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Lecture notes 5

5. Spherically symmetric potentials

Chapter 5 of FY1006/TFY4215 — Spherically symmetric potentials — is
covered by sections 5.1 and 5.4-5.7 in Hemmer’s bok, together with the present
Lecture notes 5. References will be given also to the relevant sections in B&J. In
the courses FY2045/TFY4250, this chapter is part of the background, that you
should study on your own.

5.1 Isotropic harmonic oscillator
(Hemmer 5.1, B&J 7.1)

The three-dimensional harmonic oscillator is discussed in section 5.1 in Hemmer and in 7.1
in B&J. Here we want to stress some important points.

Point no 1: The energy eigenfunctions can be written on product form

Even for an anisotropic oscillator, with different spring constants for the three Cartesian

directions,

V = k@’ + Shyy® + k.27 = tmwla® + gmwly’ + gmw’s® (T5.1)

the Hamiltonian can be written as a sum of three independent (commuting) terms:
H=H® Y 4 H®), with HY = - — 4 Imy?s?, etc (T5.2)
If we denote the well-know eigenfunctions of H® by W, (2):
H D4, () = hwy(ng + Db, (2) = ED b, (2), 1, =0,1,2,---,

it is easily seen that the product states

are energy eigenstates (of H ) with the energy eigenvalues
Eppnyn, = E@ + B + E®) = o, (n, + 1) + hw,(n, + 1) + hw,(n, + 1). (T5.4)

These are at the same time eigenfunctions of H®@ etc, that is, simultaneous eigenfunc-
tions of the operator set H, H® H® H® which all commute.
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Exercise: Another example of such product states is encountered for the three-
dimensional box, for which H® = —(h?/2m)d?/822, HY), H® and H =
H® + H® + H® all commute. Here too we can construct eigenstates in the
form of product states:

" ( ) 23 . MGTT . MY . NTZ
nonomn. (T, Y, 2) = sin sin sin )
onyna\ Lo Y L.L,L. "L, L, L.

Find the energy eigenvalues expressed in terms of the independent quantum
numbers n,, n, and n,.

In the example with the three-dimensional oscillator, we can call the z-, y- and z-
directions the “quantization directions”. Since the three quantum numbers n,, n, and n,
are independent, we also say that the motions in the z- y and z-directions represent three
independent degrees of freedom.

If we now consider the special case where the three spring constants are equal, k, =
k, = k. = k, there emerges a symmetry in this system; the potential becomes spherically
symmetric and the force becomes a central force:

V = 1ka® + Lky® + 1k2% = 1kr? = Imw®r?, = (T5.5)
F(r) = -VV(r) = —mw’r. (T5.6)
B Feoml

Point no 2: The spherical symmetry leads to degenerate energy levels

The energy now depends only on the sum of the three quantum numbers:
3
E =hw(ng +ny, +n,+3/2) = hw(N + 5) =Eyn; (N=0,1,2,--).

As shown in the book, the number of states for level number N [the (degree of ) degeneracy]

is
gN = %(N + 1)(N + 2).

The ground state is (as always) non-degenerate; for the lowest energy (N =0, £ = shw)
we have only one state,

booo(2,y, 2) = (000) = o ()10 (y)tho(2) = Cf e, (T5.7)
For the first excited level (N =1, E = 3hw) we have three states,
o = (100) = a(@)i(y)o(z) = CiCrwe ™ /2,

Horo 1(y)to(z) = CRC y e ™ N, (T5.8)
Yoot O(y)wl (z) — Cgcl p efmwTQ/Qh.
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While the ground state 1o is spherically symmetric, we see that these three excited states
are not. As an example, the state ¥g0; = (001) is rotationally symmetric with respect to
the z-axis and antisymmetric with respect to the zy-plane. The figure below illustrates the
simulated result of a series of 1000 measurements of the position of the particle when it is in
this state. Here, you will notice that the factor z makes the zy-plane a nodal plane (where
the probability density is equal to zero).
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Similarly, the state (100) has rotational symmetry with respect to the z-axis and has the
yz-plane as a nodal plane, and so on.

A small exercisee: Suppose that the box mentioned above is cubical, with
L, =L, =L, = L. Find the degeneracy of the three lowest energy levels.

Point no 3

is that when a degenarate level has several eigenfunctions with the same eigenvalue (here
E = ghw), then these eigenfunctions are not unique. This is because we are free to use
linear combinations of these eigenfunctions. Such linear combinations are alse eigenfunctions
with the same energy. They are therefore equally relevant. For the oscillator we can illustrate
this point in several ways:

(i) Since the potential is spherically symmetric, we can just as well use another set of
coordinate axes than the ones above, e.g. 2/, v/, /(= 2):
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By repeating the above process, with 2/, 3/ and 2’ as quantization directions, we then find for
N =1 the following three simultaneeous eigenstates of the operators H, H®), HW) H):

(100) = oy (2)ho(y)ho(2)) = C2Cy 2 e /",
(010)’ = wo('r/)wl(y/)wo(,zl) CZC yl —mwr /2h
(001)" = wo(a")tho(y)en(2) = C5CL 2 e_mWZ/%.

Here there is a lot of “moral” to be gained:

e With V =V(r) there is nothing particular about the original axis system z,y, z.
The new choice, and the resulting eigenfunctions are just as relevant.

e The new eigenfunctions are linear combinations of the old ones. Thus with the concrete
choice of 2/, 4, 2’ above, which corresponds to

¥ = xcosa—+ ysina,

z(—sina) + ycosa,

Z = z,
we have for example

(100)" = (100) cos « + (010) sin cv,
(010)" = (100)(—sina) + (010) cos a
(001)" = (001).

Here, the state (100)" has the same form seen from the z’-axis as (100) seen from the
T-axis.

e The “change of basis” does not alter the degeneracy (which here is equal to 3).

e The eigenfunctions above are automatically orthogonal [cf (T2.34)]. (The orthogonality
is in general important; cf the discussion of orbitals below.)

(ii) Another way to obtain a set of orthogonal eigenfunctions for a symmetric potential is
to look for simultaneous eigenfunctions of H L2 and one of the components of L, e.g. L.
Such eigenfunctions exist because the three operators mutually commute, as we shall see. Cf
section 2.3.c, where we found that L? and L, commute. Since these two operators contain
derivatives only with respect to the angles 6 and ¢, it follows that they also commute with
the Hamiltonian, when the potential is spherically symmetric.

The three-dimensional isotropic oscillator is very special in that the potential is both
spherically symmetric and can be separated in terms of the independent (Cartesian) con-
tributions %mwaQ etc. In a short while we shall attack the hydrogen atom (the Coulomb
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problem). Then again we have a spherically symmetric potential. However, this potential
can not be separated into “Cartesian” terms. So in that case we are forced to look for
simultaneous eigenfunctions of the operators H , L2 and one of the components of L, e.g.
L..

This must be point no 4: The angular momentum is an important physical observable
for particles moving in a spherically symmetric potential, like that of the hydrogen atom.
We shall therefore proceed to study angular momentum in the next section.

5.2 Angular momentum and spherically symmetric po-
tentials

(Hemmer 5.4, B&J 6.1 and 6.3)

5.2.a Angular-momentum operators

All information about a state sits in the wave function, combined with the operators for en-
ergy, momentum etc. The momentum operator p = (7/i)V essentially asks for the gradi-
ent of 1, that is, how fast and in which direction 1 changes, the operator K = —(h*/2m)V?
for the kinetic energy checks div gradi) = V21, etc.

Similarly, the orbital angular-momentum operator L =1 x p =r X (h/i)V asks about
the variation of ¢ perpendicularly to r. Thus it is the variation in the angular direction which
determines the angular momentum. Then we understand immediately that the ground state
of the hydrogen atom, 1) = (wag)~*/?e~"/%_is a state with zero angular momentum. This is
because here the gradient points in the radial direction, so that

~ h
Llﬁ:I‘X?Vl/J:O

The “moral” is that

A spherically symmetric wave function (r)
corresponds to a state with zero angular mo- (T5.9)
mentum.

Another exaample is the ground state (T5.7) of the isotropic oscillator, g0 = (000) =
Cge—mwrz/Qﬁ_

This conclusion (Ltp(r) = 0) also follows if we express the operators in spherical coor-
dinates. As shown in section 5.2.g below, the gradient operator in spherical coordinates
is

0 190 . 1 0

V:eT§+ee;%+e¢rsin0 B

It then follows that L contains derivatives with respect to the angles:

(T5.10)

~

= rxﬁ,V
)

h(. O . 1 0
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since e xe.=0, €, X €y = €, €, X €3 = —€y.

The same holds for the Cartesian components, even if it isn’t obvious in the expressions

~

L., = xp, — yp., etc.

Thus, expressed in spherical coordinates the Cartesian components are

- h 0 0
L, = 7 (—smgzﬁae cot COS(bagb)

- h 0 0

= — T5.12
L, - (COS¢89 cot 6 sin ¢ (/5) ( )
- h 0
LZ ;%

And then it is perhaps not surprising that the same holds also for the square of the angular-
momentum operator,

L2 = —p? ( +coth = 4+ —5— ) . (T5.13)

Here we note that the spherical coordinates result in a particularly simple form for L, 1

5.2.b Compatible observables in spherically symmetric potentials

Spherically symmetrice potentials V(1) play a central role in atomic physics, and for a par-
ticle moving in such a central potential the angular momentum is an important observable,

In the figure above, the angle 6 between r and the z-axis is the so-called polar angle. The angle ¢
between the rz-plane and the zz-plane is the so-called asimuthal angle. In mathematics, you have possibly
used a different notation.
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together with the energy. For such systems the angular momentum and the energy are
compatible observables — they can have sharp values simultaneously, because the angular-
momentum operators commute with the Hamiltonian for a spherically symmetric potential,

DU K2
H:K+V(r):—2—v2+V()

By comparing the last part of the Laplace operator in spherical coordinates,

2 2 2
v-9 20,1 (a t92+1 a),

or?2 r or 002 00 sin®6 0¢? (T5.14)

with the above expression for L2 we see that the Laplace operator can be written as

92 290 L2

2—7 P
Vv o2 r Or  h%?

(T5.15)
Using this expression we find a practical expression for the Hamiltonian for a particle moving
in a spherically symmetric potential:

— R [ 20 L’ ~ =
H=—|—+-=— —— 4+ V()= K, + K+ V(r). T5.16

2m (87“2 + r 87“) * 2mr? +V(r) + K+ V() ( )
Here we note that the angular part of K is K, = L2/(2mr?). Since L? contains only
derivatives with respect to angles, we realize that the above Hamiltonian commutes with L

[H,L* =0 V =V(r).

The “moral” is that the size |L| = /L2 + L2+ L? of the angular momentum can have a
sharp value together with the energy.

But what about the direction of L? Well, here we must remember (cf 2.3.c in Lecture
notes 2) that the operator components f/x, Ey and L, do not commute, but satisfy the so-
called angular-momentum algebra

L.] = ih L, (T5.17)

Then, according to the rules in section 4.1, there does not exist simultaneous eigenfunctions
of LI, L and Lz, and hence of L. Thus the observables L., L, and L, can not be sharp
amultaneously, they are not compatible. The only exceptlon to this rule is when the
angular momentum is zero, as we saw above. Apart from this exception, we can state that
the angular-momentum operator L=rx p (contrary to the momentum operator p) has
no eigenfunctions. Thus it is impossible for the particle to have a well-defined angular-
momentum vector L, with a sharply defined direction. On the other hand, we have seen in
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Lecture notes 2 that f/m, Ey and L, all commute with the square of the angular-momentum
operator, L? = (rxp)-(rxp)=L;+ L, +L2:

L2 L] =0 i=x.. 2. T5.18
[ ) ) 7y7

Therefore it is possible to find simultaneous eigenfunctions of L2 and one of the components
of L (e.g. Lx, or L ys OF LZ, or for that matter any component n- L) It is customary to
choose to work Wlth simultaneous eigenfunctions of L? and Lz, because f/z as stated has a
particularly simple form in spherical coordinates.

Then it only remains to note that /@Z (as well as EQ) only contains an angular derivative
and therefore commutes with H = K + V(r). Thus, for spherically symmetric potentials
the energy E, the size |L| of the angular momentum and its z-component L, are compatible
observables.

This means for example that it is possible to find energy eigenfunctions for the isotropic
oscillator which are simultaneously eigenfunctions of L2 and L,. Since these operators depend
only on the angles, such eigenfunctions can be written as products of a radial function R(r)
and an angular function Y (6, ¢):

P(r,0,0) = R(r)Y (6, ).

As an example, let us consider one of the three states (T5.8) for the first excited level of the
isotropic oscillator. With z = rcosf we can write 199 as

oo = RY, with R = CiC;r et 2 and Y = cos.

In this angular function there is no variation in the ¢-direction (cf the figure on page 3), so
that the partial derivative of Y = cos with respect to ¢ is equal to zero. Thus, LY = 0,
that is, Y and hence g, are eigenfunctions of L, with eigenvalue zero. It is also easy to
show that the variation in the 6-direction is such that Y is an eigenfunction of L? with
eigenvalue 2h7.

A small exercise: Show this using (T5.13).

We can conclude that in the oscillator state g, the energy is 5iw/2, while |L| is hv/2 and
L, is equal to zero. Note that all these quantities have sharp values (zero uncertainty).

Another exercise: Since x =rsinfcos¢ and y=rsinfsing, the two
other states in (T5.8) can be written as

Y100 = R-sinfcos¢ and g9 = R -sinfsin ¢,

with the same radial function R as above. Show that also these two functions
are eigenfunctions of L? with the eigenvalue 242, None of them are eigenstates
of L.. Show that linear combinations (V100 £ 1010)/V2 = R/V2 - sinf e are
eigenfunctions of EZ, with the eigenvalues +h.

This is an example of the general fact that it is possible to find simultaneous eigenstates of
H, L% and L, for a spherically symmetric potential. (Cf rule B in section 4.1 of Lecture
notes 4.)
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5.2.c Quantization of angular momentum. The spherical harmonics

The example above also illustrates that the angular momentum is quantized. It turns out that
the simultaneous eiAgenfunctions and the corresponding eigenvalues of the angular-momentum
operators L? and L. are given by:

f‘2%m<97¢) = h’2l(l+ 1) Km(evqs)) [ = 07172a"'
(T5.19)
LY, (0,0) = hm Y, (0, ¢), m=0,%+1,£2,--- £l

Such an eigenfunction Y, corresponds to a state where both the size |L|= VL2 and
the z-component of the angular momentum have sharp values, while L, and L, have to
be uncertain, because they are not compatible with L,. (Then also the direction of L is
uncertain.) We note that the possible eigenvalues are quantized. The size is given in terms
of the so-called orbital angular-momentum quantum number [/, which must be a non-
negative integer. The z-component L. is proportional to the so-called azimuthal quantum
number m, also called the “magnetic” quantum number, which is an integer. Note that
for a given quantum number [, the maximal |m| is [. This limitation is obviously connected
with the fact that |L,| can not be larger than |L|.

The eigenfunctions Y}, are known as the spherical harmonics. We shall soon discover
that they can be written on the form

Yim(07 Qb) = @lm(e) eiqu’

where the dependence on 6 and ¢ is separated.

The quantization of angular momentum, as expressed by the quantum numbers [ and m
being integers, simply stated is a cosequence of the fact that the angular space is “compact”,
so that the angular functions must “bite themselves in the tail”, so to speak. This is seen
most clearly when one tries to solve

5.2.d the eigenvalue equation L,Y = % a%Y =hmY

The partial differentiation with respect to ¢ means that 6 is to be kept fixed. This eigenvalue
equation therefore takes the form dY/d¢ =imY, or

dY

which can be integrated to
InY =im¢ +n0H), = Y(0,¢)=0(0)em?,

where the integration constant In ©(6) is independent of ¢, but other than that can be an
arbitrary function of 6. The requirement that Y (0, ¢) be continuous then implies that the
quantum number m must be an integer;

Y(9,27) =Y (6,0) — e — 1 — m=0,+1,+£2,---.

Thus L, is quantized; L, = 0,+h,£2h,---. Note that a non-integer m would imply a wave
function ¥(r,0,¢) = R(r)O(#) e™? with a discontinuity in a half-plane corresponding to
p=0(y=0, z>0).
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5.2.e The eigenvalue equation L2Y =/h*[(I+1)Y

is more of a mathematical challenge. It is this equation that determines the quantized
values of [, and the corresponding functions ©y,,(6). This is explained in detail In Hemmer’s
book and also in B&J. The main points of the derivation are repeated here. Inserting
Y = O(0) exp(im¢) we note that 9%/9¢? gives a factor (im)?> = —m?. As in Hemmer, we
introduce the abbreviation cosf =z (NB! x is not the coordinate :L'), so that

sinf = v1 — z2 and dr = —sin 8 do.
Re-writing slightly,
de t@df 1 ) Qdf 1 d sinzeﬁ
d02 dd  sinf d9 df sinf df \ sinf do

_d df N df
= dx[(l—:zz)dx] (1—x)ﬁ—2x%,

we then find that the eigenvalue equation L2Y = h2(I+1)Y can be written as

2 2

d
—_— 27_ —_—
(1=a?)s =20+l +1) =

] O(x) = 0. (T5.20)

Here we know that m is an integer, while the quantum number [ is now regarded to be
unknown, together with the possible solutions 6,,,(0) of this eigenvalue equation.

For the case m = 0 this is a standard equation in applied mathematics. It is called
the Legendre equation:

(1—%)6222—21';4-[([4— 1)| P(x) =0. (T5.21)

As explained in the book, this equation can be solved using the power series expansion
method.

With
6 = Z a, " 200" =22 a,nx™ ' and
n=0
Q" = Zann (n—1)2""7=> apa(n+2)(n+1)z"
n=0

inserted into equation (T5.21), we find that

i){ apian+2)(n+1)—a,nn—1)+2n—-1(l+1)] } 2" =0.

This equation is satisfied for all x only if the coefficient of each power of x
vanishes, that is, if all the expressions {...} are eaual to zero. This gives the
recursion relation
nye  n(n+1)=I1+1) (m—-0n+1+1)
n, (n+1)(n+2) n+1)(n+2) °

n=0,12--
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Using this relation, we can express as, a4 etc in terms of ag and, in the same
manner, as,as etc in terms of a;. The solution thus is the sum of two infinite
power series, with respectively even and odd powers of x:

—-(0+1) 5 =U—=l+2)-(I+1D){I+3) 4,
0 = agll—l—; >x+ ( >4‘( ) )x +]
—1+1)-(14+2) 4 —+1)(=1+3) - (+2)(1+4) |
al[x ( )3'( )g; ( )( 5)! ( )( )a: ]

Here, ag and a; are two arbitrary constants.

From the recursion formula we note that

GZZZ = Z 5 (1 + O(niQ)) .

This means that both series will for large n behave as

1
> —a” (where n is even or odd).
—n

Both series will therefore diverge for x = +1, corresponding to 6 =0 and .
In order to obtain a finite and acceptable solution (eigenfunctions) we must
therefore demand that both series terminate, giving a polynomial solution. From
the formula above (and from the recursion relation) we see that the series with
even powers becomes a polynomial of degree [ if [ is a non-negative even number,

[=0,2,4, .

In these cases, the series with odd powers does not terminate. We must therefore
set the coefficient a; equal to zero for even [. For odd | we must similarly set ag
equal to zero, and the solution becomes a polynomial of degree [ with only odd
powers of . This is how the quantization of |L| enters the picture, with integer
orbital angular-momentum quantum numbers [ =0,1,2,---.

These polynomial solutions are uniquely determined by the recursion relation, apart from
an arbitrary multiplicative constant (ag or a;). When the solutions are normalized so that
their value for =1 (6 = 0) becomes 1, they are called the Legendre polynomials, and
they are denoted by P,(z) = P/(cosf). Thus

P(1)=1 and P(—z) = (—=1)'P(x), (T5.22)

where the last relation states that the parity is (—1)! (because the powers of z are either
even or odd). Explicitly the first few of these polynomials are

Py(z) =1, (med x = cos @ :)

P(x)==x = cos¥,

Py(z) = 3(32% — 1) = 1(3cos?0 — 1),

Pi(x) = 5(52® —3z) = 3(5cos®f — 3cosh), ete.
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A useful formula for the Legendre polynomials is

1 dl 2 l : )
P(z) = S0 @(ﬂc —1). (Rodrigues’ formula) (T5.23)
So, for m =0 we have
©0(0) o< Pi(cosb). (T5.24)

The diagram shows the six first polynomials Py(z), ..., Ps(x) as functions of x. Here we see
that they are all equal to 1 for z =1, which corresponds to 6 =0, while the value for
r=-1 (0=mn)is (1)

Since all the polynomials are either symmetric or antisymmetric, we could of course have
confined ourselves to show the curves only for the interval 0 < x < 1. On page 95 in
Hemmer’s book, you can see how these polynomials behave as functions of 6 (for 0 < 6 <

7/2).

A small eerrcise:Ag. In section 5.2.b we found that Y = cosf is an eigen-
function of L? and L, with the eigenvalues 7#%/(l + 1) = 2A% and Am = 0, that
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is, a solution with the quantum numbers [ = 1 and m = 0. Check that Ro-
drigues’ formula for ©,9(0) o< P(cosf) gives the same result. b. Use (T5.24)
and (T5.23) to find the spherical harmonic Y5y, apart from the normalization.

One more: Check that Rodrigues’ formula gives the above result for the Leg-
endre polynomial Ps(x). Use the above recursion relation, together with the
normalization convention (T5.22), to show that

}QQﬂ::;(35x4—30$2+3).

For the case m # (0 we see that the differential equation (T5.20) depends only on m?
that si on |m|. This means that we can set ©;™ = O}", and consider only the case m > 0.
As explained in the book, one then finds that the acceptable solutions of this differential
equation are the so-called associated Legendre functions;

Oun(0) = PIM(x) = (1 — 22" (;;) Pla), (75.25)

where z = cosf and (1 — 22)™/2 = sin™#. You can find the proof in the book, or in the
attachment at the end of this Lecture notes.

Since the highest power in P, is 2!, the differentiation here gives a polynomial of degree
[ —m, and zero for m > 1. 2 Thus we can conclude that the differential equation gives
solutions for integer [ which are > |m|, and the other way around: For a given orbital
angular-momentum quantum number [ the magnetic quantum number m is limited to

m=0,+1,---, %l

The results for the normalized spherical harmonics can be written as

241 (=] ol o
pp (l+|m|)!Pll (cos 0)e™, (T5.26)

Yzm(ea ¢) = 5m\l

where
5 — 1 for m <0,
"l (=)™ for m >0

is the most commonly used sign convention. In the table below you will find the explicit
results for [ < 3.

As you probably have observed, it takes quite a lot of work to obtain these results for the
angular functions. If one finds it difficult to grasp all the details of the derivation, some
consolation may be found by checking explicitly the eigenvalues of the functions given in the
table. The normalization can be checked by integrating |Y;,,(6, ¢)|* over all angles.

2Note also that the powers of x in this polynomial are even/odd when [ — m is even/odd. This means
that B (—a) = (—1)' """ (a).
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Spherical harmonics

! m Yim(0, ¢)
s |0 0 | Yoo=4/%
P 1 0 Yio = \/% cos f

+1 Vit = Fy/ g sinf e
d 2 0 Yao = /12 (3cos? — 1)
+1 Yo = $,/§—fr sin @ cos et

+2 Yoo = /55 sin®f e*2¢

f 3 0 3/302\/%(5(:0336—30030)
+1 Y3401 =7F % sinf (5cos® 0 — 1) et
+2 Y340 = %”r sin? @ cos 0 e*2
+3 Ysas = Fy/ o sin® g e3¢

5.2.f Some points worth noticing

(i) All the functions Y, contain the factors exp(im¢) and sin™ 6 together with the
polynomial of degree | — |m| in z = cosé6.

(i) The spherical harmonics are parity eigenstates. The parity operation P means space
inversion, that is, reflection with respect to the origin (see the figure p 6):

~

P: r——r, ie 1 — T

0 — m—90, (T5.27)
¢ — o+
This corresponds to
r=cosf) — —cosf=—ux,
P(cosf) — P(—cosf) = (—1)'Pcosh),
Pllml(cos@) — (—1)l_|m|Pl|m|(cosé’),
UL (—1)meim¢’.
Thus, the parity of Y}, simply is (—1)%
P Yim(0,0) = Vi (1 — 0,6 + 1) = (—1)! Vi (6, ). (T5.28)

These symmetry properties are important e.g. when we want to study hybrid orbitals.
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(iii) The functions Y}, are not only normalized, but also orthogonal, because they are
eigenfunctions with different eigenvalues [remember the rule (T2.34) in Lecture notes 2J:

/ Y Yimd = 6u6pm  (orthonormality). (T5.29)

(iv) The fact that [ can not be smaller than |m| is of course connected with the obvious
fact that |L| = hy/l(l+1) can not be smaller than |L.| = h|m|. As an example, let us

consider [ =2, which corresponds to |L|=hv/6~ 2.45%h. As illustrated in the figure,
the allowed values of L, then are 0, £h and +2Ah. Each of these values corresponds to a
well-defined angle o between L and the z-axis, given by

L,

COS ¥ = ~—

T iy V6
Lz A

24 om=2 (
; ”,ff NaX

N (m=2)
-2% 2

(m=2,1,0,—1,-2).

N = -

In this case we find the smallest angle for m =2, « = arccos(2/v/6) = 35.6°. 3 In this
state Ys, also
LY+ L2 =L — L? = 6h° — (2h)* = 2k

is sharply defined. The observables L, and L,, on the other hand, are not compatible with
L., and must therefore be uncertain. It is easy to show that the expectation values of both
these observables are equal to zero:

(Lo >Y22 = (L, >y22 = 0.

From the symmetry we can also understand that the expectation values of L2 and LZ must
be equal, and since the sum of them is 242, we thus have that

2 _ /72 32
<LI>Y22 - <Ly>Y22 - h ’
It follows that the uncertainties in the state Yoy are
AL, = AL, = h.

This situation can be illustrated (to a certain extent) by the sketch on the right in the figure
above: |L| and L, are sharp. So is /L2 + L2 (the radius of the circle). L, and L, are

3Note that the angle « is not allowed to be zero, because that would correspond to a vector L with a
well-defined direction, and that as we know is impossibble, because L, L, and L. are not compatible, that
is, they can not have sharp values simultaneously.
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uncertain (with zero averages), and then also the direction of L is uncertain. In a way this
means that L is confined to the surface of a cone. *

(v) The spherical harmonics Y,,(0, ¢) constitute a complete set; an arbitrary function
of # and ¢ can be expanded as:

9(0.9) :i D m Yim(0, 9). (T5.30)

=0 m=—1

If the function depends only on #, one gets contributions only for m =0, that is from
Yo o< P(cosb) :

[e.e]
9(0) =>_ cP(cosb). (T5.31)
1=0
Because of this completeness, the spherical harmonics are relevant under many circum-
stances, not only in quantum mechnics.

A small exercise: Write ¢(x) = 2® as a linear combination of Legendre poly-

nomials Pj(x). Answer: z° = %Pl(a:) + %Pd(x) Why does a corresponding
expansion of z7 only contain Pj(x) with uneven [?

5.2.g Attachment on spherical coordinates etc

From this figure we can read out the connections between the spherical coordinates 7,6, ¢
and the Cartesian coordinates x, 7, z: °

x =1 sinf cos ¢ ro=vr2+y*+ 22
y =1 sinf sin ¢ cos =z/\/x?+y?+ 22

2 =1 cosf tang =y/x

4However, here we must be careful. This illustration may lead us to believe that the direction of L is an
observable. That is not the case, because L,, L, and L, are not compatible.

5In the figure above, the angle @ between r and the z-axis is the so-called polar angle. The angle
¢ between the rz-plane and the xz-plane is the so-called asimuthal angle. From mathematics you are
probably used to a different notation.
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(0 <r < oo, 0<0<m, 0<¢<2m).

From the figure it is also easy to see that infinitesimal increments dr, df, d¢ of r,0,¢
correspond to an infinitesimal change of r given by

dr = &, dr +eyrdf + eyr sinf de.

Integration in spherical coordinates

Because the three unit vectors €,,€y and e, are orthonormal, we can figure out that the
volume element can be written as

dr=dV =dr-rdf-rsinfdp = r*dr sin0db de.

Integration over the entire space is accomplished by integrating r from 0 to oo, 6 from 0 to
7, and ¢ from 0 to 27. For a spherically symmetric integrand this simplifies to

/f(r)d3r = / dqb/ s1n9d0/ f(r [sin 0 df = —d(cos 0)]
= 27 /C::Zi_ll d(cosﬁ)/O f(r)r2dr

= /OOO f(r) - 4mridr.

Note that 47r2dr is the volume of a spherical shell with radius r and thickness dr.

A tiny exercise: Calculate the volume of an eighth of a sphere by a similar
integration. (Assume that it is in the first octant, where z, y and z are all
positive, and use the relevant integration limits for the angles.)

The gradient operator in spherical coordinates

For a function f(r), the infinitesimal change dr (given above) corresponds to an infinitesimal
change of the function, given by the scalar product of dr and the gradient of the function:

df = f(r+dr)— f(r)=Vfdr
= {éT(Vf)T + ég(Vf)@ + é¢(Vf)¢} . {ér dr + égrdf + é¢ r sind d¢}
= (Vf)pdr+(Vf)erdd+ (Vf),rsinfdo.

Comparing with

df = fd + —fde—l— i;dd)
we then find that the components of the gradient of f in spherical coordinates are given by
_of 191 1 of
V=% (V=5 (VDo =555

Thus the gradient operator is (see also Rottmann)

6 0 o101 0
8 0

V= %+e¢rsin987¢‘
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The orbital angular-momentum operator in spherical coordinater then is

= Z ey — —¢

h 9, 1 0
i 00 sinf 0¢ )’

since e xe. =0, €, X €y = €y, € X €5 = —€.
Here it is important to notice that the orbital angular-momentum operator L contains derivatives
only with respect to the angles # and ¢. This implies among other things that a spherically
symmetric function f(r) is an eigenfunction of the angular-momentum operator with eigen-
value zero. Then the function f(r) is also an eigenfunction of L2 =L-L with zero eigen-
value. Thus a wave function that depends only on r (and not on the angles) describes a
state with zero angular momentum.

ZA)I, lA}y and L, in spherical coordinates

By careful consideration of the figure one finds that

e, = e;sinfcos¢+ e, sinfsing + e, cosb,
€ = (&, cos¢p+e,sing)cosh — e, sind,
€; = —€,sin¢g+ e, cosg.

Using these formulae and the above expression for L it is easy to see that the Cartesian com-
ponents of the orbital angular-momentum operator can be expressed in spherical coordinates
as

- h ., 0 0
L, = Z,(—sm(bae—cote COS¢8(/§>’
- h 0 . 0

L, = i(COS¢89_COtQSIH¢&b>’
~ h 0

LZ —_— ;%.

You should pay attentian particularly to the last one.

L? in spherical coordinates. The Laplace operator

By squaring the expression for L in spherical coordinates we have

(e 9 o L ONR(I O . 1 O
“ i \%80  “smeas) i \o0 “singas)

Here it is important to understand that €y depends both on # and ¢; it can be shown that

~

L2

0€y . oey .
= —e —— = €, cost,

00 " ¢
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while e, is independent of 0:

o€ 0é
%:O, ;Z:—ér sinf — ey cosd.
Inserting into the expression above, one then arrives at the expression for L? in spherical
coordinates,
- 0? 0 1 9?
L?=-h*| == t —+ —— —= | .
(am 58 T s a¢2>
By comparing with the Laplaceian in spherical coordinates,
0?2 20 1 (02 0 1 0?
Vie o428y (Dot
o o (aaz TS0 T %6 067 )

we see that the angular part of V2 can be expressed in terms of L2:

VZ_ﬁ gg_ﬁ
o2 r Or  h%?

Using this expression we finally arrive at a practical expression for the Hamiltonian for a
spherically symmetric potential:

- rﬂ(a? 25)) L2

2m

H=—m\or v ar
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5.3 Rigid rotator

(Hemmer 5.5, B&J 6.4)

5.3.a What is a rigid rotator

Let us consider a particle of mass p which is forced to move on the (two-dimensional) surface
of a sphere with radius . We can imagine that the particle is attached to one end of a
weightless rod (the other end being attached to the origin). This is called a rigid rotator.
It is also frequently called a free rotator, because the motion on the spherical surface is free;
there is no force acting parallel to the surface.

Such a rotator can be used to model the rotational motion of a two-atomic molecule.
Then pu stands for the reduced mass of the two atoms, °

o ama

AR
The radius |r| = rg is the (equilibrium) distance between the two nuclei, and the angles 6
and ¢ specify the orientation of the vector from msy to m;.

5.3.b Energy eigenvalues and eigenfunctions

For the rigid rotator there is no radial motion, only rotation. The particle with mass p
is moving perpendicularly to r; so that p = p; (L r). With L=|rxp,|=rop,, the
(kinetic) energy then is given classically by the expression

_ pi B L2 L2

= — (I = pry = moment of inertia).

FE—=K —
2u  2urg 21

The corresponding Hamiltonian is

~

P 1.2 Ez
2urg 21

(T5.32)

Here we note that there is no potential energy since, as mentioned, there is no force acting
parallel to the surface. Thus the Hamiltonian in this case simply reduces to the angular part
(K1) of the kinetic energy operator in (T5.16).

6By considering the two-atomic molecule as a rigid rotator we are neglecting among other things the
vibrational motion (Cf the discussion in Lecture notes 3.)
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A particle moving on a bounded surface will in general have quantized energy. And
with the present spherical surface, we see that the energies simply are determined by the

eigenvalues of L2:
2

h
E =1(1+ )21

Each of these levels is degenerate, with ¢, =20+ 1 independent states. As energy eigen-
functions we can then use the spherica harmonics

(T5.33)

Q/)lTn = lm(97¢>7 m = 07i17i27"',il7 (T534)

but linear combinations of these can also be used.
Note that the position (1o, 8, ¢) of the particle on the surface (alternatively the direction
vector

ry — Ty

“ r A A . . A
r=-= = e, sinf cos g + €, sinfsin ¢ + e, cos 0/
r

1 — 1o
from nucleus 2 to nucleus 1) is uniquely determined by the angles # and ¢. Note also that
1Y (6, ¢)|* now gives the probability density per unit solid angle, such that |Y (0, ¢)|?dS2 is the
probability of finding the particle within the solid angle df2. The normalization condition

/%d(p/ sin 6 do[Y (0, y?—/w $)[2d0 = 1

states that the probability of finding the particle somewhere on the surface is equal to 1 (or
alternatively, that the direction vector from nuclus 2 to nucleus 1 must point somewhere). *

A small exercise: What is the probability per unit area on the surface (which
has the radius 7¢)?

5.3.c Radiative transitions. Rotational spectra

When such a molecule exchanges energy with its surroundings, it can take place e.g. via
absorption or emission of photons. It can be shown that transitions between states of the
type (T5.34) almost always respect the selection rule

Al = +1, (T5.35)

meaning that [ very rarely changes by more than one unit (£1). This implies that the
exchanged photons have energies given by
]‘;LQ
AE,=E —E_, = T l [=1,2,.. (T5.36)
These energies typically are of the order of 10~* — 1073¢V, and correspond to photons in
the infrared frequency range. We note that the emitted photons give a frequency spectrum
with equidistant lines, a so-called rotational spectrum.
Experiments agree well with this simple theory, when one measures the emission spectra
from hot two-atomic gases at moderate temperatures. (See Hemmer p 99.) This agreement

"From (T5.28)we see that the probability density |Y;,, (6, ¢)|? is always symmetric with respect to inversion
about the origin. This means among other things that the probability of finding the particle on e.g. the
upper half-sphere is 50 percent when the rotator is in a state described by one of the functions Y.
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may be somewhat surprising because, when treating the two atoms as point particles with
a constant distance rq, we have in fact simplified in a seemingly rather brutal way. Among
other things, we have neglected the following effects:

(1)Vibration. The distance between the two nuclei actually is not constant, but may
vary slightly about the (classical) equilibrium distance 9. For small deviations this cor-
responds to a one-dimensional harmonic oscillation, as discussed in Lecture notes 3. The
distance hiw between the energy levels of such an oscillator typically is of the order of 0.1 eV,
which is significantly larger than the energy amounts (10~ — 1073¢V) which are needed to
excite the rotational degrees of freedom. In statistical mechanics one learns that the proba-
bility of finding a molecule in an excited vibrational state is negligible when the temperature
is so low that kT << hw, that is, when

hﬂ 0.1eV
kg  8.6-107%V/K

T << ~ 10°K.

(kg = 8.6 - 107%eV/K is Boltzmann’s constant). Thus at low temperatures there are prac-
tically no excitations of the vibrational degree of freedom. This way the system becomes
effectively two-dimensional, as a rotator, with ry equal to the equilibrium distance between
the two nuclei.

(2) Rotation about the axis through the two nuclei. A rigid body actually has
three rotational degrees of freedom. Two of these were taken into account in the “point-like”
rigid rotator treated above. The third degree of freedom lies in the possibility of a rotation
about the axis through the two nuclei. However, this degree of freedom is not excited at low
temperatures. The reason is that the moments of inertia of the electrons with respect to this
axis are very small (a factor ~ 10~* smaller than for the rigid rotator above). The moments
of inertia of the nuclei with respect to this axis are even smaller. Based on this we can
state that the excitation energy for the “electronic” degree of freedom will be of the order of
electronvolts. (Cf the hydrogen atom, for which it takes 10.2 eV to excite the electron from
the ground state to the “rotational” 2p-state.)

This is the reason why the simple rigid-rotator model above works so well at low tem-
peratures. At higher temperatures, one finds spectra corresponding to excitation of both
rotational and vibrational degrees of freedom.

5.3.d Comments

(i) Physically, we can prepare states with well-defined |L|? and L, for the rotator by
measuring these observables. According to the measurement postulate, we must then nec-
essarily get a pair of eigenvalues h%I(I +1) and hm, and after the measurement the rotator
will be left in the correspopnding state Y;,,.

(ii) We should keep in mind that the rotator (as well as the hydrogen atom or any other
system described by a spherically symmetric potential V(7)) has an underlying spherical
symmetry: There is no preferred direction. Thus, physically there is nothing particular
about the z-axis. Instead of L, we can therefore just as well measure any other component

8Note that at room temperature, T ~ 300K, we have kpT(= 0.025¢V), which is much larger than
the amount needed to excite the rotaional degree of freedom (107% — 1073eV). In statistical mechanics one
learns that the average rotational energy under such circumstances is equal to kgT'. This implies, e.g., that

air molecules at room temperature will have average orbital angular-momentum quantum numbers of the
order of [ ~ 10.
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of L together with |L|, e.g. L,, or for that matter an arbitrary component L-n. From
the symmetry we realize that the simultaneous eigenstates in which the system is left after
such a measurement will “look the same” seen from the n-axis as Y}, seen from the z-axis.
Examples are the angular functions

3 x 3y
e =4/ — — d =4/ — =, T5.37
p P an Py Ar 7 ( )

which have the same “appearance” seen from respectively the X-axis and the y-axis as

[ 3 z /3
P = E;: ECOSQZYN(Q@

has seen from the z-axis. More generally,

3 nr 3
Y L N A T5.
Pa e 1 Cos0nr (T5.38)

has the same appearance seen from the n-axis.
(iii) All these states are p-states (I = 1), and from (T5.30) it then follows that they must
be linear combinations of the set Yj,,, m = 0,41. This holds both for
! (Y11—Y1 1) t2 Re(Y11) d !
= ——— —Y] 1) = —sqrt2Re an = —
b \/5 11— X1,-1 q 11 Dy \/§

and it also holds for

(Y11+Y1 1) = —sqrt2Sm(Y1),

3 nr
T:nzpr"i_nypy"'_nzpz:""

Pa = P

“Moral”: The choice of the z-axis as “quantization axis” and the resulting set of states Y},
are not unique. However, this is no problem; all possible angular functions that might be of
interest can be expanded in terms of the set Y;,,, due to the completeness of this set. °

(iv) In chemistry one learns that directed “bonds” and hybridized orbitals are im-
portant for the structure of molecules. Angular functions are an important part of the
discussion of such orbitals.

(v) Because the probability distributions |Y;,,(6, ¢)|* are independent of the asimuthal
angle ¢, that is, are rotationally symmetric with respect to the z-axis, they can be illustrated
by polar diagrams, where the size of |Y},,|* as a function of 6 is marked along a line in the
direction #. See p 286 in B&J, which shows such polar diagrams for [ =0,1,2. To visualize
the rotational symmetry we can imagine that these polar diagrams are rotated around the
z-axis. We then obtain three-dimensional polar “diagrams”, where each of the curves in
the book creates a two-dimensional surface. For |Yy|?, e.g., this surface is a sphere with
radius 1/47. The figure below shows sketches of such surfaces for |Yoo|?, |p.|? = |Yio|? =
cos? 0 - 3/4m, together with |Ya0|? = (3cos®6 —1)%-5/167.

superposing many such angular functions with sufficiently large quantum numbers, it is possible to
9By superposing y such angular functi ith sufficiently large quant bers, it is possible t
describe a “wave packet” with small extension in angular space. This is relevant if we want to describe a
rotator with a reasonably well-defined “direction” 6, ¢ at a given point in time.
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By rotating the sketch for |p.|? by 90 degrees with respect to the y-axis (or the x-axis) you
can obtain the corresponding surfac for |p,|* (or |p,|?).

For the real functions p,, p, and p, it can even be interesting to make polar diagrams for
the functions themselves (not only for the absolute squares as above). Since these functions

take both positive and negative values, we choose to show their absolute values |p,|, [py|

and |p.|. The figure below shows the polar diagram for y/47/3 |p,| = |cos@| (which simply
consists of two circles touching each other), together with the corresponding two-dimensional
surfaces, which are rotationally symmetric with respect to respectively the x-, y- and z axes.
The signs indicate where the functions p, etc are positive or negative. These signs at the
same time tells us that these functions have parity —1; they are antisymmetric with respect

to the origin.
2
dB‘ lcosel = V& 1pe)
)/
D x
E4
z
Ipel ‘° I Pyl
A, O
A X 9

The p-state py mentione above is of the same type, with the unit vector n as symmetry axis.
Angular functions of this type are relevant in the discussion of hybridized orbitals.

(vi) The degeneracy in this problem, the fact that we have ¢, =2l + 1 states with the
same energy, is caused by the spherical symmetry. We have a free rotator, where no forces act
along the spherical surface. Thus no particular direction is favoured. This degeneracy, where
the energy levels are independent of the quantum number m, is common for all spherically
symmetric potentials.

A small exercise: Suppose that the rigid rotator is prepared in the state

3 x 3 . 1
Dy = \/;r = \/; SlHQCOS(Z5 = —ﬁ(ifll - Yl,—1)7

and that the energy F and the z-component L, of the angular momentum are
measured. Find the possible results of the measurements and the probababilities
for these results. What can you say about the state of the rotator after such a
measurement?

Answer: E = E, = h*/(ur?) with probability 1. L, = A with 50 % probability
for each of these results. After the measurement of L, = £h the state is Y 1;.
(Cf the measurement postulate in Lecture notes 2.)
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A small challenge: Suppose that the rotator is prepared in the state Y = C'sinf.

. Show that C = /3/81 gives a normalized state.

2. Show that this state is an eigenfunction of ZA}Z.
3. Suppose that we measure L, and the energy when the rotator is in the state
Y. What result do we then measure for L,? According to section 2.5 in Lecture
notes 2 the probability amplitude that these measurements leave the rotator in
a given state Y,go 1S given as the projection of the state before the measurement
onto the state afterwards, (Yager,Y ). Why can the energy measurement not
give the energy F; (1. excited level)? [Hint: Consider the parities of Y and the
relevant final states.]

4. Find the probability of measuring the ground-state energy Ej (and leaving

the rotator in the ground state.) [Answer: 0.9253.]

Let us finish this section by simulating a large number N of position measurements for
the particle on the spherical surface. For the ground state Y, with the probability density
|Yoo|? = 1/47 in the angular space, these positions will be distributed (fairly) evenly over the
whole surface. This is illustrated for N = 500 in the figure on the left below. The figure on
the right shows a corresponding distribution for the p, state Y;9. Here you can see that the
density is largest in the “polar areas” and small near the “equator”. The Matlab program
“rotator.m” which was used to produce these distributions is available on the homepage.
Try to run it, and observe that you can rotate the figures.
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5.4 Motion in spherically symmetric potential. Radial
equation
(Hemmer 5.6, B&J 7.2, Griffiths 4.1.)

When we allow also for motion in the radial direction, in a spherically symmetric potential
V(r), we can return to the Hamiltonian (T5.16), on the form

— = (0?2 L’
d <a a) +V(r). (T5.39)

2m 2mr?

Here, we note that the first term on the right is the radial part K, of the operator K for the
kinetic energy. Note that the angular part, K; = L?/(2mr?), has the same form as for the

10Here, we take the risk of using the old symbol m for the mass, even if the same m is also used for the
magnetic quantum number.
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rotator.

Since the angular differentiations in L? and L commute both with 0/0r and with the
r-dependent factors, we note that H,L? and L, are a set of commuting operators. The
simultaneous eigenfunctions of these operators must be proportional to both ¢™? and ©,,(6),
that is, to Y, = Opn(6)ei™?:

wElm(r; 9, ¢) = REl(T)Km<97 ¢) = REZ(T)@lm(9>€im¢. (T540)

Here we have succeeded in factorizing the dependence on the three variables r, # and ¢. You
should also notice that the angular functions are the same, no matter which potential V (r)
we are considering.

The radial function R(r), on the other hand, depends on the potential. Inserting into
the time-independent Schrédinger equation H v = FEv, we note that L2 applied to the
angular function Y}, gives the factor A?I(l 4 1). Thus all the terms in the equation become
proportional to Y;,,, and we are left with a second-order differential equation for the radial
function, the radial equation

2 2 2 1
d*R dR {m (1 + )}Rzo.

— E-V T5.41
dr2 " rdr R | ()] = r? ( )
As we shall see, this equation determines the allowed energy eigenvalues E and the corre-
sponding radial functions Rg(r). Note that the quantum number m does not occur in this
equation. Therefore the energy levels will be independent of this quantum number; we have
the so-called m-degeneracy for spherically symmetric potentials.

You should now have a look at section 7.2 in B&J. There you will see that it is an
advantage to introduce the function w(r) = rR(r) instead of the radial function R(r). The
substitution

u(r) dR v wu d’R W 2 2u
,0,0) = R(r)Yi,(0,¢0) = —=Y, —_— == - —, —=— - —+ —
¥(r,6,9) (r)Yim (6, ) ro ! drr 12 dr? r r? * r3
gives a radial equation for the function u(r) with the same form as the one-dimensional
time-independent Schrodinger equation

n? d*(x)
C2m dx?

+ V() d(r) = E¢(r).

This “one-dimensional” radial equation for the function u(r) is:

B B2 d2u(7“) + Vlﬂ(r) u(r) _ Eu(r) (T5.42)

om  dr? ¢

Here,
(1 +1)R?
l —
Veg(r) =V (r) + o
is the sum of the real potential V (r) and the I-dependent centrifugal term [(I+1)A%/2mr2.

For a particle with angular momentum |L| = h,/I(l + 1), we see that this term, seen from



TFY4215/FY1006 — Lecture notes 5 28

a “one-dimensional” viewpoint, acts as a (fictitious) repulsive potential proportional to 1/r?
and to (I 4 1)A?. This term will therefore make the region close to the origin less accessible
the larger [ is.

The big advantage of this radial equation for w(r) = rR(r) on one-dimensional form is
that we can reason in just the same way that we are used to for one-dimensional prob-
lems, as regards curvature, classical turning points (actually turning radii in this case),
classically allowed and forbidden regions, zeros, etc.

£=1
Viw) § Vs

L

The figure shows the effective potentials for [ = 1 and [ = 2, for the case that the potential
itself is a spherical well. In general we must have some kind of “well” in order for bound
states to exist. As illustrated in the figure, the “effective” well becomes smaller the larger
the angular momentum (/) is. From these sketches, it should be obvious that the ground
state for a potential V' (r) will in general be a so-called s-state, that is, a state with [ =0,
because the “effective” well for [ =0 1is deepest. Examples are the ground states of the
hydrogen atom and of the three-dimensional harmonic oscillator.

For a given value of [, that is, for a given effective potential V.’ (r), we can expect to
find several radial functions u(r) corresponding to bound states, provided that the effective
well is sufficiently big. Of these states, the one with the lowest energy will have zero nodes
(no zero), that is, it will have minimal curvature and minimal radial kinetic energy. For the
other states, the energy will increase with the number of nodes, which is called the radial
quantum number (n,). For a given [, we thus find a set of states with energies £, ; such
that

Egy < BEy<Ey<BEyg<Ey---.

The “moral” is that the energy eigenvalues for a spherically symmetric potential normally
depends both on [ and the radial quantum number n,., which gives the number of zeros in the
radial function, but not on the magnetic quantum number m, which does not enter the radial
equation. This means that the degeneracy of such an energy level is equal to the number
of m-values, ¢; =20+ 1. This degeneracy is characteristic for the spherical symmetry. For
the Coulomb potential (< 1/r), something special happens. For this potential, the energies
turn out to depend only on the sum of the quantum numbers [ and n,. This means that
several [-values give the same energy, so that the degree of degeneracy becomes larger. More
about that later.



TFY4215/FY1006 — Lecture notes 5 29

If V'(r) approaches zero for large r (as the centrifugal term does), the bound states must
have negative energies, E < 0. Then u” ~ —(2mE/h*)u = k*u for large r, and it follows
that the asymptotic behaviour for large 7 is given by u oc e, Here only the exponentially
decreasing solution is acceptable as an eigenfunction. Thus we have 1!

u(r) oc e ™, K =/ —2mE/h? (r — 00). (T5.43)

For positive energies, E > 0, one finds a continuous spectrum of unbound states. For
large r we then have u” ~ —(2mE/h*)u = —k?*u, and it follows that the asymptotic
behaviour for large r is given by u(r) ~ sin(kr + «;). Such solutions are relevant when one
considers scattering on a potential V().

It is also possible to find the general behaviour of the radial functions u;(r) for small r,
without specifying the potential. Provided that the potential V' (r) is less singular than 1/r?
(that is, approaches infinity slower than 1/r?), we note that (for [ > 0) the centrifugalb term
will dominate over the other terms in the differential equation for small r, so that

v U(l+1)

PP (r —0).
By setting wu(r) = ¢or® + ;7" + -+, we can then determine the exponent s in the dom-
inant power for small ». We find the two solutions s=1+1 and s= —[. The last one

gives a non-normalizable wave function, which is not acceptable. (The integral [ [1|?d®r =
Jo°[u(r)]?dr does not exist.) Thus the dominant power in u(r) for small r is given by

w(r) ~ cor'™ dvs  Ry(r) ~cor! (r —0). (T5.44)

This argument, which holds for bound as well as unbound states, is valid for [ > 1. How-
ever, it can be shown that the result holds also for [ =0: 12

u—o(7) >~ o r'=cor, thatis, Rj—o~ co (r —0).

The factor 7'+! implies that the wave function for small » becomes more suppressed the
larger [ is. This can also be understood qualitatively from the diagram above: We see that
the effective potentials make the region for small » more and more “forbidden” the larger [
is.

A small exercise: For a sufficiently large [, the effective potential V;}(flf) (r) for the
spherical well discussed above will be positive for all 0 < r < co. Why can there
not be any bound states for such a value of {7 [Hint: Can an energy eigenvalue
be lower than the “bottom” of the effective potential?]

For the ground state of the Coulomb potential, 1 = (mad)~"/?exp(—r/ap), the exact result is
u o rexp(—kr). It turns out that the solutions w; for the Coulomb potential in general are given by the
exponential function multiplied by a polynomial in which the dominat power for large r is r”, where n is
the principal quantum number. Thus, asymptotically we have

w(r) ~ Crte ™" (r — 00).

2The ground state ¢ = (mad)~ /2 exp(—r/ag) of the hydrogen atom provides an example of this be-
haviour.
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5.5 The Coulomb potential

(Hemmer 5.7, B&J 7.5, Griffiths 4.2.)

5.5.a Hydrogenlike system reduced to one-particle problem

The Coulomb potential
Ze? 1

4meg 1

V(r)=

describes the interaction between two particles forming a hydrogenlike system. One of
these particles usually is a nucleus with charge Ze, while the other one often (but not always)
is an electron with charge —e.

-e
. on, = o = 0l
& /Z 71+
M
Ze o

Here the masses of the two particles are denoted respectively by M (the “nuclar” mass) and
my (the “electron” mass). As shown in an exercise, the relative motion of the two particles
is described by the time-independent Schrodinger equation
hZ
—5- VE(r) + V(r) ¥ (r) = E4(r),

2m

where r is the relative coordinate (the distance vector from M to m;) and

i mlM o mq
- M—I—m1 - 1+m1/M

is the reduced mass of this two-particle system.

Formally, this Schrodinger equation describes a one-particle system, where a (fictitious)
particle with the reduced mass m is moving in a static Coulomb potential. Thus, as far as
the relative motion of the two particles is concerned, the system is effectively reduced to a
one-particle system. (In the exercise it is shown that the motion of the center of gravity of
the system is described by the Schrodinger equation for a free particle.)

The central example is the hydrogen atom, which correspondsto 2 =1, m; = m., M =m,
and hence a reduced mass 3

m

Me

m=-————
1+ me/m,

~ 0.9995 m..

The fact that m lies so close to m, simply means that no big mistake is made by neglecting
the motion of the proton from the beginning, calculating as if the proton were at rest (cf
an earlier exercise). However, as we have just seen, it is very easy to improve on this
approximation, calculating with the reduced mass. This means e.g. that the binding energies
are reduced by ~ 0.05 %.

In an introductory course in chemical physics, the hydrogen atom is a very important
topic for several reasons:

130ther examples are the ions He™ (Z = 2), Lit* (Z = 3) etc, which all are one-electron systems.
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e This system is the first testing ground for any theory which aims to explain the struc-
ture of atoms and molecules

e In a certain sense, the hydrogen atom is the only atom which is “exactly solvable”

e For heavier atoms, the mathematics is much more complicated, and accurate solutions
for wave functions and energies can only be obtained by the application of advanced
numerical methods. These methods are far beyond the scope of the present course,
where we have to confine ourselves to qualitative considerations. In such considerations,
the explicit solutions for the hydrogen orbitals serve as an important background for
the discussion.

5.5.b Energy quantization

In section 5.4 above, we found that the simultaneous eigenfunctions of H , L2 and EZ can
be written as
u(7)
,

U(r,0,9) = Ri(r) Yim (0, ¢) =

The spherical harmonics Y}, (0, ¢), which describe the angular dependence of the energy
eigenfunctions, were studied in great detail in sections 5.2 and 5.3. We have also seen that
the radial function u;(r) for a given value of [ satisfies the “one-dimensional” radial equation

Yim (0, ®). (T5.45)

o d + VE) | w(r) = Ewl(r), w(0) =0, (T5.46)

C2m dr? ©

where V%(r) is the sum of the real potential and the centrifugal term h*I(I + 1)/(2mr?).
This is the equation that determines the energies of the ground state and the excited levels
of the hydrogenlike atom, and the corresponding radial functions wu(r) = rR(r).

The figure shows the effective potentials,

Zer 1 PA(l+1)
dmey T 2mr?

Vi(r) = — , (T5.47)

for [ =0, 1 and 2.

//
/=2
ef;(’”

RS
\/

N’ﬁ

/=0
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Qualitative discussion

Taking this diagram and the radial equation above as our starting point, we can understand
a lot without much calculation:

e For each value of the orbital angular-momentum quantum number [/, we have a one-
dimensional problem; cf equation (T5.46), with an “effective potential well” Vi (r)
which approaches zero as r — oco. Bound states in such a well must then have nega-
tive, quantized energies, and for each of these energies there will be one solution u(r),
as we are used to for one-dimensional potentials.

e For a given (given /) the solution with the lowest energy will have zero nodes (when
we do not count the zero at the origin). The solution with the second lowest energy
will have one zero, etc. The number of nodes is called the radial quantum number,
n,. The energy increases with n,, because more nodes means faster curvature (cf the
experience with the one-dimensional box or oscillator).

e As shown in the figure, the depth of the “effective” well decreases for increasing [. The
well for [ =0 is deepest. We must therefore expect to find the lowest energy (the
ground-state energy) for [ =0 and n, =0.

e The ground state is essentially already known, from an exercise. There we used a
slightly different potential, V = —e?/(47wegr), and the mass m. (instead of the re-
duced mass m, as here), and we found that

= (mad) Vo

is an energy eigenfunction with “extension”

Aregh?
agp = €0 5 (the Bohr radius),
mee
and with the energy
h2
E=-1a’m.c = (~ —13.6eV).

o 2
2meaj

With the potential V = —Ze?/(4meer) and the mass m it should then be rather
obvious that we can replace e? with Ze? and m, with m in the formulae above, so that
the corresponding energy eigenfunction becomes

¢ _ (7TCL3)_1/2 e—r/a7

with the “extension”

Arregh? me 1
=————=ay— * —= T5.48
¢ (Ze2)m W0z ( )
and the energy
n? n?
B = - S (T5.49)

- - 2
2ma? 2meag  me
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Exercise: Show this using the Hamiltonian

ﬁ__h?<(92 28) L2 ze

~ Tom \or? + ror omr?  Amegr

The “moral” is that the “extension” of the ground-state orbital for this hydrogenlike
atom scales as m./m and as 1/Z, while the energy scales as m/m, and as Z?. We
shall soon see that the excited states “scale” in exactly the same manner.

e Why is the state ¢) above the ground state? Answer: Firstly, it is spherically symmetric
and thereforen has zero angular momentum. Therefore,

u=rRxry o« re"/e
must be a solution for the [ =0-well.

Exercise: Check this using (T5.46) and (T5.47).

Secondly, this solution has no node, and then it must be the “ground state” u—o ,—0o)
of this well. Since this well for [ = 0 is the deepest one, we then understand that
Y = U—pp,—0/T X e~"/* is the true ground state of the hydrogenlike atom. In the
figure below, we have drawn the “energy line” F; and, with this line as abscissa, the
“ground state” up—on,—=0 X re~"/% of the well with [ =0 as a function of r/a.

Vi)

=1
o5 ()

1 ul:a,mfo

E

Z Vf;: W-Vw

e As you can see, the energy F lies lower than the bottom of the “next” well, VI5(r).
In the diagram we have also drawn the energy line (Es) for the state with the lowest
energy in the well with [ = 1 (that is, the “ground state” of this well, which is the state
Uj=1n,—0)- This energy of course must lie above the bottom of this well. Then what
about the next-lowest energy for the deepest well (corresponding to the “first excited”
state of the [ = 0 well, u(—q,—1), with one zero)? Strangely enough, the energy of this
state turns out to be the same (E,) as for the state w—1 ,,—¢. So the energy Ej is the
first excited level of the hydrogenlike atom, and this level is degenerate; the energy F»
is shared by the four states

v = ua:o;nrzn Yoo and

o= U=y g 8) =0, 1. (T5.50)
T

(See below, about the “l-degeneracy”.)
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e The classicaul turning radii for a solution w;(r) with energy E are the points where
the energy line crosses the effective potential V% (r). The inner turning radius is equal
to zero for [ =0. For [ >0, thisradius 7. is larger than zero, so that the region
near the origin is classically forbidden. This is reflected by the general behaviour which
was studied above, in section 5.4; cf equation (T5.44):

w(r) ~ ™t for small r. (T5.51)

e For bound states (E < 0), which is our main concern presently, we have an outer turn-
ing radius (in addition to the inner one), and also the region outside royute is classically
forbidden. This is reflected by the fact that w;(r) decreases essentially expenentially
for large r. Asymptotically, it was found in (T5.43) that

for large r (k =/ —2mE/R%). (T5.52)

e Since wu(r) curves outwards from the axis in the forbidden regions, we note that the
n, nodes must lie in the classically allowed regions, between the inner and the outer
turning radius. [As mentioned before, the zero at the origin is not counted.]

w(r) oc e "

Exercise: What we know about the “ground state” of the well V;(r) for [ =1,
U(1=1,n,—0), 15 that it goes as r*1 =72 for small r and as e™*" for large r. Since
it does not have any nodes (n, = 0), it is tempting to insert a trial solution
u = r?e”" in (T5.46). Show that this function in fact is a solution, with the
energy E = FE;/4, when & is set equal to 1/2a. (You can find a and E; in
(T5.48) and (T5.49).)

General method of solution for the radial equation (T5.46)

All the properties mentioned above are verified by the explicit solutions for the radial func-
tions. How these solutions can be derived is beatifully described in section 5.7 in Hemmer
and in section 7.5 in B&J, which you are now adviced to study. Note that the dimensionless
variable which is introduced instead of r can be written as

p =1\ —8mE/h* = 2kr, (T5.53)
so that the acceptable asymptotic behaviour that was found above for large r (or p) becomes
w(p) oc e " =e P2,

Note also that the other dimensionless variabele, A, is an indirect measure of the energy:

Ze? m mc2 mc?
\ = — =7 — E=-YZa)?—. T5.54
areoh \| 28~ 7Y\ 2E 2(20)" 73 ( )

Otherwise, the procedure is the same as the one used for the harmonic oscillator, where
we successfully “factored out” the asymptotic factor exp(—mwq?®/2h) = exp(—=x?/2), which
appeared in all the eigenfunctions. We can hope for a similar success here, by writing

u(p) = e="u(p).
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By calculating

— =W —Lv) and aﬁﬁ—::e_p/20/’—-v’+—v/4)
and inserting in (T5.46), you will find that the function v(p) must satisfy the differential

equation
A I(l+1
/U” _ ’Ul + o= ( 5 )
P P
We attempt to solve this equation by an infinite power series in p. According to (T5.51) this
series must start with the power p'*1. With

v=0. (T5.55)

v="> app't", V=Y ar(l+1+ k)" and " =D ar(l+1+ k)1 +k)p !

you can notice that

PR (Ea)
0

vo= S a(l+1+k) I+ k) =1+ D))t

k=0
= > [k +1+ k)T =3 a[k(20+ 1+ E)]
k=0 k=1

since k=0 does not contribute. Also the contributions from the remaining terms in
(T5.55) can be written as sums starting with & =1, with powers p"**=1:

—'+ = = =Dl +1+k—N\pt*
p k=0

= — Z ak,l[l + k— )\]lerkil.
k=1

I+k—1

Inserting into (T5.55) we then find that the coefficient multiplying the power p adds up

to
an k(2 +1+k) —ap1(L+k— ).

The equation requires that all these coefficients are equal to zero. This gives the recursion
relation

l+Ek— A
=y ———— k=1,2,---.
= ol 1+ k) '
Using this, we find that

a_al+1—>\ a_al+2—A_a(l+1—)\)(l+2—A)
P o2 2T 902043) Y (20+2)(4l+6)

[+1—=XN{I+2-XN( —A

a3:a0(+ )+ )(1+3 )’ ctc.

(20 +2)(4l +6)(6] + 12)

Thus the solution for u;(p) becomes

w(p) = 67’)/27)1(/)) — pl+1efp/2 {ao Fap+ a2p2 i a3p3 T }

[41-X  (+1=N(+2-)) ,
20+ 2 P (2l+2)(4l—|—6) p +1 (T556)

= pl+16_p/2 Qo ll +
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As explained in the book, the infinite series inside the brackets behaves as exp(+p) for
large p, if the series does not terminate. This will give a “solution” w;(p) which behaves
asymptotically as a power of p multiplied by exp(+p/2). This solution divergeres for large p
and therefore is not an eigenfunction. Thus, in order to provide an eigenfunction, the series
must terminate. The above expression shows that this happens only if X is equal to [+ 1, or
to [ + 2, or in general to [ + 1 + n,, where n, is a non-negativ integer:

A=I1+1+n,, (n, =0,1,2,--+).

The above expression inside the brackets then becomes a polynomial of degree n,.,

—n, —n.(—n,+1) 5  —n(—n,+1)(—n, +2) ,
=y Y arywr e’ T @@ o6t T
For n,=0, we see that []=1. For n, =1, we get a linear expression,, []=1—

p/(2l + 2), with a zero at p =20+ 2, etc. In general, the polynomial ensures that the
radial function gets n, zeros, which all are found in the classically allowed region between
the inner and outer turning radii (cf the discussion p 34). Thus we can identify the integer
n, as the radial quantum number discussed on p 32. Note that with this method we have
in “one stroke” found all the radial functions, for [ = 0,1,2,--- and, for each of these, for
n.=0,1,2,---. These radial functions will be studied more closely in what follows.

The above derivation shows that the energy quantization is due to the criterion that
terminates the series, which leads to the integer values of A =1+ 1+ n,; innserting this
in (T5.54) we have

2 2

mc _ —%(aZ)Q mc

— _az)?
b==302) (I+1+mn,)

E,, (T5.57)

n2

where the integer [+ 14 n, =n is called the principal quantum number;

n=I01+1+n,; [=0,1,2,---; n,=0,1,2,---. (T5.58)

For each value of [, that is, for each of the effective potentials Vi = —Ze?/(4mweor) +
R*1(14-1)/(2mr?), we thus find an infinite number of radial functions, with a number of zeros
(n,) which varies from zero to infinity. 4

Thwe formula

s(aZ)*mc?
(l4+1+mn,)?

shows that the energy increases (towards zero from below) when the number n, of zeros
increases, as expected. More zeros means a more “rapid” curvature and increasing radial
kinetic energy ( K, ). It is also not very surprising that that the energy also increases with
[ for fixed n,; cf the effective potentials in the diagram p 31. This can also be understood

E=-—

14Usually a well of finite depth can only accomodate a finite number of bound states. The fact that
the number of bound states here is infinite is connected with the (slow) way that the Coulomb potential
approaches zero for large distances r.
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from the fact that increasing [ means an increasing rotational part of the kinetic energy,
(Kp) = (L?/2mr?) = h*1(1 + 1) (1/r?) /2m.

Note also that the energy eigenvalues are proportional to Z? and to m, as found for the
ground state.

Exercise: Show that the energy FE, can be expressed in terms of the length a
given in (T5.48):
o1
E,=———.
2ma? n?

5.5.c Degeneracy

The funny thing about these energy eigenvalues is that they depend only on n =141+ n,,
that is, on the sum of the two quantum numbers [ and n,.. This means that if we increase [
or n, with 1, then we get the same increase in the energy. The explanation lies in the special
1/r-form of the Coulomb potential, which causes a much higher degree of degeneracy than
we usually find for a spherically symmetric potential.

In order to find the degeneracy of the energy level E,, we only need to count the number
of possible [-values for the principal quantum number n. Since n, is a non-negativ integer,
we see that [ for a given n can take the values '°

1=0,1,2,-,n— 1. (T5.59)

For each of these [-values, the number of m-values is 21+ 1. The (degree of) degeneracy then
is given as the sum of an arithmetic series with n terms:

gn:§(21+1):(1)+(3)+(5)+-~+(2n—1):%.n«[(1)+(2n—1)]:n2. (T5.60)

It is customary to draw an energy level diagram which shows the allowed [-values for
each principal quantum number n. In the following diagram we illustrate in addition the
allowed quantum jumps, which give rise to the spectral lines of hydrogen; cf the discussion
in Lecture notes 1 of the Balmer series (caused by the transitions n — 2), the Lyman series
(caused by the transitions n — 1), etc.

15That the energy E,, this way is independent of [ is called I-degeneracy.
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=0 =1 (=2 [=3 =4
% % s % s

5s 5p 5d 5f 5g

Is

These transitions correspond to the selection rules

Al==+1, Am=0,+l, (T5.61)

which in reality are due to the conservation of angular momentum; the emitted photon has
an intrinsic angular momentum (the so-called spin) corresponding to an angular-momentum
quantum number 1.

5.5.d Radial functions and complete wave functions

With A =n we can write the radial functions (T5.56) as

—ny(—n, +1) ,

_nr
un(p) = pre?2ay |1+ p+ )p (T5.62)

2+ 2" T T2 +6
—n,(—n, + 1)(—n, + 2) 5.
(20 +2)(4l + 6)(61 + 12) © ’

where n, =n—1[1—1. From this formula it is a simple matter to obtain formulae for
Ru(p) = up/p. In order to translate from the dimensionless variable p to r, we insert the
result for F, in the definition (T5.53). The result can be written as

or ) 1 m, 4megh? 1 me.
p=r —SmEn/h2 = —, Wlth a = 2527 = ZECLO, (T563)

na
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where ag ~ 0.529-107'%m is the Bohr radius. This means that the factor exp(—rr) = exp(—p/2),
which dominates the behaviour for large r, takes the form exp(—r/na). This factor decreases
most slowly for large n. Cf the table below, which gives some of the radial functions R,,;(r).

See also the table p 363 in B&J, which gives some of the resulting energy eigenfunctions

Uni(r)

Vi (1,0, 0) = R (1) Vi (0, 0) = r

The solutions u,o(r) give a set of spherically symmetric s-waves ¢,09, the solutions wu,;(r)
give the p-waves ¥,,1,,, the solutions u,s(r) give d-waves Vo, etc.
These energy eigenfunctions satisfy the normalization condition

[ WunPdr = [ [Ra(r)2r2dr - [ [¥in(0, 6)2d2 = [ [uaa(r)]dr -1 = 1.
0 0
The table gives the normalized radial functions R, (r).

Radial functions for hydrogenlike atoms

n { R (r)

L 0] Rul)=gmre 1s
2 0 Rao(r) = W(l _ Q%)e—r/za 95
1| Rulr) = ks Te/ 2
31 0 | Bal) = ggmm A -G +am)e™™ | 3
V| R = e 20 e |
2 R32(r) — 81\/3;% (2)2 e—T/3a 3d

Here we note the factors r!, which make R,; and ¥, equal to zero at the origin, except
for s-waves. (We remember that this is due to the centrifugal term.) We note also the
polynomials of degree n,., which take care of the zeros in the classically allowed regions.

The normalization formula above implies as you see that the probability of finding the
particle at a distance in the interval between r and r +dr is [uy(r)]?dr. Thus the prob-
ability density per “unit radius”, the so-called radial density, is

Pou(r) = [un(r)]? = r*[Ru(r)]?. (T5.64)

On page 362 in B&J you will find diagrams showing Py, Psy and P»;. By the use of the
radial density one can also in principle calculate the various expectation values which are
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listed on page 372 in B&J. We note in particular that ¢
1 % 1 1
1 :/f nm2d3:/ = Pudr = ——. T5.65
< /r>nlm T"wl ’ r 0o T ar Tl26L ( )

The inverse of (1/r) , can be used as a measure of the “radius” or the “extension” of a
given orbital. We see that this rough measure goes as
1 m,
n*a =n*—- — ao.

Z m

The “moral” is that the excited states are strongly “inflated” compared to the ground state.

Exercise: Use (T5.65) to show that the sum of the expectation value ( K, ) of
the radial part of the kinetic energy and the rotational part ( K ) is independent
of [, and is equal to the binding energy Fp = |E,|, for the states ¥p,.

Another one: Show that the radial function Rs; in the table above is normal-
ized, and calculate (1/r) for the states 1o1y,.

The above results confirm that the wave function

Y100 = R0 Yoo = o Yoo = (wa®)}2e7r/e (a = 1. ao)
r Z m
describes the ground state, as discussed above. The fact that this is the state with the
lowest possible energy is due to the independence of the angles (I = 0) and the minimal
radial variation (n, = 0, no zeros).
As we have seen in an exercise, it is possible to find other functions (than tq9) which
give a smaller “quantum wildness”

h2
(K) =5 [ [Vudr.

This is achieved e.g. by using the formula above with a smaller a, but then (V")) increases.
It is also possible to have a smaller (V') than above (e.g. by using a smaller a), but then
( K') becomes larger. However, the sum ( K + V') = ( E') is minimal (equal to E;) for the
function 1199 above. In general, it can be stated that:

The ground state (for any system) by definition is the energy eigen-
state with the lowest possible energy, and this state minimizes the (T5.66)
total energy (F)=(K+V).

This is the quantum-mechanical principle that determines the form and the size of e.g. a
hydrogenlike atom, and also of more complicated systems like heavy atoms and more or less
complicated molecules: The ground state is the “configuration” that minimizes the total

16The normalization integrals and these expectation value integrals can all be expressed in terms of sums

of integrals of the type
00 n —fr 1 00 S n!
/0 re dr:BnH/O x"e dac:ﬂnﬂ.
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energy, including the “quantum wildness” ( K') and all the contributions to the potential
energy.
As we have seen, the size of the hydrogenlike atom in the ground state can be character-
ized by the “radius”
(1/rY ' '=a=ay-1/Z-m./m,

where ag is the Bohr radius and m is the reduced mass. The “moral” is that the radius of
the ground state (and also of the excited states) “scales” with the factors m./m and 1/Z.
This is relevant for the hydrogenlike ions Het, Lit™ etc.

From this scaling property it can also be inferred that the radius of the innermost orbit
(the K-shell) in a many-electron atom will be roughly ag/Z. Furthermore, the binding energy
of a K-electron will be roughly a factor Z? larger than in hydrogen ( Z = 1). This means that
the K-electrons in the heaviest atoms have binding energies of the order of 100 keV, which
is 20 % of the rest energy of the electron. Accurate calculations for such atoms therefore
require relativistic theory.

The scaling with the factor m./m in the expression for the “radius” tells us that if e.g.
a 7~ meson (with mass m,- ~ 140 MeV/c?) is captured by an atom, then it will eventually
be found in orbitals lying much closer to the nucleus than the electronic orbitals. 7

5

Usg (n=2, 21, my=0) (2p)

\_'/0

Uz (m=2, £=0, my=1) (22)

Up (m=1,4-0,m=0) (1»)

E,

e : ééﬂif( Mﬂ/f/’ﬂé/&w

1"The inner meson orbitals are so close to the nucleus that strong interactions (nuclear forces) between
the 7 meson and the nucleons play a role, in addition to the Coulomb force, even if the nuclear force has a
very short range, of the order of ~ 1 fm. This is important for s orbitals, for which v is not equal to zero
for r=0.
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In the figure we have again drawn the effective potentials, for [ =0,1,2,3. As discussed
above, the deepest well is the one for [ =0, V.%(r) = V(r). One of the solutions for [ =0
is uyy oc re”"/®, which describes the ground state (1s), with the energy E;. In this state.
we have seen that there is no angular dependence (zero angular momentum), while also the
variation in the radial direction is minimal (n, = 0, no zeros; cf the figure).

It is characteristic for all the excited states that the wave functions show more variation,
in the radial and/or angular directions, so that the energy

E=(K +EK,+V)=(FK)+(Vy)

becomes larger than FE;. If we choose e.g. to “excite the rotational degree of freedom”,
corresponding to one of the angular functions Yj,, with [ =1, then the radial function
must be one of the solutions for the effective well Vi (r). Among these the lowest energy is
found for the 2p solution ug; (), with n, = 0 (no zeros); see the figure. This solution has the
energy Fs,, and leads to the wave functions (orbitals) 1, = rtug (r)Yy,, (m=0,+1).

Alternatively, we can keep [ =0 and instead “excite the radial degree of freedom”. We
must then look for the s-state with the next-lowest energy, that is, the second solution for the
“one-dimensional” potential V% = V(r). This is the 2s-function ug, with one zero. This
increased variation in the radial direction implies a higher energy (than E;), corresponding
to a larger outer turning radius. As we have seen this energy turns out to be exactly the
same (Fy) as for the solution ug;. As already mentioned, this so-called I-degeneracy is not
accidental, but is due to a hidden symmetry property connected to the 1/r-form of the
Coulomb potential.

As illustrated in the diagram the classically allowed regions for the 2s and 2p states
(limited by the classical turning radii) are much larger than for the ground state. This is
reflected by the fact that (1/7)_! increases as n2a.

For a potential V(r) which deviates from the 1/r form, the “moral” of the discussion
above is that the [-degeneracy goes away. This is the situation for the potential which is
experienced by an electron in a many-electron atom. The force felt by a given electron at
a distance r from the nucleus is the collective force from the nucleus and the part of the
“electron cloud” which is inside a sphere of radius r. When this electron is far out (large
1), the resulting charge within the sphere is close to Ze — e(Z — 1) = e (because the other
electrons are closer to the nucleus). When the electron is close to the nucleus, it feels only the
unscreened force from the nuclear charge, —Ze?/(4mwegr?). Clearly, this electron experiences
a force which is not proportional to 1/7.

In such a potential, there is no [-degeneracy, so that the energy levels no longer depend
solely on the sum of [ and the radial quantum number n,. It is customary to define a
quantum number n also here, as

n=I>1+14+n,,

as for the hydrogen atom. In this case, however, the energy is not specified by n alone; we
need to specify both [ and n, or, equivalently, [ and n:

E=FE,.

It turns out that the energies F,,; for a given n in general increase with increasing [. As an
example, the energy Fy is in general lower than the energy Fs; of the 2p states. Similarly,
the n=3 level is split into 3s, 3p and 3d levels, as illustrated in the diagram below.
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This splitting, and the order of the energy levels, is important when we later discuss the
“filling sequence” of heavier atoms.

5.5.e Orbitals

It is customary to speak of the wave functions U, = Ru(r)Yim(0,¢) as orbitals. This
word is derived from “orbit” but, as we have seen, we are not speaking of orbits in the
classical sense; tha absolute square |1|? of the orbital gives the probability density for the
position.

The forms of the orbitals are important, particularly when one wants to study bindings.
In order to read out the form of an orbital, we must try to combine the angular dependence
in Y},, with the r-dependence in the radial function R, (r) = u,(r)/r. This is very easy for
s states; the angular function Yy = 1/v/41 gives a spherically symmetric wave function
and a spherically symmetric probability density.
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2 2 2 Figure 12.18
¥is Vs Vs Three representations of the
hydrogen 1s, 2s, and 3s orbitals.
(a) The square of the wave
function. (b) “Slices’’ of the three-
dimensional electron density. (¢)
The surfaces that contain 90% of

ke leeaids i | the totf! electron Probability (the
r r r sizes" of the orbitals).

(a)

1s

(b)

»

1s

(c) 35

The figure above shows three ways of illustrating the probability densities of the 1s, 2s and
3s orbitals

wlOO _ (71_&3)—1/2 e—r/a)
ooy = (327Ta3>_1/2 (2—r/a) e /20 and (T5.67)
2r  2r?
— 27 3\—1/2 1— = —r/3a .
Va0 (27ra’) ( 3a + 27a2) c

(a) shows [¢)|? as functions of r. (b) shows cross sections (trough the origin), where the point
densities illustrate the probability densities. For all three of these s orbitals the probability
density is maximal at the origin (where the darkness in the figure is maximal). For the 1s
orbital, [1|* simply decreases exponentially. For the 2s orbital, on the other hand, we have a
nodal surface (where 1) = 0) for r = 2a, symbolized by the bright ring in the cross section.
For the 3s orbital we have two such nodal surfaces.

In analogy with the contour lines of a map, we can here imagine contour surfaces (surfaces
with constant probability densities). For s states, these surfaces are spheres. In chemistry
it is customary to visualize the “form” of an orbital by showing such a “constant-density
surface”, e.g. the surface which contains 90 percent of the probability. Such a surface
defines (a somewhat arbitrary) “boundary surface” of the orbital. With this (arbitrary)
definition, the boundary surface of the 1s orbital of hydrogen is a sphere with radius 2.6 a.
(Cf exercise.) In this way we can obtain a definition of both the form and the size of an
orbital. The boundary surfaces of the three orbitals are shown in (c).

The figure below show corresponding cross sections of the probability densities for the
2p orbitals

2. = 10 = (327a®) Y2 r e/ cos (T5.68)

and ‘
Vo141 = (647a®) "2 re /2 sin § e (T5.69)
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ZT l z)

These orbitals contain the radial function Ry (r), which is zero only at the origin. We note
that 1919 has a nodal surface in the xy-plane (6 = %7‘(‘), while 19141 has a nodeal line in the
z-axis. Here too we can imagine contour surfaces of constant probability densities (contour
lines in the cross sections in the figure), and we can define boundary surfaces containing e.g.
90 percent of the probability. One of these surfaces will resemble a doughnut.

By combining the radial function Ry (r) with the real angular functions p, and p, in-
stead of Yi41 (cf section 5.3 above), we can construct the orbitals 2p, and 2p,, which are
rotationally symmetric with respect to the x-axis and the y-axis, respectively. These two
orbitals have the same form as the 2p, orbital. The boundary surfaces of all these three p
orbitals are shown in the figure below.

Az 2 Is d,

This figure also shows the boundary surfaces of five d orbitals (I = 2). While p orbitals
exist for n > 2, d orbitals exist only for n > 3. The five angular functions which give
these orbitals (together with the radial function R,2(r)) are real linear combinations of the
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set Yo, (m=0,+1,£2):

A7 r2’

5
= Yo =4/— 20 -1 ,/ |
d» 20 =\ 16~ (3cos®0—1) = Tom (3702 )
/ 15 x? y2
dpr_yp = E(Y22+Y2, 2
1
dyy = —=(Yoy — Y- \/ , T5.70
y p 2( 22 9,—2) T r2 ( )
dy = (Y4 Yo 1) = -/ 2
yz = NG 21 2,—1 An 7’27
1 15 2x
dyy = —=(Yo1—Yo_ 1) =—
\/5( 21 2,-1)

These orbitals are used frequently in chemistry.

A small exercise: Compare the number of nodal surfaces of the 3d-orbitals in
the figure with the number of nodal surfaces for the 3s orbital. How many nodal
surfaces does the 3p, orbital have?

5.5.f Hybridization

Each of the orbitals discussed and shown above has a well-defined orbital angular-momentum
quantum number [ and hence a well-defined parity (—1)!. Each of them thus is either
symmetric or antisymmetric with respect to space inversion. This means that the probability
densities are symmetric. Then it is easy to understand that the expectation value of the
electron position r is equal to zero for all these orbitals; all the probability distributions have
their “center of gravity” at the origin.

The question then is: Is there no hydrogenic orbital with the center of gravity displaced
from the origin? The answer is: Yes, but from the argument above we understand that such
an orbital can not be a parity eigenstate. Thus we have to “mix” energy eigenfunctions with
different parities (that is with even and odd [). For a hydrogenlike atom this is no problem.
Because of the [-degeneracy, for example the ns orbital (I = 0) and the np orbitals (I = 1)
have the same energy FE,. A linear combination of the ns orbital and one or more of the np
orbitals will then be a perfectly acceptable energy eigenfunction (with the energy E,,). This
linear combination is asymmetric, and the center of gravity of its probability distribution
lies a certain distance away from the origin.
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5+Pz S_pz

The figure shows the result of such a hybridization, where the orbitals on the right are
50/50 mixtures of s and p orbitals. Here we see that a linear combination of a symmetric and
an antisymmetric orbital gives an asymmetric orbital. Such “directed” orbitals are relevant
in the discussion of molecular bindings. Cf the exercises.

Attachment: Proving that the angular function ©;,(z) is propor-
tional to the associated Legendre function P/ (x)

The Legendre polynomials satisfy the Legendre equation (T5.21),

((1 —:1:2)(;;22 —2xcgc+l(l+1)> P(x) =0.

We want to prove that the associated Legendre functions, defined as

d

e == () P, =0

satisfy (T5.20),

d? d m?
. 2 — — —_— — —
<(1 x )dx2 2z o +I(l+1) - x2) On(z) = 0.

Here cames the proof: We define the function

gm(x) = {(1 — a?) (;;)2 —2(m+1)x ch +I1(l+1)—m(m+ 1)} (dx>mP,(x).

By calculating the derivative of

s (1) = {(1 ) (j)m P (j)m FlI+1) = (m — Dym) (j)m} Pi(x)

with respect to = we then find that

L {(1 ) (j)m ot 1) (;‘;)m U+ 1) = mlm -+ ) (dd)m} Pia)

= gm<x)
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This means that

gm(T) = ddxgm1($) = jx ddxgmg(x) =...= (ch) go(x)

a\" o [ d\® d
= (dx) {(1—93)<dx> —2:,17dx+l(l+1)}Pz(:B):0.

In the last step we have used the Legendre equation. Thus the expression g,, () is identically
equal to zero for all m (=0,1,2,..). In this expression we now replace (d/dx)™P,(x) with
(1 —22)~™/2P™(z); cf the definition of P/"(x) above. The identity g¢,,(x) =0 can then be
expressed in the following way:

gm(z) = {(1 —z?) (;;) —2(m+ Dzdcfv +I1(l+1) —m(m+ 1)} (1—a?)~™2p™(x) =0,

Here, we note that

d d

(1= ) PER ) = (1= ) B ) + (- 2 ),

By calculating the second derivative in a similar manner, and then multiplying by (1—z2)"/2,
we find after some manipulation that

d? d m?
<(1 x >dx2 2z oo T I(1+1) . 2) P (x) =0.

— X

The conclusion is that the associated Legendre functions P/™(x), defined above, satisfy the
same differential equation as ©;,,(x). This is what we wanted to prove.



