Atomic Structure and Spectra
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7. 2% hydrogenic atoms(or called hydrogen like atoms),H ,
He*, Li¢* ,U%™*, spectroscopy , spectrum(spectra)

spectrometer , spectrometry , wavenumber(1/A)
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Bohr frequency condition:
when an atom changes its energy by AE =hv =hcT, —hcT,
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Schradinger equation HY =E WY
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Table 9A.1, p361
Orbital n 14
1s 1 0
2S 2 0
2P 2 1
3s 3 0
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9.2 Atomic orbital and their energies
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Example 9.1
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Example 10.1 Measuring an ionization energy spectroscopically

The emission spectrum of atomic hydrogen shows lines at 82 259, 97 492, 102 824,
105 292, 106 632, and 107 440 cm™', which correspond to transitions to the same
lower state. Determine (a) the ionization energy of the lower state, (b) the value of
the Rydberg constant.

Method The spectroscopic determination of ionization energies depends on the
determination of the series limit, the wavenumber at which the series terminates
and becomes a continuum. If the upper state lies at an energy —hcRy,/n’, then, when
the atom makes a transition to E, ., a photon of wavenumber

is emitted. However, because [ =—E; ., it follows that

I R
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A plot of the wavenumbers against 1/n° should give a straight line of slope —Ry; and
intercept I/hc. Use a computer to make a least-squares fit of the data to get a result
that reflects the precision of the data.

Answer The wavenumbers are plotted against 1/n? in Fig. 10.6. The (least-squares)
intercept lies at 109 679 cm ™, so the ionization energy is 2.1788 aJ (1312.1 k] mol ™).
The slope is, in this instance, numerically the same, so R;;= 109 679 cm™. A similar
extrapolation procedure can be used for many-electron atoms (see Section 10.5).




WavefNs :  Ww(I, 0, ¢) = Rn,z(r) ' Yg,mg (0, 9)
= (radial part) (angular part)

Radial part : HigE & A (associated Laguerre
polynomial)fig r #Efj[fidecay
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Use hydrogenic orbitals to calculate the mean radius of a 1s orbital.

Method The mean radius is the expectation value

(= J yrrydr= J rlyl*dt

We therefore need to evaluate the integral using the wavefunctions given in
Table 10.1 and d7 = r’drsin 0 d@ d¢. The angular parts of the wavefunction are
normalized in the sense that

T (2n
JJ 1Y,,,,|?sin 6d6dp=1

0J0

The integral over r required is given in Example 8.7.
Answer With the wavefunction written in the form y= RY, the integration is
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Radial distribution fNs : P (I)

Give the probability density that the electron will be found
anywhere in a shell of radius r. 7548 _F HEL r 5, FRIERF
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Radial distribution fN # 7

¥tspherical orbital = \F(r, 6, ¢) — R(r)

21
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=47z r’R*(r)dr
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The mostprobable radius_ I, .

e.g. Calculate the most probable radius Imp
at which an electron will be found when it

occupies a 1s orbital of a hydrogenic atom of
atomic number Z.
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Calculate the most probable radius, r*, at which an electron will be found when it
occupies a 1s orbital of a hydrogenic atom of atomic number Z, and tabulate the
values for the one-electron species from H to Ne*.

Method We find the radius at which the radial distribution function of the hydro-
genic 1s orbital has a maximum value by solving dP/dr = 0. If there are several
maxima, then we choose the one corresponding to the greatest amplitude (the
outermost one).

Answer The radial distribution function is given in eqn 10.22. It follows that

3 2
dr a a,

This function is zero where the term in parentheses is zero, which is at

a,
Z

rt=

Then, with a, = 52.9 pm, the radial node lies at

H He+ Li2+ Be3+ B4+ C5+ N6+ O7+ F8+ Ne9+
r*/pm 529 26.5 176 13.2 10.6 8.82 756 6.61 588 5.29

Notice how the 1s orbital is drawn towards the nucleus as the nuclear charge
increases. At uranium the most probable radius is only 0.58 pm, almost 100 times
closer than for hydrogen. (On a scale where r* = 10 cm for H, * =1 mm for U.)
The electron then experiences strong accelerations and relativistic effects are
important.




2k mean radius
< >= : P*FWdr ¥ =R,,(rV,.(0,¢) (normalized)
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p orbital |
1. m, = 0, no imaginary e'™?

v, =R, (NY, ,(6,9) = : - 5lzrcos Qe 21124
P~ TR TLOET T S (am) 2 g 2. m, =0, no component
=7 COS eﬂr) |n Xy'plane

T

X

pr':—#(P.H — p_,) =rsin 6 cos ¢ f(r)=xf(r)

1
Vy, =35 P+ ) =rsin Osin 0£(1) = f(r)
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=9 o Y = (\P2p+1E|\P2p_1)oc rsin @ cos ¢ — TEXH -

2px \/E
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Spectroscopic transitions and selection rules:

Al=+1,  Am, =041
+- 2 & Hevaluate transitiondipole moment, w5, M43
i :<f|,u |i >, s =0, Hitransitiom] 74
Hus i =0, HltransitionS w384
f = finalstatewavefN, Y

| = InitialstatewavefN, ‘¥
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Table 8.2 The spherical harmonics
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The spherical harmonics are orthogonal and
normalized in the following sense:

T (21
J J’ YI my (6 ¢) YI m,(e ¢)Sl]’19d0d¢ all mym;
00

An important ‘triple integral’ is

T (21
J J YI"vnl;'(9’¢)*Yl'~m,'(9’¢) Ylvrm(e’¢)sine de d¢
0o

=0  unless m{’=mj +m
and we can form a triangle with sides of lengths

1”,I’yand I (suchas 1,2,and 3 or 1, 1, and 1, but
not 1, 2,and 4).
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The structure of many-electron atoms

+~

\

£ f2 5 %+ R+ a7 wavefN & ¢ Gl
TR AT R i Y L T

Orbital approximation

B3k % 7 3 B3 awavefN,P(n, . 1G,.) =Y(r)¥(,)Y()
He & @BYr)ssmag 3+ 7+ (hydrogenic atom) e
wavefNe 7 B v § F % %t ik kig & (57

¥ & »effective nuclear chargem 22 & H =+ #c)) o

7 N




e.g. For He atom <

¥(r,r,)="(r)¥(,), ¥SH=H,+H,
M T —{EEFH)  interaction)

HY(r, r,) = (0, +H,) ¥ (r)¥(r,)
HT() )+ H,¥(r,)¥(r,)
E, ¥

(r
()P (r, )+ E9(r ) ¥(r, )= (B, + E,) W(r,) ()

2
EW(r)¥(r,), HTE=E +E,

T b, EFHAEAMEEER T, Frlltis & —7FE approximation
SR E SLFFERAM H AR R EE UGS (configuration)

\

I

=3
-

4I|ITI|

e.g. HefVE&E F4HAEEI A 152, Li: 1s22s!



Pauli principle:

When the labels of any two identical fermions are
exchanged, the total wavefN changes sign, when the
labels of any two identical bosons are exchanged, the

total wavefN retains the same sign.

FP O Hfermion® o BlArT F 0 F 3 3 BT FE - AP
gus > Hwavefns @5 p(12)

i=3xPauli principle Y1 2)=-¥(2,1)

F3 B M awavefnd iR 0 ¢ d5spatial part and
spln part o



spin .24 wrw g @a(2), BO)AQ), ) 52), pL)a(2)
ed B EEINBE S A0,V E P
FlP LT A B A T R kAR R R

1 1
5 («1)B(2)+ p)(2)) ; 5 («1)B(2) - pL)e(2))

35,27 spatial part *P (1), (202 % radial and angular part) » #p % &

v, Qa@a@); My, @)=y, @, 0l
W, QPOFQ; Ty, @)=y, @, 0 Y

v, Q{0pQ+ 0@}, Ty, D=y, Ay, Dla@pO+AQa)
PR -BOQY; Ty, 2D=v, Qv, 0@ pO-HQa)



A =f#case vy, (1,2) =y, (2,1) /rE[ltotal wavefN sign-f5 » HA & —fH
Wy (1’ 2) =Y, (211)

IficiEPauli principle (881-Zfermion) - Hallowed wavefN ,.P\HE
v, (12) =y, Qw, (2{a1) 5(2) - fa(2)}

EAERERIH T SR {E E - A M [ orbital » Hspins.p/HZpaired (i2
FhiPauli excluding principlefEGay ) o

F-wavefNz 3 F BT+ 0 w(@23-)

Ve

H {5284 F 7 & Pauliprinciple » 2 3 E @A BT 3
xRk o Hw vewa BB EE



eES BT EAS B F U, H total wavefN (spatial
part times spin part) 7= & ‘g 3 & Pauling principle, &]4c
He*(1s12pl) H & zx total wavefNE 4cie B ?
- 8 spatial part:

¥, ,,12) :%«uls(l)wzp(a 4,2y, (1)) symfor exchange

W2 (12) == (W2, (2) —¥1 (2w, (D) anti-symfor exchange
72

Spin part:
1 :
75 (@) 5(2P) - pUS)2(2p)) anti-sym

%(a(ls)ﬂ(ZpHﬂ(lS)a(Zp)) sym

a(ls)a(2p) sym
p(1s)5(2p) sym



4 # & Pauli principle?



Slater determinants

Slater suggested that there is a simple way to write
wavefNs guaranteeing that they will be antisymmetric for
Interchange of electronic space and spin coordinates, for
example 1s'2st:

12y L [50a0) 15Q)a(2)
VST D sa®) 25(2)a(2)
1
2
=-y(2,1)

try1s(1)e(1)1s(2) 3(2), and 1s* with twoe electrons

s a()2s(2)a(2) —15(2)a(2)2s (Ve (L)}



For three electrons wavefNs, 1s22st

| [s@e®  152)e@) 153

w(1,2,3)=ﬁ Is@)pQ) 1s(2)5(2) 1s(3)5(3)
2sMa@)  2s(2)a(2) 2s(3)a(3)

or,
1s(1) 1s(2) 1s(3)
v(1.23) = —|1s@) 15(2) 15(3)
\@25(1) 2s(2) 2s(3)

Bk B o DIFTHY 5 & BB Ay spin-orbitalsE 25,2/
A BV indices, 55 —17HH1,58 —17IH2, 55 ={TIES3 -

R R E T, —E & 555)%, antisymmetric
to the exchange of any two electron’s indices



Penetration and shielding.

But, <r>_ > <r>,

2:HEFig 9B.4, p374;
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<r>>0,
<r>1,Z], 1, n

Radial distribution function, P
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No net effect of
these electrons

Bb b cpid- < 4T
3 et RpE AT £ B R4 %

O' o

Net effect equivalent to
a point charge at
the nucleus

3.?Pé§’ + (valence electron) LRl A A jr&f
m & = <+ shielding #2597

f: Z — 0
ﬂks,p,dmiﬁ“meavd@% B RaFaRES RifR

Refer to table 9.2 pd4b



The building—up (Aufbau) principle.
EIH A REFTEIG BRI T T e
- Az BEF MR T RF  ERFE D
e B i 1s 2s 2p 3s 3p 4s 3d:--. .fﬁﬁivprinciple’—‘%
PR %GR R 0 A H ¥ B & iTorbital st
4s, 3d, ¥ 3 4f f£ce”— e~ repulsion effects
E - Ry
Electron configurations are determined either
spectroscopically or by measurement of magnetic

properties.

An atom in its ground state adopts a configuration with the
greatest number of unpaired electrons.
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Singlet and triplet states

% B% 38 ~ - B orbital pF - 2% ¥ paired
1) > #Hto tal spin> S0 B 25+1=1
P #¢ T 2S+1=1, g4 s spin-multiplicity -

Hi@EE 51" singlet> = 52> 1 Tdoublet, » &
23 ¢ Itriplet; » 4% Tquartet | ...% X » £ 3
'E; T <+ 3~ 7 [ orbitalspF > ﬂ}“‘: RE psmglet B A
triplet -



Electrons with paired spins have zero
resultant spin angular momentum

o TP et T L 4o TT B AT

two vectors lie at an undetermined
position on the cones, but wherever
one lies on its cone the other points

In the opposite direction; their
resultant Is zero.



N |—

Paired spin, s=0,
M=0, e xy-t o }
A R S R

2] —‘F"{—- ® i%4F180%

This is called
Singlet.



Two electrons with parallel spins,
have a nonzero total spin angular
momentum. # = /&= ;¢ > H ¥
the angle between the vectors

Is the same in all three cases:
the resultant of the two vectors
have the same length in each
case, but points in different
directions.

¥ 5 & paired spin v

two paired spin are precisely
antiparallel, however, two ‘parallel’
spins are not strictly parallel.
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ket K(shell) w4 - BRI - A
doublet ?

ZJgHund’srule » fp 6 &+ 2 f 7 10 §_
singlet or triplet p= > 12 triplet state 5 £ #&
4 o 4yrHerexcited state : 1st 2st ¥ 2 F_
singlet or triplet » e 12 triplet state s & #&2 4 >
5 3% W+ & ehground state o



tripleterad &k > § F)2%a £ F am, > ¥ U g+1/2o0r
-1/2> 22 &£ 51,0,0,-1e fakis » B¢ = f8&

symmetric to the exchange of electron label (triplet) -

¥ — f& &_anti-symmetric (singlet) -

3 a()e(2) |
e A R i
-, triplet statqe\ —» singlet state v2 15 7 WAR)+ fa2),

(1) B(2)- fl)e(2) ; ANUISymmetric

B = 1o
e (singlet state)
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Total orbital angular momentum

> %+ R+ & %tangular momentum F_-
w & 4v = — 41| * Clebsch-Gordan series
kB2 o (S B, A )

e
i

7L

L=t +0,,0,+0,-1,...... e =12,
L : A= totalangular momentum guantum number.
01,0, 1B %) %+ dhangular momentum quantum number

# totalangular momentum (magnitude) 5 /L(L +1)h & &

%] % 3 orbital angular momentum (magnitude) % /¢(¢ + 1)k



B L=3,2,1 ,Aa#RELx75 2L+1 B> =
‘l;ll

BB > ), fr l,=1 (3B > = ) e Bl % | &7

5x3 =15 B%E— Ko

B J=L+S,L+S-1,...... |L-S|, & @ Jvalue =
F 2+l B3, HREF LxS B3 | d v R

Clebsh - Gordan series e+ * ; 32 S=s, +5S,,S,+S,-1,..5,-S,,

|

for2electrons * 3 4 B ¥ s> = (mg) o




Find the terms that can arise from the configurations (a) d?, (b) p’.

Method Use the Clebsch—Gordan series and begin by finding the minimum value
of L (so that we know where the series terminates). When there are more than two
electrons to couple together, use two series in succession: first couple two elec-
trons, and then couple the third to each combined state, and so on.

Answer (a) The minimum value is |/, — ,| =|2 — 2| =0. Therefore,
L=2+2,2+2-1,...,0=4,3,2,1,0

corresponding to G, F, D, P, S terms, respectively. (b) Coupling two electrons gives
a minimum value of | 1 — 1| = 0. Therefore,

L=1+1,141=1,...;0=21.0

Now couple I; with L" =2, to give L =3, 2, 1; with L’= 1, to give L=2, 1, 0; and with
L’ =0, to give L= 1. The overall result is

L=3, 2 ;. 1,1, 1,0

giving one F, two D, three P, and one S term.




Spin-orbit coupling

@+ & E ¢ spin s & 2 magnetic moment > (Spin
magnetic moment ) » H ¥+%:F 8 > & # orbital
magnetic moment

The interaction of the spin and orbital magnetic
moments Is called spin-orbit coupling > #Zinteraction
72 Zenergy levels of the atom - depend on the relative
orientation of the spin and orbital magnetic moments >
H #25pin angular momentum % orbital angular
momentum=rn—= - =& & w5 > 2 ko B 1R oo

(see fig 9.27 > p354)




1 /

The coupling of the spin and orbital angular
momenta of a d electron (I =2) gives two possible
values of j. f&s and | #4p ¥forientation » F_



Russell — Saunders Coupling Scheme
LS coupling: many electrons, |, s 2> L, S > J

* 3 % @ % gspin-orbit coupling is weak (light atoms) » ]

e F B R F eoorbitalmomenta - A2 & 42k A& F BT
+ £ 42 % espin momenta 4p 3 ¥ *
L=0,+0,+...... , S =S +S,+......
J=L+S,L+S-1,.....,|L-§]

Clebsch — Gordan series :#7 it = i angular momentumr & 4¢

=~ B gy B 0 A
0,8 0, B Bie e it B4
L=li+0,, L+0,=1, £i+0,=2,.... |0, —1,]
P32 J=L+S,L+S-1,....[L-§



Total angular momentum » j=¢+s, (+s—1,....... , {—5

. . ) 1 5 3
eg. configuration/fy d* » Hj=7? (=2>s=>> j=7> 7
1, H 1= 7 f=1>S=—> ——, =
P =~]= 2 J 2 2
1, Hij=2 /-3.¢-%, .7, 02
J == ST 1T

Term Symbols “"'L, ... L=




Write the term symbols arising from the ground-state configurations of (a) Na and
(b) F, and (c) the excited configuration 1s*25°2p'3p' of C.

Method Begin by writing the configurations, but ignore inner closed shells. Then
couple the orbital momenta to find L and the spins to find S. Next, couple L and S
to find J. Finally, express the term as ***'{L},, where {L} is the appropriate letter. For
F, for which the valence configuration is 2p°, treat the single gap in the closed-shell
2p° configuration as a single particle.

Answer (a) For Na, the configuration is [Ne]3s', and we consider the single 3s elec-
tron. Because L=1=0and §=s=1, it is possible for J=j= s = only. Hence the
term symbol is S, ,. (b) For F, the configuration is [He]2s*2p>, which we can treat
as [Ne]2p~! (where the notation 2p~" signifies the absence of a 2p electron). Hence
=1 and S =5= % Two values of J = j are allowed: J = %, % Hence, the term
symbols for the two levels are *P, ,, P, ». (c) We are treating an excited configura-
tion of carbon because, in the ground configuration, 2p?, the Pauli principle
forbids some terms, and deciding which survive ('D, °P, 'S, in fact) is quite com-
plicated. That is, there is a distinction between ‘equivalent electrons’, which are
electrons that occupy the same orbitals, and ‘inequivalent electrons’, which are
electrons that occupy different orbitals. For information about how to deal with
equivalent electrons, see Further reading. The excited configuration of C under
consideration is effectively 2p'3p'. This is a two-electron problem, and [, = I, = 1,
5, =8,= % It follows that L=2, 1,0 and S=1, 0. The terms are therefore *D and 'D,
P and 'P, and ?S and 'S. For?D, L =2 and S= 1; hence J=3, 2, 1 and the levels are
°D,, °D,, and °D,. For 'D, L =2 and S =0, so the single level is 'D,. The triplet of
levels of °P is *P,, °P,, and °P,, and the singlet is 'P,. For the S term there is only
one level, °S, (because J = 1 only), and the singlet term is 'S,



Find the terms that can arise from the configurations (a) d2, (b) p°.

Method Use the Clebsch—Gordan series and begin by finding the minimum value
of L (so that we know where the series terminates). When there are more than two
electrons to couple together, use two series in succession: first couple two elec-
trons, and then couple the third to each combined state, and so on.

Answer (a) The minimum value is|l, — ,| =|2 — 2| =0. Therefore,
L=242.242=1,...:0=4:32: 150

corresponding to G, F, D, P, S terms, respectively. (b) Coupling two electrons gives
a minimum value of | 1 — 1| =0. Therefore,

F=1+1,141=1,...,0=2,1,0

Now couple I; with L’ =2, to give L=3, 2, 1; with L'=1,togive L=2, 1, 0; and with
L’ =0, to give L= 1. The overall result is it B 1
21 S'=1 give—,—

2 2

L=3, 25 2511, 1,10 S 1
giving one F, two D, three P, and one S term. 0 2 S =Q e 1
= o = g é
311
S=—,—,—;, 2S+1=4-2>2
2 2 2

/

- ¥ & enterm symbols:  ‘F, °F, ‘D, D, ‘P, °P, ‘S, °S



¢ R-S coupling F&J

4 _ _§ . _9 Z § E 4 4 4 4
F, L=3. 8_2 i.\]_2, > 27 25:> F%, FV F%, F%
2 _ _ = L = 2 2
F L=3. S= . J > 5 — F% F%

4 _ _3 _ 5 31 4 4 4 4
D L =2 8—2 ..1J_2,2,2,52 :3> D%,D% D%,D}/2
’D, L=2., S== )= = ’D., . °D

2 2 ' 2 = % %
3 5 3 1
‘P, L=1, S=°2 J== = = ‘PP, 4P
2 2 2 2 T Ty Ty Ty
1 3 1
. L=1, S== )= 2 = P, . %P
2 N e A
4 3 3 4
S, L=0, S== J= = — S,
2 2 %
23 | L=0, S== J= - = 2§
2 2 b,

When L>S, the multiplicity is equal to the number of levels.
For example,?p term has the two levels %p,,and 2p,,,’
3D has the three levels 3D,,*D,,and 3D,

When L<S: the term 2S, has only the one level °S, .’



LS coupling: many electrons, |, s =2 jand jj=>J

4% ¥ _heavy atompF > R-Scoupling? i * » & * j-jcoupling = - B 7+ &
< Jg total angular momentum (spin, orbit4c =) j» = B R+ L 2= BT F ap 3 17

e L=/l 4+, +...., S=S+S,+... . .
ﬁ&#k“ﬁ?*?ﬁ*@”’ o v PPHRE /=1, /,=1; s==, S,==
2 2
Pure Pure - - RS
Russ?II—Saunders " JI -151 ™ ]@; 7;'3 —+ m.—j tOtaI anglJIar momentum _
coupling coupling > — . .
| 3=0 TNy B T dpcouplingsnfEim s tj= 3 o 1
So / - e . i __(J]_ 1] 2) . 2 2
¢ 3=y=3. 3 . 3 B
2 = h=75 J=5=J=3,2,10
D . ¥
> 3 . 1 Ao F RS
4 ] 0 § k=g =g = =21 =
. ol = e SEEENEFS SR
°P, e —-—_‘_1"’“_ """"""" J :l J :§ = J=2,1
& N, 2 P2 ’ quantum number
0 o N _(%’%) ......... J=1 - 1 . 1
=— =——=J=1,0
)i 5 J> 5

plplc Si Ge Sn Pb
Period

R S #heavy atom B2 58 % if > e H JuF
heBl At 0 R4S d ko enterm symbol v 2R 3 \
H i P FE B ARARIT m.,r’b VR 15 ARGLE 0 BERRALIF AT
- E R o moaran



Angular momentum gives
rise to a magnetic moment
(W). # ¥angular momentum

T L

Al

7]

— 2‘}/eS

For spin angular
momentum there is a
factor 2, which increases
the magnetic moment to
twice its expected value.

| 18 1P 1D 1F SS 3P 3D 3F

|_667.8 %___/587.6
1083

0

51.56
> 52.22
o 10 53.71
s
& 58.44
5 /
C
Ll




—€
2 M,
4 % e sorbital angular momentum % [

L=Vl +D) 7 s pya aom

a=2ts s L, =m h

B¢ 1, fi s magnetogyric ratio - I =

1, =9.274x10*" JT"... fundamental quantum of magnetic moment.



The two angular

momentum are parallel High 1)
energy

and the magnetic moment
are aligned unfavorably.

712l

The two angular
momentum are antiparallel A
and the magnetic moment
are aligned favorably, #p

Low
(b) energy s




The Interaction energy of a magnetic moment, «,ina
magnetic field,B,is:E=-u-B, = — scalar

product - #7112 3K 7 < norbital angular
momentum #7 & 4 &3 magnetic field £ s

I e B, Bt s/

drie RS-0 ?



S A A
£ J=0+s?
d - = 4 o ‘J.J
B J-J=(+S)- (£ +S)=L-L +5-SH2/(-S
<
7. Ty e Ue+D) sl o j(j+1) = L(0+1) —s(s+1)
-
joj < Jj+D S E oo j(j+D) -0 +1) —s(s+1)
J
5-5 o s(s+1)) E.“:lhcA{j(j+1)—z(e+1)—s(s+1)}

2

AF- % spin-orbit coupling constant for particular atom

Is coupling: one electron, small j, |, s



The unpaired electron in the ground state of an alkali metal atom has /=0, s0j=5
Because the orbital angular momentum is zero in this state, the spin—orbit coup-
ling energy is zero (as is confirmed by setting j=sand /=01in eqn 10.41). When the
electron is excited to an orbital with /=1, it has orbital angular momentum and can
give rise to a magnetic field that interacts with its spin. In this configuration the
electron can havej ] 3 or j =1, and the energies of these levels are

Ey,=ThcAEx3—1 ><2—l %}—ihcA
E,;,=3hcAlz x2—1><2 X 3} =—hcA
The corresponding energies are shown in Fig. 10.29. Note that the baricentre (the

‘centre of gravity’) of the levels is unchanged, because there are four states of energy
ThcA and two of energy —hcA.

Energy

States




4o Naatom 2 & 7 + %2 i 5 [Ne |3s': H excited state 5 [Ne |3p"
f'lexcited state s7total angular momentums £ fé i ?

1

j=0+s,0+s-1,...... —s ol=1l,s= E”ﬁ'ﬁﬁ—

e

. 2 )
.1 ~ i

% ground state JZE% = termsymbolaj3¢ *"L , excited state 7

4 18 °P, , P, ,groundstate R A —IH °S

B h %

d *> excited state =7 spin-orbit coupling & excited state s
FEsplit == two levels -



2
P

i ¢ Sodium D line splitting = F !

Na £spin-orbit coupling constant
V. Gl _—
/ 1 3(3
%S YOy Ei/s= E%,l,% =§hcA{§(§+lj—£(£+l)—s(s +1)}

|

1 11
\16956.2 om? E%,L% = E hc A{E(E +1j — (0 +1)—s(s "‘1)}

16973.4 cm™

E, . —E
ﬁ_E _ 4’1’%h %% . fine and D, line i 5
C C

LA33 sy td iy L3 A- 16973.4-16956.2)cm =17.2em
27122 2°2 2



A=17.2 lexg =115 cm™

Zp o enf® 2% * > Alkall metal (Li » K> Rb > Cs)«n D line
splitting , 4 :

Li:0.23cm ™ K:38.5cm™*Rb:158cm™ > Cs:370cm™
# £ spin-orbit coupling constant®g i + 3 <~ @ 3 4 > % 7

spin-orbit interaction & heavy atom+® #_4p % + 1> & 4p %
E&



Fine Structure of a spectrum, the structure in a spectrum
due to spin-orbit coupling.

The origin of the D lines in the spectrum of atomic sodium is shown in Fig. 10.30.
Calculate the spin—orbit coupling constant for the upper configuration of the Na
atom.

Method We see from Fig. 10.30 that the splitting of the lines is equal to the energy —— P
separation of the j=3 and  levels of the excited configuration. This separation can 117 |
be expressed in terms of A by using eqn 10.40. Therefore, set the observed splitting ¢ [16956 P
equal to the energy separation calculated from eqn 10.40 and solve the equation = P
for A. 8- E E
= | g =

Answer The two levels are split by § 2 8

AV=A35G+1)—3G+1)}=3A 0 S1o
The experimental value is 17.2 cm™; therefore *-_

avenumber, v—-

A=3x(172cm?)=11.5cm™

The same calculation repeated for the other alkali metal atoms gives Li: 0.23 cm™,

K:38.5cm ™!, Rb: 158 cm™, Cs: 370 cm™. Note the increase of A with atomic num-
ber (but more slowly than Z* for these many-electron atoms).




Selection rule

# ++photonspin angular momentum % +1

AS=0, AL=0,+1, (Al=+1)

AJ=0,+1, (but J=0<x—>J =0)

2 emission 2 2 emission 2
P, >“S1/5 P, >S40

> 2 > 2
P, < Si/2 P, < ST

absorption absorption

"B BZ O R E B Ttermy w g 0 Ry B K

2

3
i
term® %% » * — or < #5t emission or absorption

"

,.szri



TG - (RE & g Pl B T g AS=0 > 7 Trsinglet <>
singlet ; doublet<> doublet ; triplet<> triplet

7 ¥ A% o {2 $theavy atoms® % 0 %] i L, S& quantum
numbere 7 FRE-i§ * > Bem & 2_ g9F_J quantum number -
F]#t AS=0 ;2 B| frheavy atom=rtransitionge i 5 75 & fic
ﬁ,@‘} = » @ % 3 multiplicity 4% srtransition -



£ Spin — orbit coupling

T ERER o PR (R o
EWE LTI AL - E oy © 7
=% % 3 chspin magnetic moment 48 3 M
% > AU E NS EEPET R

=~ b T heavy atom > H spin -
orbit coupling&_4p % & % ero



Zeeman effect

T MRS E R ST A 4 dhmagnetic moment e h 4e
Bt T OA2 4 A it 5 oA HEH - SR
B A G R Hikmd - B S OE o

t* 5w E=—p,B=pumB

HY u=yh= _Ze_h ( Bohr magneton ) zE
m

e

T4 p orbital il 3 gAH T
THRA ¢split, i BT T
,,éF'Spllt ’:"\;3]/'% ° S v Y YV Y

+1

| — |

o line % circularly — polarized , 7 line = plane — polarized 6 T o



¥ § ! electron spin magnetic moment 7 ¢ fr ¢t
e HEITH A 4 Zeeman splitting, »]4rESR
(Electron Spin Resonance) fjﬁ—iﬂ PRI o

HTE = —/JZB = _geremshB = ge:uBmsB
for electron g, =2.0023, called g factor

FEFIBETF R Mg=mg +mg +mg +...... S

Nuclear spin magnetic moment™ ¢ fe¢k 4e g 3-1e* 2 2
Zeeman splitting, #]4-NMR ( Nuclear Magnetic Resonance)
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