the complex potential interactions. However, with modern com-
puters great progress has been made, and numerical calculations can be carried
out with great precision. If we cannot solve exactly for the wave functions, then
what can we learn about many-electron atoms?

Let us see how far we can go toward explaining experimental results without
actually computing the wave functions of many-electron atoms. Physicists and
chemists have been studying the properties of the elements for centuries. We
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know much about atomic sizes, chemical behavior, ionization energies, magnetic
moments, and spectroscopic properties, including x-ray spectra. In 1869 the
Russian chemist Dmitri Mendeleev arranged the elements into a periodic table
that systematized many of their chemical properties. Mendeleev predicted sev-
eral hitherto unknown elements that were ultimately discovered (most notably,
germanium). The elucidation of the underlying physical basis of this (empirical)
periodic table became one of the outstanding goals of physics. This goal was at-
tained by the end of the 1920s.

The rise of quantum physics was accompanied by a vast accumulation of pre-
cise atomic spectroscopic data for optical frequencies. Attempting to understand
these data, Wolfgang Pauli (Nobel Prize, 1945) proposed in 1925 his famous ex-
clusion principle:

Pauli Exclusion Principle: No two electrons in an atom may have the
same set of quantum numbers (n, €, mg, m,).

This principle has farreaching implications. Using it we can describe in a
reasonable, precise fashion the organization of atomic electrons into shells and
subshells. Pauli’s exclusion principle applies to all particles of half-integer spin
which are called fermions and can be generalized to include particles in the nu-
cleus, where it is crucial to nuclear structure because neutrons and protons are
both fermions.

The atomic electron structure* leading to the observed ordering of the pe-
riodic table can be understood by the application of two rules:

1. The electrons in an atom tend to occupy the lowest energy
levels available to them.

2. Only one electron can be in a state with a given (complete)
set of quantum numbers (Pauli exclusion principle).

(8.1)

Let us apply these rules to the first few atoms in the periodic table. Hydrogen
has quantum numbers (n, €, mg, m,) equal to (1, 0, 0, £1/2) in its lowest energy
state (ground state). In the absence of a magnetic field, the m, = 1/2 state is de-
generate with the m; = —1/2 state. In neutral helium the quantum numbers must
be different for the two electrons, so if the quantum numbers are (1, 0, 0, 1/2)
for the first electron, those for the second electron must be (1, 0, 0, —1/2). Direct
experimental evidence shows that the two electrons in the He atom have their
spins antialigned (spin angular momentum opposed) rather than aligned (spin
angular momentum aligned). This supports the Pauli exclusion principle. These
two electrons form a rather strong bond with their spin angular momentum an-
tialigned. We speak of the electrons as being paired, and the total spin is zero.

The principal quantum number » has also been given letter codes:

n=1 2 3 4...

8.
letter=K L M N... (8.2)

Because the binding energies depend mainly on n, the electrons for a given » are
said to be in shells. We speak of the K shell, L shell, and so on (recall from Chap-
ter 4 that this was nomenclature used to describe Moseley’s x-ray results). The nf
descriptions are called subshells. We have 1s, 2p, 3d subshells. Both electrons in

*The use of hydrogenic quantum numbers for other atoms implies a hydrogenlike central field for
) gemc q I )
the outer electrons of these atoms.
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the He atom are in the K shell and 1ssubshell (which is a shell in itself). We use
asuperscript to denote the number of electrons in each subshell. The hydrogen
atom description is 1s' or 1s (the superscript 1 is sometimes omitted), and the
helium atom is 1s5°.

The next atom in the table is lithium. There is no more space in the K shell
because only two electrons are allowed. The next shell is the L shell (n = 2), and
the possible subshells are 2sand 2p. Rule 1 says the electrons will occupy the state
with the lowest energy. Remember that semiclassically the 2s state (with zero an-
gular momentum) has an orbit through the nucleus, whereas the 2p state has a
more nearly circular orbit. An electron in the 2p subshell (Li) will experience a
+3¢ nuclear charge, but the positive nuclear charge will be partially screened*
by the two electrons in the 1sshell. The effective charge that the 2p electron sees
(or feels) will therefore be Z.s~ +1e. The 2s electron, on the other hand,
spends more time than a 2p electron actually passing near the nucleus, hence
the effective charge it experiences will be Z.; > +1e Therefore, an electron in
the 2s subshell will experience a more attractive potential than a 2p electron and
will thus lie lower in energy. The electronic structure of Li is 15*2s'. The third

electron has the quantum numbers (2, 0, 0, £1/2). nt

How many electrons may be in each subshell in order not to violate the Pauli gf;

exclusion principle? _ ;Jsf

Total

For each m,: two values of m, 2 6p

’ Energy 5d

For each €: (2€ + 1) values of m, 2(2€ + 1) Af

L

Thus each nf subshell can have 2(2¢ + 1) electrons. The 1s, 2s, 35, 4s subshells v

may have only two electrons. The 2p, 3p, 4p subshells may have up to six. The 34, 5p

4d, 5d subshells may have up to ten. »

We can now describe the electronic configurations of many-electron atoms. 5s
Although there are effects due to internal magnetic fields, in the absence of ex-
ternal magnetic fields the m, and m, quantum numbers do not affect the atom’s

total energy. Thus, the different states available within the same subshell are ap

nearly degenerate. For a qualitative understanding we need only refer to nf. 2‘3

The filling of electrons in an atom generally proceeds until each subshell is
full. When a subshell has its maximum number of electrons, we say it is closed or
filled. Electrons with lower € values spend more time inside the (inner) closed 3p

shells. Classically, we understand this result, because the lower € values have 95
more elliptical orbits than the higher € values. The electrons with higher € val-

ues are therefore more shielded from the nuclear charge +Ze, feel less Coulomb 2
attraction, and lie higher in energy than those with lower € values. For a given 95

n the subshells fill in the order s, p, d, f, g, . ... This shielding effect becomes so

pronounced that the 4ssubshell actually fills before the 3d subshell even though

it has a larger n. This happens often as the higher-lying shells fill with electrons. fin

Experimental evidence shows that the order of subshell filling given in Table 8.1

is generally correct. There are some important variations from this order, which

produce the rare earth lanthanides and actinides. A schematic diagram of the

subshell energy levels is shoxlm m_I‘?{gure 8.1. ‘ . ‘ sty atom, Ty representation
One nomenclature for identifying atoms is ;X where Z is the atomic num- . oo o the given sub-

ber of the element (the number of protons), and X is the chemical symbol that  she) is receiving its first elec-

FIGURE 8.1 Approximate en-
ergy ordering of the subshells
for the outermost electron in

tron and that all lower sub-

*Screened” in this case means the electron will react to both the +3e nucleus charge and —2e elec- shells are full and all higher
tron charge within its own orbit. subshells are empty.



252 Chapter 8 Many-Electron Atoms

TABLE 8.1
Order of Electron Filling in Atomic Subshells

Subshell Total Electrons
n 4 Subshell Capacity in All Subshells
1 0 1s 2 2
2 0 2s 2 4
9 1 2p 6 10
3 0 3s 2 12
3 1 3p 6 18
4 0 4s 2 20
3 2 3d 10 30
4 1 4p 6 36
5 0 5s 2 38
4 2 4d 10 48
5 1 5p 6 54
6 0 6s 2 56
4 3 4f 14 70
5 2 5d 10 80
6 1 6p 6 86
L 0 7s 2 88
5 3 5f 14 102
6 2 6d 10 112

identifies the element. The number of electrons in a neutral atom is Z. The Z is
superfluous because every element has a unique Z. For example, 3O and O stand
for the same element, because oxygen has Z = 8. In Chapter 12 we will discuss
isotopes of elements in which the mass number of the element may vary because
the number of neutrons in the nucleus may be different.

Example 8.1

Give the electron configuration and the n€ value of the last
electrons in the subshell (called valence electrons) for the
following atoms: | |Na, g Ar, o,Ca, 55Br.

Solution: ;Na: Sodium has 11 electrons, 10 of which
are in the filled 15*25?2p% subshells, which is called the
core because it is filled. According to the order of filling
given in Table 8.1, the extra electron must be in the 3s sub-
shell with n = 3, £ = 0. The electronic configuration is then
1522522p%3s'. The chemical properties of Na are deter-
mined almost exclusively by this one extra electron outside
the core. The core is rather inert with the orbital and in-
trinsic angular momenta of the electrons paired to zero.

18Ar: From Table 8.1 we see that 18 electrons complete the
3p subshell, so the last electron has n =3, £ =1, and the
electronic configuration is 15*25°2p°3s23p°. Argon has com-
pletely closed subshells and no extra (valence) electrons.

=8

This is the reason argon, one of the inert gases, is chemically
inactive.

29Ca: After Ar the next two electrons go into the 4s subshell,
so n=4, { =0, and the electronic configuration for cal-
cium is 15%25%2p°3523p°4s. There is a rather large energy
gap between the 3p subshell and the 45 and 3d subshells (see
Figure 8.1). The two electrons in the 4s subshell are situated
rather precariously outside the inert core of Ar and can re-
act strongly with other atoms.

35Br: One more electron past 5Br finishes the 4 subshell
and makes the strongly inert gas krypton. The last electron
in 35Br has n =4 and € = 1, and the electronic configura-
tion of the last few subshells is 3p%4523d'°4p°. Bromine
badly needs one more electron to complete its subshell and
is very active chemically with a high electron affinity—
searching for that last electron to fill its 4p subshell.




8.1 Atomic Structure and the Periodic Table 253

It is now relatively easy to understand the structure of the periodic table
shown in Figure 8.2. The ordering of electrons into subshells follows from the
two rules of Equation (8.1). In Figure 8.2 the horizontal groupings are accord-
ing to separate subshells. Atomic electron configurations are often denoted by
only the last subshell, and all previous subshells are assumed to be filled. In
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FIGURE 8.2 The atomic number and element symbol are given in the top of each box.
The electron configuration for each element is specified by giving the values of the prin-
cipal quantum numbers n, the angular momentum quantum numbers € (s, p, d, or f),
and the number of electrons outside closed shells. The configuration of some of the
closed shells is given on the left.
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Groups and periods

FIGURE 8.3 The ionization
energies of the elements are
shown versus the atomic num-
bers. The element symbols are
shown for the peaks and val-
leys with the subshell closure
in parentheses where appro-
priate. When a single electron
is added to the p and d sub-
shells, the ionization energy
significantly decreases indicat-
ing the shell effects of atomic
structure.

FIGURE 8.4 Atomic radii
from ionic crystal atomic data.
The radii are the smallest
when the subshells are filled.

Figure 8.2 only the last unfilled subshell configurations are shown. There are oc-
casions when a smooth order doesn’t occur. For example, 4,Zr has 552442, that
is, the bs subshell is filled, but the next element, 4,Nb, has the structure 5s'4d*.
An electron has been taken from the 55 subshell and placed in the 4d subshell
with an additional electron to make a total of four electrons in the 4d subshell.
There are several such unusual cases as the atomic number increases. These
details reflect the complex electron—electron interactions in a system of many
particles.

Let us briefly review some of the special arrangements of the periodic table.
The vertical columns (or groups) have similar chemical and physical properties.
This occurs because they have the same valence electron structure—that is, they
have the same number of electrons in an ¢ orbit and can form similar chemical
bonds. The horizontal rows are called periods, and they correspond to filling of
the subshells. For example, in the fourth row the 4s subshell is filled first with
2 electrons, next the 3d subshell is filled with 10 electrons, and finally the 4p sub-
shell is filled with 6 electrons. The fourth row consists of 18 elements and the fill-
ing of the 4s, 3d, and 4p subshells.
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In order to compare some properties of elements we show the ionization en-
ergies of elements in Figure 8.3 and atomic radii in Figure 8.4. (The ionization
energy is the energy required to remove the most weakly bound electron, form-
ing a positive ion.) The electrical conductivity and resistivity also show subshell
effects. Good electrical conductors need free electrons that are only weakly
bound to their nuclei. In Chapter 10 we shall see similar patterns in supercon-
ducting properties. The differences according to subshells are remarkable.

Inert Gases

The last group of the periodic table is the inert gases. They are unique in that
they all have closed subshells, a p subshell except for helium. They have no va-
lence electrons, and the p subshell is tightly bound. These elements therefore
are inert chemically. They do not easily form chemical bonds with other atoms.
They have zero net spins, large ionization energies (Figure 8.3), and poor
electrical conductivities. Their boiling points are quite low, and at room tem-
perature they are monoatomic gases, because their atoms interact so weakly with
each other.

Alkalis

Hydrogen and the alkali metals (Li, Na, K, etc.) form Group 1 of the periodic
table. They have a single s electron outside an inert core. This electron can be
easily removed, so the alkalis easily form positive ions with a charge +1e There-
fore, we say that their valence 1s +1. Figure 8.3 shows that the alkali metals have
the lowest ionization energies. The drop in ionization energies between the in-
ert gases and the alkalis is precipitous. The alkali metals are relatively good elec-
trical conductors, because the valence electrons are free to move around from
one atom to another.

Alkaline Earths

The alkaline earths are in Group 2 of the periodic table. These elements (Be,
Mg, Ca, Sr, etc.) have two s electrons in their outer subshell, and although these
subshells are filled, the s electrons can extend rather far from the nucleus and
can be relatively easily removed. The alkali metals and alkaline earths have the
largest atomic radii (Figure 8.4), because of their loosely bound s electrons. The
ionization energies (Figure 8.3) of the alkaline earths are also low, but their elec-
trical conductivity is high. The valence of these elements is +2, and they are
rather active chemically.

Immediately to the left of the inert gases, Group 17 lacks one electron from hav-
ing a filled outermost subshell. These elements (F, Cl, Br, I, etc.) all have a va-
lence of —1 and are chemically very active. They form strong ionic bonds (for
example, NaCl) with the alkalis (valence +1) by gaining the electron given up
easily by the alkali atom. In effect, a compound such as NaCl consists of a Na™
and a C1~ ion strongly bound by their mutual Coulomb interaction. The groups
to the immediate left of the halogens have fewer electrons in the p shell. In Fig-
ure 8.4 it is apparent that the radii of the p subshell decrease as electrons are
added. A more stable configuration occurs in the p subshell as it is filled, result-
ing in a more tightly bound atom.
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Transition Metals

The three rows of elements in which the 34, 4d, and 5d subshells are being filled
are called the transition elements or transition metals. Their chemical properties are
similar—primarily determined by the s electrons, rather than by the d subshell
being filled. This occurs because the s electrons, with higher n values, tend to
have greater radii than the d electrons. The filling of the 3d subshell leads to
some important characteristics for elements in the middle of the period. These
elements (Fe, Co, and Ni) have several dshell electrons with unpaired spins (as
dictated by Hund’s rules, see Section 8.2). The spins of neighboring atoms in a
crystal lattice align themselves, producing large magnetic moments and the fer-
romagnetic properties of these elements (see Section 10.4). As the d subshell is
filled, the electron spins eventually pair off, and the magnetic moments, as well
as the tendency for neighboring atoms to align spins, are reduced.

Lanthanides

The lanthanides (55Ce to 5;Lu), also called the rare earths, all have similar chem-
ical properties. This occurs because they all have the outside 652 subshell com-
pleted while the smaller 4f subshell is being filled. The ionization energies (see
Figure 8.3) are similar for the lanthanides. As occurs in the 3d subshell, the elec-
trons in the 4fsubshell often have unpaired electrons. These unpaired electrons
align themselves, and because there can be so many electrons in the fsubshell,
large magnetic moments may occur. The large orbital angular momentum
(€ = 3) also helps the large ferromagnetic effects that some of the lanthanides
have. The element holmium can have an extremely large internal magnetic field
at low temperatures, much larger than even that of iron.

Actinides

The actinides (g,Th to y3Lr) are similar to the lanthanides in that inner sub-
shells are being filled while the 7s? subshell is complete. It is difficult to obtain
reliable chemical data for these elements, because they are all radioactive. It is
possible to keep significant quantities of a few actinide isotopes, which have suf-
ficiently long half-lives. Examples of these are thorium-232, uranium-235, and
uranium-238, which occur naturally, and neptunium-237 and plutonium-239,
which are produced in the laboratory.

Example 8.2

Copper and silver have the two highest electrical conduc-
tivities. Explain how the electronic configurations of cop-
per and silver can account for their very high electrical
conductivities.

Solution: We need to refer to Figure 8.2 to investigate
their electron configurations. We see that 44Ni has the struc-
ture 3d%4s?, but 4oCu has the structure 3d'%4s! and the next
element, 53Zn, has 3d'%4s%. Copper is unique in that one

electron from the 4s subshell has changed to the 3d sub-
shell. The remaining 4s electron is very weakly bound—in
fact it is almost free.

Something similar happens to 4;Ag in the next period.
The elements on either side have completed the 4d'? sub-
shell, and for 4; Ag the 55 electron is only weakly bound. The
elements 4, Nb through ,;Rh have an unpaired 5s electron,
but incomplete 4d subshells, and so less screening—their
5s electrons are less free to wander than that of 4;Ag.
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8.2 Total Angular Momentum

If an atom has an orbital angular momentum and a spin angular momentum
due to one or more of its electrons, we expect that, as is true classically, these an-
gular momenta combine to produce a total angular momentum. We learned pre-
viously, in Section 7.5, that an interaction between the orbital and spin angular
momenta in one-electron atoms causes splitting of energy levels into doublets,
even in the absence of external magnetic fields. In this section we shall examine
how the orbital and spin angular momenta combine and see how this results in
energy-level splittings.

Single-Electron Atoms

We discuss initially only atoms having a single electron outside an inert core (for
example, the alkalis). For an atom with orbital angular momentum L and spin
angular momentum S, the total angular momentum J is given by

J=L+S (8.3)

Because L, L,, S, and §, are quantized, the total angular momentum and its
zcomponent /. are also quantized. If jand m; are the appropriate quantum num-
bers for the single electron we are considering, quantized values of Jand J, are,
in analogy with the single electron of the hydrogen atom,

FEVH LT R (8.4q)
J.=mjh (8.4b)

Because m, is integral and m; is half-integral, m; will always be half-integral. Just
as the value of m, ranges from —¢ to €, the value of m; ranges from —j to j, and
therefore jwill be half-integral.

The quantizations of the magnitudes of L, S, and J are all similar.

L=Ve{{+ 1
S=Vs(s+ 1) A (8.5)

Je YU TR

The total angular momentum quantum number for the single electron can only
have the values

F=l kg (8.6)

which, because s = 1/2, can only be € + 1/2 or € — 1/2 (but j must be 1/2 if
£ = 0). The relationships of J, L, and S are shown in Figure 8.5. For an ¢ value
of 1, the quantum number jis 3/2 or 1/2, depending on whether L and S are
aligned or antialigned. The notation commonly used to describe these states is

nl, (8.7)

where n is the principal quantum number, j the total angular momentum quan-
tum number, and L is an uppercase letter (S, P, D, etc.) representing the orbital
angular momentum quantum number.

Total angular momentum

S
i}
L
j=£+s
e . |
=g =9
S
L
J
j=€—s
e P R |
2 2

FIGURE 8.5 When forming
the total angular momentum
from the orbital and spin an-
gular momenta, the addition
must be done vectorially, | =
L + S. We show schematically
the addition of L and S with
€ =1and s=1/2 to form vec-
tors J with quantum numbers
j=1/2 and 3/2.
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Spin-orbit coupling

FIGURE 8.6 At the left the
unperturbed H,, line is shown
due to a transition between
the n=3 and n = 2 shells of
the hydrogen atom. At right is
shown the more detailed level
structure (not to scale) of the
hydrogen atom that leads to op-
tical fine structure. The spin—
orbit interaction splits each of
the £ # 0 states.

In Section 7.5 we briefly mentioned that the single electron of the hydrogen
atom can feel an internal magnetic field By, .., due to the proton, which in the
rest system of the electron appears to be circling it (see Figure 7.10). A careful
examination of this effect shows that the spin of the electron and the orbital an-
gular momentum can be coupled, an effect called spin—orbit coupling. The po-
tential energy V,, will be equal to —p,* B, ;- The spin magnetic moment
is proportional to —8, and B, .., i$ proportional to L, so that V,, ~S-L =
SL cos a, where a is the angle between S and L. The result of this effect is to
make the states with j = £ — 1/2 slightly lower in energy than for j = € + 1/2, be-
cause a is smaller when j = € + 1/2. The same applies for the atom when placed
in an external magnetic field. The same effect leads us to accept jand m; as bet-
ter quantum numbers than m, and m, even for single-electron atoms like hy-
drogen. We mean “better” in this case, because jand m, are more directly related
to a physical observable. A given state having a definite energy can no longer be
assigned a definite L, and §,, but it can have a definite /.. The wave functions will
now depend on n, ¢, j, and m;. The spin-orbit interaction splits the 2P level into
two states, 2P 5 and 2P, o, with 2P, 5 being lower in energy. There are additional
relativistic effects, which will not be discussed here, that give corrections to the
spin—orbit effect.

In the absence of an external magnetic field, the total angular momentum
is conserved in magnitude and direction. The effect of the internal magnetic field
is to cause L and S to precess about J. In an external magnetic field, however,
J will precess about B, while L and S still precess about J. The motion of L and
S then becomes quite complicated.

Optical spectra are due to transitions between different energy levels. We
have already discussed transitions for the hydrogen atom in Section 7.6 and gave
the rules listed in Equation (7.36). For single-electron atoms, we now add the se-
lection rules for Aj. The restriction of A = *1 will require Aj = *1 or 0. The al-
lowed transitions for a single-electron atom are

An = anything AL = 1
Am; =0, 11 Aj=0, *1

The selection rule for Am; follows from our results for Am, in Equation (7.36)
and from the result that m; = m, + m,, where m,is not affected.

Figure 7.10 presented an energy-level diagram for hydrogen showing many
possible transitions. We show in Figure 8.6 a highly exaggerated portion of the
hydrogen energy-level diagram for n =2 and n = 3 levels showing the spin-
orbit splitting. All of the states (except for the s states) are split into doublets.
What appeared in Figure 7.10 to be one transition is now actually seven different

(8.8)

n=3 -
A

T Energy H,
n=2 ==

Unperturbed Fine structure
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transitions. The splitting is quite small, but measurable—typically on the order
of 107? eV in hydrogen. For example, the splitting between the 2P;,, and 2P, ,
levels has been found to be 4.5 X 1072 eV.

We show in Figure 8.7 the energy levels of a single-electron atom, sodium,
compared with that of hydrogen. The single electron in sodium is 3s', and the
energy levels of sodium should be similar to that of » = 3 and above for hydro-
gen. However, the strong attraction of the electrons with small € causes those en-
ergy levels to be considerably lower than for higher £. Notice in Figure 8.7 that
the 5fand 6fenergy levels of sodium closely approach the hydrogen energy lev-
els, but the 3s energy level of sodium is considerably lower. The transitions be-
tween the energy levels of sodium displayed in Figure 8.7 are consistent with the
selection rules of Equation (8.8).

The fine splitting of the levels for different j are too small to be seen in Fig-
ure 8.7. Nevertheless these splittings are important, and they are easily detected
in the optical spectra of sodium. The energy levels 3P 5 and 3P, , are separated
by about 2 X 107? eV, for example. This splits the 3p— 3s (~2.1 eV) optical
line into a doublet: the famous yellow sodium doublet, with A = 589.0 nm and
589.6 nm (see also Example 8.6).

Sodium levels

Energy Hydrogen
(eV) $ P d f/ levels
¢ — e = s =
s 6 6 = b
—h
6
-
=l - h
—_— 5
_% -
—_—2
_4 —
‘;5 -
=512~ 3

FIGURE 8.7 The energy-level
diagram of sodium (single
electron outside inert core) is
compared to that of hydrogen.
Coulomb effects cause the
lower { states of sodium to be
lower than the corresponding
levels of hydrogen. Several al-
lowed transitions are shown
for sodium.
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Example 8.3

Show that an energy difference of 2 X 1072 eV for the 3p Then, letting AE = dE and AX = dA and taking absolute
subshell of sodium accounts for the 0.6-nm splitting of a  values yields
spectral line at 589.3 nm.

he A2
|AE| = = |aA]  or  |AA]=—=|AE]
Solution: The wavelength A of a photon is related to . he
the energy of a transition by (589.3 nm)2(2 X 1073 eV)
|AA| = : = 0.6 nm
he 1.240 X 10% eV * nm

Many-Electron Atoms

The situation becomes formidable for more than two electrons outside an inert
core. Various empirical rules (for example, Hund’s rules) help in applying the
quantization results to such atoms. We will consider here the case of two elec-
trons outside a closed shell (for example, helium and the alkaline earths.)*

The order in which a given subshell is filled is governed by Hund’s rules,
which state that

Hund’s rules 1. The total spin angular momentum $ should be maximized to the
extent possible without violating the Pauli exclusion principle.
9. Insofar as Rule 1 is not violated, L should also be maximized.

For example, the first five electrons to occupy a d subshell should all have the
same value of m,. This requires that each one has a different m, (because the al-
lowed m, values are —2, —1, 0, 1, 2). By Rule 2 the first two electrons to occupy
a d subshell should have my, = 2 and mg = 1 ormy = —2 and my = —1.

Besides the spin-orbit interaction already discussed, there are now spin-spin
and orbital-orbital interactions. There are also effects due to the spin of the nu-
cleus that lead to hyperfine structure, but the nuclear effect is much smaller than
the ones we are presently considering. For the two-electron atom, we label the
electrons 1 and 2 so that we have Ly, S; and Lo, So. The total angular momen-
tum J is the vector sum of the four angular momenta:

J=L, +Ly+5,+8, (8.9)

There are two schemes, called LS couplingand jj coupling, for combining the four
angular momenta to form J. The decision of which scheme to use depends on
relative strengths of the various interactions. We shall see that jj coupling pre-
dominates for heavier elements.

#*The reader is referred to H. G. Kuhn's Atomic Spectra 2nd ed. New York: Academic Press, 1969, or
H. E. White's Introduction to Atomic Spectra New York: McGraw-Hill, 1934 for further study.
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LS, or Russell-Saunders, Coupling

The LS coupling scheme is used for most atoms when the magnetic field is weak.
The orbital angular momenta L, and L, combine to form a total orbital angular
momentum L and similarly for S.

L=L,+L, (8.10)
S=8§,+8§, (8.11)

Then L and S combine to form the total angular momentum.
J=L+8 (8.12)

One of Hund’s rules states that the electron spins combine to make S a max-
imum. Physically this occurs because of the mutual repulsion of the electrons,
which want to be as far away from each other as possible in order to have the low-
est energy. If two electrons in the same subshell have the same m,, they must then
have different m,, normally indicating different spatial distributions. Similarly,
the lowest energy states normally occur with a maximum L. We can understand
this physically, because the electrons would revolve around the nucleus in the
same direction if aligned, thus staying as far apart as possible. If L, and L, were
antialigned, they would pass each other more often, tending to have a higher in-
teraction energy.

For the case of two electrons the total spin angular momentum quantum
number® may be § = 0 or 1 depending on whether the spins are antiparallel or
parallel. For a given value of L, there are 25 + 1 values of /, because [goes from
L— Sto L+ S(for L> S).For L < Sthere are fewer than 25 + 1 possible values
of [ (see Examples 8.4 and 8.5). The value of 25 + 1 is called the multiplicity of = Multiplicity
the state.

The notation n/; discussed before for a single-electron atom becomes

B (8.13)  Spectroscopic symbols

This code is called spectroscopic or term symbols. For two electrons we have singlet
states (S = 0) and triplet states (S = 1), which refer to the multiplicity 25 + 1. Re-  Singlet and triplet states
call that a single-electron state (with s = 1/2) is a doublet, with 25 + 1 = 2.

Consider two electrons: One is in the 4p and one is in the 4d subshell. We
have the following possibilities ($;, = 1/2, S, = 1/2, L, = 1, and L, = 2) for the
atomic states shown in Table 8.2. A schematic diagram showing the relative en-
ergies of these states is shown in Figure 8.8. The spin-spin interaction breaks the
unperturbed state into the singlet and triplet states. The Coulomb effect, due to
the electrons, orders the highest L value for each of these states to be lowest in
energy. Finally, the spin-orbit splitting causes the lowest Jvalue to be lowest in
energy (L and S antialigned).

As an example of the optical spectra obtained from two-electron atoms, we
consider the energy-level diagram of magnesium in Figure 8.9. The most obvious
characteristic of this figure is that we have separated the energy levels according
to whether they are S = 0 or § = 1. This is because allowed transitions must have

*It is customary to use capital letters, L, S, and J for the angular momentum quantum numbers of
many-electron atoms. This can lead to confusion, because we are accustomed to thinking, for exam-
ple, $= |S| To avoid confusion, remember that the magnitude of an angular momentum vector is
always some number times #, while the new angular momentum quantum numbers, L, §, and Jare
simply integers or half-integers.
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TABLE 8.2

Spectroscopic Symbols for Two
Electrons: One in 4p and One in 4d

Spectroscopic
S L | Symbol

1 1 41p,

0 (singlet) 2 2 4' D,
3 3 4'F,

2 43P,

1 (triplet) 1 it 43P,
0 4°P,

3 43D,

1 (triplet) 2 2 43D,
1 43D,

4 43F,

1 (triplet) 3 3 4%F,
2 43F,

AS = 0, and no allowed transitions are possible between singlet and triplet states.
This does not mean that it is impossible for such transitions to occur. Remember
that forbidden transitions occur, but with much lower probability than allowed
transitions.

The two electrons in magnesium outside the closed 2p subshell are 3s2.
Therefore, the ground state of magnesium is 3'Sy(S= 0, L =0, and /= 0). The
33§, state (S= 1, /= 1) cannot exist because m; = 1/2 for both electrons in or-
der to have S = 1, and this is forbidden by the exclusion principle. A S, state is

Vs -— 1Pl
s
"
n' 'D
§=0 5l = -- Dy
I . ~
! (Singlets) A
[} \\ lF |
;I =l Fg
!
i
!
!
'
I
4 3
! k
; P . .
4p 4d N x oS L 7Poag
p 1 \\ f, ‘jD B 3
b " - vl 8
\ S5=1 e TRE 2 "Dy s
(Triplets) .
\\ 3F
-\‘*_‘-‘.\ 3 "Fglg 4
2
Unperturbed + Spin—sgin + Ressdual‘ + Spm—(.)rbl{
state correlation electrostatic energy
energy energy

FIGURE 8.8 Schematic diagram indicating the increasing fine structure splitting due to
different effects. This case is for an atom having two valence electrons, one in the 4p and
the other in the 4d state. The energy is not to scale. From R. B. Leighton, Principles of Modern
Physics, New York: McGraw-Hill, 1959, p. 261.
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Singlets Triplets

Electron configuration — 3sns 3snp 3snd 3sns dsnp Ssnd 3snf

Term symbol — 'Sy P 'D, 'F3 31 PPore "Digs Fasa

Energy
(eV)

0

Continuum Continuum

allowed if one of the electrons is in a higher n shell. The energy-level diagram of
Figure 8.9 is generated by one electron remaining in the 3s subshell while the
other electron is promoted to the subshell indicated on the diagram. The al-
lowed transitions (for the LS coupling scheme) are

AL = *1
AJ=0, *1

AS=0
(/= 0— /= 0is forbidden)

(8.14)

A magnesium atom excited to the 3s3p triplet state has no lower triplet state
to which it can decay. The only state lower in energy is the 3s3s ground state,
which is singlet. Such an excited triplet state may exist for a relatively long time
(>=> 10"% 5) before it finally decays to the ground state as a forbidden transition.
Such a 3s3p triplet state is called metastable, because it lives for such a long time
on the atomic scale.

263

FIGURE 8.9 Energy-level dia-
gram for magnesium with one
electron in the 3s subshell and
the other electron (two-elec-
tron atom) excited into the n€
subshell indicated. The singlet
and triplet states are sepa-
rated, because transitions be-
tween them are not allowed by
the AS = 0 selection rule. Sev-
eral allowed transitions are in-
dicated.

Metastable states
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jj Coupling

This coupling scheme predominates for the heavier elements, where the nuclear
charge causes the spin—orbit interactions to be as strong as the forces between
the individual S, and the individual L;. The coupling order becomes

and then

Ji=L +§, (8.15a)
Jo=La + Sy (8.15b)
J=2.k (8.16)

The spectroscopic or term notation is also used to describe the final states in this

coupling scheme.

Example 8.4

What are the total angular momentum and the spectro-
scopic notation for the ground state of helium?

Soalution: The wtwo electrons for helium are both 1s
electrons. Because helium is a light atom, we will use the

Example 8.5

What are the L, S, and ] values of the first few excited states
of helium?

Solution: The lowest excited states of helium must be
15'2s! or 15'2p'—that is, one electron is promoted to either
the 2s' or 2p! subshell. It turns out that all excited states of
helium are single-electron states, because to excite both
electrons requires more than the ionization energy. We ex-
pect the excited states of 15'2s! to be lower than those of
15'2p', because the subshell 2s' is lower in energy than the
2p! subshell. The possibilities are:

15125t E=1
if §=0, then /=0
if§=1,then J=1

with § = 1 being lowest in energy. The lowest excited state is
38, and then comes 'S,,.

1s12p! L=1
if §=0,then /=1
if §=1, then J=0,1, 2

The state *P, has the lowest energy of these states, followed
by 3P|, 3[)2‘ and ]P].'

LS coupling scheme. We have L; = 0 and L, = 0, and there-
fore L = 0. We can have S = 0 or 1 for two electrons, but not
in the same subshell. The spins must be antialigned and
§ = 0. Therefore | = 0 also. The ground state spectroscopic
symbol for helium is 1'S,,.

The energy-level diagram for helium is shown in Fig-
ure 8.10.

Energy
(eV) Singlet Triplet
0 — T ——————— —_—
-1 F
_2 L 1.5'?)5 31 SO 3331
_.3 -
152p —— 2P\~ ___ a5
-4 1525 2150___‘“ 2 I(J,l“Z
-5 e 235»]
—94
—95 L (152 — IlSO (Ground state)

FIGURE 8.10 The low-lying atomic states of helium are
shown. The ground state ('S;) is some 20 eV below the
grouping of the lowest excited states. The level indicated by
3P,y 1. o is actually three states (*Fy, *P;, *P,), but the separa-
tions are too small to be indicated.




Example 8.6

If the spin-orbit splitting of the 3P;, and 3P, states of
sodium is 0.002 eV, what is the internal magnetic field caus-
ing the splitting?
Solution: The potential energy due to the spin mag-
netic moment is

V=—m, B (8.17)

By analogy with Equation (7.34), the z component of the to-
tal magnetic moment is

(8.18)

Example 8.7

What are the possible energy states for atomic carbon?

Solution: The element carbon has two 2p subshell elec-
trons outside the closed 25 subshell. Both electrons have
€ =1, so we can have L =0, 1, or 2 using the LS coupling
scheme. The spin angular momentum is § = 0 or 1. We list
the possible states:

Spectroscopic
] Notation

0 1S,
1P not allowed

not allowed

—_— O N - O | -

1
2

1 38,
0,1,2

1,23

9 not allowed

The S, state is not allowed by the Pauli exclusion principle,
because both electrons in the 2p? subshell would have
m, = +1/2 and m, = 0. Similarly, the °D, , 5 states are not
allowed, because hoth electrons would have m, = +1/2 and

8.3 Anomalous Zeeman Effect 265

where we have used the gyromagnetic ratio g, = 2, because
this splitting is actually due to spin. The difference in spins
between the 3P;,, and 3P, , states is £ so that

eh \ A eh
AE = —\|—B=—B8
g.;( Qm) :
Then
FL mAE (9.11 X 10731 kg) (0.002 eV)

eh. (16X 10-9C)(6.58 X 1016 ¢V - 5)
= 17 T, a large magnetic field

mg = 1. According to Hund’s rules, the wiplet states §= 1
will be lowest in energy, so the ground state will be one of
the *Py, o states. The spin—orbit interaction then indicates
the 9P, state to be the ground state; the others are excited
states.

The fact that the ' P, state is not allowed is a result of the
antisymmetrization of the wave function, which we have not
discussed. This rule, which requires electrons to have anti-
symmetric wave functions, is basically an extension of the
Pauli exclusion principle for this example, and it allows the
states in which the my of the two electrons are equal to com-
bine only with S = 0 states. The m, values for the electrons
forming the § =1 state must be unequal. This rule is the
theoretical basis for Hund’s rules, described previously.
It precludes the 'P, *S, and °D states from existing for
2p? electrons. The states with one electron having m, = 1,
m, = +1/2 and the other with m, = 0, m, = —1/2 still exist,
but they can be included in the 1D, state, for example, be-
cause m, = 0 and m; = 2, 1,0, =1, =2,

The low-lying excited states of carbon are then *P,, *P,,
1D,, and 18,

8.3 Anomalous Zeeman Effect

In Section 7.4 we discussed the normal Zeeman effect and showed that the split-
ting of an optical spectral line into three components in the presence of an
external magnetic field could be understood by considering the interaction
(e * By, ) of the orbital angular momentum magnetic moment m, and the ex-
ternal magnetic field. Soon after the discovery of this effect by Zeeman in 1896,
it was found that often more than the three closely spaced optical lines were ob-
served. This observation was called the anomalous Zeeman effect. We are now
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Landé g factor

FIGURE 8.11 Relationships
between S, L, J, and p are indi-
cated. The B, is the z direc-
tion. The magnetic moment p
precesses fast around J as J pre-
cesses more slowly around the
weak B.,. After [ D. McGervey,
Introduction io Modern Physics. New
York: Academic Press, 1983, p. 329.

able to explain both Zeeman effects. We shall see that the anomalous effect de-
pends on the effects of clectron intrinsic spin.

The interaction that splits the energy levels in an external magnetic field
B.,.is still caused by the p + B interaction. However, the magnetic moment is due
not only to the orbital contribution p, it must depend on the spin magnetic mo-
ment p, as well. The 2/ + 1 degeneracy (due to m) for a given total angular
momentum state [is removed by the effect of the external magnetic field. If the
external field B, is small in comparison with the internal magnetic field (say
B... < 0.1T), then Land S (using the LS coupling scheme) precess about J while
J precesses slowly about B,

We can see this more easily by calculating p in terms of L, S, and J. The to-
tal magnetic moment W is

b=+ R, (8.19)
& i (8.20)
2m m

where . is obtained from Equation (7.26) and w, from Section 7.5.

e e

1) 5 (L + 2S) 5 (J+5S) (8.21)
The vectors —w and J are along the same direction only when § = 0. We show
schematically in Figure 8.11 what is happening. The B, defines the z direction.
We plot —p instead of +p in order to emphasize the relationship between w and
J. In a weak magnetic field the precession of w around J is much faster than the
precession of J around B.,. Therefore, we first find the average p,, about J and
then find the interaction energy of w,, with B.,,. We leave this as an exercise for
the student (see Problem 29). The result is

eh B,

V= om gm; = ppBegmy (8.22)

where g is the Bohr magneton and

JO D SR I ] £ )
g+ h

g=1+ (8.23)

is a dimensionless number called the Landé g factor. The magnetic total angular
momentum numbers m, range from —J to J in integral steps. The external field
B.,, splits each state Jinto 2/ + 1 equally spaced levels separated by AE =V, with
Vdetermined in Equation (8.22), each level being described by a different m;.

R precesses

Whole system B, fast around J

precesses slowly
around B,
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In addition to the previous selection rules [Equation (8.14)] for photon
transitions between energy levels, we must now add one for m:

but m; = 0— m;, = 0 is forbidden when A= 0.

Example 8.8

Show that the normal Zeeman effect should be observed for
transitions between the 'D, and ' P, states.

Solution: Because 25+ 1 =1 for both states, then
§=0and J= L. The gfactor from Equation (8.23) is equal
to 1 (as it always will be for § = 0). The 'Dj state splits into
five equally spaced levels, and the 'P; state splits into three
(see Figure 8.12). Using the selection rules from Equa-
tions (8.14) and (8.24), there are only nine allowed transi-

(8.24)

tions between the two states as labeled in Figure 8.12. The
other transitions are disallowed by the selection rule for
Am,. Even though there are nine different transitions, there
are only three possible energies for emitted or absorbed
photons, because transition energies labeled 1, 3, 6 are iden-
tical, as are 2, 5, 8, and also 4, 7, 9. Thus the three equally
spaced transitions of the normal Zeeman effect are ob-
served whenever S = 0.

e
+2
+1
0 b
= IAE—ﬁB
72 _2m t
<
((
<><‘ Energy
=
=
oo
+1 Y Y
V111 IAEI
0 P
Y Y

-1
1234567829

FIGURE 8.12 Examples of transitions for the normal Zeeman effect. The nine possible
transitions are labeled, but there are only three distinctly different energies because the
split energy levels are equally spaced (AE) for both the 'Dy and ! P, states.
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FIGURE 8.13 Schematic dia-
gram of anomalous Zeeman
effect for sodium (energy lev-
els not to scale). With B, = 0
for the unperturbed states,
there is only one transition.
With the spin-orbit interac-
tion splitting the P state into
2 states, there are two possi-
ble transitions when B. , = 0.
Finally, the B, splits J into
2]+ 1 components, each with
a different m;. The energy
splitting AE for each major
state is different because AE =
gmy (eh/2m) B.y and the Landé
g factor for g[AE(®S;0)]>
g[$E(2R‘yz)1 > g[AE(EPU‘z)]-
All allowed t(ransitions are
shown.

The anomalous Zeeman effect is a direct result of intrinsic spin. Let us con-
sider transitions between the 2P and S states of sodium as shown in Figure 8.13.
In a completely unperturbed state the 2Py, and *P)y states are degenerate.
However, the internal spin—orbit interaction splits them, with 2P, ,, being lower
in energy. The 28, state is not split by the spin-orbit interaction because
£=L=0.

When sodium is placed in an external magnetic field, all three states are split
into 2/ + 1 levels with different m; (see Figure 8.13). The appropriate Landé
g factors are

2810 g=l& .

li+1 +li+1 -1(1+1)
2 2(z+1)*3lz* )
Pp g=1+ = 0.67

1/1
2. —(=+1
e

3 1/1
210 Ly} b= 4] —3@4 1)
) 22 22
Py, g=1+ ot =133
2.L(;+1)
212

All g factors are different, and the energy-splitting AE calculated using Equation
(8.22) for the three states will be different. By using the selection rules, the al-
lowed transitions are shown in Figure 8.13. There are four different energy tran-
sitions for 2P, o — 28, » and six different energy transitions for *P5 5 — 28, .
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If the external magnetic field is increased, then L and S precess too rapidly
about B_,, and our averaging procedure for p around B,,, breaks down. In that
case, the equations developed in this section are incorrect. This occurrence,
called the Paschen-Back effect, must be analyzed differen tly. We will not pursue this

calculation further.*

*See H. E. White’s, Introduction to Atomic Spectra. New York: McGraw-Hill, 1934 for more information.

The Pauli exclusion principle states that no two electrons
in an atom may have the same set of quantum numbers
(n, €, m¢, my). Because electrons normally occupy the lowest
energy state available, the Pauli exclusion principle may be
used to produce the periodic table and understand many
properties of the elements.

The total angular momentum J is the vector sum of L
and S, J =L+ 8. The coupling of S and L, called the
spin—orbit interaction, leads to lower energies for smaller val-
ues of [ For two or more electrons in an atom we can cou-
ple the L; and S, of the valence electrons by either LS or jj
coupling. The spectroscopic notation for an atomic state is
n‘ES + IL_]

The allowed transitions now have
AS=0
(] =0—] = 0is forbidden)

(8.14)

Al =0, 1

The anomalous Zeeman effect is explained by the re-

moval of the 2/ + 1 degeneracy when an atom is placed in a

weak magnetic field. Each state has a different my;, which has

the selection rule for transitions of Amj = *1, 0 (with ex-

ceptions). The normal Zeeman effect (three spectral lines)
occurs when §= ().

1. Explain in terms of the electron shell configuration
why it is dangerous to throw sodium into water.

2. Why are the inert gases in gaseous form at room
temperature?

3. Which groups of elements have the best and which
the poorest electrical conductivities? Explain.

4. Why are the elements with good electrical conductivi-
ties also generally good thermal conductors?

5. Boron, carbon, and aluminum are not part of the al-
kalis or alkaline earths, yet they are generally good
electrical conductors. Explain.

6. The alkali metals have the lowest ionization energies
(Figure 8.3), yet they have the largest atomic radii
(Figure 8.4). Is this consistent? Explain.

7. List four compounds that you believe should be
strongly bound. Explain why.

8. Explain why the transition metals have good thermal
and electrical conductivities.

9. Why do the alkaline earths have low resistivities?
10. Why is there no spin-orbit splitting for the ground
state of hydrogen?
11. Is it possible for both atoms in a hydrogen molecule
to be in the (1, 0, 0, —1/2) state? Explain.
12. Discuss in your own words the differences between L
and {, between m; and m,, and between J, and m;.

8.1 Atomic Structure and the Periodic Table
1. A lithium atom has three electrons. Allow the elec-
trons to interact with each other and the nucleus. La-
bel each electron’s spin and angular momentum. List
all the possible interactions.

2. Forall the elements through neon list the electron de-
scriptions of these elements in their ground state us-
ing nf notation (for example, helium is 1s2).

3. How many subshells are there in the following shells:
L, N, and O?
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8.2

10.

11.

12.

13.

14.

15.
16.

17.

18.

19.

20.

21.

What electron configuration would you expect (nf)
for the first excited state of argon and krypton?
Using Table 8.1 and Figure 8.2 write down the elec-
tron configuration (n€ notation) of the following ele-
ments: potassium, vanadium, selenium zirconium,
samarium, and uranium,.

Using Figure 8.2 list all the (a) inert gases, (b) alkalis,
and (c) alkaline earths.

The 3s state of Na has an energy of —5.14 eV. Deter-
mine the effective nuclear charge.

List the quantum numbers (n, €, m;, m,) for all the
electrons in a nitrogen atom.

What atoms have the configuration (a) 15%25%2p,
(b) 1522522p%3s, (c) 3523p®

Total Angular Momentum

If the zirconium atom ground state has §= 1 and
L = 3, what are the permissible values of /? Write the
spectroscopic notation for these possible values of §,

L, and J. Which one of these is likely to represent the -

ground state?

Using the information in Table 8.2, determine the
ground state spectroscopic symbol for gallium.

List all the elements through calcium that you would
expect not to have a spin-orbit interaction that splits
the ground state energy. Explain.

For the hydrogen atom in the 3d excited state find the
possible values of £, mg, j, s, m,, and m. Give the term
notation for each possible configuration.

What are S, L, and Jfor the following states: 'Sy, D5 .
5H, 3Fy?

What are the possible values of J, for the 82G, state?
(a) What are the possible values of J, for the 6°F,
state? (b) Determine the minimum angle between the
total angular momentum vector and the z axis for
this state.

Explain why the spectroscopic term symbol for
lithium in the ground state is 25, .

What is the spectroscopic term symbol for aluminum
in its ground state? Explain.

The 4 P state in potassium is split by its spin—orbit in-
teraction into the 4 P35, (A = 766.41 nm) and 4P,
(A = 769.90 nm) states (the wavelengths are for the
transitions to the ground state). Calculate the spin—
orbit energy splitting and the internal magnetic field
causing the splitting.

Draw the energy-level diagram for the states of carbon
discussed in Example 8.7. Draw lines between states
that have allowed transitions and list AL, AS, and AJ.
An n = 2 shell (L shell) has a 25 state and two 2p states
split by the spin—orbit interaction. Careful measure-
ments of the K, x ray (n=2-— n =1 transition) re-
veal only two spectral lines. Explain.

22,
23.
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What is the energy difference between a spin-up state
and spin-down state for an electron in an s state if the
magnetic field is 1.7 T?

Which of the following elements can have either (or
both) singlet and triplet states and which have nei-
ther: He, Al, Ca, Sr? Explain.

If the minimum angle between the total angular
momentum vector and the z axis is 32.3% (in a single-
electron atom), what is the total angular momentum
quantum number?

Use the Biot-Savart law to find the magnetic field in
the frame of an electron circling a nucleus of charge
Ze. 1f the velocity of the electron around the nucleus
is v and the position vector of the proton with respect
to the electron is r, show that the magnetic field at the
electron is

_Ze | i

4e, mc?r®

where m is the electron mass and L is the angular mo-
mentum, L = mr X v.
Using the internal magnetic field of the previous prob-
lem show that the potential energy of the spin mag-
netic moment g, interacting with B, a1 18 given by
Le* 5L
2,3

dqre, m2c3r

Vs{’ Y

There is an additional factor of 1/2 to be added from
relativistic effects called the Thomas factor.

The difference between the 2P;,, and 2P, ,, doublet
in hydrogen due to the spin-orbit splitting is 4.5 X
10~° eV. (a) Compare this with the potential energy
given in the previous problem. (b) Compare this with
a more complete calculation giving the potential en-

ergy term Vas
calbed Bt v
i 2441 4n)

where « is the fine-structure constant, & = 1/137.

Lot

203

V= —

Anomalous Zeeman Effect

For which L and S values does an atom exhibit the
normal Zeeman effect? Does this apply to both
ground and excited states? Can an atom exhibit both
the normal and anomalous Zeeman effects?

Derive Equations (8.22) and (8.23). First find the av-
erage value of p and J. Use

T
By = (B J)J-]

and V= —pm, B

(Remember |J |2 = J(J+ 1)A2%)



30.
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32.

In the early 1900s the normal Zeeman effect was
useful to determine the electron’s e¢/m if Planck’s
constant was assumed known. Calcium is an element
that exhibits the normal Zeeman effect. The differ-
ence between adjacent components of the spectral
lines is observed to be 0.013 nm for A = 422.7 nm
when calcium is placed in a magnetic field of 1.5 T.
From these data calculate the value of ¢#/m and com-
pare with the accepted value today. Calculate ¢/m as-
suming the known value of #.

Calculate the Landé g factor for an atom with a single
(a) selectron, (b) p electron, (d) d electron.

An atom with the states Gy, and 2H,, » is placed in
a weak magnetic field. Draw the energy levels and
indicate the possible allowed transitions between the
two states.

35,

g 34.

35.

Problems 271

Repeat the previous problem for P, and 2D, states.
With no magnetic field, the spectral line represent-
ing the transition from the 2P, state to the 2§,
state in sodium has the wavelength 589.76 nm (see
Figure 8.13). This is one of the two strong yellow
lines in sodium. Calculate the difference in wave-
length between the shortest and longest wavelength
between these two states when placed in a magnetic
field of 0.5 T.

When sodium in the *P; 5 state is placed in a magnetic
field of 0.5 T, the energy level splits into four levels
(see Figure 8.13). Calculate the energy difference be-
tween these levels.



