Chapter 12

Identical Particles

12.1 Theoretical ideas

We now apply these quantum mechanical methods we have developed to multi-
electron atoms.

We will create a model to handle these atoms that follows from the one-electron
case considered earlier. These systems are very complex and all the results that
we derive will be approximations.

If we consider an atom or system of N particles, the wave function

w(1,2,3,4, ...... 7N,t):w(Flsl,F2827f383,f484, ...... ,fNSN,t)
=(1,2,3,4,....., N, t| 1) (12.1)

where 7js; = (radius vector,spin) of the j' particle

describing the system will be a function of 3N spatial coordinates, time and
all of the particle spin variables. The 3N spatial coordinates form a multi-
dimensional configuration space.

The Hamiltonian of the system is given by
H=T+V (12.2)
where

N N h2 R .
T=3Ti=-%-—V])and V =V (71,7, ..., Pn, 1) (12.3)
j=1 jmi\2my

The time-dependent Schrodinger equation is

Hy(1,2,3,4,.....,N,t) = m%¢(1,2,3,4, ...... N, t) (12.4)

p(1,2,3,4, ... N, t) =¢*(1,2,3,4, ..., N,1)¥(1,2,3,4,.....,N,t)  (12.5)
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so that

p(1,2,3,4, ..., N,t)d>71d%Fy.......d°F = probability of finding
particle 1 at 71 in d°7 , and particle 2 at 75 in d°7 ,

........... , and particle N at 7y in A7y all at time time ¢

We assume that the N-particle wave function is normalized.

The energy eigenstates or stationary states are solutions of

Hyp(1,2,3,4,....N) = Ey(1,2,3,4,......N) (12.6)

0(1,2,3,4, ., Ny 1) = 0p(1,2,3,4, .., N)e 7t (12.7)
where F is the energy of the system.

When we consider an N—electron atom, the system really has N + 1 particles
(we must include the nucleus). However, the nucleus is so much more massive
than the electrons that we can make the approximation that it has infinite mass
and is fixed.

We put the nucleus of charge Ze at the origin and define

7; = position vector of the j™ electron

ik = |Fj — Tx| = separation between the j'" and k' electrons

The potential energy is

DY e— (12.8)

J
= Coulomb energy between nucleus and electrons

+ Coulomb energy between electrons

We will assume no spin-dependence or time dependence in the potential energy.
All electrons in the atom are considered to be identical or indistinguishable.
This means that there are no interactions that can, in any way, distinguish
them from each other.

Alternatively, we can say that, if we interchange the coordinates and spins of
two particles, then it is not possible to determine via any physical measurement
that any change was made in the system.

This says that all measurable quantities or the operators representing them must
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remain unchanged by the interchange of indistinguishable particles.

In particular, the Hamiltonian must remain unchanged, i.e., we must have
H(1,2,3,4,....5.k, .. N) = H(1,2,3,4, ...k, j, ... N) (12.9)

This property of H is called exchange symmetry. Operators that have this
property are symmetric functions of their indices 1,2,3,4,....., N and they are
called symmetric operators.

Now, every symmetry of a physical system must be represented by an operator
that commutes with H. In this case, we introduce the particle interchange or
permutation operator P;; such that

Pijp(1,2,3, ... iy gy N) = (1,2,3, yiy Gy ereens N| Pij [10)
=(1,2,3,........ by ey N 0) = 00(1,2,3, .. iy, N

In words, we say

Pij@/}(l, 2,3, . A T ,N) gives the amplitude for
finding the j*" particle at 7; with spin s;
and i'" particle at 7; with spin s,

Now, the transformed Hamiltonian operator is given by

H'=Pj;HP;;' = H (by assumption) (12.10)
This implies that o o
P jH=HP; - [H,P;]=0 (12.11)

as we expected. The same result holds for all symmetric operators.

Now, suppose that the state vector |¢)) is an eigenvector of the symmetric, N-
particle H with energy E. We then have

Hy) = E ) (12.12)
HPj[ip) = PyH [¢p) = EP;;[3) (12.13)

which says that
P |4) is also an eigenvector of H with the same energy (12.14)

This holds for any pair (i,7). So H and [:’ij share a common eigenbasis as
expected. This phenomenon is called exchange degeneracy.

For simplicity, we assume that N = 2. We then have
H(1,2) and (1,2) (12.15)
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and o
[H,P2]=0 (12.16)

What are the simultaneous eigenfunctions? We have
Prag(1,2) = (2, 1)
Piy(1,2) = Prap(2,1) = (1, 2)

which says that R .
PL=1 (12.17)

and that 1512 has eigenvalues +1. Now if
Hy(1,2) = BEy(1,2) (12.18)

then
Hy(2,1) = EBy(2,1) (12.19)

and these two state functions are degenerate. Then, we can write

¥s(1,2) =(1,2) +9(2,1) > symmetric wave function
Ya(1,2) =9(1,2) —¢(2,1) > antisymmetric wave function

which are the simultaneous eigenfunctions with
Hyg=Eps  Hipa=Epy (12.20)
Piyths = +1hs  Pratha=-ta (12.21)

It is an experimental fact that the behavior of wave functions under pairwise
particle interchange depends only on the kind of particles involved, in particular
on their spin.

All known particles divide themselves in to two classes:
1. Bosons — particles with integer spin, s =0,1,2,3,4,......
2. Fermions — particles with half-integer spin, s = 1/2,3/2,5/2, ......
and
1. Fermions have antisymmetric wave functions under particle interchange
2. Bosons have symmetric wave functions under particle interchange

This relationship between spin and wave function symmetry cannot be proved
in non-relativistic quantum mechanics. It can, however, be proved if we add rel-
ativity and construct the relativistic waves equations for bosons and fermions.

As we shall see, this symmetry/antisymmetry connection of spin and wave func-
tions will generalize to more complex systems with more particles.
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Before proceeding to study real atoms with N electrons, let us see what we can
learn from a one-dimensional systems containing either two identical bosons or
two identical fermions.

The general Hamiltonian for a one-dimensional two-particle system is

H=H +Hy,+U(x, -x) (12.22)

. hZ 92 N
=————+V 12.23
YT 2m 042 (@1) ( )

. Rz 92 .
RN v 12.24
2= V) (12.24)

where

U(x1 —x2) = the particle - particle interaction (12.25)

We will assume that U(a:l —x9) is small enough that we can apply perturbation
theory. We then use direct product states and write

H=Ho+U (12.26)
Hiyp{ (1) = EQ 9 (21) (12.27)
Hyp{0 (22) = B9 (22) (12.28)

ﬁ%(z?)m (11,$2) = ﬁolbr(z?)(fﬂl)lbg)(@)
= (Hy + Ho) {0 (21) 0D (22)
= (Eﬁfi) + Eﬁ?)wi?)(:vl)wi?(wz)
S B O (0 (12.29)

ning "ning

We will construct the unperturbed(zero order) eigenfunctions and energies from
these direct product states.

For the moment, we will also ignore spin.
The simple direct product states will not work for a description of the two
particle system since the eigenfunctions of Hy must be either symmetric or

antisymmetric under particle interchange.

The correct choice is ¥g or 14 where

Wi = % [0 (21)9 9 (22) + 0 (2) D (21)] (12.30)
B0 = [0 (21)u (w2) = 0O (22) 0 (a1)] (12.31)

V2
Both of these states have energy E,(g)n? = Efl?) + E,S?.
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12.2 Bosons with Spin = 0

We assume that s; = s3 = 0. This says that there are no new degrees of freedom
and hence no reason to change the wave functions.

Indistinguishable bosons of spin = 0 require a symmetric wave function and thus
we choose as the properly symmetrized zero-order wave functions

Y = f (57 (1) (w2) + ) (w2) ) (21)] (12.32)
The ground state corresponds to n; =ns =1 or
05 = O (@1)yl? (2) (12.33)

In perturbation theory, the first order energy is then
By = 2B + (¢{0°| 0 (21 - 2) [67°)
=2p" (12.34)

+f]offmdx1dacgda:'1dm'2
(o] (o1 ) ol o) (o1 @] (917 @) )
x U (= w2) ([0 @) [150 (@5)) (4 (@) (" (a

o)

Now

(v @] (o @] D ) [ @) ol )

=U(xy —22)0(z1 — 21)6(22 — 25) (12.35)
which implies that
Eyy =2E
[ Jontn | o))
x U (= w2) ({0 (@) (61 (@2)]) [94D7) (12.36)

or

En =28+ [ [ durdws |60 @0)] U1 - 22) [95 (2)] (12.37)

For later use we define the general direct integral

oo 0o

Jnany = ffdxldxz O () [ U (21 - 22) [0 (2)[ (12.38)

—00 —00
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In this case, we have
Ey =29 1 gy, (12.39)

Now we look at the first excited state of this system. We assume that for
the zero-order states, the first excited state corresponds to ny = 1 and ng = 2.
Therefore, the zero-order symmetric wave function for the first excited state is

95 = % [0 @) () + 6 (22) 08" (1) ] (12.40)

and the first order energy is
Brs = B + B + ( §g>3\ U(z1 - z2) M?S) (12.41)
Using the same procedure as before we get
B =B+ E 1 g, + Ky (12.42)
where

Kogns = [ [ dordosp @ (@) @)U @1 = 2)0 D (22)6 (1) (12.43)

—00 —00

is called the ezchange integral.

Now let us look at a possible physical meaning of these direct and exchange
integrals.

We define

|¢§£)(x1)|2 = p1 = probability density for particle 1 in state n (12.44)
and

|7,/1,(72)(x2)|2 = po = probability density for particle 2 in state nqg (12.45)

Therefore, the direct integrand takes the form

p1p2U (112) (12.46)

To see what this means let )
U(’I“lg) = i (12.47)

T12

which corresponds to a repulsive Coulomb potential. The direct integral is then

/ / % dy das (12.48)

This represents the total energy of two classical charge distributions interacting
with the potential energy U(r12).
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The exchange integral, however, has no such classical counterpart. It is the
result of symmetrizing the wave function and therefore arises because of the
invariance of H with respect to particle interchange.

The energy level diagram to first order might look like Figure 12.1 below.

@, O _Y_l‘

1st Excited
State

Figure 12.1: Typical Boson Energy Level Diagram

The more interesting case is a two spin = 1/2 fermion system (since electrons
are spin = 1/2 fermions).

12.3 Spin = 1/2 Fermions

The particles now have internal degrees of freedom. The single particle state
vectors must now have both spatial and spin parts

|space) |spin) (12.49)

For example,
W) |+) (12.50)

presents a fermion in the 11)7(3) spatial state with spin up.
We write the corresponding wave function as
(1 | 90) [+), = 98 (21) (1) (12.51)
and so on, where we define the labels a(j) = |+); and 8(j) =[-),.
We must choose the antisymmetric combination for the zero-order wave func-
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tions. We have 4 possible direct product states given nq and na, i.e.,

¥1(1,2) = 0 (21) 9D (22)a(1)a(2) (12.52)
2(1,2) = {2 (21)0{2 (22)a(1) B(2) (12.53)
3(1,2) = ¥ (21) (D (22) B(1)a(2) (12.54)
$4(1,2) = 80 (21)9 D (22) B(1) B(2) (12.55)

These are not antisymmetric, however. A useful operator allows us to construct
antisymmetric states. Consider the operator

. 1 .
R= E(1—1312) (12.56)
Now for any function A(1,2) we have
R 1 . 1
RA(1,2) = E(l - P12)A(1,2) = NG [A(1,2) - A(2,1)] (12.57)

which is antisymmetric. The factor 1/\/(2) keeps the state normalized. We

now use R to construct four antisymmetric states from the four direct product
states (12.52).

O (w1,22) = %(1 ~ Py (1,2)
- f[ HO (1) (12)a(1)0(2) - 6O (1) (2)a(1)a(2)]  (12.58)

1 ~
(z1,22) = %(1 - P12)12(1,2)

ﬁ [0 (219D (22)a(1)8(2) = 1) (21)$) (w2)a(2)5(1)] - (12.59)

(0)
wnm2+_

nlng +($17$2) = 7(1 - P12)¢3(1 2)

= ﬂ[ P80 (1) (22) B(1)(2) = D (21) (P (22)a(1)B(2)]  (12.60)
B0 (a1, 3) = %(1 ~ P)a(1,2)

:\/5[ Y ()0 (22)B(1)B(2) = ) (w1) e (22)8(1)(2)] - (12.61)

where the subscripts imply
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+ + means both spins up
+ - or - + means one spin up and one spin down
- - means both spins down

Each of these wave functions is antisymmetric and each is an eigenfunction of
H, (since H, does not contain any spin dependent terms) with the same energy.
This implies that, at this point, we have a 4-fold degenerate zero-order system
with energy E,(l?) + E,(Lg).

We could use these states as the zero-order wave function to start perturbation
theory. It would be like doing the spin-orbit calculation using the |£smgmy)
basis, rather than the [¢sjm;) basis where H,, is diagonal. It is always important
to choose zero-order wave functions, if it is not to difficult to do, that incorporate
as much of the symmetry of the system as possible. In other words, choose
zero-order wave functions that are simultaneous eigenstates of the maximal set
of commuting observables. This will hopefully produce a diagonal perturbation
matrix or at least so many zeros that it is easy to diagonalize the rest of the
matrix.

In this case, we not only have [H, ]3121: 0 which told us to choose antisymmetric
zero-order states, but we also have [H,52)]=0 and [H,5.] = 0 where

gop = §1,0p + §2,0p = the total spin angular momentum
S’Z = 5’12 + S’gz = the z - component of the total spin angular momentum

Therefore we should choose antisymmetric state functions which are also eigen-
functions of Hy, 52, and S. as our zero-order states.

From our earlier work we know that the possible values of the total spin are
S =0,1 and the state vectors that are eigenstates of Sgp and S, are

1,1) = a(1)ex(2) = x11 (12.62)
11,0) = % (a(1)B(2) + a(2)B(1)) = x10 (12.63)
I1,-1) = B(1)B(2) = x1,-1 (12.64)
0,0) = % (a(1)B(2) - a(2)B(1)) = x00 (12.65)

Notice that the x1,m=-+1,0 are symmetric under Plg and xgo is antisymmetric.

Therefore, we will maintain overall antisymmetry by writing the wave functions
as products of spatial wave function and spin functions such that the spatial
function is symmetric when combined with xoo and the spatial function is anti-
symmetric when combined with X1 m=x1,0-
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The symmetric spatial function is

Y = ﬁ[ PO (@)Y (22) + D (22)0 2 (1)] (12.66)

and the antisymmetric spatial function is

P (1) 80 () = 8D (22 (21)] (12.67)

ning \/‘[

The four zero-order wave functions, which are now eigenfunctions of Ps, Hy,
- N
S;p and S are then

¢(0)A _

P 0 = f [0 (1) (22) + ¥ (22)% 0 (21)] x00 (12.68)
O i = }[ O (1) (2) = O (22)D (1) Xum, s = £1,0

(12.69)

Notice that if we have identical spatial states, i.e., ny = no, the S = 1 states
vanish identically. This says that two fermions in an S = 1 spin state cannot be
in the same spatial state(the wavefunction vanishes). This is the first example
of a general principle we will discuss later called the Pauli Ezclusion Principle.

An alternative way to find these zero-order wave functions is to go back to first
principles and use CG coefficients. For example
0 0
wgl)ngsms = Z am5177”52 1/}7(L1)7’L2m3177L52 (1270)

Msq,Msqy
M) Mgy =M

where
Ay, ma, = (518215, s, | S1528M5) (12.71)
Now 11 11
<f Mg, Mg,y 7711> =0,, 10, 1 (12.72)
22 22 #103 Mez03
which implies that
0 0
wil)anl = ’Sll?flz++ (1273)
as written above.
Similarly, for s =1, mgs = 0, the only nonzero CG coefficients are
111 111 1 11 11711
<777—7’771 >:—:<77—77 7710) (12.74)
222 2122 V2 22 22122
which implies that
PO 1o (0)
nin210 \/— n1n2+— \/— ninz—+
= —[ W (2) = (2 ()] xao (12.75)

%
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as written above. We now have the appropriate zero-order wave functions and
can apply perturbation theory to the two fermion system.

As with the two boson case, the zero-order ground state for two fermions cor-
responds to nj = ne = 1 with zero-order energy 2E§0). Since the S =1 or triplet
states have identically zero state functions in the case (since the spatial function
are antisymmetric), we have wﬁ?lms = 0. The unperturbed ground state must

then have S =0,5, =0 or it is 1/)?1)?00(1,2). This involves a singlet state with

ms =0 only
Yoo = % (@A) - BDa(2) (12.76)

In this state, the particle spins are always opposite or antiparallel.

The ground state energy to first order is
0 0) |y 0
Ery = 2B +< 51,)00| Uz - x2) |¢§1?oo>
=289 4 Jy, (12.77)

which is the same energy as in the two boson system(we are assuming the same
Hamiltonian applies).

The spatial part of the wave function is the same also, namely,

P01 (2) (12.78)

We must use a symmetric spatial wave function here because the spin vector is
antisymmetric in the ground state of two fermions. The presence of the spin
internal degrees of freedom(and the Pauli principle) has a more dramatic effect
on the first excited state for two fermions.

We again assume that the first excited state corresponds to ny = 1,n9 = 2. This
gives the energy to first order as

U(x1 - 22) ‘zb(o) ) (12.79)

12,sms

E12 = E;O) + E;O) + ( (0)

12,smg

We can write the energy this way, i.e., we do not need to write a 4 x 4 matrix
(U) and diagonalize it because the (/) matrix is already diagonal in this basis
due the orthogonality of the spin functions and the fact that the perturbing
potential does not depend on spin. This first order energy is different for the
triplet and singlet states. If we do the integrals (they are the same as the boson
case) we get

Eyp=E9+EY 1 Jy+ Ky (12.80)

where

+ — singlet s =0,ms=0

— — triplet s=1,ms=+1,0
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All the triplet states have the same energy because they have the same spatial
wave function and the perturbing potential does not depend on spin.

We thus get the energy level structure shown in Figure 12.2 below.

singlet S=0 1-fold

‘_
| SR,
£®, 50 JI_( _____
X _': _____ 12 . ..\‘ -K 12
1st Excited 4-fold + —
State triplet S=1 3-fold
(V)]
E, =E in) [ — s=0 sj.nglet
| ] 1-fold
¥ lfod . 1
Ground ™— - - - - - - -
State ,g @ +

Figure 12.2: Typical Fermion Energy Level Diagram

The energies now depend on the total spin S even though the Hamiltonian H
does not explicitly depend on spin. A very dramatic effect!!

This level splitting is not due to any additional terms added to the Hamiltonian
such as ﬁso or H Zeeman- This effect is strictly due to symmetry requirements.
The requirement of symmetry or antisymmetry forced on the spatial wave func-
tions by the symmetry or antisymmetry of the spin vectors causes this level
splitting. The entire effect is due to the invariance of the Hamiltonian under
pairwise particle interchange.

Physically, we can argue as follows:

1. symmetric spatial functions are large for z; ~ x5 , while antisymmetric
spatial functions are ~ 0 for xq ~ xo

2. U(zq — x2) is expected to be largest for z1 ~ x4

3. this implies that for S = 1 fermions (U) is relatively small while for S =0

fermions (U) is relatively large

4. two identical fermions with antiparallel spins have a large probability of
being close together — they attract each other

5. two identical fermions with parallel spins have zero probability of being
close together — they repel each other

This repulsion is spin dependent and not due to the Coulomb repulsion between
the electrons.
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The first order energy for the singlet state is larger than for the triplet states
because the repulsive interaction is enhanced in the singlet state. This overall
effect is called spin pairing and it is a purely quantum mechanical effect.

12.4 The N-Electron Atom

We now extend our discussion to a system with N electrons (fermions). We
write

H=Hy+H' (12.81)
where
. N R, -
Hy = 2; [- o vZ+ V(m)] (12.82)
~ N N A~
H' =" YU(# - 7)) (12.83)
i=17>%

The energy eigenstates for the N—electron atom are solutions of the time inde-
pendent Schrodinger equation

Hyp = Eyg (12.84)
where Yg =¥gr(1,2,3,4,....... ,N) and 1= (71, s1) and so on.
The indistinguishability of the IV electrons implies that
[H,P;]=0 4,j=1,234,....,N;i+j (12.85)

where the Pij interchange all attributes of the electrons, i.e., both the spatial
and spin degrees of freedom.

The wave function must be antisymmetric under pairwise electron interchange
PjYp=—Yp  0,j=1,2,3/4,....N;i%j (12.86)

The general problem of N interacting electrons is very complex. At this stage we
only want to extract general properties that will also hold in real 3—dimensional
atomic systems. It turns out to be instructive to consider the case of non-
interacting electrons - the so-called independent particle model. In this model
we neglect the electron-electron interactions and look only at the zeroth order.

In particular, we consider N identical non-interacting particles in a potential
well V(7). The Hamiltonian for any particle in the well is

~2
: ko .
Ho(k) = 2’“7’7;’ +V () (12.87)
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where

ﬁo(k)¢n(Fk) :En(bn(fk) n=0,1,2,3,4,......

(12.88)

Thus, any single particle sees the energy level structure as shown in Figure 12.3

below.

\___/

€5 % 7

&
el‘@; £yt
0

Figure 12.3: Single Particle Energy Level Structure

The N-particle Hamiltonian is then

H = Hy(1) + Ho(2) + Ho(3)....... + Hy(N)
with solutions given by

H¢(1,2,3,....,N) = E(1,2,3,......,N)

where
¥(1,2,3,...... yIN) = o (1) dp(2)....... dn(N)

and

This solution implies that

particle 1 is in state a with energy e,

particle 2 is in state b with energy &

particle N is in state n with energy e,

(12.89)

(12.90)

(12.91)

(12.92)

Electrons have spin = 1/2. Thus, corresponding to any single particle energy

level, say a, there are two possible single particle states, namely,

¢a(1)a(1) and ¢4 (1)5(1)

(12.93)

From now on when we write ¢,(1), where the subscript a will be understood to

also include the spin information.

The simple product state solutions are not physically admissible solutions since
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they are not antisymmetric under particle interchange for any two particles.

All such states with particles interchanged pairwise have the same energy. In
fact, any permutation of the indices produces a state with the same energy. We
need to construct a completely antisymmetric linear combination of all of these
solutions.

If these were bosons we would have to construct a completely symmetric linear
combination of all these solutions.

If we define
p(1,2,3,4,...... ,N) = a permutation of the particles (12.94)

then, the completely symmetric state is easy to construct. It is

¥s5(1,2,3,000, N) = Y 10(1,2,3,4, ..., N) (12.95)
[

where the sum means a sum over all possible permutations or arrangements.
There are N! such permutations.
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Examples

N=2->N!=2
¥s(1,2) = 1(1)92(2) + 01(2)=2(1)
N=3->N!=6

¥s5(1,2,3) = ¢1(1)92(2)$3(3) + 01(2)P2(1)P3(3) + 1(3)P2(2)P3(1)
+¢1(1)p2(3)#3(2) + ¢1(3)p2(1)$3(2) + ¢1(2)P2(3)P3(1)

How do we construct a completely antisymmetric state? Let us define a general
permutation operator by (illustrate for N =5)

@134521/)(1’27374) 5) = 1/)(3a 174755 2)
@23451w(1a273a45 5) = w(2a3,4a57 1)

Any such permutation operator can be written as the product of the 2—particle
interchange operators F;;, i.e.,

1/1(2,3,1) :@2317/)(13273)
= ple(372» 1) = p1213131/1(172a3)

Thus, any permutation @ can be written in terms of an odd or even number of
pair interchanges or pair permutations and we call it an odd or even permutation
accordingly. All pair permutations are odd.

Therefore, for a completely antisymmetric state we must have

+ if 1 tati
B = { 14 if p is an even permutation (12.96)

—1p4 if p is an odd permutation

We therefore form a completely antisymmetric state as follows. We let

(_1)@ _ +1 1f(§w %s an even permuta?ion (12.97)
-1 if § is an odd permutation
and then
Examples
N=2-N!=2
Ya(1,2) = p1(1)2(2) - ¢1(2)92(1)
N=3-N!=6

¥4(1,2,3) = ¢1(1)$2(2)93(3) — $1(2)P2(1)$3(3) — ¢1(3)P2(2)P3(1)
= $1(1)92(3)#3(2) + 91(3)P2(1)P3(2) + $1(2)P2(3)¢3(1)

It is clear that if any two states are identical (put 2 = 3 above), then 14 is
identically = 0 as it should be for fermions.
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This implies that we can put at most 2 electrons in each energy level of the
potential well. The two electrons in the k" level would then have wave functions

ora and @3 (12.98)

i.e., they must have opposite spins. This says that N spin = 1/2 fermions must
occupy at least N /2 different states in the well.

This is very different than for bosons where all the N bosons can be in any
energy level.

Another way to write the completely antisymmetric wave function for fermions
is the so-called Slater determinant

¢a(1)  6a(2) . ¢a(N)
#(1)  #u(2) . (M) (12.99)

ou() 6u(2) . Gu(N)

The last thing we must do is to normalize these state vectors.

¥a(1,2,3,...,N) =

Walta)= ¥ [ By Py
x 3 (1P D 005 (1) 07 ()] oG (1)----60 (V)]

Now if p # ', then [pda(1)....0,(N)] and [p'¢a(1)....0,(N)] are orthogonal
and the integration for that term is zero.

Therefore, we get

(Galva)= ¥ fd?’ﬁ ....... By Y ploa(DP o lon (NP (12.100)

51,52,mees
But
> [ @rlonG)P =1 (12.101)
Sk
so we finally get
(¥4 |1a)=> 1= number of possible permutations = N! (12.102)

©
and therefore, the properly normalized completely antisymmetric wave function
is
$a(1)  ¢a(2) . da(NN)
1 .
¥a(1,2,3,..... ,N):W (1) 4(2) %6 (N) (12.103)
1 oa(1) 0a(2) - n(N)
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In a similar manner
(12.104)
where
Ny = the number of times the single particle state ¢y occurs
What is the difference between the ground state of N fermions and N bosons?

For N bosons, all N particles occupy the lowest level ¢y and the wavefunction
is

¥s(1,2,3,....; N) = ¢o(1)P0(2) o (3)......... do(N) (12.105)
with energy
EO = N€0 (12106)

This is true no matter how large N might be, even for macroscopic systems where
N ~10%. As we shall see in later discussions, this is one of the physical require-
ments for phenomena like superconductivity, superfluidity and Bose-Einstein
condensation.

Such a state is not allowed for fermions however. We must have

N even N odd
2 in (]50 2 in ¢0
2 in ¢1 2 in d)l

This difference for systems with even or odd numbers of fermions will lead to
dramatic physical consequences later for some atomic systems.

The ground state energy for N fermions is
2(eg+e1 + o +5%) for N even
2(eg+e1 + o +s%)+s% for N odd

Either of these two energies is always greater than the N boson ground state
energy.

The extra energy is called the zero point energy and it arises from particle inter-
change invariance or it arises from the Pauli Fxclusion Principle which states

No two identical fermions in a physical system
can have the same set of quantum numbers

It is equivalent to the antisymmetry of the wave function requirement for fermions.
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12.5 The Helium Atom

We now consider the simplest multielectron atom, namely, helium, which has
two electrons. The Hamiltonian is

=2 2 =2 2 2
N N . N ° A ° Z
H=H(1)+H(2)+ _Plop _Z€7 Paop Z€ c

where

H(i) = hydrogen atom Hamiltonian with nuclear charge Ze (instead of e)
V = electrostatic repulsion between the electrons
We start by neglecting the electrostatic repulsion between the electrons. This

gives us a zero-order solution that we can use in perturbation theory. This is
equivalent to the independent particle model we just discussed.

Since H = H(1) + H(2) in this model, we can write
[¥0) = [n1lima) [nalamo) (12.108)
where

f[(l) [nilymy) = E,(IO) [n1€ymy) and ﬁ(2) [nalamsa) = Eflo) [nalams)

Hp) = (H(1)+ H(2))[Y) = (H(1) + H(2)) [n1fim1) [naloams)
=EQ 1) = (B + B9 [nglymy ) [nalams) = (B + BD) )

ning
and
Z%e?

EO - _
" 2a9n?

(Z = 2 for helium) (12.109)

We will be working out the numbers in this problem so that we can compare our
results to experiment. The zero order energies are shown in Table 12.1 below:

ny | ng | B, (Ry) | B, (eV)
1 1 -8 -108.8
1 2 -5 -68.0
1 3 -40/9 -64.4
1 . .

1 . -4 -54.5
2 2 -2 -27.2

Table 12.1: Zero Order Energies

where )

1 Ry(Rydberg) = 2%0 =13.6eV (12.110)
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The ground state energy is
0 0

E,o=EY 28" - 8 Ry (12.111)
and the energy of the system when one electron has been ionized (no longer
bound) is

Eion=E"” + B = 4Ry (12.112)
Therefore, it requires the addition of 4 Ry to create singly ionized helium. Notice
that the (2,2) state has an energy greater than FE;,,, which implies that it is

not a bound state of the helium atom. All the states (1,n) are bound states.
The energy level spectrum looks as shown in Figure 12.4 below.

ey e 72V

. two Y .~ ~

e e i —— continuum

oML e NN -

(1,09) N +
(1,3) N -6.0 eV
(1,2) -136 eV
an 544 eV
(nl. n,_.)

Figure 12.4: Helium Energy level Spectrum

Since the particles are electrons we must antisymmetrize the wave functions.
We have two spin = 1/2 fermions. The spin functions are

1,(£1,0 tri
|s,ms):{| (21,0)) -~ symmetric (12.113)

|0, 0) — antisymmetric

The spatial part of the wave function must be of opposite symmetry to the spin
functions so that the product is antisymmetric. By convention we label the
states as follows:
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Parahelium

(symmetric space part) X00
(|100) |100)) |00)
1

7 [|1100) |2¢m) + |26m)|100)] x00

and so on.
Orthohelium
(antisymmetric space part) X1m.
% [[100) [26m) = [26m) [100)] X1
and so on.

These are the zero-order wave functions. We now handle the

e? e?

|71 —7a| 712

term by perturbation theory.

The first order ground state energy correction is

2
AE = (100 {100 = [100) [100) (00 | 00)
T12

2 NP
:lefd‘gFld?’Fg'me(ﬁ)' |th100(72)|

T12

where

~ 1 Z\? _z
¢100(7“)-ﬁ(a*0) e o

Therefore,

(12.114)

(12.115)

(12.116)

1 (Z\ , [ ez [ _2zry 1
AE=—2(—) e2fdr1rfe o [drgrge w0 ffdQldQQ— (12.117)
Qo 0 0 T12

Even though this calculation does not give a very accurate result, it is still very

instructive to learn the tricks necessary to evaluate the integrals.

We first need to find a useful expression for 1/r12. We have

rig = [Fy = Ta| = \/ (71 = F2) - (F1 — T2)
T%Q =(’F1—’Fg)'(fl—fz):T%+T§—2f1-F2

2,2
=r]+7ry—2rirycosf3
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where
[ = angle between 71 and 7

Therefore,
1 1

- 2
"2 (r?+r2-2rirycos B)l/

(12.120)

(12.121)

In the subsequent development, we let the larger of 71,75 be called r. and the

smaller be called r.. We then have

1 1

r o\ 1/2
2 T>(1—2%COSB+(%))

:l+ L (2r<cosﬁ—(r<)2)— 5 (2Q0085—

Ts 8rs

3
15 T< (r< )2
2— - —= -
" 487 ( Ts cos rs

11 2 1
—=— 1+T—<cosﬂ+(r—<) (§cos25—7)+...
T2 TS rs rs 2 2

rs  2rs \ s Ts

or

> >

Therefore,

LS (5 by

2  Ts> \Zp\T>

1 [Po(cosﬁ) + EPl(Cosﬁ) + (T<)2 Py(cos ) + ]
r s r

(12.123)

(12.124)

(12.125)

Now, the addition theorem for spherical harmonics, which is proved at the end

of this chapter, gives

47
220 +1

Py(cos B) -

m=—A

Therefore, we finally have

A
> Vam(Q0)Y3,(Q2)

m=-X\

™2 T> Do

>

11 °°(r<)A dm
22 +1

Now, the factor

1
f 4 dQy—

T12

contains terms like

f f 41D Yam (21)Y5 (2s)

and
fdQYAm(Q)“fdQYAm(Q)Yoo(Q):5AO5mo
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A
> Vam(Q0)Y3,(Q2)

(12.126)

(12.127)

(12.128)

(12.129)

(12.130)



Therefore, the only term that contributes from the sum is A = m =0 and we get

1 1
f fdQldQQ— - (12.131)
T12 >

and therefore we have

1 VA 3 = _2Zrp _22ry ]
see (2 ¢ futc® fus®L i
e ap 5

rs

or

1 VA 3 = _2Zry 2Zry ]
AE:—2(—) e2fdr1rfe T /drzrge ao2—
s Qg 3

1 7 3 = _2Zrp 2Zry ]
= (—) e? / dririe o [ drorae” a0 — (12.133)
e aop T2
0
which gives
5 Ze?
AE = S o = J1s,1s = J10,00 = 2.5 Ry = 34 eV (12.134)
ao

for Z =2.
The ground state energy corrected to first order is then
En=EY +AE=-T48¢V =-55 Ry (12.135)
The experimental value is
(E11)expt = —78.975 eV = -5.807 Ry (12.136)

This first order result is amazingly good for this complex system!

Now we deal with the first excited state.

The first order energy shifts are once again given by standard perturbation
theory since the (V') matrix is diagonal in this basis due to the orthonormality

of the spin vectors and the fact that Vis independent of spin.

We thus have

AE,; = 2/fd3T1d3T2|1/)100(1)?/1neo(2)il/on(?)wneo(l)I —  (12.137)

where s,¢ — singlet, triplet > 5 =0,1 - -, +. As shown before, we need only
calculate the m = 0 case because [L,p, V'] = 0 where

iop = ELOP + ngyop = total orbital angular momentum (12.138)
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which implies that the result is independent of m.

Therefore
AEZ’Z=62[fd3ﬁd3f2 100 (1) |¢n£0(2)\2$ (12.139)
w6 [ [ a2 (D5 = T Ko
where

Jne = electrostatic repulsion between two charge distributions

[h100(1)]? and 1,0 (2)|° = the direct integral

and

K,y = the exchange integral which arises from

antisymmetrization of the wave function
with
+ = singlet and — = triplet
A convenient way of representing this result is as follows.

Sop = Sl,op + SQ,op

L I . 3
=251 0p S2,0p = Sy = St.op = S5.0p = B2 (S(S+1) - 5) (12.140)
1 .
= = = triplet
251,01) : S2,op = h? +§ ?113 ¢ (12.141)
-3 singlet
and therefore )
AE = Juo - 7z (L 481 op * S2.0p) Kne (12.142)

The calculation results (in €V) are shown in Table 12.2 below and the energy
levels are shown in Figure 12.5 below. Not bad!!
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’ State H 1s2s 1s2p
nt 10,20 10,20 10,21 10,21
singlet triplet singlet triplet
0" order -68.0 -68.0 -68.0 -68.0
J 114 114 13.2 13.2
K 1.2 1.2 0.9 0.9
1% order -55.4 -57.8 -53.9 -55.7
Eeupt -58.4 -59.2 -57.8 -58.0
error 3.0=5.1% | 1.4=2.4% | 3.9=6.7% | 2.3=4.0%
Table 12.2: Calculation Results
Energy 1 1
€V) " , singlet  triplet
: L s
. , 2 P,3x _ oy
3416 — lstionizationenergy ' 1s2p 2x 3 - -JPO s
1s2s E;'
1s2 o .
680 — E I(S?'s _Pf‘l' 1s2s 4x | .3
- 16-fold ' 1 28glx 278,
: Isls -___--___-_!_ 3x
7862 — Elgiqemt — a
.'fl P18y Iz
1sls [ E
5 lfold ! '
ze1oth order Coulomb integral Exchange integral
included included

Figure 12.5: Helium Energy Levels

For comparison, we will also calculate the ground state energy using the vari-
ational method. We neglect spin in this case. The simplest choice of a trial
function is the product of two hydrogen atom wave functions as in (12.143)
below, which would be an exact solution if the electron-electron repulsion was
neglected.

(12.143)

1 (Z\? _zn 1 (Z\P zn
_ | — e @0 —_ e 9o
ﬁ ( ag ) ﬁ ( ag )

Since we expect the true wave function to be approximately represented by the
above function, we change Z to o and thus obtain the best possible value for
Ey for this type of trial function.

Y(71,72) =
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We do the calculation as follows. We write

=2 2 =2 2 2
Plop Ze Daop Ze e

H=H;1)+Hz(2)+V =22 _"_ 2% _ =2~ |
2m 1 2m T2 12
:@_Oﬁ+%_o‘i2+ (a-2Z)e? N (a=2)e? +ﬁ
2m 1 2m T 1 i) 12
= Ho (1) + Ha(2) + (a=2)  (a=2)e" & (12.144)
T1 2 T12
Now
H (D9ioo(1) = E100(OZ)¢100(1) =« ¢100( ) (12.145)
H (2)1/’100(2) E100(0)¢100(2) =@ 1/%00( ) (12-146>
in Rydbergs. Therefore
Z
(@) =20 + Wiho (D @727 g (1)
(a— Z)e e?
(1/’100(2)| - |7//100(2)) +(Y(a)] E [v(a)) (12.147)
But
7 7
i1 =D (1) = 02 U2 i)
= (100| @ 1100) (12.148)
Therefore,

1 2
F(a) = -202 + 2¢%(a - Z) {100] = [100) + (100| (100] — [100)[100)  (12.149)
T T12

Using some earlier calculations we get

5
fla)=-202 +4a(a-Z) + 1% (12.150)
Minimizing
af )
—=0=-2a+27 - - 12.151
o a < ( )
or
5
a=7--= (12.152)
16
and
- 5 5 5 5
Ewarlatlonza‘l= 7" Y=_9(7 -2 2:_2Z2 -7 -2(— 2 12.153
: [(Z-0)=-22- ) $2Z-2(0) (12.153)
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The first two terms are just the first order perturbation theory result. The third
term lowers the energy relative to perturbation theory.

For Z =2, we get

Egariational =-57 Ry =-T77.48 eV
ngperimental = _78975 eV

E(;l))erturbatwn theory =748 eV

Even with the simple trial function, we get a significantly better result using the
variational method. The reduction in the value of Z represents the effect of the
inner electron screening the outer electron so it see a smaller nuclear charge.

12.6 Multielectron Atoms

We now return to the case of N electrons (N >2). We have
Hipo = Eqtpa (12.154)

where «a = all quantum numbers needed to specify the N-electron state and the
Hamiltonian H is

X h? Ze?
H=Y|-—Vi-
i; [ 2m. T

N N .2
]+ Yy — (12.155)
i=1j>i T'ij
For the moment we are neglecting many small(weak) interactions (spin-orbit,
etc). We are also not including the electromagnetic field at this stage. We will
consider it later when we talk about time-dependent perturbation theory and
we will see that its presence leads to instability of atoms with respect to photon
absorption/emission.

The electrons are all indistinguishable, which says that
[H,P;]=0 i,j=1,2,3,...;N;i#] (12.156)

This implies, since electrons are fermions, that the wave functions must be
completely antisymmetric, i.e.,

Pijthe =~ 1,j=1,2,3,.c. N; i %] (12.157)

The full Hamiltonian is much too complex to solve exactly. We will approach
the solution as a series of increasingly better approximations and obtain a qual-
itative picture of the energy level structure of these complex atoms.

Since the difficulties arise from the e?/r;; terms that represent the electron-

electron repulsion, we start with a model where each electron moves indepen-
dently of all the other electrons (an independent particle model). In this model
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each electron will be described by a single-particle wavefunction called an or-
bital.

This leads us to write an approximate Hamiltonian in terms of the single particle

Hamiltonians )

X A R
Hy; = ——V7; = Vi(7:) (12.158)
2me

where we assume that the potential energy of the i** electron ‘71(72) does not
depend on the coordinates of the other NV — 1 electrons. We then have the
approximate Hamiltonian for the entire system

SIS I .
A =Y Hy =, [_ 5 Vi- v;(f,-)] (12.159)

i=1 i=1 e

This Hamiltonian is separable, i.e., we can assume that the system wavefunction
is a product of single-particle wavefunctions or orbitals.

Va = ey (1) e, (F2) ey (73) oty (P) (12.160)

where the subscript ¢ represents all applicable single particle quantum numbers
for the k' electron, that is,

ek = (nilime,ms,) (12.161)
Each single particle wave function is a product of the form
e = (spatial wave function)(spin vector) (12.162)

We will assume that the system wavefunction is a completely antisymmetric
combination of the product states 1.

Each term in fI{)“ has an eigenvalue equation of the form

h? N
[_ om V? - ‘/l(rl):l wni&’n’uimsi = Eniéimgimsiwniﬂimgi ms, (12163)

and there are NV such equations.

To solve these equations, we must know the potential energy functions V; (7). As
a first approximation within the orbital approximations, we ignore the electron-
electron repulsion so that the electrons only interact with the nucleus and we

have
Ze?

Vi(#) =V (r;) = - (12.164)

K3
In this approximation, all the other electrons do not matter at all and each
electron satisfies

h? _, Ze?
2m. ' T

] wnifimzi Ms, (Fl) = Enifimgimsi wniziméi ms; (7_;2) (12165)
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This is a hydrogen atom with charge Ze. The single-particle wavefunctions are
given by

Vnemem. (F) = Roe(1)Yem, (0, 0)Xsm, = e (7) (12.166)
where -
meZ-e

E, ~———— =1,2,3,...... 12.167

k 2h2nk "tk ( )

The wave function corresponding to a set of orbitals (e1,¢e9,....... ,EN) is then

properly antisymmetrized by writing it as

Ve (1) ey (1) o ey (1)

1 Ve, (2) . .
Yo = NI . .. . . (12.168)
Ve (N) o ey (N)
where
Ey,=E.,+E,+.... +E., (12.169)

We certainly can write down an answer in this approximation but the result,
not surprisingly, is terrible. Any real electron is dramatically affected by the
others, even when there is only one other electron as we saw in helium.

We move on by making the next incrementally better approximation. This
involves the concept of screening.

12.6.1 Screening

Any electron, on the average, if it is far from the nucleus, does not feel all of
the nuclear charge Ze and hence has a weaker Coulomb attraction then we have
assumed. This is clear in the helium variational calculation where we found that
the best value of the charge variational parameter Z’ was

z'-7-52 (12.170)
16

This implies that, on the average, the distant electrons are shielded or screened
from the nucleus by the other electrons.

What is the simplest correction that we can make to take this effect into account
for multi-electron atoms and still leave us with solvable equations?

Suppose we write

2
Vi(r:) = _Ze, Ve () (12.171)
-

7

where fo f (r;) includes the screening effects of the other N — 1 electrons. An

important feature of this assumption is that fo T (r;) is independent of (6, ¢).
This says that the angular part of the wave function is still

Ye,me, (0,0) (12.172)
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The radial function, however, now satisfies a modified equation

1 d[,d (e 2m.
r2 dr; ¢ dr; 72 h?

(En, = Vi(r:)) | Rnye, (ri) = 0 (12.173)

This is called the central field approximation. We still have N difficult equations
to solve.

Hartree proposed the following solution using a successive approximations tech-
nique.

1. an initial potential function is guessed (a very educated guess)
2. this potential function is used to derive new wave functions
3. the new wave functions generate a new potential energy function

4. the procedure is continued until the final wave functions determine a self-
consistent potential, i.e., it stops changing as we iterate

The Hartree method is equivalent to a variational calculation, where the trial
function is taken to be a simple product of single-particle orbitals and the vari-
ation is performed by varying each orbital in an arbitrary way.

Using single-particle wave functions, however, we are still neglecting the corre-
lations between the electrons. Although the simple single-particle orbital prod-
uct functions ignore antisymmetry, some effect of the Pauli exclusion principle
(PEP) can be included in the calculations by choosing the single-particle quan-
tum numbers so they do not violate the PEP.

If we make the calculation more complicated, we can include antisymmetry by
using Slater determinant wave functions. This is called the Hartree-Fock the-
ory. Correlation effects arising from the 1/r;; terms can then be added using
perturbation theory. At the level of this text, we assume that this can be done
(see Bethe/Jackiw for details).

12.6.2 Shell Structure

The hydrogen atom solution exhibited a kind of shell structure. We found that
the energy levels were given by

Z2 2
E,--2° (12.174)

2agn?

and each level had a degeneracy equal to n? arising from the allowed ranges



We say that each n value defines a shell with energy F, and within each shell
we have subshells defined by ¢. Thus,

n=1- =0 - lssubshell

n=2->{=0,1—- 2s,2psubshells
n=3->/£=0,1,2 - 3s, 3p, 3dsubshells

We can generalize this idea to N electron atoms.

We assume that the atom consists of shells (n) and subshells (nf). Electrons
are placed into these shells so that we do not violate the PEP, that is, since the
electrons are fermions only two electrons can be in each energy level. We define
in this model

(r),,0 = radius of a shell

(r),, = radius of a subshell

and we have

E,¢ = E,u (degenerate) (12.175)

(this is not true in the central field approximation).

For n > 1, the s—orbital has a nonzero probability near the origin r = 0 (the
nucleus). This implies that it penetrates the n = 1 shell more than the corre-
sponding p—orbitals do. This implies that the s subshell electrons feel a stronger

nuclear charge then the p subshell electrons.

Therefore, we expect in this model that the energy levels will look like Figure
12.6 below.

Energy

p orbital

— 5 O1Dital

Figure 12.6: Expected Level Structure

which is the screening effect.

Complex screening arguments of this type lead to the Aufbau principle, which
tells us how electrons fill shells.
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We see how it works by figuring out the ground state of an N electron atom.
The ground state corresponds to that state where all the lowest energy levels
are filled with a maximum of two electrons per level. It is clear that this is the
state of lowest energy.

The single-particle Hamiltonian in the central field approximation commutes
with ¢;, and s;, which implies that the energy levels are independent of m,, and
ms,. Bach energy level is therefore characterized by the 2N quantum numbers

nil; i=1,2,3,....N (12.176)

We define the electronic configuration of an atomic state as the set of quan-
tum numbers (n;,¢;) for all the electrons in the atom. We use the symbolic
representation

shell - label = (n — label ) (€ — label)™mber of electrons (12.177)
ie.,

ground state of hydrogen =1s' = 1s
(a superscript 1 is always understood)
ground state of helium = 15>

ground state of lithium = 1s*2s

The electronic configuration of helium is an example of a closed or full shell.
The 1s subshell has the maximum number electrons as allowed by the PEP; i.e.,

1 1
nzl,Z:O,mg:O,5:§7mS:i§ (12.178)

The Aufbau principle says that we fill the shells so that we obey the PEP or in
the order
1s,2s,2p,3s,3p,3d, 48, ccevvenennnnn.

with energy increasing from left to right.
The screening arguments of the type we just discussed imply that for a given n
(a given shell) the energy order is s,p,d, ..... and generally the energy of a shell

increases with n = the principal quantum number. The closed shells correspond
to

s — shell > maximum number of electrons = 2
=2(20+1)
p — shell > maximum number of electrons = 6

d — shell - maximum number of electrons = 10

and so on.
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Electrons in the shell beyond the last closed shell are called valence electrons.

Much of the form and shape of the periodic table is determined by the Aufbau
principle. For instance

number of valence electrons — chemical properties

The valence electrons are the ones that participate in bonding and chemical
reactions.

This implies that

carbon — 1s%2s%2p?
and
silicon — 15225%2p%34%3p?
which each have two p valence electrons should have similar chemical properties,

which is the case.

As with all simple principles of this type, anomalies and breakdowns soon ap-
pear. For the Aufbau principle this occurs at the n = 3 shell.

In real atoms, when the 3d and 4s subshells are partially full, the 4s level fills
ups before the 3d level. This means that

potassium — 1525*2p?3s23p°4s
and not 15%25%2p°35%3p°3d

The 4s state has a larger probability of being near r = 0 then the 3d state and
hence its energy is lower.

For neutral atoms, an experimental ordering scheme is

shell increasing energy —
1s

2s 2p
3s 3p 3d
4s 4p 4d 4f
5s 5p 5d
6s 6p

Il
S O W N

n
n
n
n
n
n

At the level of this text we will not be doing any actual energy calculations.
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12.7 Angular Momentum Coupling

The N electrons each have spin and orbital angular momentum and thus have
associated magnetic moments.

For the full Hamiltonian H including the electron-electron repulsion terms we
have

[H,00p]20 i=1,2,3,...,N (12.179)
However,
[H,Lo,] =0 (12.180)
where
—_ N -
Lop =Y i op = the total orbital angular momentum (12.181)

<.
Il
—_

Therefore, the individual ¢; are not conserved, but L is conserved.

Thus, the electron-electron repulsion or electrostatic terms in the Hamiltonian
couple the electron orbital angular momenta.

In addition, we must add in spin-orbit and other magnetic interactions (spin-
spin, etc).

The spin-orbit interaction leads to terms of the form /; - §; and thus couple a
partlcle s orbital and spin angular momentum leading to (j;,m;,) values, where
= (; +3; as we saw earlier in hydrogen.

In most light atoms, the magnetic interactions are usually weaker than the elec-
trostatic interactions, i.e., electrostatic ~ 1 eV and spin-orbit ~ 1074 = 107 eV/.

The angular momentum coupling in a light atom goes like:

1. the orbital angular momenta Z; couple to form a total orbital angular
momentum

i
Mz
?%x

(12.182)

2. the spin angular momenta §; couple to form a total spin angular momen-
tum

N
Sop =Y Siop (12.183)

These two couplings occur when we include the electrostatic interactions
in the Hamiltonian H.
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3. the weaker magnetic interactions then couple L and S to form the total
angular momentum of the atom

J=1L+S (12.184)

This coupling scheme or order where the electrostatic interactions dominate the
magnetic interactions is called LS or Russell-Saunders coupling.

In heavy atoms, the spin-orbit magnetic interactions dominate the electrostatic
interactions and we get an alternative coupling scheme:

1. each electron’s /; and 3; couple via the magnetic interactions to form
Ji =i+ 8

= the total angular momentum for the ‘" electron

2. the electrostatic interactions then couple the j; to form
— N —
Jop = Zji,op (12185)
i=1

This scheme is called jj-coupling.

We will now investigate the energy level structure in detail for these two different
schemes.

Our discussion of helium has shown that exchange symmetry, which requires
that the wave functions are completely antisymmetric, has dramatic observable
consequences. We saw a spin-spin correlation energy that is characterized by
the rule:

There is a tendency for electrons with parallel

spins to repel (avoid) each other. This fact,

together with the electrostatic repulsion between
electrons implies a strong exchange correlation

that cause the spins to tend to align with each other

12.7.1 LS Coupling

In this regime we have the observables and quantum numbers as shown in Table
12.3 below:
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’ Operator \ Quantum Number

2} :

& 5
op

L, My,
S, Mg

Table 12.3: LS Coupling Quantum Numbers

When we discussed the spin-orbit interaction in hydrogen we found

1. when we neglect Hy, we can use either |n,L,S, My, Mg) or |n, L, S, J, M)
as basis states

2. when we add in H,,, M;, and Mg are no longer conserved (not good quan-
tum numbers) and therefore we must use |n, L, S, J, M) as basis states

Now in the orbital approximation we have
ML = ngi 5 MS = sti (12186)

and R R
sza = hMLwa Szwa = thwoc

What are the possible L, .S values? We can use our addition of angular momen-
tum rules to find out.

Consider two p—electrons , i.e., an vp? configuration. We have
€1=£2=1—>L=0,1,2

1
s1=8,==——->5=0,1

2
and
for a given L My =-L,........ , L
for a given S Mg=-S,....... S
and
MJ ZML+MS
J=|L-5],.... ,L+S

Therefore we get the possibilities shown in Table 12.4 below:
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e E=l Nl Nl Nl | RO )

Table 12.4: Possible States

We will discuss the state notation shortly.

For a closed shell we must have L = S = 0 or we would violate the PEP. For
example,

250 =0=0>L=0
1

51232:§—>S:00r1

However, there is only one way to choose the m quantum numbers without
violating the PEP which is shown in Table 12.5 below.

[me, | me, [ msy | ms, |

0o [ o0 [1/2]-1/2]

Table 12.5: s m-values

We therefore have My, = Mg =0 (only possibility) which implies that
L=S8=J=0-"'8, state (12.187)
For
Pl ol =ly=l3=0y=05="0=1
1
S1=52=83=54=85=56=7
Once again it turns out there is only one way to choose the values without vio-
lating the PEP. This is shown in Table 12.6 below.
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Myg | My | Mgy | Mgy | Mg, | Mgy | Mgy
EXNE EX \ |

(1 [ 1t JoJo [-1]-1J]12]12]12]-12[1/2]-1/2]

Table 12.6: pb m-values

We therefore have M, = Mg =0 (only possibility) which implies that
L=5=J=0-18, state (12.188)
This result is true for all closed shells.

In the presence of H,, the energy levels will depend on L, S and J but not on
My, Mg or My, which is why we label their atomic terms by

254, (12.189)

where
S,P,D,F, ... means L =0,1,2,3,..... (12.190)

The superscript 25 + 1 s the multiplicity of the level (singlet, doublet, triplet,
etc).

If we ignore H,, then we have (25 +1)(2L + 1) degeneracy for a given level.

Adding H,, splits the J states. Each term 2°*!L; remains 2.J + 1 degenerate
(the M values).

This degeneracy is removed by an external magnetic field which splits the 2.J+1
M levels(Zeeman effect).

How do we determine the ground state for a particular atom in this scheme?

First, we fill up as many closed shells as possible. The remaining (valence)
electrons determine the ground state configuration.

Let us consider carbon which has two equivalent (same subshell) 2p-electrons in
the unfilled shell. We have

2% >l =ly=1->L=0,10r2
1

31252=§—>S:00T1

We get Table 12.7 below by applying these rules:
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’ L \ S \ J \ Term \ Sublevels ‘
0o 0 s TSy
110 1 Tp TP
210 2 ™D D,
0]1 1 3 351
111]012] 3P 3Pois
2111123] ®D 5Dy 23

Table 12.7: Possible States from LS Rules

Not all of these sublevels are allowed by the PEP however. To see this we must
look at the individual electron quantum numbers. Table 12.8 below shows those
My, , My, , Ms, , Mg, values allowed by the PEP (i.e., no two electrons have the
same set of quantum numbers).

Before proceeding to the table, in this case, we can use symmetry arguments
to determine the allowed levels. In the special case of only two electrons in an
unfilled shell, we can easily determine the symmetry of the spin vectors

S =0 — antisymmetric spin function
S =1 - symmetric spin function
We also know the symmetry of the spatial state in general. The symmetry fol-
lows from the symmetry of the angular part of the 2—electron wave function.
Since we have a central field approximation, the angular part of the wave func-
tion is given by the Y7as, spherical harmonics. The radial function is always
symmetric. The symmetry of the spherical harmonics is (=1)¥. Therefore,
L = odd — antisymmetric space function
L = even - symmetric space function
The product of the spin vector and the spatial function must always be anti-
symmetric. Therefore we have
S =0 always combines with even L
S =1 always combines with odd L
This method is only simple to carry out for 2—electron unfilled shells. In the
case of carbon we get the allowed states
L=2,5=0-5states = (2L+1)(25+1)
L=1,5=1- 9 states
L=0,5=0-1 states

for a total of 15 allowed states. The individual quantum numbers table corre-
sponding to these 15 states is
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’ Entry H my = -1 \ my =0 \ my = +1 \ My, \ Mg ‘
1 t -2 0
2 t 0 0
3 t 2 0
4 ) ) -1 1
5 1 ! -1 0
6 ) 1 -1 0
7 ! ! -1 -1
8 1 1 0 1
9 1 ) 0 0
10 ) 1 0 0
11 } } 0 -1
12 ) ) 1 1
13 ) ) 1 0
14 1 1 1 0
15 ! ! 1 -1

Table 12.8: Individual Quantum Numbers

Any other combinations will violate the PEP. This table can be constructed just
using the PEP.

We now construct an implied terms table which tells us how many states exist
with a particular pair of (M, Mg) values. It is shown as Table 12.9 below.

[ Mu/Ms [[1]0]-1]
2 Jo]1]0
1 [1]2]1
0 [ 1]3]1
1 121
2 [[0[1]0

Table 12.9: Implied terms

We use this table to determine which atomic terms are allowed for carbon. The
steps are as follows:

1. Consider the largest possible values of L and S, L =2,5 =1 which corre-
spond to the D terms.

Now if a 3D atomic term existed , then we would necessarily have My, =
2,Mg =1 terms. However, there are no such terms, which implies that the

3D term is not allowed and thus the sublevels 3Dy, 3 Ds, 3 D5 are ruled out
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by the PEP.

. We now look at the next largest values, namely, L = 2,5 = 0 or the 'D
term. A L =2,5 =0 term requires M, = 2,Mg = 0 terms which do exist.
Therefore the 'D term and the sublevel Dy exist. This has J = 2 and
thus 2J +1 =5 M levels. This accounts for 5 of the 15 entries in the
table.

. We subtract these 5 states to get a second-implied terms table

[0]-1]

[ M/Ms ||
2
]
0
1
2

110]-1
0/0]0
1111
1121
1111
01(0]0

Table 12.10: Implied terms

. We now look at the next largest values, namely, L = 1,S = 1 or the P
term. Since entries with My = —1,0,+1 and Mg = —1,0, +1 still exist in
the new table, the 3P term and the sublevels 3P,,3P;,3 P, are allowed.
These correspond to a total of (2L +1)(25+1) =5+3+1 =9 states.

. We subtract these 9 states to get the third-implied terms table

[0]-1]

| Mp/Ms ][ 1
2 0
1 0
0 0
0
0

—_

-1
-2

(ool Nl il Newl Nen) | New]
(en] Ben) Hen) Hew) Neaw)

Table 12.11: Implied terms

Only one state is left with M; = Mg = 0, which is a 1S atomic term.
Therefore the 1Sy sublevel is allowed.

This accounts for all the 15 entries in the table. No more states are allowed,
which means that the S and ' P atomic terms and their associated sublevels are
forbidden by the PEP. This result agrees with the allowed states we obtained
from symmetry arguments.

We always need to use the implied-terms tables in the general cases (more than
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2 electrons in an unfilled shell) because the corresponding symmetry arguments
are very complex to apply.

Finally, for carbon we have the 1S, 3P and ' D allowed by the PEP.

This result is true for all atoms with 2 equivalent p—electrons outside closed
subshells.

To complete the picture, we must now determine how the allowed terms are
ordered in energy.

12.7.2 Hund’s Rules

Each sublevel in carbon 'Sy, ® Py, ®P1, ® Py and ' D; has a different energy when
H,, is included in H.

A set of rules exists for qualitatively ordering the levels. They are called Hund’s
rules.

Hund’s rules apply when we are ordering the energy levels and sublevels for
equivalent electrons in the ground state.

Rule 1 Terms in the ground state configuration with maximum multiplicity
25 +1 lie lowest in energy.

This follows from the fact that same spins (unpaired spins) repel and different
spins (paired spins) attract.

High multiplicity implies a greater number of electrons with parallel spin than
low multiplicity in multielectron atoms. Since parallel spin electrons avoid each
other, the e? [ri; effect decreases and the energy of high multiplicity states lies
below that of low multiplicity states.

Rule 2 Of several levels with the same multiplicity .S, the one with maximum
L lies lowest in energy

In some sense, the maximum L state implies that all electrons are orbiting in
the same direction. These electrons tend to remain separated from each other
and so have a lower energy than those orbiting in the opposite direction, which
get close to each other some of the time.

Rule 3 Of several sublevels with the same multiplicity S and same L

1. the sublevel with the minimum value of J lies lowest in energy if the shell
is less than half-filled. These are called regular multiplets

2. the sublevel with the maximum value of J lies lowest in energy if the shell
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is more than half-filled. These are called inverted multiplets

This results follows from ﬁs(, and the fact that —62/’[“ increases as r — oo.
Applying Hund’s rules to an np? configuration we get the energy level scheme

in Figure 12.7 below.

ls 'sg
S —~ — - - - - — 1-fold
:._ ------ —  5-fold
)
d 1p Ip,
o 2 a
:’: Lat A 5'f°ld "
3 .',._q?*-‘. = — 3-fOld 3Pl
W =] .
i P T — 1-fold 3
L] > : P 0
np- i:.’
_
unperturbed electrostatic spin-orbit
level interac tion interac tion

Figure 12.7: np? Level Scheme

Hund’s rules are not perfect since they are based on the orbital approximation.

To determine an electronic configuration, we must specify how the electrons are
placed into subshells. It turns out there is a phenomenon called configuration
interaction or configuration mixing which forces the quantum mechanical state

to sometimes be a mixture of more than one configuration.

12.7.3 JJ-Coupling

In heavy atoms, the magnetic interactions which couple the l; and §; together
into the 7;, dominate over the electrostatic interactions which led to LS coupling.
The configurations are then better described by the so-called jj-coupling scheme.

Since s; = 1/2 for all electrons, we have for ¢; > 1

) 1
Ji=4; £ 5
M, = = Jiyeeenns , Ji

The individual j; then couple together to give the total .J.

In a two-electron configuration the levels are labelled by J, j1, 72, M; where

J=|j1—j2|, ....... ,j1+j2



Let us consider the Pb (lead) atom, which has np? valence electrons (built on
many closed shells). We have

ly=0y=1
.13 4 13
d = —=,= an ==, =
J1 29 J2 29
The possible total J values are then
3 3
-®-=3,2,1,0
2 2
1
f®§:2,1
2 2
1 1
-®-=1,0
2 2
Not all of these states are allowed by the PEP. For example,
.. 3 3
J:’?))MJ:?)_)]I:j2:§7mj1:mj2:§
by =ly=1,mp =myp =1
1 1
S§1 =82 =—=,Mg1 =Mgo = =
1=852=5 1 25

Both electrons need to have identical quantum numbers for this state to exist.
Thus, this state is not allowed. In a similar manner,

J=3 ) j1:j2:

N~ DN W

J=1 , ji1=j2=

can be shown to be forbidden by the PEP. Therefore we have

Z®=20
22
1 3
—®=-=21
22
1®1—0
292

Usually, the level with the lowest J for a given pair (j1, j2) has the lowest energy
(this is not a strict rule).

For medium weight atoms, neither LS nor jj coupling is valid.

There is a connection between the levels in the two schemes as illustrated by
the energy level diagram in Figure 12.8 below.
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Pue jj-coupling
LS coupling

Figure 12.8: LS - jj Energy Level Connection

The connection between the two schemes is clear.

The spacing between J-levels in LS coupling is given as follows.
- 1
(Hso) = 5C[(J(J+ 1)-L(L+1)-8(S+1)] (12.191)
For the same L, S we have

Eyo-Ey - %C[(h (T +2) = J(T +1)]
=C(J+1) (12.192)

This says that the spacing between consecutive levels of a fine structure multi-
plet is proportional to the larger J value involved. This is the Lande interval
rule.

We end this discussion with an example of two electrons that are not equiva-
lent(in different shells). The discussion is more straightforward since we do not

have to worry about the PEP (all possibilities are allowed).

We consider two electrons in a 4p4d configuration. In the LS coupling scheme
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we have:

61:1,62:2—>L:1,2,3
1

51:52:§—>S:O,1

31 —>J=4,3,2
380~ J =3 -7 states
201 - J=3,2,1 - 16 states
2®0 - J =2 -5 states
11— J=2,1,0 > 9 states
1®0— J=1- 3 states

or
J=4 m 1 level
J=3 in 3 levels
J=2 in 4 levels
J=1 in 3 levels
J=0 mn 1 level

Thus, we have 12 total levels. The LS coupling energy level diagram is shown
in Figure 12.9

J
p
- 1
50 T R 2
’;—9": - 1 D
singlets ———- 3
Ip
apad ; 3
:’ P L -4_ f
3 D - - E— )
S=1 ',' L —
. S will 2
A N : - N * 1
tiplets s 3k
N . , A— &
unperturbed S —
state " —
spin-spin residual ) .
conelation electiostatic spin-orbit

energy eneIgy eneIgy
A A%«

Ao
split split split
S-states L-states J-states

Figure 12.9: LS 4p4d Energy Levels
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In the jj-coupling scheme the energy level diagram is shown in Figure 12.10

J

A——

32,52 ':_ 3
—
? + — L
/  — 1
. 32,32 | — 3
; ¢ —
2 + EE—— ]
4-p4d ::‘. ———
—‘\ .
“‘\‘ 12,52 Aa— 5
unperturbed G —— o
level .
‘: 12,372  —
—‘

— ]
spin-orbit electrostatic
eneIgy and

spin effects

Figure 12.10: jj 4p4d Energy Levels

Notice that the final J values are identical, but their arrangement in energy is

very different.

12.8 Spherical Harmonics Addition Theorem

In Chapter 7 we defined the properties of the spherical harmonics. We found

the following results.

12.8.1 Orbital Angular Momentum

Abstractly,
[i’i’i’j] = iheij Ly, and [ﬁgwﬁj] -0
L2, 1tm) = h*0(€+ 1) [tm) and L |m) = hm |¢m)
[A/i = I:;E + Z[A/y
2

For a given value of £, m takes on the 2/ + 1 values

m=—l,—L+1,~0+2,. ., -2.0-1,0
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In ordinary 3—dimensional space, if we define
Yim (0, p) = (0 | ¢m) = spherical harmonic
then we have the defining equations for the Yy, (0, ) given by

(0| L2, tm) = L2, (6 | em) = L3, Yem (8, )
= h2(L+1) (o | €m) = h20(L+1)Yyn (0, ©)
(0] Ls|m) = Ls (0 | £m) = L3 Yo (0, )
=hm (B¢ | tm) = AmYem (6, )

The general result is

}/Zm(eﬂ SD) -

244! 47 (L-m)! (sin€)™ \dcosf

Some examples are:

1
Yoo =

Var

3 3 .
Yio=1/-——cosl, Y] .1 =F\/ —e*“sind

47 ’ 8w

5 15 .

Yoo =1/ ——(3cos® 0~ 1), Yo 4 = F\/ — sin 6 cos fe*'¢

167 ’ 8

[ 15 ;
Y2,12 = @ Sin2 96i2up

Some Properties
Complex Conjugate

Y’Zﬁm(ga 30) = (_1)mYZm(0a SD)
Under the parity operation
r—-r or ro>rd->nm-0,p—>p+m
which says that

eimtp N eimgaeimfr — (_1)meimtp

sinf - sin(w - 0) - sinf

cosf — cos(m —0) > —cosf

which imply that
n,m(ev 410) - (_1)£n,m(9a QO)
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Therefore,

if £ is even, then we have an even parity state

if £ is odd, then we have an odd parity state

Since they form a complete set, any function of (0, ¢) can be expanded in terms
of the Yy . (0, ) (the Y; ., (6, ¢) are a basis), i.e., we can write

F0,9) =3 femYem(9,9) (12.207)
l,m
where
27 T
Fom = f dip f sin0doYy. (0,0)f(6,0) (12.208)
0 0

and we have used the orthonormality relation

27 s
[ dip f Sin0dOYy,, (0,0)Yem (0, 0) = SereGmrm (12.209)
0 0

The spherical harmonics also satisfy these relations:

Closure:
= ¢ 5(0-0)5(d— o'
; Zen;@(97¢)}/€m(9,7¢,): ( S?ﬂf ¢)56(M,,) (12.210)
/=0 m=—

i.e., the solid angle delta function is equal to zero unless the two vectors #(6, @) , #'(6’,¢")
coincide. It has the property

[ 18 = £ () (12.211)
for any function f(7) of the spatial direction specified by 8, .

Recursion:

LYo = [0+ 1) =m(m = 1)]"* Yo ar

=[(Fm)(+1£m)]" Vo (12.212)
o JUstem)(1-m) |
C%mm_[ (20+1)(20+3) ] Yerm
(L+m)(-m) "
+[(2g+1)(2g_1)] Yi-1.m (12.213)
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Figure 12.11: Angles Used in the Addition Theorem

12.8.2 The Addition Theorem

Consider two coordinate systems xyz and x’y’z’. The addition theorem is the
formula expressing the eigenfunction Py(cos’) of the angular momentum L.
about the z’-axis in terms of the eigenfunctions Yz ,,, (6, ) of L.. . See Figure
12.11above for orientations.

The angles a and 8 are the azimuth and the polar angles of the 2z’ axis in
the Cartesian xyz coordinate frame. They are also the first two Euler angles
specifying the orientation of the Cartesian coordinate system x'y’z’ with respect
to zyz. The third Euler angle v is left unspecified here and the z’ and y’ axes
are not shown. The projections of the 2z’ axis and the radius vector on the zy

plane are dashed lines.

As we can see the position vector 7 has angular coordinates 6, and 6’,¢’ in
the two coordinate systems.

The direction of the z’ axis in space is specified by its polar angle 8 and its
azimuth angle o with respect to the zyz system.
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Since Py is an eigenfunction of Lop, only spherical harmonics with the same
subscript £ can appear in the expansion.

An interchange of 8, ¢ and f3, « is equivalent to the transformation 6§ - —6" and
must leave the expansion unchanged because Py(cos’) is an even function of
6. This means that P;(cos#’) must be a function of ¢ — .
All of these requirements are satisfied only if we write
¢
Py(cost’) = Z cm Y, -m(B,0)Yem(0,9) (12.214)

m=—t
We determine the coefficients ¢, using the conditions
L. Py(cos’) =0 (12.215)
We also use the identity (from rotation of a vector component)
L, = sin 3 cos al, + sin 3 sin ozﬁy + cos ﬂiz
= % sinBe L, + % sin Be’L_ + cos 8L, (12.216)
and invoke the linear independence of the spherical harmonics to obtain (after

some algebra)
Cmz1 = —Cm — Cm = (1) co (12.217)

so that we only need to determine cyg. We specialize to 8 =0 or 6’ = 6 so that
we have the relations

2Z+1

Yim(0,0) =/ = o (12.218)

Yio (0, ¢) =

Pg(COS 0) (12.219)

‘We then have

4
Py(cosf) = Z cmYe,-m (0,0) Y7 (0, 0) = Z cm\/ 2!::1 m0Ye,m (0, ¢)

\/£+1Yéo(9¢)—co “1\/“119”059) (12.220)

or 4
T

= 12.221
T (12.221)

and we end up with the addition theorem

/ am £ *
Py(cosb") = Z cmYom (B, ) Ye.m (6, 0) (12.222)
20+1 =, ’
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where 6" = angle between the directions (3,a) and (6, ).

If we combine the closure relation with the addition theorem we get the identity
Y20+ 1)Py(7 - 7") = Amb (7, 7 (12.223)
£=0

Since we can write

- 5(T - 7‘,) PN
O(F =7") = ————=0(7,7) (12.224)
r
we then have the identity

7 = (’"‘ ") i%” () (12.225)

5(7 -

Another useful relation is

= > (20+1)i"jo(kr) Py(cos ) (12.226)
£=0
or, in general
RSy

12.9 Problems

12.9.1 Two Bosons in a Well

Two identical spin-zero bosons are placed in a 1-dimensional square potential
well with infinitely high walls, i.e., V' =0 for 0 < x < L, otherwise V = co. The
normalized single particle energy eigenstates are

up(x) = \/zsin (nmz/L)

(a) Find the wavefunctions and energies for the ground state and the first two
excited states of the system.

(b) Suppose that the two bosons interact with each other through the per-
turbing potential

H’(.’L‘l,.’L‘Q) = —L‘/()(S(aﬁl - .1'2)

Compute the first-order correction to the ground state energy of the sys-
tem.
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12.9.2 Two Fermions in a Well

Two identical spin—1/2 bosons are placed in a 1-dimensional square potential
well with infinitely high walls, i.e., V' =0 for 0 < x < L, otherwise V = co. The
normalized single particle energy eigenstates are

un(x) = %sin (nmz/L)

(a) What are the allowed values of the total spin angular momentum quantum
number, J 7 How many possible values are there fore the z—component
of the total angular momentum?

(b) If single-particle spin eigenstates are denoted by |t) = u and |}) = d, con-
struct the two-particle spin states that are either symmetric or antisym-
metric. How many states of each type are there?

(c¢) Show that the j =1, m = 1 state must be symmetric. What is the symme-
try of the J =0 state?

(d) What is the ground-state energy of the two-particle system, and how does
it depend on the overall spin state?

12.9.3 Two spin-1/2 particles

The Hamiltonian for two spin—1/2 particles, one with mass m; and the other
with me, is given by

1 55
4 h?

_o
g=r, +Va(r)+(

2m1 sz

)vm)

where |F| = 7 — 79, |F| = r and

Vi (r) 0 forr<a Vi(r) 0 forr<b
al\T") = ; r)=
Vo forr>a b Vo forr>b

with b < a and V very large (assume Vj is infinite where appropriate) and
positive.

(a) Determine the normalized position-space energy eigenfunction for the ground
state. What is the spin state of the ground state? What is the degeneracy?

(b) What can you say about the energy and spin state of the first excited
state? Does your result depend on how much larger a is than b? Explain.
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12.9.4 Hydrogen Atom Calculations

We discuss here some useful tricks for evaluating the expectation values of cer-
tain operators in the eigenstates of the hydrogen atom.

(a) Suppose we want to determine (1/r),,,,.. We can interpret (\/r), ,,. as the
15t —order correction due to the perturbation \/r (same dependence on r
as the potential energy). Show that this problem can be solved exactly
by just replacing e? by e? — X everywhere in the original solution. So, the
exact energy is

m (62 - )\)2
2n2h2

the 1%!—order correction is the term linear in A, that is,

E(\) =-

me?\
W= 2R (M)
Therefore we get
me? 1
Wrhem = 2202 = 2ay
We note (for later use) that
EN)=EQ+ED 4  =E\A=0)+) (@) +
dA / x-0

so that one way to extract E() from the exact answer is to calculate

dFE
A=
( dX )A:O

(b) Evaluate, in a manner similar to part (a), <f)2 /2u)n o, Dy considering the

Hamiltonian
ﬁ2 Z62 . ﬁQ

(¢) Consider now ()\/r2>n - I this case, an exact solution is possible since
the perturbation just modifies the centrifugal term as follows:

h20(0+1) . A h20' (0" +1)
2mr? r2 2mr2

where £’ is a function of A. Now go back to the original hydrogen atom
solution and show that the dependence of E on ¢'()) is

mZ>2e*

E(f)=-——"°""
() 2h2(k+ 0 +1)2

=E\)=EQ +E® 4

955



Then show that

dE dE de’
/2 :E(l))\(f) :)\(—) —
( /T )nem dA A=0 dﬂ’ VAT dA =0

B A
Cn3a2(0+1/2)

or
1

(1/7%) = B2+ 1)2)

Finally consider (/\/r3 )n - Since there is no such term in the hydrogen
Hamiltonian, we resort to different trick. Consider the radial momentum

operator
=—ih (2 + 1)
br or r
Show that in terms of this operator we may write the radial part of the
Hamiltonian
(L0
2m \r2 9r Or
as )
»
2m
Now show that
((H,pr])=0

in the energy eigenstates. Using this fact, and by explicitly evaluating the
commutator, show that

(/%) - Win (1)

and hence
Z3

(1/T3>n€m = nsagg(g + 1)(€+ 1/2)

12.9.5 Hund’s rule

Explain on the basis of Hund’s rules why the ground state of carbon is Py and
that of oxygen is 3 Ps.

12.9.6 Russell-Saunders Coupling in Multielectron Atoms

Consider a configuration of k equivalent p electrons outside a closed shell, which
we denote simply by p¥, i.e., carbon= p?, nitrogen= p® and oxygen= p*.

(a)

(b)

Use the implied-terms method to determine all the terms that can arise
from p®. Which of them will have the lowest energy?

Repeat this calculation for p* and show that we get the same result as for

p2
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12.9.7 Magnetic moments of proton and neutron

The magnetic dipole moment of the proton is

e
Voot 8
Hp = Gp omy p
with a measured magnitude corresponding to a value for the gyromagnetic ratio

of

gp =2 x(2.792847337 + 0.000000029)

We have not studied the Dirac equation yet, but the prediction of the Dirac
equation for a point spin—-1/2 particle is g, = 2. We can understand the fact
that the proton gyromagnetic ratio is not two as being due its compositeness,
i.e., in a simple quark model, the proton is made up of three quarks, two ups
(u), and a down (d). The quarks are supposed to be point spin—1/2, hence,
their gyromagnetic ratios should be g, = g4 =2 (up to higher order corrections,
as in the case of the electron). Let us see if we can make sense out of the proton
magnetic moment.

The proton magnetic moment should be the sum of the magnetic moments of
its constituents, and any moments due to their orbital motion in the proton.
The proton is the ground state baryon, so we assume that the three quarks are
bound together (by the strong interaction) in a state with no orbital angular
momentum. The Pauli principle says that the two identical up quarks must
have an overall odd wave function under interchange of all quantum numbers.
We must apply this rule with some care since we will be including color as one
of these quantum numbers.

Let us look at some properties of color. It is the strong interaction analog
of electric charge in the electromagnetic interaction. However, instead of one
fundamental dimension in charge, there are three color directions, labeled as
red (r), blue (b), and green (g). Unitary transformations in this color space(up
to overall phases) are described by elements of the group SU(3), the group
of unimodular 3 x 3 matrices (electromagnetic charge corresponds to the group
U(1) whose elements are local phase changes). Just like combining spins, we
can combine these three colors according to a Clebsch-Gordon series, with the
result

3®3®3=100808®1

These are different rules than for the addition of spin case because that case
uses the rotation group instead. We do not need to understand all aspects of
the SU(3) group for this problem. The essential aspect here is that there is a
singlet in the decomposition, i.e., it is possible to combine three colors in a way
as to get a color singlet state or a state with no net color charge. These turn
out to be the states of physical interest for the observed baryons according to a
postulate of the quark model.
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(a)

(b)

The singlet state in the decomposition above must be antisymmetric under
the interchange of any two colors. Assuming this is the case, write down
the color portion of the proton wave function.

Now that you know the color wave function of the quarks in the proton,
write down the spin wave function. You must construct a total spin state
[1/2,1/2) total spin angular momentum state from three spin—1/2 states
where the two up quarks must be in a symmetric state.

Since the proton is uud and its partner the neutron (the are just two states
of the same particle) is ddu and m, ~ m,, we can make the simplifying
assumption that m, = mq. Given the measured value of g,, what does you
model give for m,? Remember that the up quark has electric charge 2/3
and the down quark has electric charge —1/3, in units of positron charge.

Finally, use your results to predict the gyromagnetic moment of the neu-
tron(neutron results follows from proton results by interchanging u and d
labels) and compare with observation.

12.9.8 Particles in a 3-D harmonic potential

A particle of mass m moves in a 3—dimensional harmonic oscillator well. The
Hamiltonian is

(a)

(b)

Find the energy and orbital angular momentum of the ground state and
the first three excited states.

If eight identical non-interacting (spin 1/2) particles are placed in such
a harmonic potential, find the ground state energy for the eight-particle
system.

Assume that these particles have a magnetic moment of magnitude u. If a
magnetic field B is applied, what is the approximate ground state energy
of the eight-particle system as a function of B (what is the effect of a closed
shell?). Determine the magnetization —9F/9B for the ground state as a
function of B. What is the susceptibility? Don’t do any integrals.

12.9.9 2 interacting particles

Consider two particles of masses m; # my interacting via the Hamiltonian

(a)
(b)

2 2
& D D 1 1 1 2
= ﬁ + ﬁ + imlw%? + imngxg + §K (z1 —2)

Find the exact solutions.

Sketch the spectrum in weak coupling limit K << uw? where p = reduced
mass.
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12.9.10 LS versus JJ coupling

Consider a multielectron atom whose electron configuration is

(a)

(b)

15225%2p53523p°3d*%4s%4p4d

To what element does this configuration belong? Is it the ground state or
an excited state? Explain.

Suppose that we apply the Russell-Saunders coupling scheme to this atom.
Draw and energy level diagram roughly to scale for the atom, beginning
with the single unperturbed configuration energy and taking into account
the various interactions one at a time in the correct order. Be sure to
label each level at each stage of your diagram with the appropriate term
designation, quantum numbers and so on.

Suppose instead we apply pure jj—coupling to the atom. Starting again
from the unperturbed n = 4 level, draw a second energy level diagram.
[HINT: Assume that for a given level (41, j2), the state with the lowest .J
lies lowest in energy|

12.9.11 In a harmonic potential

Two identical, noninteracting spin= 1/2 particles of mass m are in a one dimen-
sional harmonic oscillator potential for which the Hamiltonian is

(a)

2
- Pla lmw%% + P2z }muﬂxg
2m 2 2m 2
Determine the ground-state and first-excited state kets and the corre-
sponding energies when the two particles are in a total spin= 0 state. What
are the lowest energy states and the corresponding kets for the particles
if they are in a total spin= 1 state?

Suppose that the two particles interact with a potential energy of interac-
tion

Vo |z1-x2l<a

0 elsewhere

V(|zy - z2|) = {

Argue what the effect will be on the energies that you determined in (a),
that is, whether the energy of each state moves up, moves down, or remains
unchanged.

12.9.12 2 particles interacting via delta function

Two particles of mass m are placed in a rectangular box of sides a > b > ¢ in the
lowest energy state of the system compatible with the conditions below. The
particles interact with each other according to the potential V' = A§(F; — 7a).
Using first order perturbation theory calculate the energy of the system under
the following conditions:
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(a) particles are not identical
(b) identical particles of spin=0

(c) identical particles of spin=1/2 with spins parallel

12.9.13 2 particles in a square well

Two identical nonrelativistic fermions of mass m, spin= 1/2 are in a 1-dimensional
square well of length L with V infinitely large outside the well. The fermions
are subject to a repulsive potential V(1 — x2), which may be treated as a
perturbation.

(a) Classify the three lowest-energy states in terms of the states of the indi-
vidual particles and state the spin of each.

(b) Calculate to first-order the energies of the second- and third- lowest states;
leave your result in the form of an integral. Neglect spin-dependent forces
throughout.

12.9.14 2 particles interacting via a harmonic potential

Two particles, each of mass M are bound in a 1-dimensional harmonic oscillator
potential

1
V = Zka?
2
and interact with each other through an attractive harmonic force Fyo = —-K (21—
x3). Assume that K is very small.

(a) What are the energies of the three lowest states of this system?

(b) If the particles are identical and spinless, which of the states of (a) are
allowed?

(c) If the particles are identical and have spin=1/2, which of the states of (a)
are allowed?

12.9.15 The Structure of helium

Consider a Helium atom in the 1s2p configuration. The total angular momen-
tum is L = 1 (a P-state). Due to the Fermi-Pauli symmetry this state splits
into singlet and triplet multiplets as shown below.

where the superscripts 1 and 3 represent the spin degeneracy for the singlet /triplet
respectively.

(a) Explain qualitatively why the triplet state has lower energy.
Now include spin-orbit coupling described by the Hamiltonian Hgo =
f(r)L-S, where L and S are the total orbital and spin angular momentum

respectively.
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1s2p

Figure 12.12: Fermi-Pauli Splittings

(b) Without the spin-orbit interaction, good quantum numbers for the angu-
lar momentum degrees of freedom are |LMpSMg). What are the good
quantum numbers with spin-orbit present?

(¢) The energy level diagram including spin-orbit corrections is sketched be-
low.

1s2p E—
Figure 12.13: Including Spin-Orbit

Label the states with appropriate quantum numbers. NOTE: Some of the
levels are degenerate; the sublevels are not shown.
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