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1 Introduction and Historical Perspective

1.1 General comments about the class

Dr. Marcel Drabbels Room: CH G0-613 Telephone: 33022
Assistants: Liam Marsh Room: BCH GO 598 Telephone: 37598
Nathan Mowry Room: CH G0-614 Telephone: 33135

Documentation: Lecture notes and additional information are available on Moodle (http://moodle.epfl.ch/)

Reference Books
Primary Reference:
e D. A McQuarrie, Quantum Chemistry

Secondary References:
e P.W. Atkins, Molecular Quantum Mechanics
e  Cohen-Tannoudiji, Diu, and Lalo&, Quantum Mechanics (originally published in French)
e B.H. Bransden and C.J. Joachain, Introduction to Quantum Mechanics

Exercises: Solving problems is an essential part of the course. | encourage you not only to come to the exercise
sessions, but also to work on the problems before you come. Two hours each week is not enough to do and
understand all the exercises.

This course will give you a basic introduction to the principles of quantum chemistry. In the time we have here
we can only cover the basics, but once you understand these basics you will be able to go on and learn about
more advanced topics on your own. It is therefore not important exactly how much material we cover in class.
What | am most concerned about is that you understand the material that we do cover. However, this puts also
a certain burden on you, i.e. you should ask questions if a subject or point made is not clear to you. | have found
that students are often afraid to ask questions when they don't understand something. They feel they are going
to pose a stupid question. To me there are no stupid questions. When you leave this room you should feel that
you understand everything that | covered. It is your responsibility to speak up when you don't understand.

1.2 Importance and Usefulness of Quantum Chemistry

One can think about chemistry and physics on two levels. In your physics course up to now, you have learned
about the physics of macroscopic objects. This is described by the fields of classical mechanics, electricity and
magnetism, and geometrical optics. In a similar way, in your engineering courses you will learn about the bulk or
macroscopic chemical properties of matter, i.e. mass and energy transport properties, heat capacity, viscosity,
density, etc. Since we interact with the world around us at a macroscopic level, it is clearly important to treat
chemistry and physics at this macroscopic level.

However, molecules are microscopic objects, and there are physical phenomena of molecules that only become
apparent when one looks at microscopic dimensions. Some of these phenomena are very different than what
one would expect from our experience in the macroscopic world.

From an engineering point of view, the microscopic realm is also becoming more and more important as all types
of engineering attempt to measure and control processes on a microscopic level. Chemists and physicists have
been doing “nanotechnology” for a long time insofar as molecules are microscopic objects that we attempt to
design, fabricate, and manipulate.

Quantum chemistry, or more generally quantum mechanics, describes a field that treats the microscopic
properties of matter. Classical mechanics, which is what you have been studying in your physics courses up to
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now, can describe physical and chemical systems very well on a macroscopic level but fails badly on a microscopic
level. Quantum mechanics provides a framework that describes matter at a microscopic level but in the limit of
large dimensions generalizes to classical mechanics. It is important for us, both as scientists and engineers, to
understand the microscopic basis of the macroscopic theories.

1.3 Historical Perspective

Towards the end of the 19" century, many physicists felt that all of the basic principles of physics had been
discovered, and there was little that was fundamentally new to be found.

— Newtonian Mechanics had become a mature branch of science (200 years old), particularly by the work
of Hamilton and Lagrange.

— The field of Thermodynamics was essentially in the form that it is today.

—  The work of Maxwell brought together many of the unanswered questions of electricity and magnetism,
and unified it with optics.

These fields constitute what is considered Classical Physics.

In physics as well as in any field of science, the basic approach is to postulate a theory and then test the theory
by comparison with experimental observations. If the theory fails to describe adequately the observed
phenomena, it is either rejected or modified. When the theory gets to the point where it describes the entirety
of experimental observations, it generally becomes accepted as being correct. Most of classical physics had
reached this point by the end of the 19th century.

One of the basic assumptions of classical physics was that physical quantities such as energy, momentum, etc.
could take on a continuous range of values. However, the beginning of the 20" century witnessed several
important experiments that did not fit the classical picture. When enough such observations mount, the current
theory is overturned and a new one replaces it. Hence, in the first quarter of this century, a revolution occurred
in the world of physics, and the development of Quantum Mechanics was at the center of this revolution.

| would like to discuss briefly just a few of these early experiments that served to overturn much of classical
physics.

These experiments involve:
— Blackbody Radiation
—  The Photoelectric Effect
— The Line Spectra of Atoms

1.3.1 Blackbody Radiation (Planck - 1900)

An ideal blackbody is an object that is perfectly black, i.e. it absorbs all wavelengths of light that fall onto it. A
good model for a perfect black body is a cavity with a small hole to the outside.

Light that falls on the hole will undergo reflections in which it is partially absorbed and partially reflected. If the
hole is small with respect to the area of the cavity wall, essentially all light that is incident on the hole will be
totally absorbed. Therefore, the hole behaves just like the surface of a totally black body. At low temperatures,
the hole looks black. It can be shown that it will also radiate like a perfect black body.

Now, if the cavity is heated, the hole will become self-luminous. This is because as the solid is heated the atoms
vibrate and cause oscillations in the electrons which are responsible for the emission. The cavity walls will thus
emit thermal radiation and some will escape the hole. Since the hole acts like a black surface, the emitted
radiation will be characteristic of a perfect black body. The spectrum of light coming out of the hole can according
to Kirchhoff (1859) be described by a function po(v,T), i.e. energy density in the frequency interval v and v + dv

, that depends only on the frequency of the emitted light and the temperature of the object.
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Experimentally, that radiation looks something like this, where the energy density is given as function of the
wavelength of the light :

12 |- Classical theory (5000 K)

intensity (arb.)

15 2 25 3
wavelength (um)

0 0.5

-

You know from experience that when you heat things up hotter, the color changes from dull red, to bright yellow,
even to blue, i.e. the peak frequency/wavelength shifts.

The problem comes in calculating this energy spectrum using the laws of classical physics. Early in 1900, this was
done by Lord Rayleigh and Sir James Jeans as well as others, and their basic result was:

2
87rk3Tv dv

pv,T)dv =

where p(v,T) is the energy density between v and v + dv

This is called the Rayleigh-Jeans formula for blackbody radiation. If we compare this value to that observed
experimentally, one finds that it does ok at low frequencies, but at high frequencies it fails miserably. This has
been termed the ultraviolet catastrophe, since it fails in the ultraviolet region of the spectrum.

Later, in the same year, Max Planck was able to deduce a theoretical result that was in complete agreement with
the experimental observations. He reasoned that some quantization phenomena must be occurring to give a
maximum in the intensity distribution, i.e. the energy emitted by the electron oscillations could only take on
discrete values:

E=nA¢

He then assumed that the energy increment A ¢ is simply proportional to the frequency of the vibrating electron,
hence:

Ae=hv
where h is an adjustable parameter which was varied to fit the experimental observations.
Thus, the emitted energy E could only take on integral values of hv

E=nhv n=1,2,3,...
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Lord Rayleigh Sir James Jeans Max Planck

From statistical thermodynamics, the above condition gives

h 3
plv,T)dv = 87[—1/;d1/

3 hv,
c ek _q1

This result matched the experimental observations for blackbody emission perfectly and yielded a value for h of
6.626 - 103* J-sec. The constant h is nowadays called Planck’s constant. This formula for blackbody radiation is

frequently used in astronomy to estimate the temperature of stars.

Note what happens in certain limits. If we were to make the value of h arbitrarily small or make T very large, we
could expand the exponential in a power series.

h
e%7z1+'%r+... for mj, <1
If we neglect the higher order terms (which will be small) and put this back into the expression we get:

87zhv? 1
——————adv
¢ 1+mh,-1

plv,T)dv =

5 87kTv?

3

dv
c

which is identical to the classical result, i.e. the Rayleigh-Jeans formula.

This is a general principle that we will see over and over again. In the limit of h — 0 quantum mechanics goes
over to classical mechanics. In addition, in the limit of high temperature quantum mechanics goes over to classical
mechanics. Note also that as the frequency gets small, "/; < 1. This is why the original Rayleigh-Jeans formula
worked at low frequency.

So Planck's contribution here was that the energy of oscillations of the electrons in a black body was quantized,
not the radiation itself. He was awarded the Nobel Prize for this work in 1918.

1.3.2 The Photoelectric Effect (Einstein - 1905)

In about 1887, Heinrich Hertz discovered that ultraviolet light causes electrons to be ejected from the surface of
a metal. This is called the photoelectric effect.

There were several observations involving the photoelectric effect that were in stark contrast to the predictions
of classical theories. In 1905 Einstein put forth an explanation of these observations that was central in the
development of a quantum theory.
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First, let me tell you about how the experiments are done. A typical experimental arrangement would have been
as follows:

Quartz window Ultraviolet light

A piece of metal is placed in an evacuated glass tube where light shines on it. Electrons are emitted from the
surface of the metal and have some kinetic energy. An electrode is placed opposite the metal surface and a
negative potential is applied to retard the electron flow to that electrode.

When the current is measured as a function of the applied voltage between the electrodes one obtains curves
as shown in the figure below for low (A) for high (B) light intensity. In both cases, one finds the same voltage -V,
to stop the electrons.

A 0 v
How can we interpret these results? The kinetic energy of the electrons is given by

E,=imV?

kin = 2 e
If we measure the voltage required to stop the electrons, Vo, the energy of those electrons will just be

En=2imnN* =eV, where e is the electron charge (Note: Volts = Joules/Coulomb)
Thus by measuring the stopping voltage, Vi, one has essentially measured the kinetic energy of the electrons. If
one plots the stopping voltage as a function of the frequency of light one obtains something like the following

(note that this curve was not known when Einstein proposed his explanation, it rather was predicted by him).

=
2_
1_
0 | > I | I | l !
34T56789101112
v (10" Hz)
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There are several significant observations to be made here:
1. Thereis a threshold frequency, vi, below which no electrons are emitted that is metal dependent.
2. The slope is found to be identical for all metals.
3. The kinetic energy of the electrons is independent of the intensity of light, depending only on the
frequency.
4. Increasing the intensity increases the number of electrons emitted, not their energy.
5. Electrons are released immediately

These observations were contrary to the classical physical description of light. The wave nature of light had been
very well established by interference phenomena. The energy of a classical wave of with amplitude Eo, is

proportional to the intensity, / oc Eg . Increasing the intensity should therefore increase the energy of the incident

light and hence increase the kinetic energy of the electrons. In addition, a classical wave of a particular frequency
can have any energy, i.e. by simply increasing the wave amplitude or intensity.

If the classical description of light were correct, the photoelectric effect should work for any frequency, if intense

enough. However this was not found. Red light, no matter how intense, would not cause electrons to be emitted
from the metal, whereas blue light that was above a threshold, ¢ , would eject electrons no matter how weak.

In his work on blackbody radiation, Planck had restricted his concept of the quantization of energy to the
emission and absorption process, and he presumed that once emitted, the light behaved like a wave. Einstein
proposed the energy itself consisted of concentrated bundles, or photons, where the energy of a single photon
is given by

E=hv where v is the frequency of the light and h is Planck's constant.

Applying the photon concept to the photoelectric effect, Einstein proposed that the entire energy of a photon is
transferred to a single electron in a metal. When emitted, the electron’s kinetic energy will be:

E,=hv—9p where ¢ is the energy required to remove the electron.
Since the stopping voltage is proportional to the kinetic energy, one can write
E..=eVy=hv-op
By plotting V,, versus v one gets a slope of h/e. By comparing this to the slope of the experimental data, Einstein

obtained a value for h of 6.63 - 1034 J-sec, in agreement with Planck’s results. It was quite amazing at the time
that a completely different experimental approach produced a value of this constant so nearly the same.

Heinrich Hertz Albert Einstein
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This model also explains the fact that there is a threshold frequency v, , since the process will not occur unless v
satisfies the equation:

hv, 2@
Since a single photon ejects a single electron, if the energy of the photon does not exceed the work function of
the metal, no electrons will be emitted. However, as v increases the energy and not the number of electrons will
increase. In addition, according to this model, more intense light means more photons and hence more electrons.
Therefore, Einstein's model was in complete agreement with the observations.

Einstein's major contribution here was that not only did matter exhibit quantized energy states, but also light
was quantized. He was awarded the Nobel Prize in 1921 for this contribution.

Itis interesting to note that Newton had proposed a "corpuscular" theory of light 200 years earlier but this notion
had since been dismissed due to the success of wave theories for describing phenomena such as diffraction and
interference.

It is now well accepted that light has both wave and particle behavior, and there is a principle formulated by
Niels Bohr that we will discuss later which states that you cannot simultaneously observe the wave and particle
properties in one experiment.

1.3.3 The Line Spectra of Atoms

It was well known for some time that when gas phase atoms are subjected to high temperatures or an electrical
discharge they emit light that is not continuous, but consists of discrete frequencies or lines that are characteristic
of a particular element. This is in stark disagreement with classical physics.

Hydrogen, which is the simplest atom, shows the simplest emission spectrum, looking something like this:

Limit Limit Limit
9124 3647 A 8206 A
J 1216 A J 6563AJ 18,760 &

pu— v~

Lyman Balmer  Paschen
} ;
Ultraviolet Visible = Infrared

An amateur Swiss scientist, Johann Balmer, showed in 1885, that the spacing between some of the lines in the
hydrogen spectrum could be expressed in a simple algebraic form. If each line in the series, now called the Balmer
series, is assigned an integer n, the frequency of lines is given quantitatively by the formula:

1 1
VOC(Z—Z——ZJ n=3,4,5,...
n

A Swedish spectroscopist, Johannes Rydberg, was later able to account for all the lines in the hydrogen spectrum
by using the empirical formula:

-1 1 1
V:T H(———j n,=1,2,3,... and n,>n,

where R, is an empirically determined constant known as the Rydberg constant.
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R, = 109 680 cm!

The fact that integers are involved here is very different from what you would expect from a classical picture and
strongly suggest that the energy of the hydrogen atom is quantized.

There was no explanation for this observation until the work of Niels Bohr who was working for Rutherford in
1911 when Rutherford proposed the nuclear model for the atom: that is that atoms exist as a heavy, positively
charged nucleus with electrons surrounding it. Bohr abandoned classical physics by making the following
assumptions about the hydrogen atom.

Bohr's (non-classical) assumptions:
1. The electron in an atom has only certain definite stationary states of motion; each of these states has a
definite, fixed energy. In other words, the energy is quantized.

2. Inany of these states the electron moves in a circular orbit around the nucleus.

3. When an atom is in one of these states it does not radiate; but when changing from a high-energy state
to a state of lower energy the atom emits a photon whose energy hv , is equal to the difference in
energy of the two states, i.e.,. AE = hv

4. The states of allowed electronic motion are those in which the angular momentum of the electron is an
integral multiple of h/2m. In other words, the angular momentum is quantized.

l:nL:nh where h:L
2z 27

These ideas were very non-classical. Quantized energy levels were still not widely accepted at that point.
Particularly troubling was the fact that the electrons moved in circular orbits yet did not radiate. In
electromagnetic theory, a charge that is accelerated will continuously emit energy and hence gradually spiral
into the nucleus. Although this picture of circular orbits was later shown to be wrong, it gave the correct result
for the hydrogen atom.

Finally, the quantization of orbital angular momentum was done in an ad hoc manner. There was no physical
justification for it.

Having made the non-classical assumptions of circular orbits of fixed energy and angular momentum, Bohr went
on to apply the laws of classical mechanics.

Let us look at his derivation. As the electron rotates about the nucleus, the attractive Coulomb force between
the two charged particles directed in towards the center (i.e., toward the nucleus, assuming it is infinitely heavy
compared to the electron) supplies the force needed to keep the electron in a stable, fixed circular orbit. (Think
of a ball rotating on a string. The inward force is supplied by the tension on the string.)

Classical Equations:

e’ mv

N

Are,r’  r

Solving for r:

eZ

r=———
4rgymv

The angular momentum of a particle is given by:



2 THE POSTULATES OF QUANTUM MECHANICS

I=rxp
Assuming a circular orbit for the particle, one can write:
I=|rxp| =|r||p|sin& = |¢||p|sin90" = rp = mvr
The quantization of angular momentum thus gives:
I=mvr =nh n=1,2,3...
We can solve this equation for v and substitute it in to our equation for r.

_ nh
mr

Thus r=

Rearranging:

n=123,...

r=a,n’ a,=5.29-10 " m=0.529A

wherea,is nowadays known as the Bohr radius. You can see that the circular orbits have radii that are
characteristic of the quantum number n.

To find the energy of the electron in the hydrogen atom, we need to write down the sum of the kinetic energy
of the electron and the potential energy of the electron-proton interaction

We can substitute for mv? in the kinetic energy term using our first equation:

1 € e’
E==

24re,r  Ameyr

2
e

87e,r
Finally, substituting our formula for r we get

me* 1
" 8gh'

n=12,3,...

Now these are the energies of the stationary states of the electron. Light is emitted when the atoms go from a
higher state down to a lower state.
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4
me 1 1
ThUS AE:T — T3 :hV
8s;h*\ n; n
Setting AE = hv gives us what is called the Bohr frequency condition, i.e. as the electron falls from one level to
another, the photon given off has energy hv. You can see that this formula agrees with the empirically
determined Rydberg formula. We can now see where the hydrogen atom spectrum arises.

¥ (em™)

n E (V)
0’7 x 0
S T
<] ¥ v
- —
4 & rﬂl Brackert 08
3 Xy — series g 59
- Paschen series :
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4861 A|
4340 A

20000

ool

£

ooy
o

<

B

? -
Balmer series 3.40

40000}

60 000 —

1216 A
1026 A

972.5 A
949.7 A

80 000~

100 000~

Lya| Lyg| Lyy| Lys

! Lyman series 156

The Lyman series occurs when electrons relax to n=1 from higher levels. The Balmer series occurs when excited
electrons relax back into the n=2 state, and so on.

One now thus finds a theoretical value for the Rydberg constant given by:

R - me*
"o8gln

This permitted calculation of the empirical Rydberg constant from other fundamental constants to within 0.5%
accuracy. Including the reduced mass of the electron improves the agreement even further. This model works
for any one-electron atom, e.g., He*, Li%*.

Although this model of the atom is oversimplified and was replaced later, this concept of quantization of
electronic energy levels was important to the development of quantum theory.

To summarize the major conclusions drawn from these and other experiments in the early 20th century:

e Planck's description of blackbody radiation and Bohr's analysis of the line spectra of atoms suggest that

molecules and atoms emit energies in discrete or quantized amounts. Hence, their energies are
quantized.

e The photoelectric effect suggests that such quantization is not only a property of matter, but also an
intrinsic property of light itself.

10
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Johann Balmer Johannes Rydberg Niels Bohr

The idea that light consisted of "particles" had actually been suggested by Newton, but the overwhelming
amount of data displaying the wave-like properties of light (particularly the work of Maxwell) had caused this
notion to be rejected. However, new experiments revealed that light exhibits both wavelike and particle-like
properties.

The wave-particle duality of light (and matter) is of central importance to the development of quantum theory.
It is therefore worth our considering it further.

1.3.4 The Wavelike Nature of Light

The wave nature of light is given by Maxwell’s equations and is described by mutually perpendicular oscillating
electric and magnetic fields.

y

c
1—3’\

=

For plane polarized light:

E(x,t)=E, cos(kx—at)=E , cos(Z;{% - vtD
B(x,t)=B,, cos(kx —at)=B,, cos[Zz{% - vtD

where k :7 and w=2v

The wave is thus characterized by a wavelength, A and a frequency, vsuch that

11
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c
Av=c or Vv=—
A

One property of waves, which will be of great importance to us in this course, is that of interference or
superposition. Interference effects were demonstrated in 1801 by Thomas Young.

The result of superimposing two waves can be determined by simply adding the wave amplitudes. If two waves
are 180° out of phase, they interfere destructively.

SVOVAVAVVER

Conversely, if they are in phase they constructively interfere.

AVAVAVAVAVEE SRAVAVAVAVAY

You may also recall that for a double slit experiment one gets a diffraction pattern that is modulated by
interference fringes.

These patterns occur because waves emanating from each slit differing in path length by integral numbers of
wavelengths interfere.

James Clerk Maxwell Thomas Young

12
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1.3.5 The Particle-like Nature of Light

The particle nature of light is characterized by:
e Discrete energies E =hv (we have discussed this already)
e [ts momentum

We know that the rest mass of a photon is zero. However, Einstein's work on Relativity tells us that a photon has
a relativistic mass given by:

E=mc
If we combine this with Planck’s equation:
E=hv=mc

Rearranging we get:

The momentum of the photon is than given by:

h
p=mc=—

That photons actually do have momentum was confirmed by Compton in 1924, when he observed scattering of
photons by electrons. He described the process theoretically assuming a photon momentum of h/A4, and this
prediction was confirmed by experiment. He was awarded the 1927 Nobel Prize in physics for this work. Note
that Einstein never discussed the momentum of a photon, even though he proposed the photon concept and
developed the theory of Relativity.

Light exhibits both wave- and particle-like properties.

At this point it is useful to discuss the units used by atomic and molecular scientists to express the characteristics
of light.

We already saw that the energy of a photon is given by:

E=hv
If one gives the frequency of the light one can directly convert it to energy using this expression. However, the
frequency of light at which atoms absorb light is in the order of 10%° Hz, not a convenient order of magnitude to
use.

We saw before that that the frequency of the light is related to its wavelength according to:

c
v=—

Thus we can express the energy of a photon as:

E:hcizhcﬁ
A

13
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.1
where V=—

is known as the wavenumber (not to be confused with the wavevector) and has the units of cm™. If the
wavenumber is given the energy can be simply calculated using the expression above. The use of wavenumbers
has the advantage that the relevant part of the electromagnetic spectrum is covered by 1-100’000 cm™.

Once the wavelength of the light is known the corresponding wavenumber can be readily calculated. Let us
calculate the wavenumber for light with a wavelength of 500 nm (blue-green light).

A=500 nm = 500-10° m = 5-10" m= 5-10° cm

Consequently, one finds

.1 -
V=———-=20'000 cm™
5-10

1.3.6 The wave-like Nature of Matter

Experiments in the beginning of last century not only indicated that light exhibits wave-particle duality, but that
matter does as well. We are quite familiar with the particle-like properties of matter, since our intuition is
calibrated by classical mechanics. However, we need to discuss the wave properties of matter.

In 1923, DeBroglie suggested that not only does light show properties of particles, but particles of matter exhibit
wavelike properties as well. DeBroglie was awarded the Nobel Prize in 1929 for his Ph.D. thesis.

He suggested that an electron of mass m and speed v would have a wavelength:

So analogous to radiation, matter also obeys the laws:

h
E=hv and =—

)
In 1927, Davisson and Germer confirmed this hypothesis by demonstrating that electrons could exhibit Bragg
diffraction off a crystal surface by accelerating them to a velocity such that their wavelength is of comparable
dimensions to the crystal lattice. A schematic overview of their setup is shown below. Using this setup they

observed a maximum in the scattered electron intensity at an angle of 50°. This observation could be explained
by constructive interference of the waves by the crystal lattice.

0=0° Incident
Electron gun beam
7z
e

Detector s

I
=Y

Reflected beam

1(6) e

Ni crystal

Experimental setup used by
Davisson and Germer

Measured angular distribution of the
scattered electrons
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2 THE POSTULATES OF QUANTUM MECHANICS

Davisson was awarded the Nobel Prize in 1937 for this work along with G. P. Thomson. The latter was the son of
J. J. Thomson who discovered the electron and characterized it as a particle with definite mass to charge ratio.
He was awarded the Nobel prize in 1906 for this. So the father won it for demonstrating the electron as a particle
and the son for demonstrating that it is a wave.

To get a feel for the wavelengths of typical objects consider the following:

Particle Mass (kg) Velocity (m/sec) A (A)

100 volt electron 9.1:10% 5.9-10° 1.2

Dust particle ~ 10715 1-10°3 6.6-10°
Tennis ball 0.057 57 (=200 km/h) 1.18-102

You can see why it is impossible to detect quantum effects on a macroscopic scale. The smallness of h makes
these effects apparent only for small mass objects.

It is important to note that: Both matter and radiation exhibit wave-particle duality.
It is important to note that in any given measurement, only one model applies. Niels Bohr summarized this
situation by stating: "If a measurement proves the wave character of radiation or matter, then it is impossible to

prove the particle character in the same experiment, and conversely."

This is known as the Bohr Complementarity Principle. The two views can be linked by a probabilistic
interpretation. Einstein made the following argument:

In the particle picture, light intensity is given by:

I=Nhv,

where N is the number of photons per unit time crossing a unit area _L to the direction of propagation. From
wave theory, the intensity is proportional to the average value of the square of the electric field over one cycle,
E? . More specifically,

I=g,cE?
Equating these we see:

N ocE?
Thus, Einstein interpreted E” as the probability measure of photon density.
Let us look back at our diffraction pattern. One detects the intensity at each point along the screen. If we turn
down our light intensity such that one photon goes through at a time and use a CCD camera where we could
detect individual photons, any one photon will make one spot on the screen (Measuring particle properties here).

However, if we repeat this experiment a large number of times, one could build up a histogram of photon
impacts. That histogram will look like the diffraction pattern.
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1 INTRODUCTION AND HISTORICAL PERSPECTIVE

In analogy to Einstein’s view of the wave-particle duality of radiation, Max Born proposed a similar view of the
wave-particle duality of matter. We talked about the wavelength associated with matter, but we can also assign
it an amplitude.

The function representing the DeBroglie wave is called a wave function, signified by ¥ . The square of the
amplitude of this matter wave is related to a probability.

| would like to make one last point about matter waves. The DeBroglie formula for matter waves gives a nice
interpretation of Bohr’s quantization condition for electron orbits. Since the electron in the hydrogen atom has
a particular wavelength and travels in circular orbits (according to Bohr), then it is reasonable to assume that the
wave must "match" in this circular orbit, otherwise there will be interference and cancellation of intensity. One
could show that a non-match would lead to total destructive interference of the wave.

For the orbits to match, we will have the following condition:

2rnr=nl n=1,2,3,...

If we substitute DeBroglie's relation:

h h
ﬂ:—:—
p mv
one gets
27zr:ﬂ
mv
or
l:mvr:ﬂ: /]
2

This is exactly the assumption Bohr made.

Below is a schematic of the standing wave produced by an electron in a Bohr orbit with n=4 . In this case the
circumference of the circle is 4A.

16



2 THE POSTULATES OF QUANTUM MECHANICS

Arthur Compton Louis-Victor DeBroglie Davisson and Germer G.P Thomson

1.3.7 The Heisenberg Uncertainty Principle

A very important consequence of this wave-particle duality of matter is a principle called the Heisenberg
Uncertainty Principle.

It states that an experiment cannot simultaneously determine the exact component of momentum pj say, of a
particle and its exact corresponding coordinate position in x. The precision of the measurement is inherently

limited by the measurement itself, such that Ap, Ax = h This principle has nothing to do with the precision of the
instrumentation (but with the magnitude of h).

Let's say we want to make the most accurate measurement possible of the position of an electron. For the
electron to be "seen", a photon must interact or collide in some way with the electron, or else we have no way
of knowing it is there. If we wish to locate the electron within a distance Ax, we need to use light with a
wavelength at least that small. However, the photon has a momentum p = h/4, and during the collision some of
the momentum will be transferred to the electron. The act of locating the electron, changes its momentum in an
uncertain way. If we wish to locate the electron more accurately, we need shorter wavelength light, but these
photons will have higher momentum, and will thus cause more uncertainty in the momentum of the particle.

To look at this more quantitatively, say we wanted to locate an electron to within 1 A.

Ax=1-10"m
h  6.626-10Js

A ==
P Ax 1-10™m

=6.6-10"" kgms™

Since p=mv,

we have Ap =mAv or szﬁ
m

Having m=9.11-103' kg

yields for the uncertainty in speed

6.6-10* kgms™
Ve —
9.11-10 " kg

=7.2-10°ms™  This is 2.4% the speed of light!!
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1 INTRODUCTION AND HISTORICAL PERSPECTIVE

Note that:
1. if Axincreases, Av decreases
2. if mincreases, Av decreases

You can see that in the limit of large masses and macroscopic sizes or distances, this phenomenon becomes
unimportant.

1.3.8 Summary

We discussed 3 different discoveries made in the early 20th century (there were others, but | picked three of the
most important ones). Below these discoveries and the most important new concepts introduced are listed:

(1) Theory of blackbody radiation (Planck, 1900; Nobel Prize 1918)
Key concepts introduced:
—  Energy emitted by a blackbody takes on integral values of hv hv; E=Nhv

— Introduced Planck’s constant, h

(2) Photoelectric effect (Einstein, 1905; Nobel Prize 1921)
Key concept introduced:
— Light has quantized energy, E =hv

(3) Line spectra of atoms
Key concepts introduced:
— Quantized energy of atoms
—  Energy and angular momentum of electron quantized

Rydberg and Balmer found empirical formula:

- 1 1
V:RH[_z__zj n,=123,... and n,>n
1 2

Bohr (Nobel Prize 1922):

—  Stationary states of electron, angular momentum quantized /= ;—h
V3
—  AE = hv upon changing state
(4) Wave-particle duality of light and matter
Wave-particle duality of light Wave-particle duality of matter
E =hv (Einstein) AE = hv (Planck, Rydberg, Bohr)

h
p=- (Compton) ﬂzﬁ (DeBroglie)
p

(5) Heisenberg Uncertainty Principle
Apx Ax>h result of wavelike nature of matter. We will see that the principle is much
broader than this simple statement.

Quantum chemistry deals with the wavelike nature of matter!!
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2 The Postulates of Quantum Mechanics

2.1 Introduction

In light of the series of experiments performed in the early 20™ century that we have discussed, it became clear
that existing theories of classical physics did not adequately describe these newly discovered phenomena,
particularly the quantization of the energies of atoms and molecules, the quantization of light itself, and the
wave-particle duality of both light and matter.

Think about the process by which science moves forward. One proposes a theory that describes the existing
experimental phenomena. One then tests the theory by performing additional experiments. If the theory
describes all know phenomena, one begins to accept it as being true. There may be a small number of
observations that a theory doesn’t predict, and in some cases it may cause one to reexamine the experiment to
make sure it was done properly. However, as the number of experimental observations that the theory cannot
account for increases, the theory must be replaced. Sometimes this happens by making slight modifications of
the existing theory, and sometimes the old theory is completely overturned and replaced by one with a totally
different perspective.

This is what occurred in 1925 when Erwin Schrodinger and Werner Heisenberg, working independently,
formulated a general quantum theory. The quantum theory provided a completely different way to view physical
systems. It was a revolutionary way of thinking and requires abandoning much of the intuition that one develops
from the macroscopic world. In certain limits, the quantum theory reduces to the classical theory, so that not
only does it describe the newly observed phenomena, but the existing body of scientific results as well.

The theories independently formulated by Schrédinger and Heisenberg are mathematically different.
Schrodinger used a differential equation approach whereas Heisenberg used a matrix formalism. While at first
the two theories appeared different in substance, a year later Schrodinger demonstrated that the two
formulations are mathematically equivalent.

In this course, | will follow the differential equation approach formulated by Schrddinger, although later in the
course | may introduce aspects of the Heisenberg approach. | will not present quantum mechanics in an historical
manner, however--that is by following the way that Schrédinger first developed it. We will take advantage of
hindsight, particularly in the interpretations of certain aspects of the theory. | will present to you a new way of
thinking, and ask you to try to abandon much of the intuition you have developed during your first year of physics.

| will introduce the quantum theory by presenting to you a series of 6 postulates. All my further development of
guantum mechanics will be based on those six postulates. It is important to realize what a postulate is (and what
it is not). A postulate is a statement of thesis, not particularly a statement of fact. It is not a law. It can always
come under scrutiny and should do so. The test of whether a postulate is correct is if it describes experimental
results -- that is, that it works!!

| will present and briefly discuss each of these 6 postulates and give examples of applications to simple quantum
mechanical systems where necessary.

We will treat these postulates like laws in the sense we will base our intuition and predictions about the
properties of molecules on these postulates. One must always recognize, however that tomorrow someone
might observe some property or phenomena that is not in accord with these postulates.

This may seem a bit disturbing to approach science in this way in that we like to have laws that one can derive
mathematically. While it might seem a bit uncomfortable, it is no different from classical physics, for example.
At the very depth of our laws and rules in science there are always postulates that are accepted simply because
they work, i.e., the theory based upon them predicts the results of experiment. Examples are Coulombs law or
the gravitational force.
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2 THE POSTULATES OF QUANTUM MECHANICS

Werner Heisenberg Erwin Schrédinger

Two primary concepts are involved in the postulates of quantum mechanics:
e The state of a system
e  Physical observables

A physical observable is simply some variable that can be measured. Examples are position, momentum, angular
momentum, and energy.

2.2 Postulate 1

The state of a quantum mechanical system is completely specified by a function W(r,t) that depends on the
coordinates of the particle and on the time. W(r,t) is called the wave function or state function and has the
property that W (r,t)¥(r,t)dxdydz is the probability that the particle lies in the volume element dxdydz at
position r at time t.

e This postulate says that ¥(r,t) exists and in principle can be determined.
o If W(r,t)is known, it can predict how the system changes with time (i.e. how the probability distribution
changes).
This situation is in contrast to that of classical mechanics. In a classical mechanical system, given Newton’s
equations of motion and a set of initial coordinates and momenta, one can determine the trajectories of the
particles for all time. This is not possible in Quantum Mechanics due to the Heisenberg Uncertainty Principle. All

we can do is see how the probability distribution changes with time.

Because of the interpretation of ¥ (r,t)¥(r,t)dxdydz as a probability, ¥(r,t) must meet certain conditions:

The probability integrated over all space equals 1.

¥ (r,t)¥(r,t)dxdydz =1

L]
§e—s
§——s

To save time and paper | will abbreviate integrals like this as I Y (r,t)¥(r t)dr =1

o Y¥(r,t) must be finite over the possible range of values of the coordinates
e  ¥(r,t) must be single valued, continuous (i.e. a well behaved function)

e  VWY(r,t) must be single valued, continuous
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2 THE POSTULATES OF QUANTUM MECHANICS

Remember we discussed Einstein's explanation of the relationship between the wave and particle behavior of
light. In the wave picture, the intensity of an electromagnetic wave is proportional to the amplitude of the wave
squared.

I=¢g,cE? where E=E,cos(at) for the electric field
In the particle picture however,

I =N hv where N is the number of photons per unit area per unit time.
Thus, N o E?

That is, the probability of detecting a photon at a certain point is proportional to the square of the average wave
amplitude.

In analogy to this, the square of a wavefunction ¥(r,t)
Y, t)¥rt) or [¥(r,t)|?

can be interpreted as the probability density of finding a particle at a particular point in space. This is known as
the Kopenhagen interpretation and was proposed by Niels Bohr. One should realize that also other
interpretations exist, but none of them is as widely accepted as the Kopenhagen interpretation. Although the
interpretations might be different, the physics described by the theory remains the same.

2.3 Digression on operators

Before we go on to postulate 2, | need to make a brief digression and discuss operators.

Definition of an Operator:
A rule which transforms one function, f(x) for example, into some other function, g(x).
Basically it is any mathematical operation.

Examples of operators:

I,i,x/—,xz,log,3

dx

These are (in order), integrating, taking the derivative with respect to x, taking the square root, multiplying by
X%, taking the log, multiplying by the number 3.

| will sometimes designate an operator with a hat or carrot, A , for example, but | will often omit it. In such cases,
the fact that it is an operator should be evident from the context.

It is important to note that in Quantum Mechanics, we will deal only with linear operators.

Definition of a Linear Operator:
An operator is said to be linear if

Al f,(x)+c,f,()]=c,Af (x)+c,AfX)

where c; and c; are constants.
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2 __THE POSTULATES OF QUANTUM MECHANICS

Clearly, di (differentiation) or I (integration) are linear since

X
A AC)

d
a[clfl(x)-rczfz(x)]—c1 . ™

[le 0+, 00]dx=c, [ £(x)dx+c, [ £, (x)dx

Whereas the f is not a linear operator

VO i)+, f (%) # e f(X)+¢,4/f, (x)dx

When an operator operates on a function and returns the function multiplied by a constant, the function is said
to be an eigenfunction of that operator. The constant is called an eigenvalue of that operator.

That is: Af(x)=af(x)
where fis an eigenfunction of A and a is the corresponding eigenvalue.

For example:
. d?
A=——

= ™" and f(x)=e™

Let
o d
Af(x)=—e” =a’e™

f dx*

2

Here we would say that e is an eigenfunction of e with an eigenvalue of o2,
X

The equation is called an eigenvalue problem or eigenvalue equation. For a given operator, solving an eigenvalue
equation involves finding both the eigenfunctions and the eigenvalues for a given operator. As we will see shortly,

solving the eigenvalue equation plays a central role in quantum mechanics.

We also need to define what we mean by the square of an operator. This simply means the operator applied
twice.

If we define an operator (we will see soon that this is the operator describing momentum in the x-direction):

o d
- —inL
Px dx

then the square of the operator would be given by:

d d d’
5.22p b, =| —inL || —inL |=—n2 2
Px PP ( dxj[ dxj dx?

It is obvious that one cannot simply take the square root to get back the original.
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2 THE POSTULATES OF QUANTUM IMECHANICS

2.4 Postulate 2

To every physical observable in classical mechanics, there corresponds a linear, Hermitian operator in quantum
mechanics.

Hermitian operators are linear operators and have the property that their eigenvalues are real. This is necessary
if they are to represent physical observables.

For a Hermitian operator A the following relation holds for all permissible wavefunctions W(r,t):
[ (e 0 AW(,)dr = [ (AP(r,0) P(r,t)dz

Prescription for finding an operator for a particular observable:
Write the classical expression for the observable expressed in terms of the Cartesian coordinates and their
corresponding momenta.

X—>X=X or in general g—>q=g
d A

0 i i . d
p, >p, =—ih— orin general P, =P, :_,hd_
q

whereg=x,y, orz.

This prescription must involve the Cartesian coordinates. After this substitution, one can convert to other
coordinate systems.

You can see from the table on the next page that just knowing the expressions for position and momenta
operators will enable you to find the others.

For example, one can write the expression for kinetic energy as:
2

-1
K=3smv

Since we know that the momentum p = mv, one can write:

The same relationships that hold between the observables will hold between the operators.

One can therefore get the kinetic energy operator in the x-direction by applying the momentum operator twice
and dividing by 2m:

A 2 2
K, = PPy _ i(_,‘hij[_ihij = _h_d_z
2m  2m dx dx 2m dx

One can do the same with angular momentum. Recall that the angular momentum vector | is given by:

I=rxp
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2 __THE POSTULATES OF QUANTUM MECHANICS

Observable Operator
Name Symbol Symbol Operation
Position X X multiply by x
r r multiply by r
. 0
Momentum Px b, —ih—
ox
. (.0 .0 0
p p —ih| i—+j—+k—
ox "oy oz
5 n &
Kinetic Ener; Kx K, -——
&Y 2m ox’
hZ 62 82 62 hZ
K k e —2+—2+—2 :——Vz
2m\ ox~ oy° oz 2m
Potential Energy  U(x) U(x) multiply by U(x)
Ulxy,2) Ulx,y,2)  multiply by U(x,y,2)
hZ 62 62 2 hZ
Total Ener E ¥ | —+—=—+— |+ Ux,y,2) =—— V> + U(x,
&y H 2m[6x2 oy oz boy.2) 2m by
Angular o . 0 0
x=V Pz- —ih| y——z—
Momentum L=y pe-zpy L (yaz oy
L L ih| z 0 X 9
=ZpPx-XPp; — ——X—
yZ 2P XP Y ox 0z
L [ ih| x 0 y 0
z=X - X — ~ Y
py-yp i} > Vo

The cross product of two vectors, rx p gives you another vector of magnitude |r||p|sin® with the direction
determined by the right hand rule. To find the individual components of the resultant vector one calculates:

i ]k
rxp=(x y z
P, P, P,

= (yp,—2p,)i-(xp, —zp,)i+(xp, —yp, )k

Therefore:
L =yp,—2p,
L =zp, —xp,
L, =xp,—yp,
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2 THE POSTULATES OF QUANTUM IMECHANICS

We can take these expressions and substitute the appropriate operators for the position and momentum
coordinates.

As you will soon see, a particularly important operator in quantum chemistry is the total energy operator,

otherwise known as the Hamiltonian and given the symbol A.

This operator is found by writing down the classical expression for the sum of the kinetic and potential energy of
a system.

H=E_ +U

kin
In three dimensions this reads in terms of position and momentum coordinates:

1 2 2 2
H=—/p, +p, + +U(x,y,z
m‘m b, pJ (x,y,2)

where U(x,y,z) is the potential energy as a function of the coordinates.

Making the substitution as prescribed above one finds for the Hamiltonian operator:

. o 1
H=——f == +—+— |[+U(x,y,2) =——V* + U(x,y,2
[ 5 5 GZZJ (x,y,2) o (x,y,2)

As we will see shortly, solving the eigenvalue problem for this operator will provide us with the energy of the
system.

2.5 Postulate 3

In any measurement of the observable associated with the operator A, the only values that will ever be observed
are the eigenvalues, a, which satisfy the eigenvalue equation

AY =a¥
Remember that for any operator we can find a set of eigenfunctions and eigenvalues.

Recall that an eigenfunction of an operator is defined by the fact that when it is operated on, the result is a
constant times the same function. That constant is called the eigenvalue.

This postulate says that a measurement of A can only result in one of its eigenvalues -- no matter what the wave
function is!l. Thus even if the wavefunction is not an eigenfunction of the operator

Example: Total energy operator A (Hamiltonian)

If one makes a measurement of the energy, the only possible values you could obtain are the E, such that:

HY =E Y

where the W are the eigenfunctions of H.

In other words, if you measure the energy, you can only get as a result one of the eigenvalues of the energy
operator, the Hamiltonian. Thus even if the wave function is not one of the eigenfunctions of A, upon
measurement, you will only get one of the eigenvalues of A.

There is an eigenvalue equation for each operator, and any possible measurement of a quantity corresponding
to A will result in an, one of the eigenvalues ofA.
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2 THE POSTULATES OF QUANTUM MECHANICS

The eigenvalue equation for the total energy operator (i.e., the Hamiltonian) plays a very important role in
guantum chemistry. As we will see shortly, the equation

HY =E Y

is called the Time Independent Schrédinger Equation

This equation provides us with the possible values of the energy of a system and which are of course extremely
important in chemistry.

In order to discuss specific examples, | want to make a digression and look at the eigenvalues of the Hamiltonian
for a specific quantum mechanical system called the particle in a one-dimensional well or a particle-in-a-box.
Although this example might seem farfetched at first it turns out that it can be used to describe the delocalized
nt electrons in linear conjugated hydrocarbons.

2.5.1 Particle in a 1-dimensional potential well

Consider a particle in a one-dimensional "box" with infinitely high walls (i.e., an infinitely high potential for
escaping the box).

Outside the box, the potential is infinite, which means it would take an infinite amount of energy for the particle
to exist in that region. Therefore, the wave amplitude or the probability of finding the particle in that region is
zero.

So for x<0 y(x)=0 and for x>a w(x)=0

These define the boundary conditions for the wave function "inside" the box.

e8] e8]

A A
>
g
[J]
C
i U(x)=00 U(x)=00
©
S
c
2
[5)
o

U(x)=0
» X
0 a

Let us say we want to determine the possible values for the total energy of the system and the eigenfunctions
that are associated with those eigenvalues. According to postulate 2, we must write down the operator for the

total energy, which we called I:I, the Hamiltonian.

Recall that the procedure is to first write down the classical expressions and then substitute operators according
to the prescription of postulate 2. We have already done this in the table that | gave you.

N

The Hamiltonian operator, H, in one dimension is:
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2 THE POSTULATES OF QUANTUM IMECHANICS

The first term is the kinetic energy term and the second term the potential energy.

Since the potential inside the "box" equals zero, the eigenvalue equation for the energy is:

Ay (x)=Ep(x)

[—h—d—JV/(X) =Ewy(x)

2m dx’
Rearranging this gives:

d’y(x) N 2mE
dx? g

w(x)=0 0<x<a
and the boundary conditions are w(0)=(a)=0. This is because we must require the wave function to be
continuous.

This is a second order linear differential equation with constant coefficients. We can solve this by simply looking
at it and guessing.

dZ
l//(X) — azeax

Tr x)=e™ then
y w(x) e

Substitute w(x) and its second derivative back into the differential equation to get the auxiliary equation.

2mE
ate™ + 21" pax _g
hz

This has to hold for all values of x, hence

2mE
ot +7% o

The most general solution of the differential equation is a linear combination of the + and - solutions.

i«/ZmEX _,«/ZmEX
vix)=ce " +ce "

+i6

or using Euler's formula: e =cos@£isiné
.| N2mE \2mE
w(x)=Asin - X |+Bcos - X

The relation between the coefficients ¢c; and c;and A and B is simply
A=i(c, —¢,) B=c, +c,

Let's now apply the boundary conditions:
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2 __THE POSTULATES OF QUANTUM MECHANICS

At x=0: w(0) = Asin(0) + Bcos(0)=0
=B=0

At x =a we then find:

=0

wla)= Asin( Z;InE a]

If we say A=0, this gives us a trivial solution (i.e. the solution will be zero everywhere, w(x)=0).

[ N2mE
Therefore sin 5 a|=0 must hold.
This is only possible if:

ﬂa:mz n=123,...

h

We can then solve this equation for the energy, E ,and get

212
h
=T
8ma

n=1,2,3,...

These are the eigenvalues of the energy operator (i.e., the Hamiltonian). They represent the allowed values for
the total energy of the system.

The eigenfunctions are then given by:

w(x)= Asin( v 2;:’5 xJ =A sin[n—ﬂxj

a

We can determine the constant A by requiring the eigenfunction to be normalized. Since 1//*1// represents a
probability, it must equal one if integrated over all space. | will omit the details, but this gives

where a is the length of the box.
There are a few important points to note:
— The energy is quantized, i.e. it can only have certain values which are determined by the integer n. Note

that the guantization arose when we imposed the boundary conditions. This is a general principle of
guantum mechanics.

— The energy level spacing increases with decreasing dimensions of the box. The more localized a particle
is, the greater the quantization. Another way to look at this is as the dimensions of the box approach
the wavelength of the particle, you get quantum effects. As the size of the box or the mass of the particle
increases, the energy levels get closer and closer. Quantum effects begin to become less apparent.
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2 THE POSTULATES OF QUANTUM MECHANICS

Let us look in some detail at the eigenfunctions of the particle-in-a-box Hamiltonian. Let us assume for the
moment that the wave function for a particle-in-a-box happens to be one of the eigenfunctions of the
Hamiltonian. This need not be the case. The only requirements for an acceptable wave function are given by
postulate 1. Nothing says that the wavefunctions for this system must be eigenfunctions of the Hamiltonian.
However, one of the eigenfunctions of the Hamiltonian certainly could be a wavefunction for a particle-in-a-box.

Recall the information carried by the wave function for a system. The wave function times its complex conjugate
gives the probability of finding the system at a particular point in space.

The eigenfunctions of the Hamiltonian for a particle-in-a-box are given by

y/n(x):\/zsin(n—ﬂxj n=1,2,3,...
a a

The probability distributions are given by:

v, 0 =w; 0w, () = 2sin’ (”_”x]
a a

Both of these are plotted in the figure on the next page. As we already saw, there is zero probability of finding
the particle outside the box or potential well, because the potential is infinite.

Quantum Mechanically, there are places inside the box where the wave function y and |l//|2 are zero (i.e., places

where the particle has no probability of being found). These are called nodes. The higher the quantum number
n (and the energy), the more nodes. This will be true for all bound systems. It is always the case in quantum
mechanics that the lowest energy wavefunction will have no nodes, the next, one node, etc.... Qualitatively,
wavefunctions look similar for different bound potentials.

How can a particle get from one side of the node to the other without crossing the middle of the box? One can't

think of it that way! |l//|2 simply gives us a probability. One cannot think of trajectories of macroscopic particles

in guantum mechanics.

Classically one would expect a particle to bounce back and forth in the box and show equal probability of being
found anywhere.

(23

%
16A? /\ 164*
8ma* \/ " 8ma®

I
a

123
¥

92 ot
d n=3 3
g 8ma \/ 8ma E
[ {¢aP
4n _ 4n
8ma? n=2 Ema®
¥ [
R _ n
8ma’ n=1 Ima
0 [}
X — X —

29



2 THE POSTULATES OF QUANTUM IMECHANICS

However, note that as n gets large, 174 9 /\/\/V\/\/

The number of nodes increases, but the probability spreads out evenly. Thus, at large quantum numbers, the
quantum mechanical result approaches the classical result. This is an example of the Bohr Correspondence
Principle.

2.5.2 Solving the eigenvalue problem numerically

We saw above that the Schrodinger equation for a particle-in-a-box, i.e. the corresponding differential equation,
can be easily solved exactly. However, in many other cases where the potential has a different form this is not
possible. As we will see later in course when we discuss the helium atom, one can in such cases approximate the
solution of the Schrodinger equation using analytical methods. Instead of trying to solve the differential
equations analytically or using approximation methods, one can also resort to numerical methods. The rapid
development of computers over the last decades allows one to perform such numerical calculations even for
rather complex system on a standard laptop computer. There exist many different numerical approaches to solve
differential equations. Here we will use a very simple, yet effective matrix based method that can solve 1-
dimensional problems with relatively good accuracy. You will use this method in the exercises to investigate the
properties of simple quantum mechanical problems.

If we want to know the possible energy levels of a quantum mechanical system we have to solve the Schrédinger
equation,
AW (x)=E¥(x)

to find the eigenvalues and corresponding eigenfunctions.

More general, to find the possible values of an observable we have solve the eigenvalue equation
AY(x)=a"¥(x)

where A is the operator corresponding to the observable of interest, a the eigenvalue and W¥(x) the
corresponding eigenfunction that we would like to determine.

Upon closer inspection of this equation, one should realize that its form is similar to that of the matrix eigenvalue
problem:
Uv=Av

Given the matrix U we can find the eigenvalues, X, and eigenfunctions, v, by diagonalizing this matrix. There
exist very efficient numerical methods for the diagonalization of a matrix and as a result even large matrices can
nowadays be diagonalized in a fraction of second on your laptop. Thus if we are able to write the quantum
mechanical eigenvalue problem in matrix form we could easily solve it using a computer.

| will describe here how to write a 1-dimensional Hamiltonian in matrix form. Based on this you should be able

to do the same for other operators. As we have seen, the Hamiltonian is the sum of the kinetic and potential
energy of the system and for a 1-dimensional system is written as:

Here the first term corresponds to the kinetic energy operator and V(x)is the operator for the interaction
potential. The Schrodinger equation we can then write as:
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hZ dZ
{_%W + V(x):|‘~P(X) =E¥(x)

Here the operators and function are all continuous. However, for solving this equation numerically we have to
discretize both operators and the function.

For this we will write our function W¥(x) as a finite vector, v, that holds the value of ¥(x) at equally spaced
intervals Ax, i.e., v={y,, ¥,,...,yy} . see figure below.

Y, Y(x)
Yy
y
Yo Yy Yo y_N
s T T T 1T T 1
Xo X X X Ax Xn2 Xy Xy
X —>

In this way we have:

T(Xo):yol lP(X1):y1l lP(Xz):yzf ) \P(XN):VN
where

X, =X, +AX, X, =X, +2Ax, -+, Xy =X, +NAx,

The derivative of a function, f(x) is defined as:

flx+h)-flx)
h

f'(x)=lim
h—0
Note that here h is just a variable that has no relation at all with Planck’s constant.

Based on this definition the symmetric second derivative of a function is found to be:

flx+h)-2f(x)+ f(x—h)
hZ

f')=lim

If we choose Ax small enough we can set h=Ax and calculate the second derivative of our discretized function
with relative good accuracy. We then find:

p v Yo—2y, Y
‘P(x1)=y1=$
" " y _Zy +y
P(x,) =yl == AXZZ 2
p w Ya—2ysty
W(x,) =y =22 AX32 a

p Yo —2Yna Y,
v (XN—l):yl’\'l—lzw

As you can see there is a problem calculating the second derivative at xp, and xy because x.; and xy.; do not exist.
We therefore will simply write:

=2y, +V,
AXZ

v _ Yna _ZyN

\I/”(Xo)=yg= N = sz

and Y(x,)=y
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Looking at these expressions one realizes that one can cast these in a matrix notation:

ye 2 1 0 0 0 0 0 0)y,
y! 1 -2 1 0 0 0 0y
y! 0 1 -2 1 0 0 0 0y,
y! o0 =2 0 0 0 0y
N v oo : R :
v 0 0 0 0 2 1 0 0|y,
Vi, 0 0 0 0 2 1 Vi
Vs 0 0 0 0 2 1 ||y
v 0 0 0 O 1 =2)y,

Using this result we can write the kinetic energy operator in matrix notation as:

-2 1 0 O 0O 0 0 o
1 -2 0O 0 O O
o 1 -2 1 0O 0 O O
o 0 1 =2 0O 0 o0 o
N /i . . .
K=- .
2m Ax
0O 0 0 O -2 1 0 O
0O 0 0 O 1 -2
0O 0 O o 0 -2 1
0O 0 0 o 0 O 1 -2

The interaction potential most often depends only on the coordinates of the particle. Only in rare cases does it
involve the particles velocity. Therefore in most cases the potential does not contain derivatives with respect to
the coordinate, x (remember, the velocity is related to the momentum operator). As a result the matrix
corresponding to the potential is diagonal:

V(x,) 0 0 0 0 0 0 0
0 V(x,) 0 0 0 0 0 0
0 0 V(x,) 0 0 0 0 0
0 0 0 V(x;,) 0 0 0 0

V= : : :

0 0 0 0 Vix,,) 0 0 0
0 0 0 0 0  V(x,, O 0
0 0 0 0 0 0 Vix, O
0 0 0 0 0 0 0 V(x,)
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The Hamiltonian being the sum of the kinetic energy and the potential energy operators can then be written in
matrix notation as:

7 7
PV A ° °
7 > i
+V(x — 0
2m Ax? m Ax? ba) m Ax?
7 e 7
0 +V(x. -
2m Ax? m Ax? b m Ax?
A= 2 2
0 0 h . V(x,)

o O o o
o O o o
o O o o
o O o o

With this the Schrodinger equation can be written as:

n n’ y Y,
—+V(x, —_— 0 0 | o
m AX? 0] 2m Ax?

2 2 2
h - h —+V(x,) _h_z 0 (! V1
2m Ax m Ax m Ax

n " n s A

0 +V(x — .

2m Ax? m Ax* b m Ax?

h n Y, |=E| v,

0 0 +V(x

2mAX mAX )

0 0 0 0 nyg nyg
0 0 0 0 Vv Yo
0 0 0 0 Yna Yna
0 0 0 0 Yn Yn

This is a matrix eigenvalue problem like you have encountered in your algebra class. Solving it will give you N
eigenvalues E with the corresponding eigenvectors, i.e., eigenfunctions.

It is important to realize what are the shortcomings of this method. First of all, wavefunctions and thus also
eigenfunctions are defined over the whole space, —o0 < x <o . The method described here only covers a specific
part of space, x, < x <x, which we can also write as x, <x <x, + NAx . What we are assuming here is that the

wavefunctions outside the boundaries are zero. It is thus important to choose the boundaries, or range,
correctly. In the case of the particle-in-a-box that we have discussed before this is rather straightforward since
we know that outside the box the wavefunction has to be zero. However, in other cases, i.e. for other potentials,
it might be much more difficult to determine the correct boundaries. In general, the larger the interval one
chooses the more accurate the result. The second point to consider is that the definition of the second derivative
is only correct in the limit that h— 0, and thus Ax > 0. To obtain an accurate results one therefore has to
choose the stepsize Ax as small as possible. As a last minor point, the derivative at xo and xy are nor correctly
defined.
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The requirement of having a large interval and a small stepsize at the same time makes that the number of
intervals, N, will have to be large. Consequently, one will have to diagonalize a large NxN matrix. Although
this does not pose a fundamental problem, it can cause computational problems. For one, the time it takes to
diagonalize a matrix scales roughly as N3. Thus doubling the number of intervals, N, leads to an almost 10-fold
increase in the time to solve the eigenvalue problem. At a certain matrix size the computation will take too long
to be useful, the calculation has become computationally too expensive. Secondly, the matrix has to be stored
in the memory of the computer. The amount of memory required for the calculations scales as N?, therefore
one can quickly run out of available memory by increasing N. Due to these two criteria, the number of intervals,
N, that can be used in the calculations is limited. This has consequences for the accuracy that can be obtained
by this method, since N is directly related to the range {xo,...,xn} and stepsize, Ax. You will investigate this in more
detail in the exercises.

2.5.3 Return to postulate 3

Remember that postulate 3 says the only result of measuring A is one of the eigenvalues of A no matter what
the wave function is.

Postulate 1 does not say that the wave function for a system, ¥, must be an eigenfunction of the Hamiltonian.
For example, in the case of a particle in a 1- dimensional potential well, postulate 1 does not say that the wave

function must be one of the eigenfunctions of the Hamiltonian that we found above. Nor does it say that ¥ has
to be an eigenfunction of any operator. It simply requires that it be well behaved.

No matter what the wave function is, the only result of measuring A is one of the eigenvalues of A. If, however,
Y happens to be an eigenfunction of the operator you measure, then, as we will see when discussing postulate
4, you know exactly the result you will get when you make the measurement, the eigenvalue that corresponds
to that eigenfunction.

If ¥ is not an eigenfunction of the operator you measure, you could get any of the eigenvalues corresponding
to operator A.

To help you understand this concept further, | need to introduce several important properties of eigenfunctions.

2.5.4 Some important properties of eigenfunctions
DEFINITION - Complete set of eigenfunctions

A set of eigenfunctions, @,, is considered complete if, for any well behaved function, f, we can write:
f=2c0,

DEFINITION - Orthonormality of eigenfunctions

A set of eigenfunctions is considered orthonormal if
[oo,dr=95,

here & is the Kronecker delta with the properties:

&
I
o

if i)
5 =1 ifi=j
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Thatis, if i # j they are orthogonal, and the case in which i = j expresses the normalization condition.

Auxiliary postulate:
The eigenfunctions of a Hermitian operator form a complete, orthonormal set.

One can prove the fact that the eigenfunctions of a Hermitian operator are orthonormal. However, the
completeness of the set cannot be proved mathematically. It must be taken as an additional postulate.

2.5.5 Return to postulate 3

Although a wave function does not have to be a single eigenfunction of any operator, it can always be written as
a linear combination of eigenfunctions of any operator that corresponds to a physical observable (i.e. a
Hermitian operator), because the eigenfunctions of a Hermitian operator form a complete orthonormal set .
Let us choose to write a wave function for the system we want to measure as a linear combination of the
eigenfunctions that correspond to the operator (i.e., the observable) we want to measure. (Note that we are free
to choose any set of functions as long as it is complete.)

Y(x,t)= ZCn(p,,(x,t)

There could be any number of functions in this expansion.
If you then make a measurement on a system described by such a wave function, the result will be an eigenvalue
of one of the eigenfunctions in the linear combination. Which one you do not know (unless there is only one

function in the linear expansion).

Postulate 4 will tell us the average result you will get if you make repeated measurements on identical systems.
Before | discuss postulate 4, | need to remind you of a few concepts related to statistics.

2.6 Some statistical concepts

2.6.1 Expectation values

In general the probability P, of a certain event can be given by:

where N = the total number of tries or measurements
and N, = the number of times event j was observed.
Note that 0<P <1 since the maximum value N; can have is N.

Also, because ZN/. =N
j=1

we have the condition that
2p=1
j=1

where n is the number of possible outcomes for the measurement.
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Now consider the case in which a particular event has a value associated with it, as in the case of an experimental
measurement. We define the average value or expectation value to be:

7:<X>:Zn:xipf :ZH:X;‘P(XJ)

where P(x;) represents the probability of realizing the number x;.

Example:
What is the average value observed in rolling a die? i.e. What is <x> where x is the number on the die?

6
(x)=>"xP =1-P+2-P,+3-P,+4-P, +5-P, +6-P,

j=1

If it is an honest die then:
1
PR=P=P=R=P=R==

Then one would find

1 2 3 4 5 6
(x)==+=+=+—+=+—-=35
6 6 6 6 6 6

Note that the average value does not have to equal a value of the die.

2.6.2 Variance

The variance is an indication of the distribution or spread in a series of measurements; i.e. the distribution about
the mean or average value. The variance gives some indication of the precision of a measured result. If a
measurement always gives the same number, the variance is zero.

o? =((x=(0))

It is a measure of the difference of a measurement x from the mean (x). Using our definition of average value we
can also write this as

You can see that o is a sum of positive terms and so o >0

Let's expand the expression for o :
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So, o, =

And thus o = <x2>—<x>2

The variance is always greater than or equal to zero and tells us how precise a measurement is or how precisely
it can be made. If the variance equals zero we will always measure the same result.

2.7 Postulate 4
If a system is in a state described by a normalized wave function ¥, then the average value or expectation value
of the observable corresponding to the operatorA is given by:

(a)= T\P*A\ydr

| need to define more clearly what we mean by an average or expectation value in quantum mechanics.

It does not mean making repeated measurements on the same system. This is because in making a measurement
in quantum mechanics you disturb the system and influence the subsequent result. We will discuss this in more
detail later.

It does mean making the same measurement on a series of identical systems.

Let’s have a look at some examples.

Example 1:

Calculate the expectation value for the position of a particle in a one-dimensional box of length a that is described
by an eigenfunction of the Hamiltonion of the particle-in-a-box problem, furthermore calculate Gf .

We saw before that the wavefunctions are given by:

2 . (nrm
v, (x)=,|—sin| —x n=1,2,3,..... for O<x<a
a a

the probability of finding the particle between x and x + dx.

y (X)w(x)dx
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The average position is given by:
<x> = I 1//* (x) xw(x)dx
0

In the present example we have:

ool
Sl

Evaluation of this integral gives us:

2 a
W=0a

This result makes sense. The box is perfectly symmetrical, and there is nothing to favor one side of the box over
the other, thus the average position is in the center.

We also wanted to calculate the variance UXZ . To do this we need to calculate (x?).

So,

Thus there is some distribution of possible values, represented by the fact that of #0.

Example 2:
Suppose a particle in a 1-dimensional box is in a state described by the following wave function

w(x)=Ala*x* —x*)

where A= /3—195
8a

is the normalization constant and a represents the length of the box. This is a perfectly well behaved wave
function that satisfies the boundary conditions of the particle in the box properly, but clearly is not an
eigenfunction of the Hamiltonian. Let us use postulate 4 to calculate the average energy.
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For a particle in a 1-dimensional box:

2 2
fo_td”
2m dx?

So,

<E>:A2‘T(azx2 —x4)[ P d j(azx2 —x*)dx

2maxk’

A2 2a
j (@x* —x*)(2a> —12x)dx
2m

Azhz a
J‘(Za“x2 —14a*x* +12x°)dx
0

2m

- a‘x
2m |3

__A2h2_440’7 _2A°n%d’
105

AR [2 14 ‘
_ h l:_aztxs__ 2 5+£X7}
5 7

0

2m 105m

Substituting for A:
315
A= ==
8a

We finally find:

33 W
E)=
< > 27° 8ma’

This is clearly not one of the eigenvalues of the Hamiltonian, but remember, this is an average, not a single

measurement. Note, this is similar to what we have seen when we calculated the average value for throwing a
die.

hZ
8ma’

Recall that E =n’

n

The average or expectation value doesn't need to be an eigenvalue of the Hamiltonian. It is the average of a
series of measurements on identical systems.

Postulate 3 says that upon any one measurement, the value we obtain can only be one of the eigenvalues of the
operator corresponding to the quantity we measure. However, because each time we make a measurement we
get a different answer, the average value will not be a single eigenvalue.

Although | won't do it here, if we were to calculate the variance in our measurements
2 2 2
o7 =(E")-(E)

we would find that it is larger than zero. One gets a spread in the values obtained upon measuring the energy.
Clearly the wavefunction is not an eigenfunction of the Hamiltonian.
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Example 3:
Now let's consider a case in which the wave function happens to be an eigenfunction of the particle-in-a-box

\/E i [nﬂ j
v, (x)=,|—sin| —x
a a

Let us find the average value for repeated measurements of the energy. We could do this one of two ways. The
hard way is to evaluate the integral as we did before:

(E)= !\E sin[%xj{-%:—;J\E sin(n{xjdx

The easy way would be to realize that since the wave function i/ is one of the eigenfunctions of the Hamiltonian,

Hamiltonian, H.

we can write:

<E> = Jl//;(x)lfh//n (x)dx = J.l//n (X)E,w,(x)dx =E, Jl//n (X, (x)dx

Thus

If we now calculate the variance of the energy measurement:
<E2> = jl//n (X)H* v, (x)dx = E2
0

2 2 2 2 2
o; =(E")-(E)' =E2-E2 =0
we find that the variance equals zero. There is no uncertainty in the measurement!!

If the wave function is an eigenfunction of the operator you measure, then upon making a measurement, you
will always get a single value: the eigenvalue corresponding to that eigenfunction.

Example 4:
Let us try one more example in which the wave function is written as a linear combination of eigenfunctions of

the particle-in-a-box Hamiltonian. However, let us assume there are only two terms in the expansion.
Let us assume the form:

wix) =y, (X)+ 6, ()

where ¥, (x) are the eigenfunctions of the particle-in-a-box Hamiltonian and ¢, and ¢; are just the coefficients in
the expansion.

As (x) has to be normalized, one can derive a relation between the coefficients ¢; and c,.
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Jv" awdx = [ (ciwy 00+, () (e, (0 + e, () dx =1
= [(ces 0w, () + e, (0 (0 + ¢ (XD, () + S 6,07, (X0 () )l
= e[ [w; by, (ax + e, [yr; (ay, (ax + e, [yr; (0w, et + e, [ [ Gy, (x)alx
=l +|e,[ =1

Here we made explicit use of the fact that the eigenfunctions of the Hamiltonian form a complete orthonormal
set.

2 1
Let's choose ¢, = \/; and ¢, = \/; , 50 that we have

|c1|2 =2 and |c2|2 =% giving |c1|2 +|cz|2 =1

w|N

The wave function is then

(x)—\/g\/gsin[zxj+\/i\/zsin(2—ﬂxj
= 3\Va a 3Va a

where | have purposely not combined the constants in front of each function.
Let us now calculate the expectation value. Note that to simplify the writing and to make things more suggestive,

I will use ¥, (x) and ,(x) instead of writing the sine functions explicitly.

<E> = jl/ (x)H w(x)dx

0

of 2. 1. ) |2 1
_6[[\/; 1(x)+\/; z(X)]H[\/; 1(X)+\/; z(X)JdX
= giwl (X)Hw, (x)dx + g.:[l/ll (x)Aw, (x)dx + g]zy/;(x)lflwl(x)dx + %j:l//;(x)lfll//z(X)dx

= %EI.II//; (X, (x)dx + gEZ j)‘l//1 (X, (x)dx + gEl j;y/z (), (x)dx + éEZ j)‘l//2 (X, (x)dx

21
=ZF +=E
3t 37

To calculate the variance, we need <E2 > . By repeating the same procedure, you can convince yourself that

<Ez>=§Ef +§E22
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Thus the variance in the measurement of the energy is:

2
o =(E*)-(€) = %Ef + §E§ —(%El +§E2j

2 1 4 1 4
=ZF+ZE}——E}—=E}——EE
3 3 9 9 9

1=2

2., 2, 4 2 2
:gEf+§E§—§E1EZ:§(E1—EZ) #0

Therefore, the result of your measurement will not be the same every time. You only get a single value for your
measurement each time if  is an eigenfunction, not a linear combination of eigenfunctions.

There is one other very important point to note, however. Look again at our expression for the average energy
(E).
2 1
(E)=ZEF, +=E,
3 3

Remember that we had originally chosen the expansion coefficients c, = and ¢, =

w|N
w|

2 1
The probability of obtaining either result is simply |c1 |2 = E and |cz|2 = 5

In general, the probability of obtaining a particular eigenvalue is simply the square of the expansion coefficient
for the eigenfunction corresponding to that eigenvalue.

That is: P =lc|

n

c

n

Proof:
We start with the expression for an average value, according to postulate 4:

0

(a)= .[ v (x)Ap(x)dx

—0

(Note that | have not included the time dependence of the wave function here. | will explain shortly why | can do
that).

Let us substitute for y a linear combination of eigenfunctions ¢, of the operator A, ie.:

Ag,(x)=a,0,(x)
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We then find

(@)= [ v (x) Ap(x)ax
= J[ZC;(/’;(X)}Z\[Zcmwm(x)jdx
=2.2.66n J ,(X)Ap, (x)dx

= 2> i | 21X, (x)dx
= ZZC:Cmamé‘nm
=Y cc,a,= Z|cn|2 a,

n

Remember how we define the average value:
(x) :ZX/'P/
J

where Xjare the possible values and P; the probability of obtaining that value.

2

By analogy, one can see that in our case we see that P, =|c,

Note that when ¢, =0 the probability for obtaining result a, is zero. One will therefore never measure result

a, . In my previous example, one will only measure E, or E, and no other value.

In general, the expansion of a wave function may have many terms, and these terms will not be equally weighted;
hence, there are many possible results to a measurement. However, those which are weighted more will have a
higher probability and will influence the average more heavily.

For the moment, | will demonstrate this physically. Later we will do it in a more mathematical way. Assume that
for the particle-in-a-box problem we had a wave function that looked like this.

e8] e8]

A A
>
g
[J]
c
Sl U= U(x)=00
.8
=
3
o
a

U(x)=0
» X
0 a
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You can see that this is not an eigenfunction of the particle-in-a-box Hamiltonian (i.e., it is not a sine function)
but it has a similar shape. This means that in an expansion of this function in terms of the eigenfunctions of the

particle-in-a-box Hamiltonian, the term with the largest expansion coefficient would be , (i.e., the term c;

would be the largest). If you start to think about it you can tell a few other qualitative things as well. Since this
wave function is symmetrical, only those functions in the expansion that have the same symmetry will have a
non-zero expansion coefficient.

2.7.1 Calculation of coefficients in an eigenfunction expansion

If we are given a functional form for a wavefunction f(x), we can find the coefficients in the following way:

Assume we have a complete orthonormal set of eigenfunctions ¥, of some Hermitian operator so that we can
write

=3 e, ()

If we multiply both sides of this expression by 1,//:” and integrate, we get
[wnbfxdx =3¢, [, (), (x)dx
—0 n=1 —0

o0
= z G 5nm =y
n=1

So,

¢ = [ ¥, (0 (X)x

That is, to find an expansion coefficient corresponding to a particular eigenfunction, just multiply the function
f(x) by the complex conjugate of the eigenfunction of interest and integrate over all space.

The probability of obtaining the m™ eigenvalue upon measuring the quantity whose eigenfunctions form the
basis for the expansion is then

2

P, =| [ w0 f(x)ax

Example 1:
This example is trivial, but serves to illustrate a point.

Take the wave function for a particle-in-a-box that is a combination of two eigenfunctions

w(x)=%%(x)+%wz(x)

where v, and v, are the first two eigenfunctions of the particle-in-a-box Hamiltonian. We can look at this and
see what the expansion coefficients are, but let's go through the procedure we just introduced.

To find ¢ :
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o
|

= [y by (x)ax

—0

1 1

= zW;(X)(ﬁW1(X)+ ﬁy/z(x)jdx

- % [ v 0w, b + % [ v bw, (xidx

1

NG

The probability of measuring E; is then

2

I
V2

Rl:

Example 2:

Let w(x)= fgx(a—x) 0<x<a
a

We want to expand this as a linear combination of particle-in-a-box wave functions

- 2  (nxm
v(x)= ;cn\/gsm(TXJ

and determine the values of the coefficients c,,. Let us calculate the value of the general term c,,.

From the formula that | gave

c,= J'x//n (x)w(x)dx
:\/z\/gj.sin[n—ﬂx)x(a—x)dx
a\a®y a
60| (a
= a_sl:z[;) (1—C0$ﬂ7[):|

0 ]

3,3
n

Let us look at this result more closely.

Notice that the coefficients corresponding to even values of n are 0. That is

24240

ﬂ_3n3

=odd

0 n=even
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Why do the coefficients vanish for even n? To understand this we need to look at the function. It looks something
like this:

S
&
I

U(x)=00

Potential Energy

U(x)=0

v
x

There are two things to notice:
e The symmetry of the function requires the even terms to be zero.

e n=1should have the largest contribution. You can see that this will be true because ¢, « is
n

2.8 Postulate 5

The wave function of a system evolves in time according to the time-dependent Schrédinger equation

9, = in T )
ot

For most systems A does not contain time explicitly. In that case, we can seek solutions of the form
W(x,t)=px)f(t)
That does not mean that all solutions must have this form, however we will see that those that do have a special

property: they are the steady-state solutions of the Schrodinger equation, i.e., their probability density does not
evolve in time.

If we substitute this into the time-dependent Schrodinger equation:
A .0
Hy (x)f(t) = IhEW(X)f(t)

and realize that since H does not depend on time, it will have no effect on f(t) and the derivative with respect
to time will have no effect on w(x):

of(t)

FOy 00 = iy ()=

If we now divide both sides by y(x)f(t) we get

1 - ih Of(t)
— A A
v W= o

Note that the left side of this equation is only a function of x and the right side is only a function of t.
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For the two sides to be equal as the variables x and t are varied, they must each be equal to a constant, which |
will call E.

1 . ih Of(t)
—— A —f=— 2%
v W e

First, the left hand side:

L= =  Ayx=Epx)
w(x)

You can see that this is simply the eigenvalue equation for the Hamiltonian (total energy).
Ay (x) = Ey ()
is called the Time Independent Schrédinger Equation.

We will see in a moment that the solution of this equation not only provides the allowed values of the total
energy of the system, but the wave functions ¥(x) have special properties.

Now the right hand side:

_ih oftt) _
£(t) ot

Rearranging this gives:

o __ie

ot 5 flt)

The solution of this differential equation is given by:

iE

F(t)=Ae '

Putting the time independent and time dependent parts together, we have
_E,
Y(x,t)=w(x)e "
where (x) is the solution to the Time Independent Schrédinger Equation (note that we have incorporated the
constant A into w(x)).

Since there is a whole set of solutions to the Time Independent Schrodinger Equation, denoted by the index n
(just as we did with the particle-in-a-box wave functions), we write the above equation

iE,

¥, (xt) =y, (xle "

Recall that from postulate 1, |‘I—’(x,t)2 represents a probability distribution for finding the particle in an interval

dx at a particular value of x.
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Using the wave function above one gets

’ =(!//Z (X)e+’:tj[v/n (x)e ”nt]

iE,

ot
h

|, (x.t)

=y, (W, e e
=y, (X, (x)

That is for wave functions that satisfy the form

i,

¥, (x,t) =y, (xle "

where ,(x) are solutions to the Time Independent Schrédinger Equation, the probability density has no time

dependence. These are called stationary states or eigenstates. (Note that the wave function has time
dependence, but not the probability density.)

One can find the stationary states of the system by solving the Time Independent Schrédinger Equation and
adding the time dependent part.

There is nothing to say that a wave function has to be a stationary state, however if not, the probability will
evolve in time.

If we solve the Time independent Schrédinger equation, ¥ (x)y(x) and hence ¥ (x,t)¥(x,t) are independent

of time. In this case, any calculations of probability or of average values need only use y(x). These so-called

stationary state wave functions and their corresponding energies are of central importance in chemistry and in
spectroscopy!

Because the stationary states of the system are eigenfunctions of a Hermitian operator (i.e., the Hamiltonian),
they form a complete basis set. This means that we can write any wave function as a linear combination of
stationary state wave functions.

| showed previously, however, that if we take a linear combination of solutions to the Schrédinger equation with
different eigenvalues, they no longer have fixed energy. Such a linear combination is a perfectly valid wave
function but does not solve the Schrodinger equation and hence will not be a stationary state.

So the general wave function which we can write as a linear combination of eigenfunctions of the Hamiltonian
(or stationary state solutions)

iE,

n

Yix,t)=>c, ¥, (x,t)=> cw, (x)e "'

is not itself a stationary state solution.

Example:
Let us again consider a particle-in-a-box where the wave function happens to be a linear combination of the first
two eigenfunctions of the Hamiltonian, but now let us include the time dependent part explicitly:

1 [2 L1 2 (2 L
‘P(x,t)=—\ﬁsin(£xje ht+—\ﬁsin(—ﬂxJe "
V2Va  \a Vo \a
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or more simply
iE, iE

1 —1t 1 —2t
Y(x,t)=—=w,(x)e * +$t//2(x)e n

2
Let us look at the probability density of this wave function:

iy L2, Y Iy,
Y (x,t)¥(x,t) :i(l//; (x)e+7r -H//; (x)e 7 tjx%[x//l (x)e " +y,(x)e " t]
2

NF)

ilE,-E,)
n

i(Ey—Ey)

1. 1 . 1. AaEk 1,
—Ewdﬂwdﬂ+EWAHWAH+;WAMWAM€ +ZWAMWAMe

You can see that the time dependence does not drop out of the probability distribution.

Since the functions ; (x)and w, (x)for the particle in a box are real we can write

w, (X, (X) =, (w, (X) =y, (X, (x)

and then rewrite the probability as

. 1 5 1 JEE), _ilE),
‘P(x,t)‘}’(x,t)=5|l//1(x)| +|t//z(x)| +El//1(x)1//2(x) e " +e

= %|l//1 (X)|2 +%|l//z (X)|2 +y, (X, (X)Cos[El ;EZ t]

In this case, the probability distribution looks like the average of the distributions from each of the two functions
plus an oscillatory cosine term. The frequency of the oscillation depends on the energy separation of the two

states; i.e. the cosine oscillates with frequency (E1 — E>)/A.

To get a physical feel for what is happening, let's look at the time dependence of such a probability distribution.

When the cosine term =1

R e R A A A R (A R A )

T T
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When the cosine term =0

([ = %|w1 o + §|‘//2 )

Finally, when the cosine term = -1

w0 = 0+ 2o 00" = 00 0 = (v 00 -, ()

So the probability distribution beats back and forth with a frequency (E1 — E>)/A.
Before | discuss postulate 6, | want to take care of a few loose ends regarding some properties of operators that

are important for further understanding measurements in quantum mechanical systems.

2.9 Some properties of operators

When more than one operator operates on a function, you apply the operator closest to the function first (the
operator on the right), and then apply the second operator to the function that results from the first operation.

For example:
ABf(x)= A(éf(x))=Ah(x) here  h(x)=Bf(x)

Operators do not necessarily obey the communative law of multiplication.
That is ABf(x)=BA f(x) in general.

If one can write an = sign here, we say that the operators commute. Otherwise, we say they do not commute.
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Let us look at an example.

Let A:i and B=x
dx

AB F1x) = x £) = ) + X )= (1484 ) 710

where 1 is the identity operator which multiplies a function by one.

So AB f(x) = BA f(x)

One way to characterize this property is to define what is called a commutator.

The commutator of A and Bis given by
[4,8]-A6-BA

and is denoted by two operators in square brackets.

If the operators commute then [A,é] =0. If the operators do not commute, [A,é] #0.

The commutator defines a new operator and to evaluate this operator one must operate on a function.

That is [A,Lﬂf(x)

Let me give you a simple example:

Let A= d and B=x?
dx

[AB]f0x)=ABf(x)-BAf(x)

() -5 L
. df(x)+2 Flx)— d];ix)
—2Xf( )
So [A,Iﬂf(x) =2xf(x)

Thus

[A,é] =2x

So we say that the operators A = di and B=x?do not commute.
X

It turns out that the commutator plays an important role in making measurements in quantum mechanical
systems, and has a direct relationship to the Heisenberg Uncertainty Principle. To fully understand the
connection between commutators and the measurement process, we need to introduce a theorem.
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THEOREM: If (Hermitian) operators A and écommute, they possess a common, complete set of eigenfunctions.

Proof: Consider A and Bsuch that [A,é} =0,

Start with By, =bo

If we operate on both sides with A we get:
ABo, = Abg,

Since A and Bcommute we also have:

ABp=BAp

i i

Consequently, we can write:
EAi(A(p, )=AI§¢),. =Ab,.(p, =b, (Aq),. )

This says that if @ is an eigenfunction of B with eigenvalues b, then the function A@ is also an eigenfunction

of B with eigenvalue b,.

If we assume that the eigenvalues of B are non-degenerate (no two the same), then b, determines in a unique
way the eigenfunction ?;- (Remember we showed that eigenfunctions of a Hermitian operator form an
orthonormal set. This means that eigenfunctions corresponding to different eigenvalues are orthogonal.) So then

if the function A @ also has an eigenvalue b,, it must be linearly dependent on ¢, that is

A(Di =ay;
This will be true for every eigenfunction, and hence it forms a complete set. The inverse is also true.

Let us now explore the implications of this. Recall Postulates 3 and 4. Postulate 3 said that upon making a

measurement of the quantity represented by A , the only possible results are the eigenvalues of A . Postulate 4
gave us a prescription for calculating average values:

(@)= [ v (A (x)dx

Recall what happens when the wave function /(x)happens to be one of the eigenfunctions of the operator
corresponding to the quantity that you measure.

Let us assume we are measuring the energy of a particle-in-a-box and the wave function is in an eigenfunction
of the particle-in-a-box Hamiltonian.

u/(x)wz(x):\ﬁ sin[Z_”Xj
a a

What happens when we measure the energy? We could calculate the average value

(E)= [ w0 (X)ex =E, [ (o () =,
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(We could have done this explicitly by substituting in the proper Hamiltonian and operating on the function)
If we calculate the variance in our measurement, we would find that the variance equals zero.
—— we would get E; every time we measured.
If the wave function is an eigenfunction of the operator you are measuring, then you know what the result will

be
——> the eigenvalue of that operator corresponding to the eigenfunction.

In this case, you do not need to take an average value. Just use the eigenvalue equation:

f:/WZ(X) =E,p,(x)

where
20

E =
8ma®

2

Now let us consider the implications of the theorem we just introduced. Suppose a system is in a wave function
that is an eigenfunction of an operator A.But now, instead of measuring the quantity corresponding to A you

measure a quantity which is represented by the operator B which commutes with A .

The theorem | just introduced says that if A and B commute, they have a common set of eigenfunctions. Thus,

when you measure I§, you know exactly what you will get: the eigenvalue of B that corresponds to that particular
eigenfunction. There is no need to calculate an average value here.

Let me give you a specific example of how the commutator of two operators affects the measurement process
in quantum mechanical systems.

Let us consider a particle which is fixed to move in a circular orbit of radius a. This problem is sometimes called
a particle-on-a-ring and represents the rotation of a molecule in two dimensions. | will give you this problem to

work out the details in your exercises.

The Hamiltonian operator for a particle constrained to move on a circle of radius a is given by:

2 2
o d
21 d&?
where I=md®

The eigenfunctions of A for this system are:

y(0)=——e"

NPT

and the energies are:

where n=0, +1, +2,....

(We could verify this simply by operating on the eigenfunction with the Hamiltonian.)
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Let us say the system is in an eigenfunction of the particle on a ring Hamiltonian corresponding to n=+3. The
wave function is then:

Y(0)=——e”

NPT

If we made a measurement of the energy we know exactly what we will get, Es.

Let us just show this.

2 2
po_rd
2! d&?
2 2 2
Ao =-TL 8L g O L g )

—_— e P —
21 d&* 2z 2l \2x
But instead of measuring energy, let us measure angular momentum.

By applying the prescription of postulate 2, we could easily determine that the angular momentum operator is

[——ind
do

We can also easily show that this operator commutes with the Hamiltonian for the particle on a ring, that is
[Ai]=0
[A,L]f(6)=(AL-LA)F(6)

" (d_zw_idzmj

"0\ d? 6 do d&

it (d116) d*f16)

2l d8? dg?
=0f(9)

So [/—“/,[] =0

Just as an aside, it is a general rule that the commutator of an operator with that operator raised to a power will
be zero.

That is [A,A”]:O
So we could have simply looked at the commutator and known it equals zero.

Since [/—“/,[]:0 , from the theorem we introduced, if the system is in a state that is an eigenfunction of the

angular momentum operator, L, it is also in an eigenfunction of the Hamiltonian, H . If we make a measurement
of the angular momentum, we know what we will get, the eigenvalue of L. However, if we make a measurement

of the energy, we also know exactly what we will get, the eigenvalue of A that corresponds to that eigenfunction.
There will be no uncertainty in repeated measurements, i.e. the variance is zero, because the system is in an
eigenfunction of that operator.
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That is AEAL=0

There is no uncertainty in the relative precision with which these two operators can be measured.

One can prove that there exists a direct relationship between the value of the commutator of two operators and
the relative precision with which the corresponding observable quantities can be measured. The prove goes as
follows.

Let us consider two observables A and B with average values,
<A>:Iy/*At//dz' and (B) :J-(//*él//dr

where y is any acceptable wavefunction.

Let us define AA:\/:E: [<(A—<A>)2> :,/<A2>—<A>2
and AB=\[o? = l<(B—<B>)2> ={(8%)~(8)’

We now introduce new Hermitian operators defined as:

A=A—(A) and B-5-(B)
From this follows that

(aay = () and (a8) =(?)

Define a linear (not Hermitian) operator,

@

E=A+id
with A being a real number, and its complex conjugate,

A

& =A-iB
We find that

(cc"\=((A+iB)(A~iB))=(A* + 2’8 ~iA(AB~BA)) = (A’ + 1'B* ~iA[ A,B])
Since <CC*>:IV/*CACA*l//dr:I(f*y/)*f*l//drzo and real

we have that
flA)= (A + 2’B” —iA[A,B])=(A")+2*(B7)—iA([A,B])=(AA) + A* (AB) —ii([A,B])>0

is real and non-negative and consequently <[A,B]> is purely imaginary.
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The function f(A) will have a minimum. We can find this minimum by setting

af(4)

- = =24(A8) -i([A,B])=0

giving A=

with which we find that

fumm>=(AA>2+[’<[A'B]>] <AB)2—i’fi;]z><[/\,s]>=(mz+1<[AIB1>Z .o

4 (a8

Consequently,

(AA) (ABY >— <[A B]) =- (jy/ [4,8] x//dr)

Using the expression before
As an example, consider the commutator [FA’X,)?} .

Let us calculate the value of this commutator. Remember the golden rule in evaluating commutators: You must
always operate on a function. You can do it other ways, but is very easy to make a mistake.

[/i,&]:[—ih%,x}

To evaluate:
[—m } Flx)= —ir{%x f(x)—xd]; i"’}
_ [ LR df(X)j
= —itf(x)
So, (B, %]=-in

If we now substitute this into our equation for the relative variance we get
2 2 1 . . 2
> —
(ap, ) (ax)’ 2= (Jv" =iy (xdx)
2
> —1(—ih)2 = L
4 4
By taking the square root of both sides we get

AP, Ax > h
2

which is known as the Heisenberg Uncertainty Principle.
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So the Heisenberg uncertainty principle relationship does not only hold for position and momentum, but it is a
more general rule that pertains to many other pairs of observables. It depends upon the value of their
commutator.

If the commutator of two operators is zero (i.e., if they commute), you can measure the observables that
correspond to those operators with infinite relative precision.

2.10 Postulate 6

| would like to finish our treatment of the formal postulates of Quantum Mechanics by continuing a little further
with our discussion of measurements in quantum mechanical systems. We often talk about quantum mechanical
systems like the particle-in-a-box or a particle-on-a-ring being in one particular state or another, but how does
the system get into that state initially (or, how does one know what state it is in to start)??

The answer is that the state of the system is determined by the measurement process itself. That is the state of
a system is determined by the last measurement on that system.

There is one more postulate of quantum mechanics that deals with this.

Postulate 6
Immediately after measuring the quantity corresponding to observable A and getting the result a,, the wave

function representing the state of the system becomes @, where Aq)n =a,@,. That is, it becomes an

eigenfunction of the operator A.
The system forgets where it was and finds itself in ¢,.

For example, consider the particle in a box. Let us say the original state W(r,t)looks something like this:

<
I
8
~
I
(=}
<
I
8

0 N
Although this is not one of the solutions to the time-independent Schrodinger equation for the particle-in-a-box,
it is a perfectly acceptable wave function. There is nothing to say that the wave function ¥ has to be an
eigenfunction of the particle-in-a-box Hamiltonian. In general it can be represented by a linear combination of
eigenfunctions. We can choose these eigenfunctions however we want, as long as it is a complete, orthonormal

set.
Let us choose to expand them in eigenfunctions of the particle-in-a-box Hamiltonian.

iE, iE,
Pix,t)=Yc, ¥, (xt)=> cw,(xe ”tzzcn\ﬁsin(n—ﬂxje "
n n n a

a

The exponential comes from the fact that we know the time dependence of the ¥, (x,t).

Now, let us say we make a measurement of the energy of the system. The energy we measure will be one of the
eigenvalues of the particle-in-a-box Hamiltonian (Postulate 3).
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The probability of obtaining a particular result, say E; for example, is given by

—iE,t +iEyt
— nocte o =|c |
P,=ce " -ce —|cz|

Let's say we make a measurement of the energy and get the result E.

Postulate 6 says that the wave function y becomes the particle-in-a- box ¥, . Our wave function now looks like
this:

The wavefunction of the system is than given by:

iE,

Pt =y, (xe "

Will the system remain in this state in subsequent measurements of the energy?

Inspection of the wavefunction learns us that:

—iEpt +iEgt
«

P=ce’ e’ =lg[ =1

and n#2

Thus, if we make a subsequent measurement of the energy on the same system, we know exactly what result
we will get — E;, since the system is in an eigenfunction of the Hamiltonian v,. According to postulate 6,
immediately after this measurement the system will be in an eigenfunction of the operator we measured

corresponding to the eigenvalue we obtained. That is: it remains in the same state that it was in before the
second measurement.

What if we subsequently measure a quantity whose operator commutes with the Hamiltonian?

If the operator commutes with the Hamiltonian, they have a common complete set of eigenfunctions. We know
exactly what result the measurement will give -- the eigenvalue of the operator we measure corresponding to
the eigenfunction that the state is in. After the measurement it stays in the same state, since it is put in an
eigenfunction of the operator we measure, and that function is also an eigenfunction of the operator we
originally measured.

What happens if we first measure the energy and then measure something whose operator does not commute
with the Hamiltonian?
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For example, we could measure the energy of a particle in a box and then measure its position.
Since [I:I, )?] #0 ,then x and A do not have a common set of eigenfunctions.

When we make a measurement of x, postulate 6 says that the system forgets where it was and finds itself in an
eigenfunction of the position operator. We haven't talked about what this function looks like, but it is not an

eigenfunction of A . Since this is not an eigenfunction of A, when we go back and measure the energy we are
not exactly sure what we will get. There will be some probability for getting any one of the energy eigenvalues.

Mathematically this can be simply demonstrated. Although the eigenfunctions of x are not eigenfunctions of A

, they can be written as a linear combination of A eigenfunctions:

i€, iE,
Xx,t)=>c, ¥, (x,t) =D cw,(xe " = chﬁsin[n—ﬂxje "
n n n a

a
One can then see that the probability of getting a particular result upon remeasuring the energy is:
2
P =lc,|

So we need not get the same result that we got last time we measured the energy. How could the system have
changed energy?? Through the interaction of the measurement!

This is a fairly hard concept to get a handle on, and it takes a little practice to get it right.

At the risk of making it a little more confusing, let me take this one step further in looking at the role of Postulate
6 on the measurement process.

Let us say we start with a particle in a box and have no idea of what state we are in. We then make a measurement
of the energy and find it in E;, the particle-in-a-box energy corresponding to n=2.

Now let us say that we measure the energy again. What will we get? E, again since the system is still in ¥/, as we
saw before.

Now let us measure the position. Since the wave function before the measurement is ¥,, we know what the
probability distribution is for finding the particle at a particular place. Let's say we find it at a/4.

Ten seconds later let's measure the position again. Where will we find it? Will it still be at a/4? Will it be
somewhere else with certainty? Or can it have a distribution of values?

The answer —— it will have a distribution of values!! The reason is that the wavefunction evolves in time
according to:

a

iE, iE,
_En, 2 15,
X(x,t)= zcn‘l’n(x,t) = chl//n (x)e * = zcn\ﬁsin[n—”x}e "t
n n n a

Now notice what happened. When we measured the energy twice in a row we got the same result. However
when we measured the position twice in a row we did not necessarily get the same result.

Why is this? Is there something special about measuring the energy?

The answer is yes!!
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Recall that according to Postulate 5 the wave function W(x,t) evolves in time according to the time dependent
Schrodinger equation. Using the method of separation of variables to separate the spatial and time dependent
parts we found that the part that just depends on position is given by:

Ay (x) = By (x)
Note that this is the time independent Schrédinger equation we use to determine the energy of the system.

The time dependent part of the wave function is given by:

iE

—t
flt)=e *
The total wave function is then

iE

¥(x,t)=pixe "
Remember we called solutions of this form STATIONARY STATE WAVE FUNCTIONS.

This is because the probability density is independent of time, and any average value will be independent of time
since any integral involving the product of the complex exponential and its complex conjugate will be
independent of time. We can therefore simply use the time independent solution to the Schrédinger equation
for calculating average quantities. But these solutions are simply the eigenfunctions of the Hamiltonian.

So any time the state of the system becomes one of the eigenfunctions of the Hamiltonian, the wave function
has the simple exponential time dependence. Since this state is already a steady state solution to the time
dependent Schrodinger equation, we know how it evolves in time--trivially (just a phase factor).

If we measure something which commutes with the Hamiltonian, we have the same situation.

But, if we measure something that does not commute with the Hamiltonian, then the state is changed to a
function that is not an eigenfunction of the Hamiltonian and hence will not be a stationary state solution.

Let us say you measure the position. Postulate 6 says that the state of the system becomes an eigenfunction of
the position operator. That will not also be an eigenfunction of the Hamiltonian, but can be written as a linear
combination of Hamiltonian eigenfunctions. The probability distribution will have a non-trivial time dependence.
(REMEMBER that we did an example in class in which we formed a wave function as a superposition of two wave
functions and showed that the time dependence didn't drop out).

The time evolution of the eigenfunctions of the position operator is displayed graphically below:

The exact form of the time evolution of the wave function is given by Postulate 5: The time dependent
Schrodinger Equation.
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But if you subsequently measure the energy or any quantity whose operator commutes with the Hamiltonian,
the wave function goes back to the simple complex exponential time dependence (and hence probability
distribution stops evolving in time).

Example: Consider the particle on aring.
1. First we measure the energy and get E;. Next, we measure the angular momentum. What will we get?
A distribution of values or just a single result? Why? What was the wave function before we measured?
What was it afterward?

2. Now measure the energy again. What will we get?

3.  Now measure the angular momentum again. What will we get this time? (What is the wavefunction
after each measurement?)

4. Now we measure the angular position and get some angle 6, . If we measure it again will we get the
same result, why?

5. Now we measure the energy again. What will we get? One result or a distribution?

Now that | have finished my introduction of the postulates of quantum mechanics and you have some idea of
the basic principles, we will begin to look at the time independent Schrédinger equation for systems that are
relevant to chemistry. We will start with 1-dimensional problems and then go to increasingly more complex
systems. Along the way | will introduce a number of new concepts that will allow us to go to the next level of
complexity.

Our focus will be on determining the eigenvalues and eigenfunctions for chemically relevant systems.
The principles that we have discussed thus far regarding measurements and time dependence in quantum

mechanics are independent of the specific systems that we discuss—they hold for all quantum mechanical
systems.
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3 The Harmonic Oscillator

What we have been doing over the last few weeks has been somewhat abstract and at times seemed far removed
from chemistry, although as you will see throughout the year, it will be quite relevant.

Today | would like to begin a discussion of a problem in quantum mechanics that has clear and important practical
implications in chemistry: the harmonic oscillator.

Its importance is derived from the fact that to a good approximation, vibrational motions of molecules can be
modeled as harmonic oscillators. As we will see more clearly later in the course, transitions between vibrational
energy levels of molecules (i.e., the eigenstates of the Hamiltonian for vibrational motion) lead to absorption of
light in the infrared region of the spectrum. The manner in which a molecule absorbs infrared light is a fingerprint
of that molecule and hence a valuable tool for molecular identification. Moreover, properties such as heat
capacities and chemical reaction rates are strongly linked to a molecules vibrational motion. Thus, a good place
to begin to understand molecular vibrations is the harmonic oscillator problem.

The energy levels of a diatomic molecule are very closely predicted by solving the quantum mechanics of a
harmonic oscillator, and while those of polyatomic molecules may seem quite a bit more complicated, to first
order they can be considered as a superposition of harmonic oscillator energy levels. So the principles we will
learn here will be applicable not only to diatomics but to polyatomics as well.

Brief outline of what we will do:

1. After defining what we mean by a harmonic oscillator, we will treat the problem using classical
mechanics.

2. We will then introduce the solutions of the time-independent Schrddinger equation for a harmonic
oscillator and look at the nature and properties of the eigenvalues and eigenfunctions. Here we will
introduce a few new concepts that | did not mention in our previous simple models.

3.  We will then go back and work through the mathematics required to arrive at the solution. The form of

the Schrédinger equation is more difficult than those we have already solved, and we will have to
introduce some new mathematical approaches to solve it.

3.1 Classical Harmonic Oscillator

Let us begin by defining what we mean by a harmonic oscillator.

As depicted below, consider a mass connected to a wall by a spring. The only force on the mass is from the spring.
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As you would expect, the force on the mass will be some function of the displacement of the spring from its
equilibrium value.

Let the displacement of the spring from its equilibrium value be denoted by x so that x = z - lo. The harmonic
approximation states that the force on the mass is simply proportional to the displacement from the equilibrium
position, that is

F=—k(z—1))=—kx
This is a statement that the spring obeys Hooke's Law.
The negative sign indicates that the force acts to restore the mass to its equilibrium position. If we define positive
z as the downward direction, then when z is greater than /, the force is negative; that is, it acts in the upward
direction restoring the mass to its equilibrium position. If z<ly, the force is positive and pushes the mass down.
The proportionality constant k represents the stiffness of the spring. A very high value of k would represent a
stiff spring, which would require a large force to compress or extend, and a low value of k represents a loose,

floppy spring, which is easy to compress or extend.

To solve the classical problem, we start with Newton's second law, F=ma .

F=ma= md;z( )_ —k(z(t)-1,)

tZ

We have simply set the mass times the acceleration equal to the Hooke's Law force.

Using x(t)=2z(t) -1,
2 2
We find that d zgt) = d Xit)
dt dt
2
so mdLEt) =—kx(t)
2
I, K =0
dt m

This is a linear second order differential equation with constant coefficients.

Let us guess a solution of the form:
x(t)=e*

Substituting this into the differential equation:
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Let's set

w= \/z so x(t) = ce™
m

The most general solution is

X = C1e+iwr + Cze—iwt
Remember we showed earlier in the course that using Euler's formula we could write this
x(t) = Acos(wt) + Bsin(at)

where A and B are just combinations of ¢; and c;.

We can evaluate the constants A and B by considering the initial conditions (i.e. the conditions at t=0). Suppose
we stretch the spring to a length zo so that its initial displacement is x, =z, —/,and then let it go.

x(t=0)=x, =Acos(0)+Bsin(0) = A=x,

Thus
x(t) = x, cos(at) + Bsin(axt)

The initial velocity is zero since we start at rest. The velocity is just given by

v(t)= d;it) = —x,wsin(wt) + Bocos(wt)
so
v(t =0)=0=—x,wsin(0)+Bwcos(0) = B=0
Thus
x(t) = x, cos(at)
k . .
where o=,— from the boundary conditions given above.
m

If we plot the displacement from equilibrium x(t) versus t it looks like the following:

AAR

t=271/®

Xo

“Xo |-

The displacement of the mass oscillates between xo and -xo with a frequency of ® radians/sec or /27 cycles/sec.
Let us look at the potential, kinetic, and total energy of the harmonic oscillator.

Remember the force is given by:
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F =—kx
From classical mechanics, we know that a force can be expressed as a derivative of the potential energy

_dU(x)

Flx) = dx

where U(x) is the potential.

We can therefore express U(x) as:
Ulx) =—[ Flx)dx
:jkxdx
= lkx2 +c
2

The integration constant here is arbitrary and can be used to fix the absolute zero of energy. This is usually taken
to be zero when x = 0.

Therefore the potential energy of a harmonic oscillator is
k ,
U(x)=—x
(x) 5
or, as a function of time:
_k 2 2
u(t)= EXO cos” (wt)

The kinetic energy can be given by

dt 2 dt
Using x(t) = x, cos(ait)
gives ﬂ =—wx, sin(wt)
dt °
So we get K(t) = %ma)zxg sin’*(wt)

We can plot both the potential energy and kinetic energy:

U KE Total Energy =KE + U

Energy

Time
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The fact that the system starts with all potential energy and no kinetic energy comes from our choice of initial
conditions (we said that we would stretch the string holding it still and then let go.)

You can see that the potential and kinetic energy are 180° out of phase. The energy transfers back and forth
between being all kinetic energy and no potential and then all potential energy and no kinetic. Where the energy
starts is determined by the initial conditions.

Note that when the energy is all potential, the spring is at one of its turning points: the mass is turning around
and going the other way. When the energy is all kinetic is when the mass passes through its equilibrium
configuration.

You can see that because of the phase difference, the total energy remains constant, that is total energy is
conserved. The system is called a conservative system. This will be the case whenever the force can be written as
a derivative of the potential. (Cases that do not fall into this category are those that have forces like frictional or

viscous forces.)

To show quantitatively that the energy of a classical harmonic oscillator remains constant, we need only sum our
expressions for U and K.

E(t)=U(t)+K(t) = gxs cos’(wt) + %mwzxg sin’(wt)

Remembering that

we can write

kxg 2 .
E(t):T[cos (wt) +sin (a)t)}

So the total energy is a constant and is equal to the potential energy at its turning point.

We now want to make the Harmonic Oscillator problem look more like a diatomic molecule; not just a mass
attached to a wall.
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Consider two masses connected by a spring. We now get two equations of motion, one for each mass.

dzzl(t)_ B B
k(w0 -2,(0-1,)
m, d;ztzz(t) = —k(z,(t)-2(t)-1,)

Notice the sign convention:
z,(t)—z,(t)>1, the springis stretched
z,(t)—z,(t)<l, the spring is compressed

Note that the force on each mass is in the direction to restore it to the equilibrium position. Notice also that the
force on mass 1 is equal and opposite from the force on mass 2. This must be so (Newton's third law)

This means that

d’z,(t) d’z,(t)
m +m =0
vodt? I

Or

dZ
F(mlzl(t) +m,z,(t))=0

Let us introduce what is called the center-of mass-coordinate.

_mz (t)+m,z,(t)

Z(t) v

where M=m, +m,

We can then write the equation above as:

MdZZ(t) _

dt? 0

This means that the acceleration of the particle as a whole equals zero. (Remember we said that the force was
due only to the spring). Thus, the whole system moves through space at constant velocity (no acceleration).

The motion of the two mass system must depend only on the relative separation of the two masses, z, where
2(t) =z,(t) - z,(¢t)
We can take our original differential equations, divide them by their relative masses, and subtract them

d’z,(t) B d’z,(t) _ k

k
(zz(t)—zl(t)—lo)—;(zz(t)—zl(t)—lo)

dt’ dt’ X )
d? 1 1
W(z2 (t)-2z,(t) = —k(—l +;2](zz(t) -z,(t)-1,)

Using the definition of a reduced mass,
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_+ —_—
m,m, m,m, H
we can write this as
2
d zit) _ —ﬁ(z(t) —1, )
dt Y7

If we now let
x(t)=z(t)—1,
we finally arrive at:

d’x(t)
7,

dt?

+kx(t)=0

This is an important result. This result is the same as the mass attached to a wall, but the mass is replaced by the
reduced mass u. You can see that if my or my — oo then u — m, or m; and the equation would be the same as
before.

The fact that m — p means that the frequency will now be

In general, if the potential only depends upon relative coordinates, then we can separate off the center of mass
motion and reduce the two-body problem to a one body problem with mass equal to u. We will therefore use u
in the rest of our discussion.

Before we go on to discuss the quantum mechanical harmonic oscillator problem, it is important to consider how
good such a harmonic oscillator ball and spring model is for a vibrating diatomic molecule. Below is a typical
internuclear potential for a diatomic molecule. At small internuclear separation, the potential rises sharply. This
is due to the repulsion of the positively charged nuclei. The well is due to the balance between the nuclear
repulsion and the attraction between nuclei and electrons. The flattened out part at large internuclear distance
z indicates that as a bond is stretched, the restoring force is no longer linear because the chemical bond begins
to break. The asymptotic energy is the bond dissociation energy.

We can superimpose a harmonic potential on this typical internuclear potential curve:

/ Repulsion of nuclei

Realistic diatomic potential

Uz)

Attraction between nuclei and
electrons

S

Harmonic potential
U(z)=1kx*
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You can see that in some sense it is rather unrealistic to model this potential by a harmonic oscillator in that it
takes an infinite amount of energy to break the bond (i.e. go to an infinite internuclear separation). However,
the shape of the well near the bottom does a very good job of fitting the real potential, and as we will see when
we solve the quantum mechanics of this problem, most of the energy levels that one observes experimentally
are in the part of the well which is fit well by a harmonic potential.

So the harmonic oscillator approximation is good for small amplitude vibrations where Hooke's Law holds (i.e.,
those near the bottom of the well).

To put this into more mathematical terms, we could write our real potential function as a Taylor series in z about
the equilibrium position, /o.

_ du(2) L L dul) e, 1 du) Rt
U(z)_U(l0)+( . Lﬂ(z /0)+2![ l/u(z l) ++ [ e lln(z ly) +...

dz? 31l dz

The first term determines the absolute energy at the bottom of the well. This is not very important since we
usually look at the difference in energy between two levels. We will therefore set it to zero.

The second term is the slope of the curve (first derivative), and by definition, this must vanish near the bottom
of the well.

If we let

2 3
d UEZ) i and d ng) _
dZ 2=l dz z=l,

1 1
U(z):Ek(z—IU)Z +g7(Z—/u)3 +ou

we can write

or

1 1
Ux)==kx*> +=yx* +...
(x) 5 reé

where x=z-1,.
If the displacement from equilibrium is small, x is small and we can neglect the x* term.

We are then left with
U(x) = 1kx2
2

which is the potential for the Harmonic Oscillator.

This shows that the Harmonic Oscillator should be a good approximation for small amplitude vibrations. One can
make corrections to account for "anharmonic" terms later.

It is important to realize what the meaning of k in this expression is, i.e. it is related to the curvature of the
potential well at the minimum.

3.2 Quantum Mechanical Harmonic Oscillator Problem

Remember | said that | would introduce the solutions to the problem first and look at their physical significance.
In doing so, | will introduce a few new concepts that we have not seen before. After having looked at the

70



3 THE HARMONIC OSCILLATOR

solutions, we will go back and work through the mathematics required to arrive at the solution. The form of the
Schrodinger equation is more difficult, and we will need some new mathematical tools to solve it.

Even though we will not solve the problem right now, let us write down the Schrédinger equation.
Ay (x) = Ep/(x)

1 d'w(x)
2u dx’

+ Uy (x) = Ey/(x)

Recall that u is the reduced mass and using it allows us to reduce a two-body problem to that of single body of
mass U.

We can put in

1
U(x) ==kx?
(x) 5

and rearrange to get

d’w(x) 2 1
%ﬁ)-i_h_f(t- —Ekxzjl//(x) =0

This differential equation is more difficult to solve than those we have done previously in that it does not have
constant coefficients. There is no "simple" way to solve it. We will present the results first and then go back and

solve this differential equation.

It turns out that you only get well-behaved finite solutions if the energy is quantized. We will see shortly that this
guantization of energy occurs when applying the boundary conditions.

The result for the energy is:

En:h\/z(n+§)
Y7

=ho(n+3)=hv(n+3) n=0,1,2,3,...
k 1 |k
where o= [— and v=— |—
yr 27\ p

Note that v (or w) is the classical expression for the frequency of the harmonic oscillator.

| will superimpose these energy levels on the potential energy curve:
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There are several important things to note about the harmonic oscillator energy levels:

1)

2)

The energy levels are equally spaced, in integral units of the classical frequency.

Think about what this means. The classical frequency is related to the force constant k

1 [k

2z '\ 1

Remember that k is related to the width of the potential (which is a parabola).
1
U(x)==kx*
(x) 5

Larger k means stiffer spring (i.e. the energy rises faster with x the higher k is). So a stiffer spring
(narrower parabola) means that the energy levels are spaced more widely. Conversely, a smaller k
means a floppier spring (wider parabola) and more closely space energy levels.

The harmonic oscillator potential occupies a unique position among simple one-dimensional potentials
in that the energy levels are spaced evenly. Any potential that has more curvature than the harmonic
oscillator potential will have levels which increase in spacing as you go higher in energy. A good example
is the particle in a box whose levels increase as n?. Any potential which has less curvature than the
harmonic oscillator potential will have more closely spaced levels. As we will see, the hydrogen atom
potential has negative curvature and hence has energy levels that get closer together as you go up in
energy.

The second point to notice is that even when the quantum number n=0, there is still energy in the
amount of >hv .

This is called zero point energy. Its existence is highly NON-CLASSICAL. It implies that if you were to cool
a system down to absolute zero and every molecule were in its lowest energy state, there would still be
some energy in the oscillator.

If there were not zero point energy, the system would violate the Heisenberg Uncertainty Principle. If
the energy were identically zero then the kinetic energy would be zero and hence the momentum would
be zero, p, =0. The particle would be at the bottom of the well with no motion, so x = 0. This violates

the Heisenberg uncertainty principle, since you would know both p, and x precisely.

Another way to look at it is that the total energy of the oscillator can be written:

2
1
E=Pe i Zpe

2m 2

To have zero energy requires both p, and x to be zero (or their expectation values to be zero). This
would violate the Heisenberg Uncertainty Principle.

We have looked at the eigenvalues of the Harmonic Oscillator Hamiltonian (i.e. the energies of the stationary
states). Now let us look at the eigenfunctions. The eigenfunctions corresponding to the eigenvalues £, are non-

degenerate and are given by

v, (X)=N_H, ((Jz%x)e%“”2

72



3 THE HARMONIC OSCILLATOR

where

ku

(Z:h—z

The normalization constant N_ is

and the H, (OZ%X) are polynomials called Hermite polynomials

These polynomials are defined by the following equation or generating function:

H (&)= (1)e” e

d&”

where &= aix
You can verify for yourselves that the first few Hermite polynomials are
Hy(£)=1
H,(&)=2¢
H,(£)=4¢&" -2
Hy(§) =8¢ 124
H,(£)=16& — 4887 +12

Although we have not solved the Schrodinger equation for the Harmonic Oscillator yet, we can show that they
are solutions to the differential equation.

Recall that the Schrédinger equation is:

WA L
2u dx* 2

kxy (x) = Ey(x)

Let us show that y/, satisfies this equation:
E
1 1oy a4 1,2
l//o(X):NoHo(a;X)e i :(_j e i
T

We need to differentiate it an plug it back into the differential equation.

1

2481 ()

1
dzl//o (X) _ [Zj‘l (azxze—%axz _ae—%axz )

dx’ 7
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Substituting y, and its second derivative back into the differential equation we get

Realizing that

kut
ara
this gives:
1 ) 1 1 1
h k 4 10 h k 4 gy 1 4 gy 4 g
5 [aj Z +—1/—ﬁ‘(gJ Z —kxz[aj e :50(3] e
2u V4 2uN i\ V4 V4
Rearing gives:
1 1
E 5(2)4 ei%axz — EO (2)4 e%axz
2\ u\rm V4
Taking the definition of
k
w= |—
Y7
one finds:

1 (24 4 Lo o 4 12
—ho|—| e* =E|—| e
2 T T

Hence we have shown that y,(x) is an eigenfunction of the Hamiltonian and that the corresponding eigenvalue
is:

1
E =—ho
2

0

The solutions to the Schrédinger equation give the following picture for a vibrating diatomic molecule. Note that
x is the displacement from equilibrium.

3hy
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There are several important things to notice about these eigenfunctions and related probability distributions:
1. They are qualitatively similar to the particle in the box.

e Simple oscillatory functions. The number of nodes increases with energy.

e Note that it will always be true that the lowest energy wavefunction will have no nodes, the
next wavefunction will have one, etc.

e Also note that here the lowest wavefunction is i, and not y, like in the particle in a box. This
results from the different boundary conditions.

e Inthe particle-in-a-box wavefunctions there are n-1 nodes. Here there are n nodes.

2. The even numbered wave functions are even functions about x=0 and the odd numbered functions are
odd about x=0.
even function: f(—x) = f(x)
odd function: f(-x)=—f(x)

3. There exists a finite probability for the quantum mechanical oscillator to exist outside the classical
boundary. Recall that the particle-in-a-box wave functions went identically to zero at the boundary, but
this was because the potential went to infinity. This penetration into the classically forbidden region is
called tunneling and we will elaborate on it in just a moment.

The probability distribution for y, of the harmonic oscillator is in stark contrast to the classical result.
Classically the oscillator spends most of its time at the turning points. However, as n gets higher, the
probability distribution begins to build up at the turning point and approaches the classical result. This
is an example of the Bohr Correspondence Principle, that in the limit of high quantum number, the
guantum mechanical result approaches the classical result.

2
Wl

Classical
result

3
[

I would like to digress briefly and discuss even and odd functions.

An even function is one in which f(—x)= f(x) and therefore for an even function:

]i f(x)dx = 2]Z fx)dx
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An odd function is one in which f(—x)=—f(x) and therefore for an odd function:
j F(x)dx =0

Since the positive contribution to the area at x>0 exactly cancels the negative contribution at x<0, see the figure
below.
y y

N oA

(a) (b)

Even function Odd function

Examples of even and odd functions:

f(x)=cos(x) Even
f(x)=sin(x) Odd
fix)=x Odd
flx)= e Even
flx)=e™ Neither

Not all functions are even or odd. Many have no symmetry about x=0.

Note: (even) (even) - even function
(odd) (odd) - even function
(even) (odd) - odd function

Example: X sin(x) - even function
(odd) (odd)

proof: f(x) = xsin(x)

f(=x) = (=x)sin(—x) = —x(—sin(x)) = xsin(x) = f(x)

The Hermite polynomials are even and odd functions, and this greatly simplifies doing integrations.

Lo . . . .
Note that the exponential part of the wavefunction, e** is even, so the harmonic oscillator wavefunctions
reflect the evenness or oddness of the Hermite polynomial. As we noted before, the Hermite polynomials are
either even or odd functions.
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H,(&)=1 Even
Hi(6)=2¢ 0dd
H,(&)=4¢% -2 Even
H (&) =8&% —12¢ odd

In general: n =even - H, is even
n =odd - H, is odd

This property will help us greatly in evaluating integrals. For example, integrals of the type
(x)= J. v, (X)xy, (x)dx =0

We do not need to explicitly do the integral in this case because if i, is even or odd, the integrand will be odd

and the integral equals zero.

The even/odd behavior of the harmonic oscillator wavefunctions can help us to verify that they are orthogonal
to one another.

Example: Prove that y, and y, are orthogonal to one another.

1.2 1.2

W, (x)=Nye 2 v, (x)=N, (Za%x)eigax

© 0 1 5 7100(2
Il//o (), (x)dx = N,N, .[ e? (a’x)e? dx

=2N,N, &’ j xe ™ dx=0

-0

since the integrand is odd.

Note: this general rule cannot be used to evaluate integrals of the type

-[ Vi (X)l//”z (X)dX = anNnZ J. Hnl (X)an (X)eiw(2 dx

—0

where Hp1 and H,,; are both even. One must calculate the integral in this case.

3.3 Tunneling Effects

| would now like to make a brief digression into an aspect of the harmonic oscillator wave functions that |
mentioned earlier. Recall that when we looked at the Harmonic oscillator wavefunctions we observed that there
was a finite amplitude outside the classical potential, that is in a classically forbidden region. This corresponds to
the particle having a finite probability of being in a classically forbidden region. This phenomenon is called
tunneling.
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It arises from the fact that a quantum mechanical particle is a wave and does not respond like a particle to a
potential barrier. | would like to make a brief digression to consider tunneling a little further.

Recall the Schrédinger equation for the particle-in-a-box:

&y
2m dx’

=Ey(x)

n d'y(x)
2m dx?

+Ey(x)=0

d*w(x) 2mE
dl/)/<2 Fop v=0

The solution to this is a function which when differentiated twice must be multiplied by a negative constant to
fulfill this equation. Recall that the general solutions are complex exponentials, i.e.

. 2mE .
w(x)=e" where a= e (note that o is real)
We then converted the complex exponentials to sines and cosines using Euler's formula.

Then we applied the boundary conditions that (0)=0 and /(a) = 0 since the potential was infinite in the region

outside the box. Remember it was in applying the boundary conditions that the energy quantization was
required.

Consider now the following potential:

=0 x=a

In any one-dimensional potential like this where the potential abruptly changes from one region to another, one
simply solves the Schrédinger equation separately in each region since the potential (and hence the Hamiltonian)
is different in each region. One then has to require that the wavefunction from each region matches up smoothly
at the boundaries and that there are no kinks in the wave function (i.e. the slopes match up as well)

Let us look at the wave function in region | when the energy is less than V.

I dyix)
2m  dx?

+Vyy (x) = Ep(x)

d’y(x) . 2m(E -V,)

x)=0
e 7 w(x)

Since E<Vy, the second term will always be negative. The solution to this equation is therefore
2m(V, —E
w(x)=e™ where k=, {% (k will always be real)
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Recall that before we got complex exponentials which are sines and cosines. Now we get real exponentials. Let
us match up the wave functions inside the box and outside in the case where the walls are finite.

We will specify the region number as a subscript of the k in the exponent, realizing that in a region where E<V,

[Zm(V —E)
k =k, = h—oz

whereas in region Il where V = 0 we have y(x)=e

ik, x

2mE
k, = 2
h
In all cases, k is real.
Soin regions | - lll the solutions are

+kx

w,(x)=ce™ +ce
v, (X) — Caefik,,x + CAEHk“X
Vi (X) — CSE’k///X 4 Cee”‘///"

Consider region | for a moment. As x — —oo, for this function to remain finite, ¢;=0.

Thus w,(x)=c,e"

Similarly in region IlI, to keep the wavefunction finite as x — oo, cg = 0.

Thus,

—kinx

v (X)=ce

Let us then qualitatively look at the total wavefunction and see how it matches up at the boundaries.

Classically, a particle in such a well would simply undergo elastic collisions with the wall. If the energy is less that
the barrier Vo, there is zero probability of finding the particle outside the well.

Quantum mechanically, however, one way to view the situation is that the particle penetrates into the wall
somewhat (although it is not precise to talk about trajectories of quantum mechanical particles.)

Consider now the following potential.
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V=0

Consider a particle with energy less than Vo. In the right hand region, the solutions are sines and cosines. In the
well, they are sines and cosines. In the classically forbidden regions, the wavefunction will be real exponentials.

A wave function for a particle initially trapped in this potential well will decay exponentially into the barrier but
still be finite when it comes out the other side. So although the particle does not have enough energy to get over
the barrier, it can tunnel through the barrier and the probability can leak out.

To make this a bit closer to our experience, if tunneling were to occur on a macroscopic scale, one would see the
following. If you roll a ball up a hill but do not give it enough energy to reach the crest of the hill and go down
the other side, tunneling would correspond to the ball suddenly disappearing from the side you rolled it up and
reappearing on the other side of the crest, even though it did not have enough energy to get over the crest.

The probability of tunneling depends on the mass of the particle and the height and shape of the barrier, thus
one does not observe it for macroscopic objects. (Although the probability is finite, for all practical purposes it is
zero)

It turns out that tunneling phenomena are prevalent in many areas of physics, chemistry and biology. In biological
molecules, since electrons are so light, electron transfer among proteins or photosynthetically related
compounds involves electron tunneling.

A relatively recent experimental technique is called a tunneling electron microscope. It relies upon electron
tunneling to map out the wave functions of atoms on a surface.

A famous example in chemistry is that of the ammonia molecule. Ammonia can undergo an inversion process

illustrated in the figure below. At energies below the barrier, it can transform from one side to the other by
tunneling.

¢

Tunneling is strictly a consequence of the wave nature of the particle.

We assumed that the potential of a diatomic molecule can be approximated by an harmonic oscillator. This
implies that the deviation from the equilibrium distance has to be small. In contrast to the classical case, the
guantum mechanical Harmonic oscillator does not have a well-defined vibrational amplitude because of
tunneling (the wave function decays exponentially) making it difficult to validate the approximation.
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However, one can use the variance or better the standard deviation as a measure. Remember that <x> =0 due

to symmetry, so we only have to calculate <X2> . We therefore have:

Let us calculate {(x%) for ¥,

1

o 4 —ax®
We have l//O(X):[—j e?
V4

in which case
L
_ g 2 —ax®
<x2>—[7[J :sze dx

From integral tables:

© i 1 o
sze’“” dx = —[zj
° 4a\a

1
a E T *axz — 1
<x2>:2[;j !xze dx-—2a

Thus

Consequently,

It turns out that this root mean square displacement is small compared to the equilibrium bond length. It is
typically on the order of 5% of the bond length.

3.4 Molecular Absorption of Infrared Radiation

For a harmonic oscillator potential | had stated earlier that

E . =h £(n+1)=hv(n+l) n=0,1,2,3,...
)7 2 2

In absorbing a photon to make a transition from one harmonic oscillator energy level to another, one can show
that there is a selection rule in that An = +1.

Consequently, the transition will occur at a photon energy given by

k
AE=E  —E =h |—=ho=hv for all n.

7

Please note that infrared absorption occurs when the light is "on resonance" with the classical oscillator
frequency.
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Because the levels are equally spaced, transitions between any pair of levels will coincide. In general at room
temperature one observes only one vibrational transition, An=+1 originating in n=0 because most molecules are
in n=0.

Thus if we make a measurement of the absorption frequency we can find k and hence the potential curve since

we know how to calculate u from the masses of the atoms. In this way we are able to learn something about the
binding between the two atoms in the molecule.

3.5 Solution to the Schrodinger Equation for the Harmonic Oscillator

Recall that the potential energy of the harmonic oscillator is
1
U(x) = =kx*
2

The Schrddinger Equation is then

R dy(x)
2u dx’

+ %kle//(x) =Ep(x)

Let us multiply through by —zh—él and rearrange to get

d*w(x) (2uE uk
o\

xzjy/(x) =0

Let us now make the following substitutions:

A= Z;ZE and o’ :—I;l'il
We are left with
dz‘//(x) 2.2
——+(A-a’x x)=0
o ( Jw(x)

Let's make one more substitution:

E=a’x
And hence
d 1 d d d
d_14d or 4 _Jzl
dé o dx X dé
And thus
d* d*
2 g
dx? d&
We now have
&) (A .
— | —= =0 Eqgn. |
4 - & wl(é) q
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This equation still does not have constant coefficients. One way to simplify this equation somewhat is to consider
the behavior of the differential equation as &—o0. This will give us the restrictions on  when &is large.

For large &, & >> Mo thus

d’y(g)

ae E'y(&)=0 Eqn. Il

We want our solutions /(&) to approach the solutions of this equation at large values of £. The solution to Egn.
Il'is not simple either, since the coefficient of y is not constant. If we were to try a solution to Eqn. Il of the form

l,z/(g‘)=eﬁf2 one can show that in the limit of large &, =1 1/2 gives a function that has the correct limiting

behavior.

We can show this by substituting /(&) =e” into Egn. Il to get
2B +4p e — e =0

or

[£(48° -1)+2B e =0

Because ¢ is large we can ignore the second term in the brackets and see that =+ 1/2 does give us a solution
to Eqgn. II. It is therefore a valid solution to Eqn. 1 in the limit of large & You could easily verify this.

However, note that for f=+1/2, w(&) blows up, and this is unacceptable for a wave function. Thus, we will look
1.
—=¢

for solutions to the original equation (Egn. 1), with limiting behavior (&) —>e 2 as& —oo. This is a type of

boundary condition in a sense, and as we will soon see, application of the boundary condition leads to
guantization of the energy.

We will therefore try a solution to the Schrodinger Equation (Eqgn. 1) of the form

w(E) =HEe T

where H(¢)is a function to be determined. We must impose the requirement on H(&) that it falls off quickly
enough at large ¢ so that the exponential term dominates at large £and thus gives i the right limiting behavior.
We must take the second derivative of (&) substitute it back into the differential equation and get an equation
for the functions H(&) .

For the first derivative we have

dy (&) =8 dH(E) 52
_d§ =—¢H(E)e +_d§ e

For the second:

PYE) a3 LAHE) S af dPHE) 5 LdHIE) e
Gp MG g Ee T wSH e T e T e
_[GHE) _,dHE) e 1a
—( 2 g +[¢ 1]H(§)Je
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Putting this into our differential equation

dcy@) (A . _
e +(a 5}//(5)—0

gives

[d HE) 5 @HE) o g .»;)jefz {g B (SZJH( I

d& dé
LHE) ,dHE) [ 4 5
( a0 2 . {a 1}/4(5)} 0

The exponential term does not equal zero, thus

FHE) M) |
a2 ar {a }H(”Z)‘

Solving this differential equation is then equivalent to solving the original equation since we can find y/(x) from
H(¢&) . There are no approximations here.

This equation still does not have constant coefficients; however this differential equation has been studied in
detail long before the development of quantum mechanics and is known as Hermite's differential equation. It
arises in problems of scattering light of various types of geometrical surfaces.

The standard technique for solving this equation is the so-called series method or power series solution.

In the series method, we assume H(&) can be written as a power series

H(E)=a, +a,&+0,E" +a,E +a,E8 +...

dg—f) =a, +20,E +30,E° +40,E +
d’H(¢)
oz =1-2a,+2-3a,£ +3-4a,E° +.

We now substitute the series for H(&) and its derivatives back into the differential equation and collect terms
with like powers of ¢&:

{1-202 +(£—ljao}+{2~3a3 +(i—1—2~1jal}§+{3-4a4 +(£—1—2.2]az}§2 j{4.5as +(i_1_2.3ja3}§3 +..
o o o o

For this series to vanish for all values of &, each of the coefficients must vanish separately

1-2a, +(i—lja =0

2~303+[——1—2~1j =0

34a+/1 1- 22)02 0
a

4-5a, +(/1—1 2 3)03
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orin general

(n+2)(n+1)an+2+[i—1—2njan:0 n=0,1,2,3,...
a

We can rearrange this to get

2 1) (n+2)

This type of formula is called a recursion formula. It gives one coefficient in the series expansion of H(&) in terms
of a previous coefficient. This is a two-term recursion formula in that it skips by 2.

Thus, if one chooses two arbitrary constants, ap and a; then the recursion formula gives two independent sets of
coefficients

H,. =0, +a,E +a,E8 +...

even

3 5
H,=aé+a, +a,l +...
Recall that the Harmonic oscillator solutions are either odd functions or even functions. This is where this
property arises in this system.
We can use the recursion relation to solve for all the even a's in terms of ao and all the odd a's in terms of a;.

Thus there are two unknown constants (as you would expect for a second order differential equation). The first
few of these relations are (for the even terms):

a N i—1 a
o 12\a °

a, :—i(i—l—Z-Zjaz :i[i—lj(i—l—z-zjao
3.4\ «a 4N\ a a

and for the odd terms:

1 (A
a,=————-1-2-11q,
23\«

a =—i[i—1—2-3ja3 =1(i—1—2-1j(i—1—2~3ja1
4.5\ a SNa a

Now, as | mentioned before, we need to require H(S) to converge at large Ssufficiently rapidly that the
1

exponential part of the wave function, e > , will dominate. We must make the power series fit the boundary

condition y(§)—>0as & >,

To do this, we need to look at the relative size of successive coefficients, a, at large n.

From the recursion relation:

Lim =—=

an+2 zn g
now g n n

For large n, an+2 << an . This better be true if the series is to converge. But, does this converge fast enough to
satisfy the boundary conditions?
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To determine this, let us look at a function that we know blows up at large £. We can compare the rate of
convergence with our power series.

n §n+2

!+(g+1)!

r

2
e* =1+ 4.+ ..

N[

=1+E +.+bE"+b, ,E™ 4.

For large n we find

lm2_ 2l ___1 2
e b (2+1)0 (2+1) n

So you can see that our power series in has the same asymptotic behavior as e’

1.,

1
If Lim H(E) = e then LimH(ge T =e”

Eom

This will not satisfy the boundary condition. We therefore must terminate the series after a certain number of
terms so that we have a polynomial of finite length as a solution rather than a power series.

Recall that our recursion relation is

e

2 e 1)(n+2) "

You can see that if we let

(i—l—ZnJ:O
(04

A
—=2n+1
a

And thus

This will make an+; be the first zero term and hence all the subsequent a's will be zero. It breaks off the series
after n terms. Thus, we will get an entire set of polynomials that have an increasing number of terms as the
integer n increases. This will insure that the function H(£) converges rapidly enough to satisfy the boundary

conditions.

Remember that A is related to the energy. Thus, to make the solution satisfy the boundary conditions, we have
guantized the energy levels. We have seen this same principle in solving the Schrédinger equation for other
simple 1-dimensional potentials. Here, the quantization comes in making the series converge.

Note that if n is even, the odd terms will not go to zero. However, since we have only even or odd solutions, this
is ok.

Let us now look at the energy levels:
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2uE
2
AR _opia
a |u
n”
This yields
E =h 5 (n + l)
i 2
= hvclassr‘cal (n + lj
2
1 |k
Where l/classical Y
2\ 1

The wavefunctions can be given by:

1o
V() =NH, (e ®
In making the function H(&) have the right behavior at large & we got quantization of the energy.

We forced the power series for H(S) to be finite by causing one of the coefficients to go to zero at a particular
n. All the higher terms will also go to zero. We therefore obtained a set of solutions H(&) that terminate after

different number of terms. You can see that this is what gives us different number of nodes in our wavefunctions
as we go to high quantum numbers.

If you look back at the expressions we obtained when we first set the coefficients of each power of £equals zero,
and let (\M/a) - 1 = 2n, we get

One can show that in general

N 2’n(n-2) £ 2’n(n—-2)(n—-4)

2n _,
H,(&)=a, {1—;5 i .

§6+..1 n=even

Hn(§)=al{f—2(n3l_1)§3 +22(n—;l)(n—3)§5 —} n=odd

You can see how each of these truncates after a finite number of terms, which depends on the quantum number
n.

The values of ao and a; are arbitrary (since the overall wave function has a normalization constant). By
convention, a, and a, are chosen so that the coefficient of the highest power of &, thatis&" is 2".

This gives
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and
2n!
|

n-1
a,=(-1)>

AN

n—

~ ‘

Remember that | had given you another form for the Hermite polynomials a few lectures ago

HiE)=(1) e e

This is more compact and easier to work with.

It is important not to forget that the full solution to the Schrodinger equation is

1

V(O =NH (e ® where £ aix

3.6 Raising and Lowering Operators

If we want to calculate certain properties of the system, we will often encounter integrals of the type:
T v, (0AY,, (x)dx

We already saw that if we want to determine the average value of the position we have to evaluate:
<x> = j[ 1//; (x)xy, (x)dx

Based upon the symmetry of the harmonic oscillator eigenfunctions it could be shown that this integral equals
zero. However if we are interested in the mean deviation or variance of the position we have to evaluate

<xz> = ]3 w, (X)X, (x)dx

We solved this integral for the ground state eigenfunction. Although not difficult, it is a non-trivial calculation.
This is even more true if one were to evaluate this integral using the eigenfunction of higher vibrational levels.
When discussing the absorption spectrum | mentioned that there exists a selection rule An=+1. As you will see

in the spectroscopy course of next semester this selection rule follows from the evaluation of the following
integral:

j v, (X)xy, (x)dx

Although one can calculate all these integrals explicitly, it would be worthwhile to have a way to evaluate them
more easily. This can be done by making use of the so-called lowering and raising operators.

Let us start with the Hamiltonian for the harmonic oscillator:
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=Py ~uw’ X’
2pu
k
with 0= |—
Y7

We see that the Hamiltonian contains only the operators f)f and X°. Since the operators p, and xare Hermitian
and thus have real eigenvalues it follows that the eigenvalues of the Hamiltonian are non-negative.

Let us at this point introduce the new operators:

o= |22 En
2 2uw

and

Realizing that these new operators do not commute, i.e.
[4.6"]=h

we can write the Hamiltonian as:
N fia g
H=wa a+5hw

One can show that the following commutation relations hold between the newly defined operators and the
Hamiltonian:

[A,6]=-hod

[A,6'|=hod'
Let us now write down the eigenvalue equation, which reads:

Hu, = Eu,
In the past, whenever we wrote down such an equation the implication was that A contained some operators
and that the eigenfunction U, was a function of x. In general, this does not have to be the case as we will see

later in the course when we will speak about spin.

If we have the commutator [I—Al,cﬂ acting on this eigenfunction, u, we find:
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With the help of the eigenvalue equation, we can rewrite this as:

Héu, =(E - hw)éu,
This equation states that if U, is an eigenfunction of the Hamiltonian with eigenvalue E then éuE is also an
eigenfunction of A but with eigenvalue E —hw , that is, with energy lowered by one unit of

e=hw

This implies that when operator @is applied tou, it generates an eigenfunction of the Hamiltonian
corresponding to the energy £ —hw .

We can therefore write

We need the constant C(E) here since even if U, is normalized, au, need not to be.

If we now apply the same operators to the state u,_, we find, in exactly the same way that auH or, equivalently,
& U_, gives a state of energy E — 27w . Thus by repeated application of operator a to any eigenfunction of the
Hamiltonian, u., we can generate states of lower and lower energy. Appropriately, a is called a lowering
operator. There is a limit to how many times operator a can be applied since the eigenvalues of the Hamiltonian
has to be non-negative, as we saw before. Thus, the lowering procedure must end at some point. Consequently,
there exists a ground state, which we will denote by U, , beyond which the lowering ends. So we have:

au, =0

0

Analogous to the lowering operator d, one can show that the operator @' when applied upon U, increases the
energy to E + hiw . One can thus write:

The operator @' is appropriately called a raising operator.

We saw before that the Hamiltonian expressed in lower and raising operators takes on the form:
A= wd'd+iho

If we apply the Hamiltonian onto the ground state eigenfunction u, we find the energy of the ground state.
,‘-Ar’uo =E,u,

Putting in our definition of the Hamiltonian we find:
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=wa au, +3hou,
1
=2hou, =Eu,

We will now change our notation a little, namely, we will label the state by the number of energy units ¢ =
it has over the ground state energy, £, = 3h®. Thus, we can write:

au,=Cu,,
at
au, _Cun+1

where C and C'are n-dependent constants that can be determined by forcing the wavefunctions to be
orthonormal. Doing this (I will not show this here) one finds:

Gu, =~Inhu_
@', =\(n+1)hu,,

One should note here that Gand &' move up and down the same “ladder”. Hence, these operators are
sometimes also referred to as ladder operators.

We can now readily calculate the energy of a given state n. We have:
Hu, :(a)é*éwﬁha))un
=wd'au, +1hou,
=wd'\nhu, , +1hou,
= w/(n-1+1)ivnhu, +Lhou,
=wnhu, +1hou,
=holn+3)u, =E,u,

This is exactly the same result we found before when we solved the differential equation, except that now we
have not solved any complicated mathematical equations. This way of solving a quantum mechanical problem is
closely related to the method proposed by Heisenberg.

With this at hand, one can now simply solve the integral given at the beginning of this section, something you
will do in the exercises.
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4 Three Dimensional Systems

We will now move on to the next level of complexity in solving the time independent Schrodinger equation:
systems of three dimensions. There are interesting new phenomena that arise in multidimensional systems that
are due to the equivalence of the x, y, and z directions.

We will start with the simplest case: a particle in a three dimensional box. We will then move on to the rigid
rotor, which is used as a model for the rotational motion of a diatomic molecule. After this, we will spend a little
time discussing angular momentum in Quantum Mechanical systems and then treat the hydrogen atom problem.

4.1 Particle in a 3-dimensional box

z
A

~

y

Let V =0 inside the box and V = outside the box. The Schrédinger equation inside the box is:

W Pwix,y,z) wix,y,z) wixy,z
4! 2 ) owl 24 ) owl 22 ) —Eplxy.2)
2m ox oy 0z
or
hZ
—ﬂvzw(x,y,2)=ft//(x,y,2)
Where V2= ¢, .2

"o op o

is called the Laplacian Operator

We will use the technique of separation of variables.

Whenever the Hamiltonian H can be written as a sum of parts depending upon each coordinate, i.e.
H(x,y,2) = H(x)+H(y) +H(z)

we can assume that

v(x,y,2) =y, (X, (v, (2)
We can then write:
Oy, y)
oy’

[wy(y)«//z @M )

+wx(x)wy(y)%

ox*

. J =Ey, (X, vy, (2)
2m
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If we divide both sides by w, (x)y, (y)w, (2) we get

o dw(x) Byl R Py, _,

2my (x) ox° 2m w,ly) o' 2my,(2) oz

Each of the terms on the left hand side are independently functions of x, y, and z respectively. For these terms
to sum to a constant for all x, y, and z, each term must separately equal a constant. Thus.

wo Qv _, n oy, A

= - - E
2my,(y) oy’ Y 2my,(z) o7

z

X

2m w (x) o

where E +E +E, =E

Rearranging these we see that we get 3 independent particle-in-a-box equations.

ow (x) 2mE
—8‘//):2( )+ pe Ly (x)=0
v, (y) 2mE

a;z 7 v, =0
o*w,(2) 2mE (2)
2 o V70

Each of these has boundary conditions that force the wavefunction to zero at either boundary since the potential
outside the box is infinite

v, 0)=y (a)=y,0)=v, b)=y,0)=y,(c)=0
Applying these boundary conditions as we did with the particle in the box we get:

2.2
:hnx

y/X(x):AXsinKnX”xj E, S’ n =12,3,...
a ma
_(n7 h’n;

w,(y)=A,sin p y E = " n,=123,...
n h*n?

v, (2)=A sin[ Zﬂzj E=p s n =123,...
c mc

The total wavefunctions is then

yix,y,2) =y, Xy, (v, (2)

(nm . (07 ) (N7
=AAA, sin X [sinf ——y [sin z
a b c

The normalization constant can be found by:

ﬁj‘/’*(Xfyrz)'//(x,y,z)dxdydz -1
000

94



4 THREE DIMENSIONAL SYSTEMS

One can integrate just over the box since  is zero outside box. The integral will yield

AAA = 2
abc

Another way to do this would be to realize that the particle must independently have unit probability of being
found at some x, some y, and some z. (This will be true for any orthogonal coordinate system).

Therefore

[ 0w, (dx =1 = A =%
0

and similarly for y and z.

To find average properties for a 3-dimensional particle in box (x for example) one would write:

ol

One can write this as

O

v, (X, v, (2)xw, (x)y, (v, (2)dxdydz

(x) = [, 0, e [, W, (V)dy [ (@, (2)dz

which is the same as the 1-dimensional problem.

Let's look at the 3-dimensional particle-in-a-box energies:

Ny ny 8m 2 2 2

W (n n n
E,o, =E +E +E,=—| %+ 2 +%
: a c

where we label the energy E by the three quantum numbers. The quantum numbers ny, n,, n, vary independently
and can be attributed to the 3-dimensional nature of the problem.

Consider the case in which our box has sides of equal length, a=b=c. The energy levels are then given by

2
_ 2 2 2
E (nx+ny+nz)

nen,n, 2

vt 8ma

Notice what this brings about. You get wave functions corresponding to different quantum numbers having the
same energy. For example:

/8 (2 . (xm \. (%
Vo X,y,2)= —SSIn(—x)sm(—yjsm(—zj

a a a a

8 . (m V. (7 . (2%«
Wi1,(X,y,2)= /—Ssm(—xjsm(—y]sm(—zj

a a a a

These have the same energy eigenvalue because n’ + nf +n’ =6 in both cases.

The situation where two or more wave functions have the same energy is called degeneracy, and the levels are
called degenerate levels.
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If there are n different eigenfunctions, which correspond to the same energy, the system is considered to be n-
fold degenerate.

You can see that this was caused by the symmetry of the system. When we let the 3 sides of the box be the same
length, the three directions became completely equivalent.

There are important implications when one has degenerate levels which are related to the following theorem:

THEOREM
If we have an n-fold degenerate level in which n independent wavefunctions v,,¥,,...,\, correspond to the
same energy E, any linear combination

O=CY, +CY, +...+C Y,
of the n functions of the degenerate level is also an eigenfunction of the Hamiltonian with eigenvalue E.

Proof:
We need to show that if

Hy, =Ey, /-Ah//2 =Ey, Hy, =Ey,
then Ap=Egp
where Q=Cy, +CY, +...+C Y,
or Hlew, +ou, +... e, | =E[cy, +ou, +...+cp, ]

Since the Hamiltonian is linear we can write
Hlew, + v, +...+cp, | =Hew, +Hey, +...+ ey,
=c,Ay, + Ay, +...+c,Hy,
But since ¥, are eigenfunctions with same eigenvalue E,
Alew + oy, +... 4w, | =c.Ey, +C.Ep, +...+c,Ep,

Thus,
Alew, +op, +.. ey, |=E[cy, +op, +... 4y, |

or I:I(sz(p

We will see degeneracy crop up in many other parts of the course, for example when we will discuss the orbitals
of the hydrogen atom.

In particular, it has some effects on simultaneous measurements in quantum mechanical systems.

4.2 Separability of the Hamiltonian

The 3-dimensional particle-in-a-box has illustrated another important principle that we have already seen twice
before and will see frequently in this course—the use of the technique of separation of variables to solve a partial
differential equation.

96



4 THREE DIMENSIONAL SYSTEMS

Essentially it allows us to replace a partial differential equation with a set of ordinary differential equations. We
did this for the time dependent Schrodinger equation, the classical mechanical harmonic oscillator, and now for
the 3-dimensional particle-in-a-box.

While this is a standard technique for partial differential equations in general, it has particularly important
consequences when applied to solving the Schrédinger equation.

In general, if the Hamiltonian can be written in the form

":{(quqzlqa):l:l(ql)+l:l(qz)+l:l(q3)

(using a 3-dimensional case as an example) where the g's are any set of orthogonal coordinates, we say that the
Hamiltonian is separable.

This is true because the Schrédinger equation is a linear, homogeneous differential equation. We can assume
solutions to the Schrddinger equation in the form

v(a,,9,,95) =w(a,)w(a, ()
We then get 3 ordinary differential equations involving ¥(q,), w(q,) and w(g;) .
The resulting eigenvalues for the energy E will be the sum:

E=E +E, +E,

We can generalize this result to the case where we can write our Hamiltonian in terms of two independent sets
of coordinates.

For example, in a many particle system, if we can write the Hamiltonian in a form which divides according to the
coordinates of each particle, then we can solve separate Schrédinger equations for each particle. The wave
functions will be the product of wave functions of each particle and the energy will be a sum of energies for each
particle.

Another way one can divide the Hamiltonian for a system of two particles is to write the total energy in terms of
the energy of the motion of the center of mass and the relative motion of the particles. We can do this whenever
the potential energy depends only on the relative coordinates. (Remember we had done something like this for

the solution to the classical harmonic oscillator).

If we let X, Y, and Z be the coordinates of the center of mass and x, y, and z be the internal or relative coordinates
(coordinates relative to the center of mass), we can write the total energy of the system

E :%(V; +V] +Vj)+§(vi +v, +vf)+U(X,y,Z)

where M is the total mass and u is the reduced mass (as we had defined earlier).

We can write this in terms of momenta by noting that
P, =N, and p, =LV,

and similarly for y and z.

E :ﬁ(Pj +P +P§)+i(p§ +p} +p; )+ U(x,y,2)

97



4 THREE DIMENSIONAL SYSTEMS

We can then write the quantum mechanical Hamiltonian as

- o & wiet o &
H=———— _2+_Z+_Z _— —2+—2+—2 +U(X,y,z)
2M\ ox= oY° oz 2u\ ox° oy- oz

You can see this falls into the form

H=H, +H,

where I-AI1 depends on the center of mass coordinates only and /-72 depends on internal coordinates only.
The total wavefunction is therefore

Vi (XY, Z,%,9,2) =y 0 (XY, 2, (X,Y,2)
and the energies are

E

Tot = ETlans

+E

Int

If we look at the part of the Hamiltonian that describes the motion of the center of mass
A wliet o o
ll'/1 = - —2 + —2 + —2
2M\ oxX* oY° oz

you can see that this just represents the translational motion of a free particle in space. Since there is no potential
to impose boundary conditions, the energy of a free particle is not quantized.

Thus, the contribution to the total energy is just a constant and is of little interest. If you look at any transitions
between energy levels, this constant will drop out since it is the same for all internal states.

We are left with the Schrédinger equation for the relative motion

wiee o ¢
Sl i oAt

or simply

hZ
_ZVZ +U(lelz):|‘//lnt(xlylz) :E/,,t‘///m(xlylz)

where V2 is the Laplacian Operator.

Later we will see that this Schrédinger equation can be further separated, although we will not show this explicitly
until next semester. For example, when modeling the vibrational and rotational motion of a diatomic, to first
order one can separate the vibrational coordinates (relative distance) and the rotational coordinates (angular
orientation). This will allow us to write the energy of a vibrating, rotating diatomic as the sum of the vibrational
energy and the rotational energy.

So when we draw vibrational energy levels on a harmonic potential energy curve for example, one can draw the
rotational energy levels on top of this.

We will also be able to separate the motions of the electrons from those of the nuclei.
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4.3 Choice of Coordinate Systems

For a multi-particle system, the Hamiltonian may be very complicated in Cartesian coordinates with lots of cross
terms. However certain problems have an inherent symmetry that can simplify the problem if the coordinate
system coincides with that symmetry.

For example consider a diatomic which is constrained to rotate in the x-y plane:

You can see that upon rotation both x and y will change, however if you look at what happens in plane polar
coordinates (r, 8), only & changes. The Hamiltonian can be written as a function of &only (which is the same as
particle on a ring).

Consider a rotor in which the distance r is fixed (i.e., a rigid rotor) but which is not confined to a plane.
We need to convert to spherical polar coordinates.
z x=rsinfcosg

y =rsindsing
z=rcosf

¢ r 0<0<7,0<p<27,0<r<w
z=rcosf
0 - ¥
~ / 2 _ 2,2, 2
T /’/x=rsinﬂcos¢> r=x+y +z
4 z z
y=rsin @ sin ¢ ) COSH:—:—2 - -
ryx‘+y +z
x tanp =2
X

Here ris fixed, and only 8 and ¢ change. In Cartesian coordinates you would have to consider the change in all
three coordinates, x, y, and z.

So choosing the proper coordinate system can help separate (and simplify) the Hamiltonian.
It turns out that for any two- particle problem in which the potential U simply depends upon the relative

coordinates of the two particles, (i.e. U = U(r)), one can greatly simplify the problem by working in spherical polar
coordinates.
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To convert the Schrodinger equation for internal or relative motion
hZ
|:_sz + U(lelz):|'//(xlylz) = Elntw(xlylz)

into spherical polar coordinates, one must convert the Laplacian operator V2 to spherical polar coordinates. To
do this you need to use the chain rule of differentiation to convert all the second partial derivatives from
derivatives with respect to x, y, and z to those with respect to r, 6, ¢.

For example, consider some function f(r,&,¢)where r, 6, and @ are in turn functions of x, y, and z.

HECIHRCICRE
), \ox) \or),, \Lox), \o9), \ox ), \op),

and similarly for y and z.

To make this into an operator equation we need to write:

)20 (252 (2]

The second derivatives come from applying this operator twice.

%) ~(5).(5).r
(2)[(@).(2), (), 5) A2 (&), )

We now need to substitute in for Z—ffrom the previous equation. Then we need to calculate the partial
X

derivatives of r, 6, and ¢ with respect to x, y, and z.

Then the whole process has to be repeated for the second partials with respect to y and z. | will skip over the
gory details and leave them for the exercises. When we are all done, the Laplacian in spherical polar coordinates

is
2

szég[rzﬁj+ 21_ i(sin@ﬁ}r% 6—2

reor\_ or) r°sin@0o6 00 ) rsin" @\ op

Although this looks quite complicated, it greatly simplifies the Hamiltonian of systems which have spherical
symmetry, that is cases where U = U(r).

We will use this form of V2 in our solution of the rigid rotor and hydrogen atom.
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4.4 The Rigid Rotor: A Model for a Rotating Diatomic

Consider two particles rotating - rigidly fixed at some distance r apart.

For diatomics, this approximation is pretty good because in the ground vibrational state, the root mean square
amplitude is approximately 5% of the equilibrium bond distance. For higher vibrational levels this approximation
begins to break down.

Center of
mass

/

P o akgular frequency

my

The system rotates about the center of mass: i.e. the center of mass looks stationary.

Center of mass condition:

m.r, =m,r, and r=r+r,
This gives
m m
rL=—->=2—r and rp=—->—r
m;, +m, m, +m,

The kinetic energy is given by:

1 1
KE = Emlvi + Emzvi

but note that

v, =hLo and vV, =Lo

We therefore have:

1 2 _2 1 2 _2
KE=—m,r, o +—m,r; ®
2 11 2 2°2

where

m,m
+myr, or I=—22r=pur’
m, +m,

So we find that the moment of inertia of a diatomic is the same as that of a single particle of mass u rotating
about a point.
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As an aside, note the symmetry between linear motion and rotational motion.

Linear Motion Rotational Motion
X 0
dx do
V=— w=—
dt dt
p=mv L=lw
1 2 2
KE==mv? =F_ kel =L
2 2m 2 21
m 1

Angular displacement is analogous to linear displacement. Moment of inertia is analogous to mass. Angular
velocity is analogous to linear velocity. Angular momentum is analogous to linear momentum.

We now need to write down the Schrédinger equation for the rigid rotor. By our definition of the rigid rotor, the
potential term in the Hamiltonian is zero since the distance r is fixed, U(r)=0 . We can set the zero of energy
wherever we like and we choose it to be zero at the distance r. Since r is fixed, the potential is always zero. Thus,
the Hamiltonian consists only of a kinetic energy term.

Because r is fixed for the rigid rotator, this problem has spherical symmetry. That is, U = O falls into the category
of U = U(r) (independent of #and ¢). We would therefore like to write down the Hamiltonian in spherical polar

coordinates to take advantage of the symmetry of the system.

We can write down the classical expression for the rotational kinetic energy:

KE

Classical — -

and then find the Hamiltonian by substituting the I operator in spherical polar coordinates. This is a fairly lengthy
procedure. One writes down

C=C+L0+L

and then substitutes in the expressions for the L,, Ly, and L, operators (I had given you these when we were

discussing postulate 2). Once you substitute in the operators, you then have to convert all the partial derivatives
to spherical polar coordinates.

The easier way to do it is to realize that we have already converted the V? operator into spherical polar
coordinates. Recall that the Schrédinger equation for the internal or relative motion of a two-particle system is

hZ
{—ZVZ +U}// =E.v

For the rigid rotator, U = 0, so we can write

2
po-l v
2u

Recall that V? in spherical polar coordinates is

, 10(,0 1 o(. 0 1 o
\% === r— [+ 7 —| sin@— +ﬁ 5
r-or\_ or) r°sin@06 00 ) r’sin" @\ o
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For the rigid rotor, r is constant, so the first term of this operator operating on a function will just give zero (i.e.
there will be no r dependence of the wave function if r is fixed).

The other way to look at it is that the first term of this operator (when multiplied by -h?/2u) represents the radial
part of the kinetic energy. Since r is fixed, there is no radial contribution to the kinetic energy. So we have:

2 2 2
2u 2u| r sin@ 060 00) r’sin"0\ 0p

We can use this to determine the operator for L? if we would need it (we will need it shortly when we discuss
angular momentum). If we take the 1/r? outside we can write

2 2 2
2u 2ur”| sind 00 00 ) sin" @\ op

o1 a[. aj 1 (&
=——| —Z|sind— |+——| —
21| sing 06 00 ) sin’ 8\ 0¢

Comparing this to the expression for the kinetic energy in terms of the angular momentum operator we have

2
E:—hz Li[ﬂn&ijﬁ.# a_
sind 00 00 ) sin’8\ 09’

Getting back to the Schrodinger equation we have

Ay (0,0)=Ey(0,9)

By convention, the wave functions (€, ) for the rigid rotor are usually denoted Y(6,¢):

AY(0,p)=EY(0,0)
There is no r dependence to the functions because r is not a variable.

The eigenfunctions Y(6,p)are called spherical harmonics and arise as solutions to the angular part of all
spherically symmetric potentials, including the hydrogen atom.

Writing out the Schrédinger equation in more detail

hz 1 a a 1 82
Sl 5na20 550 | o al 2 | [[OP)=EY O,
ZILinﬁaa[ agj sinzg(a(p2j:|( P)=EY(0,9)

Let us make the substitution

2IE

P

and multiply through by sin’ @ to get

+ Bsin* 0Y(0,0)=0

2
sinﬁ%(siné’ay(g'(p)}+ 0Y(0,9)

00 09’
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We will once again use the technique of separation of variables to simplify this partial differential equation.

Let
Y(0,9) = O(0)D(p)

Substitute this into the differential equation and divide both sides by ®(6)D(¢):

j+ Bsin’ H+L62(D(Z¢) =
®(p) op

sin@ o [ . 00()
————| sin@
0(0) 86 00

You can see that the first two terms are only functions of 8and the last is only a function of ¢. For this equation
to hold for all @and ¢ each part must separately equal a constant.

Let us call the separation constant m?.

sinf i(sin 6’—69(9))+ Fsin® @ =m’
®(0) 00 o0
2 2
19 q)(zw) =-m’ or 0 <I)(2(p) +m*®(p)=0
O(p) Op Op

The solution to the @ part is straightforward; in fact we have done it before.

By inspection
O(p)=A,e™ or O(p)=Ae ™

These solutions represent clockwise and counterclockwise rotation in the angle ¢ respectively.

Since the wave function must be single valued and continuous, we must require that ®(p)=®(p+27)
A e™ =A emen

consequently
emr =1

This will be true when m =0, +1, 2, . ..

We could have applied the boundary conditions to the e™ term as well and gotten the same result (or we
could have applied it to a linear combination of the two solutions).

The constant A, is determined by the normalization condition:

2z

[ @ (pDlg)dp=1

0
27 ) ' 2r

A [e™em™dp=A. [ dp=1
0 0

Al2r=1 = A =——
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So the solution to the ® part of the equation is

imp m=0,+1,%2,...

lp) = %e

It is clear that this is exactly the same as the particle on a ring. It should be. It is a one-dimensional rotational
problem with fixed distance.

We have now solved the ¢ part of the rigid rotator problem. We still need to solve the differential equation for
the fpart
smé’i(sing@@(&)

j+,Bsin2 O=m’
00 o6 00

If we take this equation and let x = cos@and ®(6) = P(x) one could show that the differential equation becomes

(1_Xz)dzP(2X) —2de(X) {ﬁ— 1m2 : }P(x): 0

dx dx —-X

This differential equation is called Legendre's equation and is well known in classical physics. It occurs in a variety
of problems which have spherical symmetry. The solution to this equation is similar to our solution to the
differential equation that arose from the Harmonic Oscillator problem. The standard technique to solving this is
to expand the function in a power series, generate a recursion relation, and then break off the power series after
a finite number of terms to force it to be well behaved at the boundaries.

We will not go through the details but in an analogous way to the Harmonic oscillator problem, in breaking off
the power series, one gets the quantization of the energy:

B=I(I+1)
but recall that
2IE
B= e
[3o)
hZ
E=—I(I+1) 1=0,1,2,...
2/

I will first discuss the wave functions and will then come back and discuss the implications of these energy
eigenvalues.

The solutions to Legendre equation
2

(1—x2)dzp(2")—zxdp(x){/(/H)— i Z}P(x):o
dx dx 1-x

when m=0 are called the Legendre Polynomials and are designated by the value of / as a subscript, i.e. Py (x),
P1(x), etc.
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These are listed in many standard texts in mathematics and physics. The first few Legendre Polynomials are:
P(x)=1

P(x)=x

1.,
P,(x) :E(3X —1)

P,(x) :%(5X3 —3x)

P,(x) = %(35)(" —30x% + 3)

Note that there is some similarity to the Hermite polynomials from the harmonic oscillator problem
To generate the function ®(4) you must substitute x =cosé.

The solutions for m=0 are called the Associated Legendre Functions, and these are related to the Legendre
Polynomials. They are designated by a subscript for / and a superscript indicating the absolute value of m,

P,‘m‘(x)
The Associated Legendre functions can be related to the Legendre Polynomials by

. A2 d"p(x)
Al=(1-x)2 =

Since only the absolute value of m is included here, then the ® equation for +m and -m is the same. (The overall
functions are different however because the ® part is different.)

Note that the Legendre Polynomials are also associated Legendre functions; hence the solution to the problem
is usually stated in terms of the latter (i.e. the superscript for |m| is retained even when m=0).

The first few associated Legendre functions are:

=0 =1 =2 =3
m=0 0 = 0 = 1 1
P’ =1 P’ =cost PP :—(3COSZ 9_1) P? :_(5cos30—3c059)
2 2
m=t1 P! =sin@ P} =3cos@sind p _i(scof 0-1)sing
=
2
m=+2 P} =3sin’ 0 P} =15cos@sin’ 6
m=+3 P} =15sin’

Recall that our solutions to the full Schrodinger equation for the Rigid Rotator are of the form
Y(0,0)=0(0)0(p)
Combining the ® and ® solutions we then have

Y"(0,0)=N, P (cosO)e™
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From the properties of the Associated Legendre functions and from our normalization of the ® equation one can
show that the normalization constant is

NP

4z (I+|m|)!

Im

et

The Rigid Rotator wave functions can then be written:

(2/+1) (1=|m|)!

4z (1+|m|)

1
2
Y"(0,0) = { } P,""‘ (cosB)e™

Recall that these functions are called Spherical Harmonics.

From the definition of the associated Legendre polynomials one finds that the quantum number m can only go

as highas £/. Thus m =0,£1,%2,....,%/ \ya will derive this explicitly later in the course.

Rigid Rotor Wave Functions

The first few spherical harmonics are

=0 =1 =2

m=-1 3 . 15 i
Y, =,|—sinfe™ Y, =,|=—cos@sinfe™”
87 8
m=+2 15 .
Y} = |[——sin’0e™
327
m=-2 1 ;
Y’ = 15 sin@e™'*?
327

As the energy is given by:
2

h
E=L (41 1=0,1,2,...
o /(+1)

and does not depend upon m there is some degeneracy in that different eigenfunctions will have the same
energy.

Thus, each column represents a set of degenerate functions. Think about the physical interpretation of these
functions in terms of probabilities. What do they mean?

These functions form an orthonormal set. The orthonormality of these eigenfunctions is expressed by

2r w

HY,’"(@, 9)' V" (6,9)sin0dpdd
(V1)
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It is important to note the siné in the integral and understand where it comes from. The volume element in
spherical polar coordinates is dxdydz =r’sin@drd@dg. r is a constant for the rigid rotator. Integration of the

wave function over r must just yield 1, since there must be unit probability of finding the particle at some r.
Therefore the orthonormality integral reduces to an integral over only and . The 8and ¢ part of the volume
element is sin@d@dg . Physically this represents the differential element of surface area of a sphere of unit

radius. This is where the name spherical harmonics arises.

4.5 Spectroscopic Implications of the Rigid Rotor Energy Levels

Let's now consider implications of the energy eigenvalues:

2

E:%I(I+1):Bl(/+1) 1=0,1,2,3,...
2 2
Here B:h—: h
20 2ur?

is known as the rotational constant and characteristic for every molecule.
You can see that the energies are independent of the m quantum number. This means that there is degeneracy.

The first level (/=0) occurs at an energy of 0. The second level occurs at 2B. The next at 6B. This is shown in the
figure below.

Ef —— 20B=—

8B

Es 12B

6B 2B

Ez 6B — {l

. I
Er oL 28
EoLo-zB

vV —

Energy Levels Spectrum

In considering how a rigid rotator interacts with light, we must consider the selection rules, just as we did for the
harmonic oscillator. In the course “Spectroscopy” we will show that transitions between rotational levels must
follow the selection rule Al = +1 , similar to the Harmonic oscillator problem.
As we will then also see that in addition to this selection rule, a molecule must possess a permanent dipole
moment to undergo a transition from one rotational level to another. Thus, homonuclear diatomic molecules
will not show a pure rotational spectrum because they do not have a permanent dipole moment.
Using the selection rule one finds for the energy differences:

AE=E,, —E =B(I+1)(/+2)-BI(/+1)

=28(/+1)

where we have designated / as the quantum number of the lower level.
So the first transition is at a frequency corresponding to 2B, the second at 4B, third at 6B, etc.
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In the rigid rotator approximation, we expect transitions to be equally spaced by units of 2B. Deviations from this
approximation will show up as transitions that are not quite equally spaced.

From the value of B measured spectroscopically, one can determine the moment of inertia and hence the

equilibrium bond length since /= ur’.

For H35Cl, for example B is about 10.6 cm™. This value of B would yield a bond length of 1.29A. The most accurate
geometries of molecules are determined from microwave spectroscopy.

I would like to now return to our discussion of the rigid rotor (and 3-dimensional systems in general) and consider
the subject of angular momentum in more detail.
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5 Angular Momentum

Molecules are 3-dimensional objects that rotate in space. To understand the rotational motion of molecules, we
must first understand how angular momentum is treated in quantum mechanics. To do this we need to look at
the properties of angular momentum operators.

Let us look back at the Schrddinger equation for the rigid rotor

. N RI(1+1)

Recall that since classically we find for the energy

E=—
21

we could represent the Hamiltonian for the rigid rotor in terms of the I operator:

r
21

A=

=

Since the H and [ operators only differ by a constant, %, we can also write
2Yr (6,0 =11(1+1)Y"(0,9)

This says that the spherical harmonics are also eigenfunctions of the 5 operator and that the square of the
angular momentum can only have quantized values given by

e =n’l(1+1) 1=0,1,2,3,...

| would like to consider further the implications of the quantization of the square of the magnitude of the angular

momentum, . But first, | would like to make a brief digression to give you some commutator identities that we
will need.

Digression: Commutator Identities

Since angular momentum is a vector quantity, we need to think about vectors as operators.
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Consider the position vector operator:
f= ()“(,)7,2)

or the momentum vector operator:
b=(b..5,.p,)

where XX p, _>_,'hi
ox

Each component of the vector is an operator. When we make a measurement of a vector quantity, we can
measure its magnitude or one of its components (projection).

It will be helpful to know the commutators of the coordinates and the different components of the momenta
with respect to one another:

[%.9]=
[ﬁx,f?yJ =0 (because mixed partial derivatives commute)
[)“(,[JJ =0 (all mixed terms like this commute)

To evaluate this, must operate on a function:

- x T _ 519
ox

{X, 2 } )y T D00 oF)
ox ox ox 0.

Thus [x.p,]=in
One could also show
[6,,4]=-in
and similarly for the other coordinates.

The angular momentum is a vector containing the components

and is defined in classical mechanics as:
L=rxp

We showed earlier in the course while discussing postulate 2 that
rxp=(yp, —2p, )i+(zp, —xp, )i+ (xp, —yp, )k

Thus
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0z oy
A an an 0
L =2zp, —Xxp, =—ih| z— —x—
Y x = XP: ( X 62)
8 anoan 0 0
[, =%p, —yp, =—ih| x——y—
2 =Xy~ VP [ oy yGXJ

= (96,2, ][5, %B,]~[ 2B, 2B, | +[ 2B, %P, |
=9[6,3,1+[9,35, 16, +2[ b, %6, ] +[2,%, 16,
~3al, ,)+ 916,216, +$12.6,15, + 2,41,
=—ihyp, +ihxp,
= ih(%B, -5, )
=ihL,
Note that several terms are omitted above because certain commutators are zero. Remember that mixed partial

derivatives commute, different position operators commute, and position operators commute with momenta in
other coordinates

So

Note that it is cyclic (xyz, yzx, zxy). This cyclic pattern is a property of all types of angular momentum.

Since these operators do not commute, they do not have a complete set of common eigenfunctions. We
therefore cannot simultaneously define precise values to these quantities.

1 ¥ A 2
. 2ap2 _ 2 2 ©
Remember: AA’AB* =00, 2 4(Iw (x)[A,BJa//(x)dx)
However, consider the operator

P=R+2+1

X Y 4
This represents the square of the magnitude of the total angular momentum.

Remember, the magnitude of the angular momentum is quantized.
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2Yr (6,0 =11(1+1)Y"(0,9)

~ IS

We want to find the commutator of [2 with [X, L,orlL

7"

We could similarly show that
(2.0, ]=0 (2L, ]=0

So each component of the angular momentum commutes with the 2 operator.

Since each component commutes with 2 but no component commutes with each other, we can only
simultaneously specify one component along with 2 (with infinite precision, that is). We can therefore choose
the eigenfunctions of [ to also be eigenfunctions of one of these operators, and by convention this is chosen to
be L, .

One could take Ly or L, as well, but the set of eigenfunctions they share is different. | will say more on this later.
Note that in specifying L? = |L|? we are not specifying L, only its magnitude. A complete specification of L requires

specification of its components, and in general we cannot do that (because all the operators don't commute).

In classical mechanics, when L is conserved each component has a definite value. In quantum mechanics, when
L is conserved, we can only specify its magnitude and one of its components.

This is an important concept to understand.

V2 #

So what we are doing is constraining the vector L to lie anywhere on a cone, since we know its magnitude and its
L, component (or any one of the three components).

We will often call the z-component of the angular momentum vector the projection of L on the z-axis or merely
the projection of L.
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| have already shown that the magnitude of the angular momentum vector is quantized, that is we showed that
the eigenvalues of 2 were R2(l+1). We can also show that the z-projection of the angular momentum is
quantized. The easiest way to see this is to look at the [Z operator in spherical polar coordinates. To find this we

simply need to take the expression in Cartesian coordinates and substitute the polar equivalent for the
coordinates and the partial derivatives.

The result is

By inspection we can see that the eigenfunctions of this operator are oc €™

L;(em):_m%(ew):mh(efw) m=0,41,42,...

You should recognize that these are just the functions describing the ® part of the spherical harmonics.

Consequently the eigenfunctions of the of the 2 operator are also eigenfunctions of the [Z operator.
Recall the definition of the spherical harmonics:

Y"(0,0) =N, P (cosO)e™

N

Im

4z (I+|m|)!

Thus,

X a(N,mP,""‘ (cosH)e'"’“’)
L Y"™(0,p)=-ih

_ mh(/v,mp,""‘ (cos e)e"’"“) =mhY"(0,0)
op

The last thing we need to do is to see the connection between the allowable values of m and those of /.

Consider the following equation
(2 -2)0.0)=(E+2)Y"(0,0)=[1(1+1)-m* |12¥"(0,0)
| operated on the Y,"(6,¢) functions to get the eigenvalues indicated, but | also used the relationship
P=0+0+0
to convert ([z —Lz) to (LE +LAj)
Since Lhi +LA§ is the sum of two squared real terms it cannot be negative, so

[1(1+1)-m’ |1* =0

or I(I1+1)>m’
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This says that

Im| </
or that the only possible values of m are:

Consequently, there are 2/+1 values of m for each value of / (/ positive values, / negative values and 0).
Thus,

2Yr(6,9)=1(1+1)1*Y"(6,0) 1=0,1,2,3,...

LY™@0,0)=mhY"(6,0) m=0,+1,2,..., 4l

Let us now consider the implications of the commutators of these operators on the measurement process. Recall
that I:I,, and [*are simply related by a constant and thus commute.

The fact that the three operators

all commute has important implications on the measurement process. It says that the stationary states of the
system (the eigenfunctions of I:I,,) can simultaneously have definite total energy, angular momentum (in

magnitude), and have a well-defined projection on one axis (chosen by convention to be the z axis). They cannot,
however, simultaneously have well defined values of L, and L,.

The fact that we can choose one axis to be special arises from the fact that the eigenvalues of A (the rigid rotor

Hamiltonian) or of 2 only depend upon the quantum number /. Remember the theorem we introduced when
we started multi-dimensional systems. Any linear combination of functions with the same eigenvalue with
respect to a particular operator is also and eigenfunction of that operator.

For example, we said that there are 2/+1 allowable values of m for each /,
m=0, +1,%2,... %/

but we know that the energy of the Rigid Rotor depends only upon /:

2

h
E="i(+1 1=0,1,2,3,...
5 /(+1)

This says that each level is (2/+1)-fold degenerate.

Any linear combination of the 2/+1 degenerate eigenfunctions of A, and [ are also eigenfunctions of A, and

2. By choosing z to be the special axis, we choose the linear combinations in such a way that they are
eigenfunctions of [,. We could have chosen those linear combinations of H, and [> eigenfunctions to be

eigenfunctions of [X or L,. However, since [Z is a simple operator in spherical polar coordinates, the

mathematical form of the eigenfunctions is simplest if we choose them in as eigenfunctions of [Z .

Consider an example where /=2. Because /=2, m can only have the values 0, £1, +2
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Thus the magnitude of the vector L, that is | L] is
| =V = Ji(1+1)n=+6h
and the projection [Z can have the values: -2%, —h,0, h, 27

We therefore have the following picture:

|t| = \JI(1+1)n =en
m=-2,-1,0,1,2

L =mh

4

If we specify the magnitude of the angular momentum vector and only one component, L,, then we restrict the
vector L to lie somewhere on a cone.

Remember that we cannot simultaneously specify L2, Ly, L,, and L, because the components [X ) [y, and [Z do not

commute. Any one commutes with [l, so we can choose the eigenfunctions of 2 to simultaneously be
eigenfunctions of one of those components.

By convention we chose [Z . The vector can lie anywhere on a cone, since if we specify [Z , we know nothing of

[, and [y except that[zx +LAf, = —Lz. (Since the eigenvalues of i* and L, are a constant Lﬁx-l-[zy = constant just

defines the circle at the top of the cone.)

Note that the maximum value of L, is less than |L|, which says that L, cannot point in the same direction as L. If
it did, it would violate the Heisenberg Uncertainty Principle in that we could simultaneously know Ly, Ly, and L,
with infinite precision.

Remember, each vector that | have drawn represents the angular momentum of a particular eigenfunction. There
are 5 vectors here since for =2, there are 2/+1=5 eigenfunctions. All of these functions are degenerate (they have
the same energy eigenvalue). | will speak more about degeneracy later. This is an important picture to keep in
your mind. We will run into it again.

It is also important to realize that this picture is not specific to the Rigid Rotor. It just depends upon the angular
momentum operators, their commutators and their eigenvalues, which is independent of the system. All angular
momentum in quantum mechanics can be viewed this way. That is, the relationship between the angular

momentum operators is the same for all systems. However, the fact that H commutes with the angular
momentum operators need not be true. It will be true whenever the potential is spherically symmetric.

To summarize:
SinceH,, ,[* and i, all commute they have a common set of eigenfunctions, the spherical harmonics, and we

can make simultaneous measurements of any of these and not affect the other. Each of these quantities has
quantized eigenvalues, and we determined what the allowed values were.
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5 ANGULAR MOMENTUM

Also we determined that since the energy doesn't depend upon m, all states with the same / but different m have
the same energy. These states are (2/+1)-fold degenerate. The 2/+1 degenerate eigenfunctions correspond, for
example, to the different positions of the vector L in the figure above.
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6 The Hydrogen Atom

We are now ready to move on to a slightly more difficult guantum mechanical problem whose solution pervades
much of the way we think about chemistry -- the hydrogen atom. As we will see, the eigenfunctions of the
hydrogen atom Hamiltonian serve as prototypes for more complex atoms and for molecules. The concepts we
will develop will be familiar from first year chemistry, in that it provides the basis for talking about orbitals and
their properties.

We will consider the hydrogen atom as a proton fixed at the origin and an electron with mass m. interacting with
the proton through a coulomb potential

eZ

uiry=-

4e,r

Here, e is the electron charge, &,, the permittivity of free space, and r the distance between the proton and

electron.

Recall that we can reduce a two-particle problem to a single particle problem with a reduced mass of u by
separating off the center of mass motion. In this case, the electron is so light compared to the proton, that the
reduced mass of the system is not very different from the mass of the electron.

m m m m
=P € ~ P ¢ _m

e
m,+m, m

1
Nevertheless, one can calculate the reduced mass simply enough that we will use it.

The spherical symmetry of the system (i.e. the fact that the potential depends only upon the proton-electron
distance and not the angles #and ¢) suggests that we should use spherical polar coordinates.

We can write down the Schrodinger equation for a hydrogen atom as
hZ
_sz l//(rlelw) + U(r)V/(rrgrw) = El//(rrgrw)

If we substitute V2 in spherical polar coordinates we get

wl|10(,0 1 0 0 1 o
——| 5= r= |+ —| sind— |+ r,0,0)+U(ry(r,0,p)=Ey(r,0,
Z,u{r2 8r[ 8rj r’siné 86’[ (Mj rzsinzté’[ago2 HV/( o)+ (r,6,9)=Ey(r.0,¢)

Let's multiply through by 2ur? and bring everything over to the left hand side:

2
_hlg(rle_hz 'Li[sinﬁaw(rﬁ'@J+ 12 0 l//(r,f’,(p) +2ur’ [U(r)—Ew(r,0,0)=0
or or sind 060 00 sin“ @ op

The second term here depends only upon dand ¢, and if you compare it to the expression we had for the I
operator, you can see that we can write

_P aﬁ(rz Mj +Ly(r,0,0)+2ur* [U(r) —E]w(r,0,0)=0
r r

Since all the #and ¢ dependence is carried by the 2 term, we can use the method of separation of variables
once again. We can let the wave function be a function of r times a function of &and ¢.
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6 _THE HYDROGEN ATOM

Because the fand ¢ part of the equation is simply an eigenvalue equation for 2 , then we know what the #and

@ part of the wave function will be, the eigenfunctions of the 2 operator.
2y o,0)=11(1+1)Y"(0,9) 1=0,1,2,3,...
The total wave function can be written
wl(r,0,0)=R(r)Y"(6,)

So we had already solved the angular part of the hydrogen atom when we found the eigenfunctions of the 2
operator.

Notice that this result is perfectly general for any case when the potential U is spherically symmetrical (that is
only a function of r). We saw this in the case of the rigid rotor where U(r)=0 since r was constant.

If we substitute this form for the wave function back into the differential equation, divide by 2ur’ and use the

fact that we know the eigenvalues of 2 we get the following equation for R(r):

"o (rz 6R(r)}{h /(,+1)+U(r)—E}R(r):O
2ur® or or 2ur’

This is called the radial equation for the hydrogen atom because its solutions yield R(r), the radial part of the
wavefunction. Solving this equation is the only new part of the hydrogen atom problem, since we already know
the solution to the angular part.

It is important to have some feel for the meaning of the terms in this equation.

e Thefirst term represents the radial kinetic energy of the hydrogen atom system, i.e. the energy due
to the changeinr.

e The second term is the angular kinetic energy term (recall that it originates from the 5 term).
e The third is the potential energy.

The angular kinetic energy term I(;jr)f is called the centrifugal potential. It is frequently grouped together with

the coulomb potential term to yield an effective potential

1(1+1)# 2 I(1+1)R?
U,y (1) =Ur) + (; W _ e N+

ur _47rgor 2ur’

Let's take a look at this potential

The coulomb potential alone is purely attractive (and hence negative), going to -oo at r=0. The centrifugal term
is purely repulsive (positive). The positive 1/r?> term wins out over the negative 1/r term at r=0, and hence the

effective potential goes to o at r=0 for nonzero /.

The radial equation for the hydrogen atom must be solved by the series method similar to our solution for the
Harmonic Oscillator. | will not repeat this treatment, but trust that you recall the general approach.
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Ver (r)
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~0.751-

In a manner similar to these previous problems, when one forces to the wave functions to obey the boundary
conditions, quantization of the energy arises. In this case, the quantization condition is

4
En:—g’z’—f’22 n=123,..
gh’n

This is often written in terms of the Bohr radius, ao

a, =—2 (Recall the Bohr planetary model)

The energy equation then becomes

eZ

E,=——— n=12,3,...
87rg,a,n

Notice that although the quantum number [ appeared in the radial equation, the energy does not directly depend
upon / (although we will see that the wave function certainly does). Rather, the energy depends inversely upon
the square of a total quantum number n.

The restrictions on the quantum number n that arises in solving the radial equation is n >/ + 1. Since , as we saw
previously, the smallest value of / =0, this is usually written as

0</<n-1 n=1,23,...

Note that the levels get closer together due to the 1/n? dependence as one approaches zero energy. For positive
values of the energy (as measured relative to the energy of the electron at infinite separation) the energies of
the hydrogen atom are no longer quantized but continuous. This is because there is no boundary condition to

keep the electron from going to r=o0.

The Hamiltonian for any one-electron atom (such as He*, Li**, Be®*) is exactly the same as for the hydrogen atom,
except that the nuclear charge changes. If we had solved the problem for the more general case of one-electron
atoms, we would have had a factor of Zin the numerator of the Hamiltonian. In this case the energy is given by:

_pe'Z  RZ

" 8gh’n® 0’

n=1,2,3,...

where R = Ry =109,677.4212 cm™ for the hydrogen atom. (It is very slightly different for other nuclei because p,
the reduced mass of the electron changes as the mass of the nucleus changes). This is simply the Rydberg
expression that we discussed in the early part of the course. Using this expression, one can therefore predict the
spectra of one-electron atoms.
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6 _THE HYDROGEN ATOM

Let us now look at the hydrogen atom wavefunctions. Recall that because the potential energy term in the
Hamiltonian, U(r), is spherically symmetric, the wave function will be of the form

Yo, 0,0) =R, ()Y (0,0)

I=0 =1 =2
1 3 5
m=0 Yy =—— Y, =,|-—cosf Yy = |——(3cosf-1)
Nar 4r 167
[3 : 15 .
m=+1 y! =, |—singe” Y, =,/=—cos@sinde”
8 T
f . 1 .
m=-1 yi= isinee"‘” Y, = —Scosesinﬁe"‘”
87 T
m=+2 Y} = L5 G gee
32r
15 i
m=-2 Y, =, |——sin’@e ™’
32r

where the Y," (8, ¢) are the spherical harmonics. These were the angular solutions to the rigid rotor problem as
well. The first few are shown in the table above.

Recall that the radial equation (given a few pages back) can be solved by using a power series solution similar to
our approach for the harmonic oscillator.

The radial wave functions for the hydrogen atom can be given in terms of well-known polynomials called the
associated Laguerre functions.

The general formula for the radial wave function is

3
n—l-1) P( 2 Y2 — 2
R, (r)= {nzim1) )3 [_J r'e "L} -

2n[(n+l)!] ha, ha,

2r . . &h* . .
where the L/} [—j are the associated Laguerre functions and a, = —— is called the Bohr radius.
na,

e

The first few Laguerre functions are:

. 2r
n=1 =0 Lix)=-1 X=—
aO
=0 L(x)=-21(2-x) ,
n=2 X :a_
=1 £ (x)=-3! 0
1 1 2
=0 L3(x):—3!(3—3x+—x J
2
- 3 X —z_r
n=3 -1 L (x)=-41(4-x) " 3q,
=2 L (x)=-5!
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6 __THE HYDROGEN ATOM

The total wave function, w,, . (r,6,9) =R ,(r)Y," (0,¢) , depends upon three quantum numbers. Note that the radial
wave function depends both upon n and /, and the angular part of the wave function depends upon /and m.

n - the total quantum number (note that n alone determines the energy)

This comes from the solution of the radial part of the wave function. Recall that the energy of the
hydrogen atom is determined by the total quantum number n.

4
En:—s‘;—:“ n=123,...
gih’n

I - the azimuthal quantum number or angular momentum quantum number

The | quantum number arose from solving the & part of the angular equations. It is related to the
magnitude of the angular momentum vector.

| can take on the values 0</<n-1 n=1,2,3,...

All the functions with the same value of n but different / have the same energy.

m - the magnetic quantum number

It gets its name from the fact that in a magnetic field, states of different m which are degenerate split.
It represents the projection of the angular momentum vector on the z-axis.

m can take on any of the 2/+1 values ranging from
-l -1+1,-1+2,..,0,..,1-2,1-1,1

Each n, | state is 2 | +1 degenerate.

For historical reasons, the | guantum number is usually denoted by letters instead of numbers.

/1=01234567 (after f they go alphabetically except for j)
spdfghik

Also, when /=0 and m=0, m is dropped as a subscript of i, since if =0, m must equal zero. Thus the first few
wavefunctions are designated

Wis n=1 /=0 m=0
uos n=2 /=0 m=0
W2p1 n=2 /=1 m=-1
W2p0 n=2 /=1 m=0
Wop1 n=2 /=1 m=1

Let us put everything together and look at the first few total wave functions.

9o

> Zr
1 (2P
wls(r,e,w):f[a—] e
7T\ Yo
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6 _THE HYDROGEN ATOM

3
= zr
1 Z )2 4 .
W,,(r,0,0)= Z|2-Zrle®
32z \ a, a,

Zr

1 Z E 720 . +ip
WZpil(r’07¢): — | re “®sinfe”
64\ a,

5

by Zr

1 Z P e

‘/IZpO(rlalw) = E(a_] re 20 cost
0

The parameter Z in these functions is the charge of the nucleus. These equations are valid not only for the
hydrogen atom, but for any one electron atom such as He* or Li?*. Only Z will differ.

Recall that the energy of the H atom is independent of / and m, so all the levels n=2 levels have the same energy.
For a given n and /, the (2 / +1) m levels are degenerate, but as we will see, this degeneracy can be broken by a
magnetic field.

There are several things | would like us to consider regarding these wave functions. First note that since the wave
functions are the eigenfunctions of a Hermitian operator, they are orthogonal.

This is expressed by the following integral.

2z

_[ (//;Im (r,9, q))l//n'/'m'(r'e' q))dT = 6nn'6ll'5mmm'
0

O3
O =3y

where dris the volume element in spherical polar coordinates.
This says unless n, |, and m quantum numbers are all the same the functions with be orthogonal.

The wave functions as | have given them to you are normalized and thus one can calculate the probability of
finding the electron in any range of r or 8or ¢, however one must be careful to do this properly.

The normalization integral is:

2

T I (R, (r(6, (/7))* (Rn, (Y™, ¢)))dz' =1

o —38

We can normalize each part separately, since the probability of finding the system with r=0 to o must = 1, and
similarly for finding @between 0 and it and for ¢ between 0 and 2.
However you must be careful to include the proper terms in the volume element for each coordinate.

n2r

Ry (Y (0,0)) (Ry(r)¥(0,0))r" sin@drdOdp = [R, (R, (r*dr [ [ Y™ (0,0)%(0,9)sin0d0de
0 00

f

The probability of finding the electron between r and r+dr

o—3
O =y

Rn,(r)|2 r’dr since the functions Y™ (0, ¢)are

normalized.

2
So to find the electron between r; and r, one must integrate R, (r)| r’dr between these limits. Physically, the r?

comes in that we are calculating the probability of finding the electron in a spherical shell between r and r+dr.
The volume of that shell gets smaller as r gets smaller, so even though the 1s wave function is exponentially
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2
2 .
Rn,(r)| r° peaks at some non-zero value of rand is

decaying and peaks at r = 0, the probability density function

zero at the origin.

r’R3,
05
03

02
01

| | | >
0 051015 2 25 3 335 4 r 0 05 115 2 25 3 35 4 r
Ryo r*R3
06 0175
0-15
0.4 0125

02 6 8 10 0-075
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Because the wave functions are three dimensional, it is difficult to visualize them and have physical intuition into
their meaning. One way to do that is to plot the radial part of the wave function separately. What is probably
more informative than the wave function itself is the radial probability distribution (as shown above for the 1s
function), since that has a physical interpretation.

The radial probability distribution for the first functions is shown below.

xR, (x)]/aq

0.1

0.1

0.1~

x=rla,
Note that the higher the energy, the larger the average r of the electron. Also note that there are n- /-1 nodes.

The angular parts of the wave functions are more difficult to display. However the wave functions with /=0 are
somewhat easier to display. The angular part of the wave function for I=0, m=0 is

1
Y5 (0,9)=——=

N
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6 _THE HYDROGEN ATOM

You can see that there is no explicit dependence upon @ and ¢. Therefore, the wave function is spherically
symmetric. Combining this angular dependence with the radial probability distribution we showed earlier, the
picture is something like

ls

where the probability density is shown by the density of the dots.

A 2s wavefunction has the same angular part but with a different radial distribution

2s

The wave function with n=2, I=1, m=0, that is the Yapo function has somewhat of a different angular dependence.

> zr
1 Z V?  a
Wipo(r,0,0) = — | re > cosé
327\ 4,

It looks something like this

2p,

Note that the type of figure on the right which one commonly sees in textbooks only shows the angular part of
the wavefunction. A shell is drawn containing a certain percentage of the probability density. One must combine
this with the radial portion to get a good view of the electron density.

One way to help visualize this function is to make a substitution for the term r cos6. If we realize that the Cartesian
coordinate z in polar coordinates is z = r cos@we could write the y, , wave function as

> Zr

1 20,

'//2po(r19:¢7):\/ﬂ[ j ze **
o
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Even though it is a little awkward to mix coordinates here, this serves to emphasize the fact that the wave
function has a nodal plane, which in this case is the xy plane. The z in the wave function emphasizes this since

when z=0 then the wave function and the probability equal zero. Because of this, v, , is usually called y,,,

The wave functions corresponding to m=0 (for example m=41) are somewhat more difficult to visualize
because they are imaginary (due to the e factor). We would like to work with real wave functions so we can
easily plot them.

We can use the imaginary wave functions to construct real wave functions by taking linear combinations of the
degenerate imaginary solutions. Remember, if two wavefunctions are solutions to the Schrédinger equation with
the same eigenvalue (i.e. they are degenerate), any linear combination of them is also a solution with the same
eigenvalue.

We can take an equally weighted linear combination of the m=+1 orbitals:

1
l//pr (rl 91 ¢) = E(WZp—l (rl 91 (0) + W2p+1 (rl 01 (0))

You will see why we call it ,,, in a moment

- zr
1 Z ? i
Recall that ‘//Z”ﬂ(r'e'w):ﬁ(a_J re *®»sinfe*”
7T\ Yo
1 1 (z2) . _
Thus, vlsz(r,ﬁ,(/?)zﬁﬁ(a—j re > sinH(e”“’+e*’“’)
7T\ Yo

By manipulating Euler's formula we can see that

cosp = er+e’”
¢ 2
5 zr
1 Z
So, W, \r,0,p)= — | re * sinfcosp
e 427 \ a,

But recall the conversion from the Cartesian coordinate x, to spherical polar coordinates:

x=rsindcosp

PR
Thus Vo r,0,0) = 1 (ij xe 2%

a

427

You can see that the yz-plane (x=0) is a nodal plane
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One can similarly show that if we take the linear combination:

1
(//Zpy (rﬁ:(P) = E(WZ!H{[ (r' 0; (/J) - (//Zp—l (rﬁ,(P))

5

7200

1 (z yei
427 \ a,

the nodal plane is the xz-plane (y=0).

So we now have three 2p functions, v, , ¥,,, , ¥,,, Which are all real. We could demonstrate that v, ., v,,,, ¥,

are mutually orthogonal. Now, because ¥,, ,¥,,,,¥,,, all have the same energy eigenvalue, any linear

combination will also have the same energy eigenvalue. The same holds true with respect to the 2 operator.

. 2 . . . .
Wap1r Wapor Wapn all have the same eigenvalues when operated on by L, hence their linear combinations will

. . 2
also. Hence v, , ¥,,,, ¥,,, are eigenfunctions of L".

However, v, ., have different eigenvalues with respect to [z (different m's), thus their linear combinations are
not eigenfunctions of [z (in general). The m=0 function will be since we didn't change it. Hence v, , ¥, are not

eigenfunctions of [Z (that is, m is not a good quantum number for these wave functions). It turns out that y,

and y,,, are eigenfunctions of the [X and [yoperators respectively. By looking at the functions you can see this

intuitively. They have the exact same form as v, ,, but with different axis labels.

We can also take linear combinations of degenerate eigenfunctions for states of higher / to get real
wavefunctions.

For a given |, m ranges from -/ .. ../
One will find that for every function containing an €™, there is a corresponding one containing e™™?. Addition

and subtraction of these functions will give two real functions. The subscripts on these new functions come from
substituting Cartesian coordinates as we did with the v,  and v, functions.

For example, for n=3, I=2, m=+2
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1
l//?’dxl,yz (f, 0, (0) = E(Vlsdz (f, 0! (0) tTWas (rr 9: (/)))

NI~

— 1 i 3a, 22
_81\/E£00]e (X y)

Hence, this is called a 3dx1—y1 function.

Hydrogen-like wavefunctions are also called hydrogen-like orbitals.

In first year chemistry you may have wondered where the strange labels for these hydrogen atom orbitals came
from. It is precisely from the mathematical form of the wave functions after we take linear combinations of the
imaginary functions with +m.

These hydrogen atom wave functions derive additional importance because when we get to many electron
atoms, products of hydrogen atom functions are used as a first approximation to the eigenfunctions.

Also, linear combinations of hydrogen-like orbitals are used to understand molecular bonding. The terms sp, sp?,

and sp® hybridization originates from linear combinations of s and p orbitals. Remember the energy depends only
upon n. So for example, a 2s and 2p have the same energy to first order.

6.1 The Zeeman effect

| would briefly like to consider how the hydrogen atom energy levels change when the atom is placed in a
magnetic field. This will give you a bit more insight into the meaning of the magnetic quantum number, m. This
effect is called the Zeeman Effect.

We must first consider the nature of the interaction of a moving charge with a magnetic field.

Y7,
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The motion of an electric charge around a closed loop produces a magnetic dipole u whose magnitude is
H=IA
where i is the current in amps/sec and A is the area of the loop in m2.

For a circular loop,

=2V
2rr

where g is the charge, v is the linear velocity and r is the radius of the loop.

The area of a circular loop A=7zr’ so

However we must consider the fact that the magnetic dipole moment is a vector property with both magnitude
and direction. This tells us the magnitude but not the direction of the magnetic dipole.

In general,

This is true whether or not you have a circular loop. You can show that if the loop is circular, then you will get
the result we had previously.

This says that the direction of the magnetic moment is perpendicular to the plane of rotation as | have drawn
above. Remember when doing a cross product you use the right hand rule to determine the direction of the
resultant vector.

Note that
p=mv,
Yo}
a(rxp) g
n= =—1L
2m 2m
Since L=rxp

For an electron q =-|e|, so

u=——-1

Even though we cannot think about the electron in a hydrogen atom moving in a circular orbit, we know that it
does have angular momentum and hence will have a magnetic moment. To understand how the magnetic field
affects the energy levels of the hydrogen atom, we must add the energy of interaction between a magnetic field
and a magnetic dipole into the Hamiltonian and solve the Schrédinger equation. The potential energy of
interaction between a magnetic dipole and a magnetic field is given by
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U=-u-B

where B is the magnetic field. If we choose the magnetic field to be aligned along the z-direction, we have

U:—|.l~B:ﬂL-B:ﬂBZLZ
2m 2m

e e

We can therefore write the Hamiltonian for the H atom in a magnetic field as

PN |eBZ A
H=H, +——1L,
2m

e

where ,‘-AI0 , is the Hamiltonian in the absence of the field and [Z is the operator corresponding to the z-component
of the angular momentum.

The Schrddinger equation is therefore

le|B

z

Hoy + =Ly =Ey

2m

e

Recall that the hydrogen atom wavefunctions are eigenfunctions of both the ,‘-AI0 , and the [Z operators. That is,
we can write separate eigenvalue equations:

4
) m He m
HO Rnl (r)YI (91 {0) == Sgghznz Rnl (r)Yl (91 ¢)

and LR, (r)Y"(0,p) = mhR,(r)Y," (8,p)

You can use these relations to see that:

B n=1,2,3,...

_pet elB,
8g2h’n®  2m m=0,+1,2,... £/

e

Let's consider the implications of this.

In the absence of the field the hydrogen atom energies are just as we had previously calculated. However in the
presence of the field, an extra term is added which depends on the value of m.

Consider the 2p level for example. m can take on the valuesm=-1,0, 1
For m=0 there is no energy due to the magnetic field.
For m=1 there is a positive term added to the energy.
For m = -1 there is a negative term.

The energy that is added to each level is directly proportional to the magnetic field. Schematically this looks like
the following:
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Magnetic
field m
Nommmeio ; .
e
2p :::::;-—_ 0
T -1
Energy
1s O
Corresponding
spectrum

The 2p level is a single level in the absence of the field splits up into three different levels in the absence of the
field. The magnitude and direction of the shift depends upon the value of m and the magnetic field strength.

The splitting can be observed experimentally by looking at the transitions of the hydrogen atom. In the absence
of the field, there will be a single transition from 1s to 2p, whereas in the presence of the field, the single line will
be split into a triplet.

The splitting is relatively small relative to the 1s—2p transition energy. If we were considering a 3d level rather
than a 2p, the level would be split into a quintet, since m can range from -2 to +2. One can use this effect to
determine the value of / in the terminal level.

Pieter Zeeman
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7 Approximation Methods

In our logical progression from simple systems to more complex systems of chemical interest, the next system
to study after the hydrogen atom is the helium atom.

The Schrddinger equation for the helium atom is:

hz hz hz 282 2@2 eZ
e Mg N g R )+ - + R ) =EwRrr
[ 2M 2m, ' 2m, °’ viRnL) 4z, R—r| A7, R—x,| Azeylr, | VRGBI=EVR L)

e

R is the position of the helium nucleus, r1 and r; are the positions of the two electrons, M is the mass of the
nucleus and m, is the mass of the electrons. V2 is the Laplacian operator with respect to the position of the

nucleus (i.e. the derivatives are with respect to the nucleus position). Vi and Vi are the Laplacian operators
with respect to the position of the electrons.

Because this is a three-body problem, the analytical separation between relative coordinates and center of mass
coordinates is more complicated. However, because the nucleus of helium (with two protons and two neutrons)
is 7300 times more massive than the electron, it is a good approximation to assume that the center of mass is at
the nucleus. The center of mass motion is then the motion of this point through space. For the internal problem
of the electrons in the center of mass coordinate system, this amounts to ignoring the kinetic energy of the
nucleus, since its position is fixed at the origin. This is essentially equivalent to using m. instead of u in the
hydrogen atom problem, but in this case it is even a better approximation because the helium nucleus is 4 times
the mass of a proton.

We can therefore write (to a very high degree of approximation):

e e\ 6 go|r1_r2

w 2 (1 1 e’
oy (Vf +V§)w(r1,r2)— 2 [—+—Jw(r1,r2)+4—|y/(rl,r2) =Eyl(r,r,)
Even though this is simplified by ignoring the nuclear kinetic energy, this Schrodinger equation cannot be solved
exactly due to the term:

eZ

Are,|r, -,

This term depends upon the relative separation of the two electrons and represents the potential energy due to
inter-electronic repulsion.

If this term were gone, the Hamiltonian would just be a sum of two hydrogen atom Hamiltonians. In this case,
the wave functions would simply be a product of H atom wave functions and the energy would be a sum of H
atom energies. The presence of the inter-electronic repulsion term makes such a separation impossible,
however. We must therefore turn to approximation techniques to deal with this problem. | will discuss
approximation techniques in general, using several different systems as examples, and afterwards | will return
specifically to the problem of the helium atom.

You can see that in any three-(or more)-particle system, we will always run into the problem of the Hamiltonian
not being separable if the particles interact. Thus, the Schrédinger equation for many-electron atoms or

molecules cannot be solved exactly.

However, there are two different approximation techniques which can yield extremely good results and are
widely used in quantum mechanics.

The first of these approaches is called perturbation theory.
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7.1 Perturbation Theory

Let me rewrite the Hamiltonian for the Helium atom in scalar form using the coordinate ri, to denote |rq-r,|.

. n 22° (1 1 2
H=- (Vi+V§)— € [—+—J+ €
2m r,

dng,\n, N Ang,h,

We can see that this Hamiltonian has the form

2

P A e 1
H=H, +H,, + —
4re, r,
where
. " 2 1
H,=—V’— - i=1,2
2m, 4reg, 1,

I:IH, is just the Hamiltonian for a hydrogen-like atom (a one-electron atom) in which the nuclear charge Z= 2. So

the Hamiltonian for the Helium atom looks like the sum of two hydrogen atom Hamiltonians plus a term which
represents the inter-electronic repulsion.

If the inter-electronic repulsion term,

e 1

dre, 1,

weren’t there, we could separate the Hamiltonian into two Hamiltonians which depend on coordinates of
different electrons. We would then know how to solve that problem. The wave functions would be the product
of one-electron wave functions and the energies would be the sum of energies of each electron. However, the
inter-electronic repulsion term prevents us from doing this.

Let's think back to another problem that we could not solve exactly — the anharmonic oscillator problem. Recall
that the vibrational motions of real molecules are not exactly harmonic, but for small amplitude vibrations a

harmonic approximation works pretty well. We demonstrated this by writing the potential energy as a Taylor
series expansion about the bottom of the well:

1 1 1
U(x)==kx> + =yx> +—bx" +...
2 6 24

The Hamiltonian is then

We then pointed out that for small amplitude vibrations, the latter two terms would be small and we could
neglect them. The Hamiltonian for the anharmonic oscillator then reduces to that for the harmonic oscillator.

The problem of the Helium atom and that of the anharmonic oscillator have an important property in common -
- they both can be written in the form

A=A+

where A is the Hamiltonian for a problem that we know how to solve exactly, and A’ is a small additional term
that prevents an exact solution.
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A is called the unperturbed Hamiltonian and A’ is called the perturbation.

In each case we know how to solve the Schrédinger equation for A© , that is we know the solution of
£y = FO),©

The basic approach of perturbation theory is to write the Hamiltonian in the form

H=H"+H'
If the perturbation to the Hamiltonian is sufficiently small, the energies and the wave functions will not be very

different from the unperturbed problem. Perturbation theory then formulates the solution to the perturbed
problem in the form of corrections to the energy and wave functions of the unperturbed problem.

I will call the unperturbed wave functions ' the zeroth-order wave functions and the energies £ the zeroth-
order energies.

In the case of the Helium atom, the zeroth-order energy is the sum of two hydrogen atom energies and the
zeroth-order wavefunctions the product of two hydrogen atom wave functions.

In the case of the anharmonic oscillator, the zeroth-order energies and wave functions are simply those of the
harmonic oscillator problem.

We will solve these problems after we develop the theory.

7.1.1 Derivation of the Perturbation Theory

The basic problem is that we need to find solutions to the Schrédinger equation
/:I(// =Ey

but many times we cannot solve it exactly. This means that the Hamiltonian is such that we cannot find analytic

solutions for the energies and wave functions. However, we can often write H in the form:
A=A +4'

where A® is a Hamiltonian for which we can solve the Schrédinger Equation exactly and A" is a small
perturbation to that Hamiltonian.

For Perturbation Theory to yield reasonable results, the perturbation A" must be small compared to A To
emphasize this we will write the perturbation as AH’ where A is some small number <<1.

So we will in general write:
A=A+ iH'

We never need to know what the parameter A is besides to know that it is a small number. It is a useful construct
that will drop out.

The problem we are trying to solve is then

(A + A7)y, =E,y,

137



Z__APPROXIMATION METHODS

Since H depends on the parameter 4, both E, and , will depend on 4, that is
v, =v,(4,9) and E,=E (4)
where g are the coordinates.

We can look at the problem in the following way:

/

0]
E«f )

EZ(O)

E()

EI(O)

E, \

A

The eigenvalues will depend upon the value of the parameter 4, that is, how large the perturbation is. As 2—0,
they will approach the eigenvalues of the unperturbed system.

There is at least one wave function for each energy, and for some there is more than one (degenerate states). As

we turn on the perturbation by making A different from zero, both the energies and eigenfunctions will change.
One can actually do this with magnetic or electric fields. In some cases the perturbation will split the degeneracy

(E;O) ), in others it may not ( Eflo) ). The perturbation treatment of degenerate and non-degenerate states differs.
| will deal only with non-degenerate states.

Since H dependson 4, E,and w, should as well. We will therefore assume that we can expand the wave function
w and the energy E, in powers of 4,

o+ AW

n

v, =y + Ay + Xy

n

+...
—_ g 1) | 42£0) k k)
E,=E +AE +1E+.. .+ AE"+...
where we call £ and y"' the k™ order corrections to the energy and wave function.

For small perturbations this series should converge, and the energy and wave function should be fairly well
approximated by carrying just a few of the correction terms. Putting these expressions in to the Schrédinger
equation:

(I—?“” +/1I:I')(y/£°) A YR Ay )=
(EL"’ +AED + PEP 4+ 2 EW +...)(y/ﬁ°’ + AW+ 2P L+ AW +)
If we multiply out all the terms and group similar powers of 1 we get:

H(O)V/,(,O) +ﬂ(l:l‘°’l//,(,” +I:/rl//’{10})+/12 (I-AI(O)(//LZ) +"A""//£l))+--~

_ g(0), (0) (1),,,(0) (0), (1) 2(p(2), (0) (1), 1) (0), .(2)
_En Y, +1(En Vn +En ¥ )+/1 (En Y, +En ¥V +En ¥ )+
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For this equality to hold, the coefficient of each power of A must be equal.
For the A° terms, we get:
00 = £O, )

There is no new information here, since this is simply the Schrédinger equation for the unperturbed system, the
solution to which we already know.

For the A terms we get:

,_“,(0)‘//,(11) +:‘-Al'l//ﬁ°) — E“)(//(O) + E(O)l//,(,l)
(,:I(O) Em))l// (E(l) “ )l//ﬁo)

We need to find E(l> and l//(1> Since H® is Hermitian, its eigenfunctions form a complete orthonormal set. We

can then expand " in terms of these functions:
p! = za y
Our equation then becomes:
za (H(O’ E'U’)y/ (E(l) I )l//,(,o)
but we know that
), 0 _ gl0), ()
H ;" =y,

SO we can write

z ‘7,- (Eﬁ'O) E(O) )l// (E(l) H’)l//,('O)

j
If we now multiply both sides by 1//(0) and integrate, one has:

Iy/(m za E(o E(c)) “”dr thm Elli I:I')l//,ﬁo)dr

We can rewrite the left side of this equation
© _ [0 %, 0 4 _ © _ g0
Yo, (B0 M) [wiyPdr =30, (£ E)5,
J J

You can see that the summation yields zero since when we do it, the only term that survives is when j=n, and

(E(O) _ E(O) ) =0

n n

Thus the right side of our equation must also equal zero

J‘W,(]o}* (ELI} _ I:I’)y/ﬁ‘”dr =0

Solving for £
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D = [y Ay P de

Remember that the 1t order correction term to the energy was given by ZES)

AED = Ay Ay Pde = [y ARy Vde

We define H!  as the integral of AH’

~ (W iy O dr

Recall that AH' is just the perturbation part of the Hamiltonian. Thus, the first order correction to the energy,

AH'

, represents the average value of the perturbation.

We can now do away with the parameter 4. What we called AH' before we will now call H’ — the perturbation

part of the Hamiltonian. We can also absorb /1 into the definition of the first order correction E\ as well.

We can then write to first order:

where the first order correction to the energy, H

E =E"+EV =E"+H

represents the average value of the perturbation.

nn'

We now need to find the first order correction to the wave function, y"'. Remember we had expanded ¥ in

basis functions of the eigenfunctions of the unperturbed Hamiltonian:

(1) z a V/(O)

Finding the correction to the wave function consists of finding the coefficients g; in this expansion.

If we go back to our equation

Za (Ew) E(O))l// (E“’ ,_‘,f)l//’('m

and multiply by 1//“” and integrate (Wherem#n)

5mn

J‘l//(m za E(O) E‘O‘) ‘°'dz- J‘th E‘“ I:I’)z//ﬁo’dr

(0) (0) ©r, 04 _ @[, (0 ©*fyn, (0)
Za E —-E, J.l// w;dr=E, Il//m wdr - J.l// H'y,dr
Ya, (0 -£)5,, =EV5,,
j

= 0 since we are restricting ourselves to m # n. Also, we can evaluate the sum over j since only the term in

which j=m will survive:

a (E(O) _ E(0) ) ——_H'

mn

Since m # n, we can divide both sides by (Eﬁ:) - Eﬁo)) (we can do this because states m and n are non-degenerate)
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H'
=700 (Note the change of order and the loss of the minus sign)

G ( E© _ o) )

So our first order correction to the wave function is

m#n

Ho
l//r(11) = Z(Er('o) _E,(r?)) r(r?)

where the sum is for mzn.

Note that although there is no l//,(,o) in the sum, the zeroth-order wave function does appear in the expression

for the corrected v, .

The wave function y, is then

V.= l//,(70) + z (E(o:-lr_'nf' )[/ r(nO)

0
n E9

Note that once again, we have absorbed A into our definition of H] .

This quantity H/  is also an integral involving the perturbation part of the Hamiltonian, but now the integral
involves two different functions. We call both H, and H!  matrix elements, in that we can form a matrix of all

the integrals of the perturbation with all of the different wave functions. The first order correction to the energy,
H! would lie along the diagonal, and the H/ would be the various off-diagonal elements.

Looking back at the expression for the first order correction to the wave function, you can see that the effect of
a perturbation is to "mix" the unperturbed (or "zeroth-order") state with contributions from other states. In
general, those contributions are larger the closer they are to the level under consideration because of the
denominator of this expression.

Our treatment thus far has been concerned with finding only the first order correction to the wave function and
energy. If we go back to our original Schrédinger equation in which we had substituted expansions in powers of
A for E and w and had grouped powers of 4, the terms involving A% will give us the second order corrections. |
will simply quote the result:

|Hrlnn ’
Ef) = z (E(Dl _f© )

m#n

The energy to second order can therefore be written

2

’ |Hrlnn
E, =E£°) +H, +;—(Eﬁ°) —E,(:,’))

To get the first order correction to the energy, only a single integral needs to be evaluated, whereas for the
second order correction to the energy and the first order correction to the wave function, we must evaluate all
the integrals in the infinite sum. It is often difficult to evaluate these sums. For higher corrections it is more
difficult still.
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However, the most important terms come from states that are closest in energy to the one being calculated

because of the m term.

n m

You should know what all the terms in the expression for the 1%t order correction to the wave function and second
order correction to the energy mean. Often, many of the matrix elements that you need to evaluate will be zero
on the basis of symmetry. You should be aware of this and look for it.

7.1.2 Examples of Using Perturbation Theory
Example 1: Particle in a box with slanted bottom.

A A

|

0 a

We need to formulate the problem as an zeroth-order part plus a perturbation. The zeroth-order part must be
one that we know how to solve.

If we let H be the particle in the box Hamiltonian, then we can write

A=A +4'
where =X
a

We know the zeroth-order energy is just the particle in a box energy. Let us then find the first order correction
to the energies, £\

2 o (V.
E?=H5=Jw9(ﬂ61)w9Hkﬂ
a
0

2V 5§
:——.[xsin2 (n—ﬁxjdx
aay a

2va

aa 4

So go -V
! 2

Note that this is independent of n. In general, the effect of the perturbation may depend upon the quantum
numbers. In this case, however, each level is shifted by the same amount.

n*h* Vv
_+_

Thus, E =E9+£Y = -
8ma”~ 2
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Example 2: Anharmonic oscillator.

Recall that in discussing the harmonic oscillator problem | indicated that real molecules are somewhat
anharmonic (that is, the potential contains terms other than %kxz ). Consider an anharmonic oscillator whose

potential is given by
1 1 1
U(x)==kx* + =yx* +—bx"
2 6 24

Let us determine the first-order correction to the ground state energy of an anharmonic oscillator with a
potential as given above. Comparing U(x) above to the harmonic oscillator potential, we can see that

~0 1 1
A ==yx* +—bx"
6 24

Recall that the ground state wave function for the harmonic oscillator is

where a= /k_,u
hZ

The first order correction to the ground state energy is given by

EY =Hio = [ v (0A'v (x)dx

[ﬂ] (lyx3+ibx4je”zdx
z) e 24

21 I 1 3 —ax® T 1 4 —ax?
=|— —yx> e dx+ || —bx" |e”* dx
(5[ Jerrane T(gaoe Je o

The first of these integrals equals zero since the function under the integral is odd. The second term gives

1 1
0 (2] Zoftewronc( 2] L2
24

N

—38

1
2

w > 7) 12 Sag
2
Thus, 38 __b ~= b
32a°  32ku

The total ground state energy is then

1 Kb
2 32k

+...
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7.2 The Variational Principle

I would now like to introduce a second approximation method for solving the Schrodinger equation — the
variational principle. This method does not require that a similar problem has been solved exactly as in the case
of perturbation theory. It is widely used for solving the electronic Schrédinger equation (that is, the Schrédinger
equation for electronic motion in molecules).

Consider the ground (lowest energy) state of some arbitrary system. The wave function v, , and energy Eo, satisfy
the relation

Hy, =E,
If we multiply this equation by l//; and integrate over all space we get
j‘/’;":h//o dr
Ey=—F"—
[wopodr
where d7is the volume element.

Note that y, is the true wave function for the lowest energy state, even though we don't know what it is.

We could set the denominator equal to one if we choose normalized functions, but if we leave it we can allow
for the possibility that the functions are not normalized.

If we substitute any other function for y into this expression (any function that we might guess to be the true
wave function), the variation principle says that energy we would calculate from this expression will be greater

than or equal to the true ground state energy.

That is, if we calculate

jcp*/f/cpdr
E =
4 jcp‘cbdr
then
E,2E,

The expression for E, is called the variational function, and the wave function @ is called a trial function.
The only requirements on the function @ are that it satisfies the proper boundary conditions. We can determine

this without solving the problem.

7.2.1 Proof of the Variational Principle

Let us expand our function @ as a linear combination of eigenfunctions of the Hamiltonian for the system of
interest. That is:

D= cy,

where Hy,=Ew,
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We can see that
AD =3 fcy, = cEy,
Substituting these expressions back into the variational function we get
f{ZCLW;J(chfn% jdf
5o 3o

E, =

We can rearrange this to get

Sk Juide
E — m n

D3 RN 77X

Because the eigenfunctions form a complete orthonormal set we can write:

ZC;CnEn
__n
ToXas,
n

E

If we now subtract Eo from the left side and the quantity below (which is equal to Eo) from the right side

z C; Cn EO
——=E

26

we get
ZC:Cn (En - EO)

E —-E, =

[4 0 *
266,

n

We know that E, > Ej for all n since Eq is the lowest energy (the ground state).
Also, c;cn >0 . Thus, the right hand side of the equation is positive.

Thus we have

or E >E

Basically, any trial function will always yield an energy greater than the exact solution. We can then choose the
function to contain "variational" parameters, and we can minimize E, as a function of the parameters. The value
will be the best value for the adjustable parameter.
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7.2.2 Examples of Variational Calculations

Example 1:

Consider the ground state of a harmonic oscillator. Assume for the sake of this example that we did not know
how to solve it by exact methods. We might expect, however, that the ground state wave function would be
symmetric about x=0 (by analogy to problems like the particle in a box).

Let us try the function

® =cos(Ax) ——<x<—

where A is a variable parameter. We can vary the parameter A to get the best estimate of the ground state
energy.

—2 A

We will only consider the function between -1t/21 and /24 since we know the function must damp out at x =
to0 and not oscillate as this does. If we consider it just to the point where it goes to zero it should be ok.

Remember the variational function has the form

B jcp*f—“/q)dr
- o' ®ar

4

Recall that the Hamiltonian for the harmonic oscillator is

2 2
AU
2udxs 2

Substituting for ® and A

L3

22 2 2
I cos(Ax) —h—d—2+lkx2 cos(Ax)dx
a 2udx® 2
EW = - T

22

.[ cos(Ax)cos(Ax)dx

T
22

Let's do the denominator first:

cos?(Ax)dx =~
22

R fn ==
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LS
22

2 2 212 22 22
I cos(ﬂx){—h—d—z+lkx2}cos(/1x)dx: wa _[ cosz(/lx)dx+£ I x* cos®(Ax)dx
a 2udx” 2 2u 7, 27
24 21 22
ECIANTEEY
C2u\24) A’las 8
The function E, is then
Wi (1} +k(”3 _,,}
p o 2u 22 A\ 48 8
¢ T
22

WA ok(x 1
+_ —_—— —
2u A\ 24 4

We now want to minimize this function with respect to the parameter A. So we need to take the first derivative
of a function).

with respect to 4 and set it equal to zero (recall that this is the prescription for finding a minimum or maximum

o, 22 2k(# 1)
di  2u A’\24 4

Multiplying both sides by 2* we get:

2 2
LYY (LA I
P 24 4

The minimum is then at

2
2y 71
2y 24 4

min h

Note that we took the positive root only as A? must be positive.

Substituting A2 into E,:
2
k| Z- L

i 24 4 2
Epn =24 =

1

2hu| T
d5d)

This gives

2
£, =2 =10 % —05700=057h
24 4 \pu
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Compare this to the exact solution:
Eo=0.5 hv

Note that E,»> Eo. Also note that even with this crude approximation we get excellent results.

Example 2:
Now let us repeat the variational calculation using the trial function

CD:eiZX2
Then
Q% hz d2 1 2
j ————+>kx* |e 2 dx
2udx” 2
Eq’_ B A2 Ao
e’ e? dx
Numerator:

- X 2 “2e Ze 1 Ay 2 2 2 ° 1 L 2
Ie 2 [—h—[azxze N j+5kxze 2 ldx= J‘h—ae’” dx + j Ek_ hza x’e ™ dx
o o H

hza\/; 1, 1\/;
= |— 4| ~k—— |—.,|—
2uNa \2 21 J2a\a

Denominator:

2 2
So, :h_a+ik_ha
2u  4a 4u

2
:h a+ik
du Lo

We now have to take the derivative and set it equal to zero to find the best value of a.

dE 2
_‘/’:h__ 1 k=0
doa 4u 4ad’
yielding:
kpt
azzh—z

Now substitute this back into the expression for E, to get the minimum value.
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2 2

e I fle k[0

¢ auNn 4\ ku
holk ho|k
= |—4+— [—
A\ u A\Nu

:E ﬁ:lha):lhv
2\ p 2 2

Note: this is the same as the exact result!!

The better agreement (exact in this case) using this trial function stems from the fact that the function is closer
to (in this case identical to) the true wave function. It came out exact because we chose a function that was in
the exact same form as the ground state solution. The « we found was simply the definition for & we had used
previously.

However, the general principle holds true: The closer the wave function is to the true one, the better the estimate
of the energy. The general approach is to include many variable parameters in the trial function and vary them
in a systematic manner to obtain the lowest energy possible. The wave function becomes closer to the exact
solution.

In principle one can use this approach to find not only the ground state energy but also the ground state wave
function, however the estimate of the energy approaches the true energy faster than the wave function
approaches the true wave function. You therefore need an energy very close to the true energy before the wave
function is close to the true one.

Up to now, we have only used a single variable parameter in our trial function. You can imagine that if we choose

a trial function with several variable parameters, calculate the variational function, and then vary each of the
parameters to minimize the energy, one could get an even better estimate of the energy.

7.2.3 Variational Principle with more than one variable parameter

A systematic way to handle a trial function with more than one variational parameter is to write it as a linear
combination of functions

where the ¢, are the parameters which we are going to vary, and the f, are arbitrary known functions that are
not necessarily orthonormal.

The more terms we take in the sum, the better our estimate of the ground state energy will be. This accuracy
comes at the cost of computational complexity, not in the sense of conceptual difficulty, but in the sense of the
raw computer power required.
Consider the simplest case where we have a linear combination of only two functions

O=c,f +cf,

We will choose the ¢, and f, to be real.

Let us plug this into the variational function E,,.
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First evaluate the numerator:
[0 Addr=[(c.f,+c,f,) Ac.f, +6.f,)dr
_ 2 ¥ " ¥ 2 7l
=c [fAfdr+cc, [fAfdr+cc [fLAf dr+c [fAf dr
(I dropped the * since the c's and f's are real)

Let us define a matrix element H; as
Hy = [ fAf dr
Note that since H is Hermitian Hjj = H;i
We can therefore write
.[CD*I-AI(Ddr =C’H,, +2¢,C,H,, + C2H,,
Now the denominator:
[0 @dr=[(c.f,+c,f,) (c.f, +c.f,)de
2 2
=c[ffidr+2ce,[f fdr+S [, fdr
Let's define an overlap integral S;
S, =[ffdr

Since the functions f; and f; are not by definition eigenfunctions of an operator, they are not necessarily
orthonormal and thus we can write:

jdf ®dr=clS,, +2¢,c,S,, +¢2S,,

This gives us

2 2
E (c,,c,)= C1H11 +251‘:2!'/12 +Cz"'lzz
p\t1282) =

2 2
Cl 511 + 2C1C2 512 + CZ 522

We now want to differentiate this with respect to ¢; and c,. Before we do this let's write this expression in the
following form

2 2 _ 2 2
E,(c,.c )(c1 S, +2¢,6,S,, +6,S,, ) =CH,, +2c,c,H,, +c;H,,

Now let us differentiate it with respect to ¢;. We need to use the chain rule on the left side:

OE (c,,c,)
(ﬂacl 2 (612511 +20,6,5,+6S,, ) + Ew(cl,cz)(2c1511 + ZCZSH) =2¢,H,, +2c,H,,

1

To find the minimum we set the derivative to zero:
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OE,(c,,c,) 0
oc

1

This gives
E,(c,,6,)(26,5,, +26,5,, ) =2¢,H,, +2,H,,

and consequently we get:
c (H11 —E(ﬂ(cl,cz)$11)+c2 (H12 —Ew(cl,cz)slz):o

Similarly, if we differentiate E with respect to ¢, and set the derivative equal to zero we get
c (H12 —E({)(¢:1,¢:2)512)+CZ(H22 —Ew(cl,cz)szz) =0

These two equations constitute a pair of linear algebraic equations for the variables ¢; and c,.

You should know from linear algebra that this set of equations will only have a non-trivial solution if

H11 —Ean le _E(pslz _
H12 _Egaslz sz _E(pSZZ

This determinant is called a Secular Determinant.

When we multiply out the determinant, we will get a quadratic equation in E which is called a Secular Equation.
Solving the secular equation will give us two values of E. The lowest one will be the approximation to the ground
state energy. The next highest root will be an upper limit to the next energy level.

If one takes the value of E obtained from this procedure and substitutes it back into the set of linear equations,
one can then solve for the values of ¢; and ¢, which gives the best estimate of @.

This whole procedure can be generalized to the case in which we use N functions rather than just 2 functions. In
that case the secular determinant is

H, - E¢$11 H, —EwS12 .. Hy _E¢S1N
le _E(/)Sll sz _E(pSZZ -0
HlN —E(/}Sw HNN —EwSNN

In this case, when we multiply out the determinant, we get an N order secular equation with N roots for the
energy E. The lowest root is an upper limit to the ground state energy. The estimate of the energy gets better as
you add more functions, but you can see that the needed computational power also increases.

If we choose our functions f, to be an orthonormal set, then all the off-diagonal overlap integrals will equal zero
and all the diagonal ones will equal one.

That is: S. =0

/]
The secular determinant then becomes
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H11 E¢ H1z H1N
le sz _Eq) : -0
HlN HNN _qu

This approach is one of the two major techniques used in computational chemistry for solving the electronic
Schrédinger equation; we will discuss this later. The key to making it work well is to choose the right trial
functions.

John Pople and Walter Kohn won the 1998 Nobel Prize in chemistry for their work developing and using these
two different techniques.

John Pople Walter Kohn
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8 Many Electron Atoms

When we come to the point of dealing with the Helium atom, you will find that we cannot solve the problem
exactly due to the inter-electronic repulsion term. We must therefore use approximation techniques such as

perturbation theory and the variational principle.

The helium atom problem takes on special importance because the methods that are used to treat helium and
the concepts that emerge will be applicable to atoms with more electrons.

Before | apply the techniques of perturbation theory and the variational principle to helium, | would like to make
a brief digression and introduce a system of units called atomic units. The Schrédinger equation for atoms

becomes quite simple if we write it in atomic units.

First, let us write out the helium atom Hamiltonian explicitly (here we explicitly assume that we can neglect the

kinetic energy associated with the nuclear motion):

e n v n V2 ze’ ze’ e

1 2 -
2m

e e

- +
2m Ang,r,  Ame,r, Armeggr,

Now let us choose a set of units such that
m,=1 , h=1 , e=1, 4ns,=1

If we do this the helium atom Hamiltonian becomes

We no longer have to include any physical constants in our Schrodinger Equation. These units are called atomic
units, and all other physical quantities can be expressed in terms of these four. Certain quantities related to

atoms become "natural units".

Quantity Natural Unit Sl unit equivalent
Mass me=1 9.1x 103 kg

Charge le| =1 1.6x10%C

Angular momentum h=1 1.05x 103 Js
Permittivity constant 4rep=1 1.1126 x 100 C2 )t m™?

These are the four basic units. Others follow from these:

Quantity Natural Unit Sl unit equivalent
YN "
Length a, = el 1 (Bohr) 5.3x 1011 m (about 0.5 A)
2
Energy =1 (Hartree) 4.35x10718

4re,a,
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8 MANY ELECTRON ATOMS

Note that one Bohr is the radius of the hydrogen atom in its lowest state. Also note that one Hartree is twice the
ionization energy of the ground state energy of the hydrogen atom.

8.1 Perturbation Treatment of Helium

We want to solve the Schrédinger equation for helium. If we use perturbation theory, we can write the zeroth-
order Hamiltonian as

~ 1 1 Z Z
HO=-—-V?--v2_—_—
2 2 Lo

As we have done before, we could further break this up into two one-electron Hamiltonians.
We can write the zeroth-order wave function for the ground state as
(0)( —
woe,n) =y ey ()

Where the wi; functions are the hydrogen-like 1s wave functions for electron 1 and electron 2.

7z x
W)=/ e
T

In atomic units, the ground state energy of the hydrogen-like atom is:

You can take the formula that | gave you for the hydrogen atom energy levels and put it in atomic units to verify
this. The zeroth-order energy can therefore be given by

so the first order correction to the energy is

EY =Hy, = [ [w® (n 6y (6,1, )dr, d,

= J.IWIs (r, )l//:s (r, )[rijl//ls (r, )y, (r,)dr, d,

Note that the integration is over the vectors r; and r,. Thus each of these integral signs above represents a triple
integral, one for each coordinate of each particle (that is dr; is dxi dy1 dzi and similarly for dr,)

Remember, that the first order correction in perturbation theory is simply the average value of the perturbation.
Thus, this integral represents the average inter-electronic repulsion (calculated with the zeroth-order wave

functions).

| will not take the time to do this integral explicitly here. The result from the integral is

154



8 MANY ELECTRON ATOMS

EY = 2z
8

So corrected to first order, the energy of the helium atom is
© , p 2,5
E =B 4B =-2+22

For helium, Z=2, so

E = —E =-2.75
4

1

The actual value is -2.9033 au, so this result is about 5% in error.
If we were to take the is to second order we would find £; =-2.91 au
To third order one would get E; =-2.9037 au, in excellent agreement with the experimental value.

Recall that there is no restriction that the perturbation theory estimate approaches the true energy as an upper
limit. This only holds for the variational method.

8.2 Variational Treatment of Helium

We can also use the variational method to estimate the energy of the ground state of helium. We will take our
trial function to be the same as our zeroth-order perturbation theory wave function

Ofr, 1) =y, (r)y,, ()

Z x
l/fls(r,)=,/—e “
T

except that we can treat the nuclear charge Z as a variational parameter.

Where

Thus

3

O(r, 1) = e A1)
VA

We now have to evaluate the variational function given by
E, = .[CD*(rl,rz)/:I(D(rl,rz)drl dr,

where we are omitting the normalization integral in the denominator because we chose 1s functions which were
initially normalized.

The Hamiltonian for the helium atom is the same whether you use perturbation theory or the variational
principle, however in the latter, you must include the entire Hamiltonian in the integral rather than just the

perturbation part when calculating the integrals.

Recall that the Hamiltonian for helium is
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8 MANY ELECTRON ATOMS

(It should be clear that this is the same as the original.)

If we put the Hamiltonian and the wave functions into the variational function we get

2ne) dr, dr,

722 s Z 1 Z 7-2 7Z-2 1 z3
E (2)=j—e 2ntn) vz————vz—— + +
¢ T 2

n 2 Loh h ’12”

We can now simplify this by noting that

_lvz _E Z_3e72,/, :_Z_Z Z_3€72r
2 n)\z 2\ 7

This is just the Schrédinger Equation for a one-electron atom with charge Z.

We can write one of these equations for electron 1 and another for electron 2. The fact that the wave function
is a product of functions for electron 1 and 2 makes no difference, since the electron 1 Laplacian does not operate
on the electron two part of the wave function and vice versa. We can therefore simplify the variational function
to obtain:

h L )

7 7 v [ Z2-2 Z=2 1\Z® s
E (2)= —7——+ 12)(—+— ] e ) dr. di,

We can simplify the remaining integral in the following way

Z o z2-2 72=2 1\Z . 7-2 z ZY 1 e
J'_e 2n 2)(—+ +—]—e %) g, dr, —2— —e'zz’ldrlj—e‘zz’zderr — J.—e 255 g, d,
T T

h L L)% h )" hy

(factor of 2 comes from two identical terms.)

Notice that the last integral is the same integral we had to evaluate in first order perturbation theory. The result
equaled 5/8 Z.

The second integral in the first term is just the normalization integral for a 1s wave function and equals 1. We
are left with

2 ¢Z-2 ,, 21
25 [ % gy =2(2-2)"—[=e%dr, =2(2-2)Z
JE e =229 [ e =2(2-2)

where the last step was evaluated by looking up the integral.

Combining all the terms in our variational function one gets
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2 2

7 7 5
E(2)=-2-Z 427(2-2)+27
o2) === =—-+22(Z-2)+2

_r_%Y;
8

If we now take the derivative and set it equal to zero (to minimize the energy with respect to our variational
parameter Z, we find that

OE, (2
W()zzz_EZ:
oz 8

0

Consequently we have

v
min 16

Putting this back into the expression for E¢(Z) gives

min

2
(2] 22 g
16 8 16

Note that Zmin < 2, the charge on the nucleus. This can be interpreted as partial screening of the full nuclear
charge by the other electron (that is each electron partially screens the other). This is a physically reasonable
result.

At first glance, the value for the energy, -2.848 au, seems to be in excellent agreement with the experimental
value, i.e., within 1.8%. One must take a closer look at this agreement, however. While in a relative sense, the
percent agreement with the experimental value is good, even a small percentage of the total energy is still a
significant amount of energy in an absolute sense, particularly compared to typical chemical bond energies.
The difference equals:

-2.848 - (-2.9033) =0.0553 au

Knowing that
1 au (hartree) = 2625.5 kJ/mol

this difference of 0.0553 au equals 145.19 kJ/mol

This amount of energy is comparable to a weak chemical bond (it is about 1/3 of a typical CH bond energy).
Clearly, this will not do if we want to use quantum mechanics for more complicated molecular systems.

Part of the problem is that we restricted ourselves to a trial function, which was a product of one-electron
functions. We did this for two reasons:

e This type of function is the zeroth-order function that we used in perturbation theory. Physically this
means that it would be the true wave function if there were not any inter-electronic repulsion. We then
consider the inter-electronic repulsion as a small perturbation on the system and might not expect the
true functions to be much different.

e We do this because the concepts of electron orbitals shape the way we think about chemistry. (This is
the way we like to think about chemistry.)
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8 MANY ELECTRON ATOMS

Think back to first year chemistry. We write the electronic configuration for the ground state of an atom like
carbon as 1s22522p2 for example.

The periodic behavior of the elements in the periodic table results from filling electrons into such one-electron
orbitals. This is the way the periodic table is organized. What are we doing when we write that?

Basically we are saying that the wave function for the carbon atom is the product of 2 1s wave functions, 2 2s
wave functions and 2 2p wave functions.

The whole concept of electrons going into orbitals assumes the wavefunction is a product of one electron
wavefunctions.

What we are in effect doing when we write down an electronic configuration such as this is writing down the
zeroth-order perturbation theory wave function. Thus, it helps us think about electrons going into individual
orbitals. This, in turn, has great predictive power about chemical bonding! This notation, which you may have
thought about in first year chemistry as being somewhat mysterious, really has its root in quantum mechanics.

One more related point:
Remember from first year chemistry that the sequence in which orbitals fill as you go to atoms of higher atomic
number is not quite the same as the energies of the H atom orbitals.

The order of the H atom wave functions depend only upon the quantum number n

So 1s<2s,2p<3s,3p,3d<4s,4p,4d,4f<5s ...

But remember the order of orbitals in many electron atoms is
1s<25s<2p<3s<3p<4s<3d<4p<5s<4d...

This is because in writing individual one-electron orbitals, we are neglecting inter-electronic repulsion. We are
neglecting shielding of one electron from others.

When we include inter-electronic repulsion, the energies of the different orbitals change since some are screened
more than others. Recall the radial distributions that | showed for the hydrogen atom wavefunctions. Some
orbitals had little lumps of probability near the nucleus. This influences the amount of screening.

Let us now get back to our discussion of the variational estimate for the ground state of helium. If we don't
restrict our functions to products of one electron functions we can get essentially the exact answer for the energy
of helium, however, we lose the physical interpretation of one electron orbitals which so much shapes our
thinking about chemistry.

However, even if thinking about wavefunctions as products as one-electron functions is only approximate, it has
great predictive power and thus is practical. There are ways that we can keep this useful picture of electrons in
individual orbitals and get a better estimate of the energy. One way to do this is to introduce one-electron orbitals
that are more general functions than the hydrogen atom one-electron functions. One set of such orbitals are
called Slater Orbitals since they were introduced by John Slater. They have the form

Snlm (r' ‘91 (P) = anrnileiérylm (‘91 (0)

| will not discuss these in detail, but the angular parts are spherical harmonics and the radial parts are similar to
the H atom eigenfunctions. The parameter ¢ is taken to be arbitrary and is not necessarily equal to Z/n as in the

hydrogen atom wave functions.
Even if we have an extremely flexible one-electron function, there is still a theoretical limit to the accuracy that

one can achieve in a variational calculation if one assumes the form of the wave function to be a product of one-
electron functions.
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A procedure called the Hartree-Fock Self-Consistent Field method gives a procedure by which we can calculate
the best wave function which is restricted to a product of one electron functions. In another words, if we are
going to restrict ourselves to one-electron functions, a Hartree-Fock calculation is the best we can do.

8.3 Hartree-Fock SCF Method

I will first explain the application of this approach for Helium. We will generalize it later.

The Hartree-Fock approach starts by writing the wavefunction as a product of one-electron functions or one-
electron orbitals.

l//(rl 0 ) = Q’(rl )(p(rz )

One typically chooses these one electron functions to be hydrogenlike orbitals but with somewhat more
flexibility. In practice one chooses a linear combination of Slater type orbitals for each function. No matter what
the functional form of these orbitals, they retain their identity as one-electron functions.

The basic physics of the Hartree-Fock method is that it takes into consideration the inter-electronic repulsion in
an average way.

Consider the fact that the potential between two point charges is given by

2
ur)=-1%___¢

Arme,r  Ame,r
Rather than considering the inter-electronic repulsion as an interaction between two point charges, consider it
as the interaction of a single point charge with a continuous charge distribution. This approach makes sense

inasmuch as the quantum mechanical wave function for an electron gives us its probability distribution.

The potential energy for the interaction of a point charge with some continuous charge distribution is

dU(rlz):—qulp2 dr,

&gl

where p is the charge per unit volume for electron 2 and dr; is the volume element. p dr; is the differential
charge, dqg,

To get the full potential one must integrate over the volume element dr,.

_[ %P
Ulr,) = J.4”€0r12 dr,

However, we know the probability distributions from the one-electron wave functions.

If @(r,) is the orbital (wave function) for electron 2, then the probability distribution for electron 2 is given by
pydr, =—e @ (1) plr, )dr,

where dr; is the volume element of electron.

Since this is a probability distribution for an electron we can also interpret this as a charge distribution for
electron 2. We can therefore write the potential energy that electron 1 experiences from its interaction with
electron 2 as

159



8 MANY ELECTRON ATOMS

. 1
Uleff ()= J.(/) (I’z)r—(/)(l'2 )dr, (Note: the change to atomic units)
12

We can therefore write an effective one electron potential

e 1 z e
Hlff (rl) = —EVi —r—+U1ff (rl)

1

The Schrddinger equation corresponding to this effective Hamiltonian is
HY (r)olr,) = &, olr,)
where ¢(r,) is a one electron orbital and &, is the orbital energy.

This is called the Hartree-Fock Equation for helium.

One can use the variational principle to solve this equation and get the best values of the parameters in ¢(r,)
that will minimize the energy ¢, .

Here one is applying the variational principle to a one-electron problem!! That is, one calculates the variational
function, Ea, using the one electron functions and the effective one-electron Hamiltonian. One then minimizes
the variational function by varying the parameters in the trial functions. This gives an estimate of the energy ¢,

and a new wavefunction (new variable parameters in the linear combination of Slater orbitals).

Let me first talk first about these wave functions and then about the orbital energy ¢, .

Recall that we started with a wave function w(r,,r,) = ¢(r,)e(r,)

The one-electron functions ¢@(r,)and @(r,) have the same functional form and have one or several variable
parameters. We then calculated the average effective potential Ufff(rl) that electron 1 experiences using the
function @(r,). That in turn gives us an effective one-electron Hamiltonian I:Ifff (r,) which in turn gives us a new
function @(r;)and thus also ¢(r,) as the parameters in both ¢(r,) and ¢fr,) vary in the same way. We then use
this ¢(r,) to calculate a new effective potential and then another effective one-electron Hamiltonian which gives

us another function ¢(r,).

Schematically we can write this

Var. Princ.
olr) > U (r,) > A7 (r) >— olr,)

T {
T {

One continues in this cyclic process until the functions ¢(r) no longer change. When that is the case, the resulting
orbitals are called Hartree-Fock Orbitals.
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This is why the procedure is called the Hartree-Fock Self Consistent Field Method because the wave functions
which are calculated are self consistent - i.e. the average field one would calculate from them will produce a
Hamiltonian which will yield a wave function which is the same as the original.

This procedure is fairly simple to visualize for helium, since although there are two electrons and two one-
electron wave functions, the functions are the same. Remember from first year chemistry that one can put two
electrons in each orbital. For many electron atoms, one can still have a wave function that is the product of one-
electron functions, but there must be one distinct function for every two electrons.

In the case of many electrons, one calculates the average potential experienced by electron 1 from all the other
electrons in the atom. One then constructs an effective one electron Hamiltonian and solves for a new one-
electron function for electron 1. One then moves on to electron 2. In calculating the average potential for
electron 2, one uses the new function for electron 1. One then gets a new function for electron 2. You move
down the line repeating this for each of the electrons. When one is done you go back to the beginning and start
all over again. You continue to iterate until the functions change no more.

Let us get back to the case of Helium. When you have found the optimum Hartree-Fock Orbitals, you find the

energy by taking its expectation (average) value using the full Hamiltonian and the full wave function (which is a
product of the optimized Hartree-Fock Orbitals)

E=[[o )0 () Aol )plr,)dr, o,

where you may recall that for helium,

If we substitute this into the variational function we get
E=l+1,+J,
where
l; :J.(/’*(rj) {_%Vf‘ —réj}p(r/)dr/
Note that this is just the average energy of an electron in the Hartree-Fock orbitals neglecting inter-electronic
repulsion.

and
P . 1
o =][0"w)e (0) | — |om)p(r)dr dr,
12
which is called the coulomb integral. This looks like the average value of the inter-electronic repulsion in the

Hartree-Fock orbitals.

Note that in this determination of the total energy, one simply uses the optimized Hartree-Fock orbitals and does
not vary their parameters. The optimization has already been done.

It turns out that the total energy of the Helium atom is not simply the sum of the orbital energies. We can show
this if we go back to the one-electron Schrédinger equation that we had written

Hleﬂ‘(rl)(p(r]) =& o(r)
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If we multiply this on both sides by @ (r;) and integrate we get

g = [0 0)H (r) p(r)dr,

If we were to substitute in our expression for the effective one-electron Hamiltonian we could easily show that
g=1+J,

If we then take the sum of the orbital energies we get
g+e=L+J,+L,+J,#E (this counts Ji, twice)

However, if we compare the orbital energy to the expression we had for E before we can see that
g=E-1,

If we look at the expression for the integral /> we had earlier, you can see that it simply looks like the average
energy of a one-electron atom with charge Z (in this case Z=2 for helium) calculated with the Hartree-Fock orbital.

This is just an approximation to the energy of a helium ion. & is then the difference between the energy of the

helium atom and the energy of the helium ion. That is it the energy needed to remove an electron from that
particular orbital. This is what we know as the lonization energy.

Thus IE = —¢,

This is called Koopman's Theorem and can be (and has been) verified experimentally using spectroscopy.

If we were to go through all the mechanics of the Hartree-Fock Procedure and calculate the energy of helium we
would get
E=-2.8617 au.

This is to be compared to the exact energy
E=-2.9037 au (experimental).

Remember, this procedure yields the best estimate of the energy in the approximation that we can represent
the wave function as a product of one-electron functions. The closeness of this result to the exact energy tells us
that it is ok to think of electrons in separate orbitals to a fairly high degree of approximation. While this result is
almost within 1% of the exact energy, as we stated earlier, even a small percentage error can be a big absolute
error.

The question is why isn't this better. What have we left out which might contribute to the energy?Well, in the
basic approach of the Hartree-Fock method, the electrons are assumed to be independent of each other,
interacting through some average or effective potential. This is the assumption that the motion of the electrons
is uncorrelated. We know in reality, the motion of the electrons must be correlated, that is the motion of one
electron will effect that of the other.

We can define a correlation energy as

E_=F

corr exact

EHF

Although Hartree-Fock gets almost 99% of the exact energy, the difference is about 100 kJ/mole, which is
comparable to chemical bond energies.
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The calculation of correlation energies and the inclusion of electron correlations into the wave functions is an
area of active interest.

Let us now move on to Lithium, which has three electrons. If we follow along the lines that we have been
proceeding, it might seem natural to start by writing the wave function as a product of 1s orbitals

‘/’(rl 51, r3) =V (r1 )‘//n (l‘2 )Wlx (I‘3)

However, most of you probably recall from first year chemistry that you cannot put 3 electrons in a 1s orbital.
To understand why, | need to discuss the subject of Electron spin and Pauli Principle.

Tjalling Koopmans
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9 Electron Spin and the Pauli Principle

| will digress and talk about electron spin in general--how it was discovered and what some of its properties are.
Then | will go back and treat the lithium atom and see what role electron spin plays.

9.1 Electron Spin

Recall that at the end of our treatment of the hydrogen atom we discussed the Zeeman Effect. If you remember,
the hydrogen atom can have a magnetic moment due to the orbital motion of the electron

2m

e

In our discussion of the Zeeman effect, | explained that this magnetic moment would interact with an external
magnetic field B and add a term to the energy

4

U=-p-B=—LL-B

2m,

e

If we take the magnetic field to be along the z axis B = B, then the interaction is

e[ B.
U=—"-=L
2m

e

We know that the eigenvalues of the iz operator are mh, so the energy levels are split according to their value
of the m quantum number. (Remember the m quantum number represents the projection of L on a the space
fixed z-axis. We know that there are 2/+1 values of m for every /, so a given level is split into 2/+1 levels. | can take
onthevalues/=0,1,2,.)

The magnetic field in this case was assumed to be homogeneous (the same everywhere so each atom in a sample
experiences the same field). However, let us consider the case in which we have two magnetic plates shaped
something like this.

[T |
Profile of
pole pieces

Let us say that we pass a beam of neutral atoms through such an inhomogeneous magnetic field. Since the
magnetic dipole moment is proportional to iz and its eigenvalues are quantized we can write:
e[ B.

U="—"—mh
m

e
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Using the definition of the force
F=-VU

We find that the exerted force in the z-direction is given by:

F = oU __lemh B,
Oz 2m, Oz

One thus expect that the force on the atoms will split the one beam up into several discrete beams of atoms
depending on their m quantum number. The one beam should split into 2/+1 beams, since that is how many m
states there are.

In 1922, Otto Stern and Walter Gerlach performed an experiment which was designed to do just that. In the so-
called Stern-Gerlach experiment they used a beam of silver atoms from an oven beam source and sent it through
an inhomogeneous magnetic field like the one | have shown schematically, with the field oriented in the z-
direction.

They expected it to split states with different projections of the angular momentum in the z-direction, that is
different m states.

What they observed was the following:

Py

Magnet

Collecting
«— [ —re——— ] — » plate

They observed that the original beam of silver atoms only split into two beams.

To be able to split into an even number of m states, / must be half integral, and for there to be exactly two states,
m must be + 1/2, since m ranges from + / to -/. The Stern-Gerlach experiment therefore suggests the existence of
half-integral values of the angular momentum. Recall that our treatment of orbital angular momentum indicated
that the only allowable values of / were integral values.

Otto Stern Walther Gerlach
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From these experiments Stern and Gerlach postulated the existence of another type of angular momentum,
called spin angular momentum, that could take on half-integral values.

Note that a silver atom has many electrons, so this experiment did not prove that the spin angular momentum
of an electron is 1/2. However, it did prove that it must involve half-integral values. A collection of particles each
with angular momentum will have some overall angular momentum that is the vector sum of the individual
values. There is no way to get a net spin of 1/2 if at least one of the particles had a spin of half-integral value.

Within the quantum mechanical framework we have developed in this course, the existence of spin angular
momentum cannot be explained without the introduction of additional hypotheses.

Note: A more sophisticated treatment of quantum mechanics that takes into consideration relativistic effects
was developed by Dirac in the early nineteen thirties. From this treatment the concept of spin angular

momentum arises naturally. However such a treatment is beyond the scope of this course.

Wolfgang Pauli introduced a way in which spin angular momentum could be incorporated into a non-relativistic
treatment of quantum mechanics by taking a few additional postulates. We will follow his approach.

The additional postulates we must include are:

1. The spin operator is an angular momentum operator.
This may sound trivial, but we are making assumptions based on the results of experiments which
deflect atoms in magnetic fields. Such observations are consistent with this postulate but don't prove

it. Hence it must be taken as a postulate.

The definition of what is and isn't an angular momentum is based on the commutator relations. The

definition of angular momentum is an operator S whose components satisfy the relations
(5.8, ]=ms.
[8.87]=0

and the cyclic permutations of this commutator.
This implies that S* and S. commute and have a common set of eigenfunctions. However, the spin
angular momentum in contrast to the orbital angular momentum cannot be represented by the position

and momentum operators. It is therefore not possible to write down the spin eigenfunctions in the usual

way. In order to represent these functions one has to use the concepts developed by Heisenberg (in the

beginning of this course | already mentioned that quantum mechanics can be represented in two

different but equivalent ways)

In the bra-ket notation as introduced by Dirac the orbital angular eigenfunctions are represented by:
|£m)

which is equivalent to the Schrédinger eigenfunction:

Y"(6,¢) =N, P" (cos)e™

The eigenvalue problem as we have seen before
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LY"(0,0)=1(1+1)1*Y"(0.9)
L.Y"(0.9)=mhY"(0.0)
is in Dirac’s notation written as
L |t,m)y=1(1+1)1* |1,m)
L [1,m) = |1 m)

One could show that the eigenvalues simply depend on the commutation relations and hence will hold
true for any angular momentum operator.

In the case for spin angular momentum one can therefore write:
S? |S,ms> = s(s + 1)h2 |s,ms>

SZ

s,mx> = msh|s,ms>

As was the case of orbital angular momentum, the value of ms can range from -s to +s. However, the
allowable values of the quantum number s are different than those of orbital angular momentum.

2. Agiven particle has a unique value of the quantum number s, and is said to have a spin S. The electron
is a spin 1/2 particle (s = 1/2).
We therefore have a fixed spin quantum number. This is different from orbital angular momentum

where we can have many / values. The projection of the spin angular momentum can still vary, but each
particle has a unique value of s.

Also, its intrinsic magnetic moment is given by

4

pg=——S
mL’
as compared to
u :_ﬂ]_‘
- 2m

for the orbital moment.
At the present time the existence of particles with spin ranging from 0, 1/2, 1, 3/2, 2, . . . up to higher
values such as 11/2 are known. Protons and neutrons also have half-integral spin.

3. All spin operators commute with all orbital operators.
Thus they depend on different variables. One might think of explaining spin classically as the motion of
the electron spinning on its axis which would give rise to an intrinsic angular momentum. To do this, we

would have to describe the electron as a solid body with spatial extent and would need 3 more
coordinates to describe its orientation (in addition to 3 for it's position)
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The theory we are considering postulates that the electron behaves as a point that requires only 3
coordinates to fix its position. Thus spin angular momentum is not derived from any position or
momentum variable. We cannot write a classical mechanical expression for this operator.

That is, Spin has no classical analog.

Another way to view this is that for other quantum mechanical quantities that we have dealt with, we
know from the Bohr Correspondence principle that as the quantum number gets large, the behavior of
a quantum mechanical system approaches that of its corresponding classical system. Because the spin
angular momentum of electron is limited to 1/2, this can never happen and the Bohr Correspondence
Principle does not apply. Spin is therefore entirely a quantum mechanical quantity.

Spin Eigenfunctions

Because spin operator cannot be written as a function of classical mechanical variables, its eigenfunctions do not
depend upon classical mechanical variables. It can therefore be difficult to get a feel for the eigenfunctions of
the spin operators.

Since there are only two eigenvalues of S, for an electron, there must be only two eigenfunctions, one for each

eigenvalue.

The magnitude of the spin vector is:
|S| = s(s—l—l)h

1
For s =— we find
2

Ne

5=
2

and since the projection of this vector on the z-axis can have magnitudes from -s to s, the only possible values of
mg is+1/2h

NSRS
o
&

It can be a little difficult to get a good physical feel for the nature of the eigenfunctions. These functions are
discrete functions. They simply represent a spin up or spin down (i.e. projection +1/2 or -1/2). In stead of using

11
202/

braket notation the two eigenfunctions of the electron spin are therefore often simplified as spin up, o=

and spin down, = %,—%) .
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9 ELECTRON SPIN AND THE PAULI PRINCIPLE

Since the spin operators are Hermitian (one could show this from the commutation rules), then the spin
eigenfunctions form a complete orthonormal set. In a formal sense we can write the orthonormality as

Ia*adazj.ﬂ*ﬁdazl
[a'pdo=[pado=0

where o is called the spin variable and has no classical mechanical analog.

Now that we know about spin eigenfunctions, we should have been using them all along in our discussion of
hydrogen and helium.

We postulated that the spin and spatial parts of the wave function are independent. This seems reasonable since
the spin eigenfunctions are independent of spatial coordinates. In the Hamiltonian, the spatial operators don't

do anything to spin coordinates. In the absence of a field, there are no spin terms in the Hamiltonian (to a high
degree of approximation). We can therefore write

w(x,y,2)a(o)

y(x,»,2,0)= {y/(x, »,2) (o)

The complete wave function wis called a spin-orbital.

For a hydrogen-like atom, for example, a spin-orbital would be

3
_ Z e—Zra
l//l,o,o,% - T

(or the equivalent function with ) in which the forth quantum number in the subscript represents m.

Having introduced the concept of electron spin, we are now ready to introduce the Pauli Exclusion Principle.

You probably remember the Pauli Exclusion Principle in the form of no two electrons can have all the same
quantum numbers, however it is actually more general than that. | will introduce it in a general form from which
the usual statement of the principle results.

Wolfgang Pauli Paul Dirac
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9 ELECTRON SPIN AND THE PAULI PRINCIPLE

9.2 The Pauli Principle

The Pauli Principle arises from considering how to treat identical particles in quantum systems. You will see in a
moment that there is an important relationship to spin angular momentum.

In classical mechanics, two indistinguishable particles cause no special problems. If we know the initial conditions
of the particles and the forces acting on them, we can follow the trajectories of each one of them and thus tell
them apart.

In Quantum Mechanics, the Heisenberg Uncertainty Principle tells us we cannot follow the trajectories of
individual particles. Thus if two particles have all the same intrinsic properties (mass, charge, spin), we cannot
tell them apart. Thus, the wavefunction cannot distinguish between identical particles. This leads to certain very

important restrictions.

The implications of this simple principle are enormous - it is responsible for the periodic behavior of the elements,
and hence is at the core of chemistry!!!

Consider a wave function for N identical particles. Let the symbol g1 represent the space and spin coordinates of
particle 1, g> those for particle 2, etc.

We can write our wave function
l//:l//(%a%au 'zqia- . -5qj5" QN)

| will define the permutation operator 13,j as the operator which exchanges all the coordinates of particles i and

j.
ffj(//(ql,qz,...,q[.,...,qj,...q,v)=l//(q],qz,...,qj,...,q,.,...qN)
We need to find the eigenvalues of Py ,l.e.
FA’,J.t//(ql,qz,...,q,,...,qj,...qN):ct//(ql,qz,...,q,,...,qj,...qN)
If we operate twice on our wavefunction,

PRW(q s sGroeeesGyoeny) = PG s sy G)) = V(GG s Qo s o)

it leaves the function unchanged.

We find:
I%fij/(ql,qz,...,q,,...,ql.,...qN):l%. c1//(q1,q2,...,q,.,...,qj,...qN):c2 (9,959 -G, -Gy)
Thus =1

You can see that the eigenvalues of ]3,] will be +1.

If yis an eigenfunction of ffj with eigenvalue +1, y is unchanged upon interchange of the coordinates of
particles i and j. We call an eigenfunction with eigenvalue of 1 symmetric with respect to interchange of particles
iandj.

If wis an eigenfunction of 1312 with eigenvalue -1, we call it antisymmetric with respect to interchange of particles

iandj.
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9 ELECTRON SPIN AND THE PAULI PRINCIPLE

Thus, a wave function for a system of identical particles must be symmetric or antisymmetric with respect to
interchange of any two particles. Since the particles are identical, it can't matter which pair you interchange.

The wavefunction must be symmetric or antisymmetric with respect to any possible interchange of two identical
particles.

That is:
‘//(qlsqza---’qja---aq,‘s"'qN):i‘//(qlsqza---aq[a-“’qjs"'qN)

All particles in nature are divided into these two categories:
e Particles whose wave functions are symmetric with respect to interchange (+ sign) are called Bosons.
e  Particles whose wavefunctions are antisymmetri ( - sign) are called Fermions.

Furthermore:
e half integral spin particles (electrons, positrons, neutrons, protons) are Fermions
e integral spin particles (photons, mesons) are Bosons

These are relations form the so called spin-statistics theorem, which can be proven by invoking relativity.
Composite particles behave as their net spin. The 3He isotope is a Fermion, whereas “He is a boson. Due to this
difference the two isotopes behave very different at temperatures close to absolute zero, “He follows Bose

statistics whereas 3He follows Fermi statistics.

Since electrons are Fermions, we have another Fundamental Postulate of Quantum Mechanics. The
wavefunctions of a system of electrons must be antisymmetric with respect to interchange of any two of them.

This is the PAULI EXCLUSION PRINCIPLE.

One cannot write an antisymmetric wave function for an atom that has more than two electrons in one orbital.
This has interesting implications, and gives rise to the periodic behavior of the elements. It turns out that Bosons
do not have this restriction. If electrons were Bosons, all electrons could go into the same orbital. Think how this
might change chemistry!!

In hydrogen, since there is only one electron, we don't need to worry about symmetric or antisymmetric behavior
with respect to particle interchange. Since the Hamiltonian is independent of spin, the wave function is just a

product of spin and spatial parts.

Now let's go back to Helium and consider the effect of the Pauli Exclusion Principle. (We will then go to lithium).
Specifically, let us see why it was ok to neglect spin in our previous treatment.

We can write the ground state helium wave functions as
v =1s(1)1s(2)

where the 1s functions could be Hartree-Fock orbitals for example. The parenthesis denotes which particle (one
or two).

To take spin into account, we must multiply the spatial function by a spin eigenfunction. The total wave function
must satisfy the Pauli Exclusion Principle and be antisymmetric.

We will use notation such as a(1)B(2) which means particle 1 has spin up, and particle 2 has spin down. That is
the number in parenthesis refers to the particle, not a spin quantum number.

For our helium atom with spatial wavefunction 1s(1)1s(2) we can have four possible spin functions:

a(l) a(2) AD BQ2) a(l) A2) FDa(2)
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9 ELECTRON SPIN AND THE PAULI PRINCIPLE

The first two functions are perfectly valid spin functions, since they don't distinguish between identical particles.

However, the last two violate the principle of indistinguishability. They distinguish between the two electrons. If
we apply the permutation operator to these last two, we find they are neither symmetric or antisymmetric.

However, if you take normalized linear combinations of these two you can generate a symmetric and an
antisymmetric function.

%[a(l)ﬁ(Z)iﬁ(l)a(E)]

So we have 4 normalized two-electron spin functions.

aDa(2)
ALL2) symmetric

%[a(l)ﬂ(2)+ﬂ(l)a(2)]

%[a(l)ﬂ(Z)—[)’(l)a(Z)] antisymmetric

We now want to combine the spatial and spin parts.

Since 1s(1)1s(2) is symmetric with respect to exchange, we must multiply it by an antisymmetric spin function
since the overall wave function must be antisymmetric.

We only have one choice. Thus the zeroth-order wavefunction is
1
v = 18(1)18(2)$[a(1)ﬂ(2) - (2)]

So you can see that like hydrogen, the wave function for helium can be factored into a function of the spatial
coordinates times a function of spin coordinates.

To a very high degree of approximation the Hamiltonian for a helium atom (or for hydrogen for that matter) is
independent of spin coordinates. In this case, the energy will not be affected if we neglect the spin part of the
wave function (because it can be factored in this way).

Leaving off the spin part didn't really change the problem. This is not so when you have 3 electrons as in the case
of Lithium. To treat the Lithium atom, our normal procedure would be to construct a Hartree-Fock wave function
as a product of one-electron functions. Following in the manner in which we dealt with the ground state of
Helium, we would write the spatial part of the wave function as a product of 1s single electron functions:

w =1s(DIs2)Ls(3)

Let us follow this line of reasoning and see where it goes wrong. Consider spin and the requirements imposed by
the Pauli Principle. Since the zeroth-order wavefunction ¥ = 1s(1)1s(2)1s(3) is symmetric with respect to electron

exchange, we need to find an antisymmetric spin function involving 3 electrons. It turns out that it is easy to
construct totally symmetric spin functions for 3 particles but impossible to construct antisymmetric spin
functions.
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9 ELECTRON SPIN AND THE PAULI PRINCIPLE

Consider for a moment how to construct an antisymmetric combination of 3 functions f, g, and h.
With 3 electrons, you get 6 permutations of these functions:

f(1)g(2)h(3) 9(1)f(2)h(3) h(1)g(2)f(3) fi1h(2)g(3) 9(1)h(2)f(3) h(1)f(2)g(3)

We need to combine these to make an antisymmetric function that does not distinguish between electrons. One
could show that a general method for constructing such an antisymmetric function for 3 electrons is to use a
determinant that includes all the possible functions

| SO g A
—=|f2) g2 hQ2)
v fB) gB) h0Q)

v

Note that the rows contain contributions from the same particle and the columns contain contributions from the
same function. (We could have done this for helium).

The fact that this determinant will give us the proper antisymmetric combination of these functions can be easily
seen from the properties of determinants. Interchanging two electrons amounts to the interchange of any two
rows, and we know the interchange of any two rows of a determinant causes the determinant to be multiplied
by -1. That is exactly the property we are looking for.

Recognizing this as the most general way to construct an antisymmetric combination of 3 functions (or n
functions for that matter), we are ready to see the restrictions due to the Pauli Principle. (We actually did this
for helium when we formed the linear combination af—po)

The functions f, g, and h may each be either & or f. If weletf=a,g=f, h=

we get the determinant:

a) A0  al)
a(2) p2) a@2)
a@) pB) a@)

y/:

5=

However, we can recognize that this determinant equals zero, since it has two columns that are the same.

The problem arises because we are trying to get an antisymmetric spin function for three electrons using only
two spin functions. The determinant above will always vanish in cases with more than two electrons. This is why
we didn't run into problems in out treatment of Helium.

In the case of helium, we were able to take the wavefunctions as independent functions of spatial coordinates
and spin coordinates. However, for more than two electrons, this approach fails. Instead, we must consider each
zeroth-order function as a combination of spatial and spin variables and then take linear combinations of these
functions to get the proper symmetry.

For instance, we could take as our function

S @) =ls(e(l)
A function such as this which is a product of a one electron spatial orbital and a one electron spin function is
called a spin-orbital. Although we had only two different spin functions we can construct many different spin-

orbitals by using different spatial parts. We can now construct our determinant to find the proper antisymmetric
combination of such functions.
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9 ELECTRON SPIN AND THE PAULI PRINCIPLE

We can see, that if we let our function g(1) =1s(D)a(l), then the determinant will equal zero. This is where the

implications of the Pauli Exclusion Principle become important. The requirement that the total wave function for
a system of electrons be antisymmetric is what has led us to using such a determinant in finding the proper wave
function.

The properties of the determinant that gives us the proper symmetry behavior (mandated by the Pauli exclusion
principle) indicate that NO TWO ELECTRONS CAN OCCUPY THE SAME SPIN ORBITAL i.e. have the same quantum
numbers. If they do, it will violate the requirement that the total wavefunction be antisymmetric.

The proper determinant for a three electron system is then

sMa@) MBI  2s)a)
v =%1S(2)a(2) 1s(2)B(2) 2s(2)a(2)
®ls3)a3) 153)B3) 25B3)a)

Note that if 3™ column were to contain a 1s orbital, the determinant would equal zero.

If you work out this determinant, you will see that it is not a simple product of space and spin parts, but is a
combination of terms, each of which is a product of space and spin parts. (NOTE: Such determinants of spin-
orbital functions are called Slater Determinants. These determinants can be written for an n-electron atom, in

which case the coefficient in front is ﬁ )

Two properties of determinants make these wave functions satisfy the Pauli Principle. Interchanging two rows
multiplies the determinant by -1 and thus gives a properly antisymmetric wave function. A determinant with two
identical rows will equal zero, thus fulfilling the requirement that no electrons occupy the same spin-orbital.

So the Pauli Exclusion principle has required us to put the third electron in a 2s orbital, making the ground state
configuration:

15225t

Note that we could have equally well used the 3 function in the last column of our determinant. Thus this state
is twofold degenerate:

1s 2s or 1s 2s

I T oL

So you can see that the Pauli Exclusion Principle ultimately requires that no two electrons have the same four
guantum numbers.

We can trace this requirement back to the fact the electron is a spin 1/2 particle (i.e. a Fermion). If it were a
Boson, the world would be a different place. If it were a spin 3/2 particle, the world would be a different place as
well.

| would like to say a few brief words about Hartree-Fock calculations for atoms with more than two electrons.
When we discussed the Hartree-Fock method a few lectures ago, we used helium as an example, although |
commented on how one would treat a many electron system. Now that we have considered the topic of electron
spin, there is just one point | would like to add to the previous discussion.

Recall that the basic Hartree-Fock approach was to start with a wave function that is a product of one electron

functions and then calculate the average inter-electronic repulsion by using the one electron functions to
calculate a probability density for the individual electrons. This average interaction potential was then used to
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9 ELECTRON SPIN AND THE PAULI PRINCIPLE

form a one electron Hamiltonian which was used to refine the one electron wave functions. This was done
iteratively until the functions no longer change.

Our previous treatment neglected spin, and this was ok since the wave functions for a two-electron atom factor
into a spatial part and a spin part and because the Hamiltonian is, to a high degree of approximation, independent
of spin. Our treatment of spin and the Pauli Principle simply tells us that when we choose our one-electron
functions for the Hartree-Fock procedure for atoms of more than two electrons, we need to use Slater
determinants of spin-orbitals to insure the proper symmetry and indistinguishability.

Also, when we generalize the Hatree-Fock procedure to more than two electrons, we get a slightly different
expression for the energy than we had for Helium. (Our result was a special case of this more general result). The
approach is still the same: find the optimized orbitals and then use the variational principle to find the energy.

When we assign electrons in atoms into individual spin orbitals, we are assigning them each a set of quantum
numbers, particularly spin and orbital angular momentum quantum numbers. A particular electronic
configuration can have a variety of states with different energies depending on how the individual angular
momenta couple together. A term symbol is a designation that indicates the total, orbital, and spin angular
momenta for the whole atomic system.
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10 Atomic Term Symbols and Coupling of Angular Momentum

In many electron atoms, each electron has both a spin and an orbital angular momentum. In the zeroth-order
picture where we neglect inter-electronic repulsion, the energy of an electron in an atom (i.e., the energy of a
particular orbital) depends only on the n quantum number of that electron or orbital. In this approximation, a
particular electronic configuration (in which we specify only n and / for each electron) has a specific, well-defined
energy.

However, when we specify the electronic configuration of an atom, there are many different values of the
projections of both the spin and orbital angular momenta (m/ and ms) for a given n and /. (Remember, for

hydrogen, the energy is independent of m.)
Let’s consider the example of the ground state of carbon, which has an electronic configuration of
1522522p?

The two 2p electrons can be in any of the three 2p orbitals (2p.1, 2po, 2p+1) and have different 7, and can have

either spin up or spin down (different my ).

same m, different m, different m,
different m, same #1, different m,
m= - 0 1 -1 0 1 -1 0 1

When we take into consideration inter-electronic repulsion, the energy of the atoms depends upon these
quantum numbers as well i.e., the inter-electronic repulsion lifts the degeneracy.

We therefore need a way to label the states of an atom in a more precise way in order to account for these
differences. We need to label a state not only by its configuration, but also in a manner that indicates the
projections of the angular momenta of the individual electrons, because each state labeled in this way will have
a different net angular momentum and a different energy.

There is no analytical way to differentiate these states, since the electronic Schrodinger equation is not exactly
solvable. However, having some qualitative principles will allow us to predict which states will be higher in energy
than others. This is done using atomic term symbols.

The approach that we will consider is called Russell-Sanders coupling or L-S coupling and is simply a method by
which one determines the resultant angular momenta from many electrons.

The Russell-Saunders scheme determines the total orbital angular momentum, L, and the total spin angular
momentum, S, of all the electrons, and then adds these two vectors to get a total electronic angular momentum,

J.

The result of coupling these angular momenta in this way (i.e., the resulting state) is designated by an atomic
term symbol.

The term symbol has the form: 25+1Lj

where : Lis the total orbital angular momentum quantum number
Sis the total spin quantum number
Jis the total angular momentum quantum number
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We will see that the total orbital angular momentum quantum number L will be an integer > 0.

In a manner analogous to the way we indicate the orbital angular momenta of individual electrons by letters
(s,p,d.f...), we indicate the total L by letters

L= 0 1 2 3 4
S P D F G

The total S will turn out to be integral or half-integral, so the left superscript 25+1 will be an integer.
The quantity 25 +1 is called the multiplicity, since if L>S, there are 25 +1 possible values of J.
Examples of atomic term symbols (otherwise just called terms) are
35 D p
These symbols represent states of an atom with the same electronic configuration but with different energy.
These are read as "triplet S", "doublet D", and "singlet P".

At this point it may seem a bit mysterious why we chose to add the angular momenta in this way (that is, why
we chose first to find the total L and total S and then combine them to find total J).

Let me digress a moment to talk about good quantum numbers and constants of motion. We know that the

A

square of the magnitude of the total angular momentum operator, Jz, commutes with the Hamiltonian (if the
potential only depends on the distance not the angles), it is a constant of the motion. This is true no matter how

we couple angular momenta. (For a quantity to be constant in time it must commute with H so its
eigenfunctions have trivial time dependence.)

If we neglect inter-electronic repulsion, the angular momentum operator of each electron commutes with the
Hamiltonian and hence is a conserved quantity or a constant of motion. This means that the angular momentum

quantum numbers of each electron have meaning since they are time independent.

However, if you include inter-electronic repulsion in a multi-electron system, the orbital angular momentum
operators of the individual electrons no longer commute with H . Therefore the quantum numbers I; for the

individual electrons are no longer good quantum numbers and the angular momenta of the individual electrons
need not be conserved (i.e. they are no longer constants of the motion).

However, it turns out that for atoms of atomic number less than about 40, the sum of the orbital angular
momentum

L=Y1

will still be a constant of the motion. This says that the individual orbital angular momentum vectors can change
in time, but their vector sum remains constant.

The same holds true for spin angular momentum. The total spin angular momentum
S = z s;

will also be a constant of the motion.
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Why does the coupling scheme outlined above work for atoms with Z < 40? The coupling scheme | have presented
in which we first couple the orbital angular momentum and the spin together and then couple these to get the
total angular momentum only holds in the case in which we neglect relativistic terms in the Hamiltonian. That is,
L and S are only good quantum numbers when we neglect the relativistic spin-orbit coupling term.

The spin-orbit term in the Hamiltonian has the form
Hso :zf;(”/)l; 'S,
j

and it enters if we do a relativistic treatment of quantum mechanics. It basically arises from the fact that a moving
electron creates a magnetic field which has a magnitude that is proportional to the orbital angular momentum,
I; of the electron. This magnetic field interacts with the spin magnetic moment of the electron which is
proportional to the spin, s;

One can easily show that I’ and S’ (where these are the operators for the total angular momentum) do not
commute with this term in the Hamiltonian.

In the Russell-Sanders or L-S coupling scheme outlined above we are neglecting the Hg, term and assume

This assumption (and hence the coupling scheme) is best when the atomic number is low (<40).

The average velocity of the electron depends on Z. Higher atomic number means faster (v) and hence, it's more
likely that relativistic terms will become important. So in this approximation (which is quite good for low Z), we
can characterize an atomic state with a total orbital angular momentum quantum number, L, where /(/ + 1)h?%is
the square of the magnitude of L.

Because L and S are constants of the motion, it is meaningful to label states by them.

To get the quantum numbers corresponding to the total orbital or total spin angular momentum, we cannot
simply add the individual quantum numbers. The angular momenta are vector quantities, and we have to add
them vectorially. However, the projections of the angular momentum vectors on the z-axis add like scalar
guantities, and from this we can find the quantum numbers for the total angular momentum.
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Thus,

Lo=>1,=>mh=Msh where M, =Y m,
and

S, = s, = mgh=Mh where M, =Y"m,
Note: | will use M, for M to emphasize that it is orbital angular momentum.

The goal is to couple a set of angular momentum vectors by adding the z-components to get a total z-component
(i.e. M, and Ms), and then determine what the corresponding total angular momentum quantum numbers are (L
and S). From these we can determine the Term Symbol. Each term symbol will represent a state of different
energy.

We need to be able to derive the Terms for a given electronic configuration.

1) First consider closed subshells (full number of electrons)

The total spin will always equal zero for a closed shell. (note that shells are defined by n, subshells by /)

For each electron with ms = 1/2 there is another with ms =-1/2

So
M =% m,=0 for afilled subshell and S=0

Similarly, the total orbital angular momentum L will = 0 for a closed subshell

For every electron in an orbital with quantum number m, there will be one with quantum number -m, since m
runs from / to -1.

M, =Y m, =0 for a filled subshell.

So for a totally closed subshell
L=0 S=0 andwehaveonlya 1S,
If we have a configuration with a closed subshell and an open one, we need only consider the open subshells.
(The closed ones don't contribute to L and S).
2) Consider two electrons in different subshells

One doesn't have to worry about the Pauli principle since they will have different values of n or / or both.
(Remember, no two electrons can have all the same quantum numbers.)

Ignore closed subshells.

Write down all the possible combinations of quantum numbers of the open shell electrons. By summing the m
and m; to get M, and Ms you can then find the possible values of S and L and the terms.

3) When we have two electrons in the same subshell (same as n and /), we have some restrictions.

For instance for a 1s? 2s? 2p? carbon ground state, one can make a list of possible values of the m quantum
numbers, see below. Certain values are not valid, however, because of the Pauli Exclusion Principle.
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For instance, one can't have

m=1 msa=1/2 my=1 mg=1/2
Or you can't have both

m=1 ma=1/2 m=1 ma=-1/2

and
m=1 msa=-1/2 m=1 mg=1/2

If you allowed both of these, it implies that you can distinguish between electrons. By summing the m and ms to
get M, and Ms you can then find the possible values of S and L and the terms.

There is one last part to these term symbols: the subscript J which is the total electronic angular momentum. The
total angular momentum J is the vector sum J =L +S. We know this commutes with H so J will be a good quantum
number
J can take the values

J=L+S,L+51, ... |L-S|
You can see this by coupling just two angular momentum vectors.
Jis written as a subscript in the term symbol.

For 3p L=1,5=1 JcanrangefromJ/=2,1,0

so we get 3py 3Py 3P, These are called levels.

In the absence of spin-oribit interaction, different levels have the same energy, but I:ISO splits them slightly.

Once we have determined the states which correspond to a particular electronic configuration, how do we decide
which is lowest in energy?

Hund's Rules
1) The highest in multiplicity is lowest (least inter-electronic repulsion)

2) If there are two states with the same multiplicity, the one with the largest L is the lowest.

3) If the subshell < half filled the state with the lowest J is lowest in energy, if the subshell > half
filled state with highest J is lowest in energy.

This works well for ground state configuration, but not always as well for excited configurations.

Friedrich Hund
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Example:
Let us have a look at an example, the carbon atom. The 6 electrons of the carbon atom give rise to the following

electronic configuration 1s%2s22p%. We have just seen that the filled subshells do not contribute to the total
orbital and spin angular momentum, since they have L=5=0. So we only have to consider the two electrons in the
2p shell. If we take into account the Pauli Exclusion Principle we can write down the following table for the
different values of m and ms to give M, and Ms.

mi Mmsi1 mj ms; M Ms M/
1 +1 +% +1 - +2 0 +2
2 +1 +% 0 +% +1 +1 +2
3 +1 +% 0 - +1 0 +1
4 +1 +% -1 +% 0 +1 +1
5 +1 +% -1 -Y 0 0 0
6 +1 Y 0 +% +1 0 +1
7 +1 Y 0 <Y +1 1 0
8 +1 ) -1 +% 0 0 0
9 +1 - -1 -Y 0 -1 -1
10 0 +% 0 Y 0 0 0
11 0 +% -1 +% -1 +1 0
12 0 +% -1 ¥ -1 0 -1
13 0 -Y -1 +% -1 0 -1
14 0 ) -1 - -1 -1 -2
15 -1 +% -1 % -2 0 -2

We must now deduce the possible values of L and S from the values of M and Ms in the table above. The largest
value is 2 and this value occurs only with Msis 0. Therefore there must be a state with L=2 and S$=0. This state
accounts for the entries 1, 3, 5, 12 and 15 in the table. Remember, an L=2 state with $=0 has M values of -2, -1,

0, +1 and +2 and Ms=0.

If we take these entries out of the table we are left with:

mi Mmsi1 mj ms; M Ms M/
2 +1 +% 0 +% +1 +1 +2
4 +1 +% -1 +% 0 +1 +1
6 +1 Y 0 +% +1 0 +1
7 +1 ) 0 -% +1 -1 0
8 +1 <Y -1 +% 0 0 0
9 +1 <Y -1 -V 0 -1 -1
10 0 +% 0 - 0 0 0
11 0 +% -1 +% -1 +1 0
13 0 ) -1 +% -1 0 -1
14 0 Y -1 % -1 -1 -2

The largest value of M remaining is M=1, implying L=1. This L=1 state has as possible M values, M=0, 1. Each of
these values occurs with a value of Ms=0 or +1. So what we have is a state with L=1 and $=1. If we remove the
nine entries in the table corresponding to this state we are only left with entry 10 with M=0 and Ms=0 implying
L=0 and $=0.

Al that has to be done now is to assign term values to these states.

L=2, 5=0 = J=2 = ip,
[=1, S=1 = J=0,1,2 = 3p,, 3Py, 3P,
L=0, =0 = J=0 = 1So
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The ordering of the different states according to Hund’s rule are given in the figure below.

1SO

1822s22p?2

H° A+ 0

rep rep

To close out and summarize our discussion of atoms, let us step back for a moment and look at the effect of the
different terms in the Hamiltonian.

1) To zeroth-order there is only one state for a particular electron configuration.

2) If we consider electron repulsion, it splits the different terms. This says that states with different
amounts of orbital and spin angular momentum will have different amounts of electron repulsion.

3) If we add spin orbit interaction, we split different J values.

4) If we add Zeeman term (i.e., due to an external magnetic field), split mj's.
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11 Quantum Mechanical Treatment of Simple Molecules

One of the great achievements of quantum mechanics was a description of the stability of the chemical bond. It
turns out that this is mainly a quantum mechanical effect; classical mechanics cannot fully account for its stability.

Consider the case of H,. As you bring in two hydrogen atoms from infinity, their electron clouds begin to overlap,
and at some point there is a buildup of electron probability between the nuclei; the electrons feel the attractive
forces of both atoms. We want to see physically why this might occur.

First | will discuss the H, molecule itself, since it is one of the simplest examples of a chemical bond (H,* is actually
stable and is even simpler, but it doesn’t display some of the more general principles that | would to
demonstrate).

After discussing H, | will then talk about one-electron orbitals for molecules in the same way we had one-electron
orbitals for atoms. These orbitals are appropriately called Molecular Orbitals.

We will only scratch the surface here, since the treatment of the electronic Schrédinger equation for molecules
is a field in itself. My goals are (1) to be able to give you enough of a background in the quantum mechanics of
simple molecules to be able to understand molecular spectroscopy, and (2) to give you some basis for
understanding applications of these concepts to organic and inorganic chemistry.

The place to start a discussion of the quantum mechanical treatment of H, is with the Born-Oppenheimer
Approximation.

The Hamiltonian for the Hydrogen molecule is

n 2 2 ZZ 1 1 1 1 2 ZZZ
H:_;—M(V1+V§)—2h (Vi+V3)- ¢ [—+—+—+—]+ ¢ ,z°

Ame,\ Ky Ky Ty T

B ey, 4ne R

e

where A and B refer to the two nuclei and 1 and 2 to the two electrons.

As we discussed earlier in the course, because the nuclei are much more massive than the electrons, (M/m. ~
1835 for hydrogen and is higher for any other molecule), we can neglect the nuclear kinetic energy term from
this Hamiltonian.

We are saying that on the timescale of electron motion, the nuclei are essentially fixed. One then solves the
electronic part of the Schrédinger equation considering the internuclear separation R as a parameter (i.e. the
Schrodinger equation is solved as a function of R).

The Hamiltonian for H, then becomes (in atomic units):

PO VS T S B B R 0
2 R

ha N ha Ny o

Our general approach to solving this equation will be to apply the variational method using various types of basis
functions for the trial function.
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¥ QR
Max Born Robert Oppenheimer

11.1 Valence-Bond method for H,

This approach was introduced by Heitler and London in 1927 and gave the first satisfactory explanation of the
stability of a chemical bond. Later this method was extended by John Slater and Linus Pauling.

We will ignore spin in this treatment because as we have seen, for any two-electron system, the spin and spatial
parts of the wave function are separable.

The valence bond method takes the following approach:

At large internuclear separation, an H, molecule looks like two separate hydrogen atoms. The ground state wave
function in this case would be

y, =1s,(D1s,(2)

where 1s, denotes a 1s hydrogen orbital centered on nucleus A and ls; a 1s hydrogen orbital centered on
nucleus B.

Because the electrons are indistinguishable, an equally good wave function is
v, =ls,(Dls, (1)

Heitler and London's approach was to take a linear combination of these two functions as a variational trial
function:

v =y, oy, =¢ls, (Dlsy(2) +c,1s,(2)ls, (1)
As we showed in our treatment of the variational principle, when we use a trial function that is a linear
combination of functions with the expansion coefficients as variable parameters, the problem reduces to solving

what we called the secular determinant,

Hll_ESII le_ESu _
HIZ_ESIZ sz_Eszz

where | have used the fact that Ha1=H1,.
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|r‘_, — m &
Walter Heitler Fritz London John Slater Linus Pauling

Solving this equation gives us an estimate to the lowest two energies (recall that the number of energies it
estimates is determined by the number of terms included in the trial function).

One can also get the coefficients ¢1 and ¢, by substituting the eigenvalues, E, back into the set of equations that
gave rise to the determinant.

Recall that the S terms are what we call overlap integrals. Let's first look at those along the diagonal.
Sy = [ 1,015, (2)1s, (s, (2)dr, dr,

= [1s,(1s, (dr, 15, (2)1s, (2)dr,
=1

These terms are equal to 1 because the orbitals are normalized. (note that dr, and dfr, represent the volume
element for electron 1 and 2, independent of the nucleus.)

The value of the integrals S;; will be the same.

The off-diagonal overlap integrals are somewhat different, however.
S = [ [15, (D15, ()15, (2)1s, (2) dr, dr,
= [1s, (s, (e [ 15, (2)1s,, (2)d,

This is different from the diagonal term since the 1s orbitals in each integral are centered on different nuclei.

You can see that these two integrals are the same. Thus we can write S1,= 5> where S is a single overlap integral.
These integrals represent the overlap of the wave function on one nucleus with one on the other.
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11 QUANTUM MECHANICAL TREATMENT OF SIMPLE MIOLECULES

You can see that the region of overlap of these functions will be a strong function of R. Evaluation of the overlap
integral as a function of R is a fairly long (but not difficult) procedure.

The result is

S(R)=e* [1+R+R72]

We still need to evaluate the other terms in the determinant.

Hy, = [ [1s,(Dls,(2)H1s  (Dls, (2) dr, dr,
Recall that

You can see that this Hamiltonian is comprised of two one electron Hamiltonians plus a few additional terms due
to attraction of an electron by the opposite nucleus, the inter-electronic repulsion, and the nuclear repulsion.

Since the 1s functions are eigenfunctions of the one electron Hamiltonians, we can see that

H,, :—1—1+J:—1+J
2 2

where

11 11
J=[[1s,Ms, ()| ——-—+—+—
[f mm[r g

1B 24

jlsA (Dls, (2)dr, dr,

Recall that the energy of the H atom in atomic units is -1/2, so this looks like twice the H atom energy plus the
integral.

We can break up this integral to see its physical significance.

2 2 2 2
Is, (1 1s.(2 1s, (D |1s,(2 1
J:_II A0 drl—jl »(2) dw”I O s @ )y 1
I "y " R
The first term is the coulomb interaction of the electron on nucleus A with nucleus B. The second term is the
interaction of the electron on B with nucleus A. The third term is the inter-electronic repulsion. The last term is

the nuclear repulsion. This integral is therefore called a coulomb integral.

| will not take the time to evaluate this integral here. The result, which will be a function of the distance R, is

One could easily show that Hy;=Hj;.

The final term to evaluate is Hi,
Hy, = [[1s,(D1s,(2)H1s ,(2)ls, (1) dr, dr,

If we were to substitute the Hamiltonian into the integral and use the fact that the 1s functions are eigenfunctions
of the 1 electron Hamiltonians one obtains
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11 QUANTUM MECHANICAL TREATMENT OF SIMPLE MIOLECULES

H,=-5"+K

NI S l]1sA(2)1sB (1) dr, dr,
ha hp h R

where K=[[1s, (1)153(2)[

K cannot be interpreted as a coulomb integral in the same way as J. We can rearrange this integral to get

K = HlsA (Dls, (1)(—L—L L +lj1sA (2)ls,(2)dr, dr,
ha 1 n, R

2B

This integral arises because we are using a trial function that does not distinguish between the two electrons. (If
we used only one of the two terms in the trial function, this K integral would not have arisen.) Because of this, K
is called an exchange integral, and as such it is strictly a quantum mechanical property.

The evaluation of this exchange integral is pretty involved and | will not do it here. | will plot it as a function of R
in a moment.

We are left with the following secular equation:

-1+J-E —SZ+K—ES2_O
-S*+K-ES* -1+J-E

This gives us a quadratic equation with two roots.

Note however that -1 is the energy of two isolated hydrogen atoms (in atomic units). We can define AE as the
energy of H, relative to that of the isolated atoms. We then have

_JK

AE, =2 ——
To1xs?

If we take £, and put it back into the equations that gave us the secular determinant, we can get the constants

c1 and ¢, that go into our expression for the wave function.

We would find that

1
C=C =—F—
2(1+5%)
This gives us
1
y, =——=(v,+v,)
2(1+5%)
Recall that
v, = 1SA (I)ISB 2
and

v, =1s,(2ls, (1)

You can see that this function is symmetric with respect to interchange of electrons 1 and 2, and hence its
designation as y~.
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11 QUANTUM MECHANICAL TREATMENT OF SIMPLE MIOLECULES

Similarly, E- would give us

— 1 _ —
y_= 2(1_S2) (‘//1 '/’2)

This function is antisymmetric with respect to particle interchange.

We have neglected spin up to this point. Remember we can do this because it is a two-electron system and the
wave functions factor into a spatial and spin part. We can look at these functions and see what the spin parts
need to be.

Since s+ is symmetric with respect to interchange, the spin part must be antisymmetric.

Remember from our treatment of Helium, there is only one antisymmetric spin function involving o and 3, but 3
symmetric functions:

%[a(l)ﬂ@)—ﬂ(l)a@)] antisymmetric
a(Da(2)
ADB2) symmetric

% [a)B2)+ p)a(2)]

Thus, to have the correct overall symmetry behavior, y: must go with the antisymmetric spin function, and y-
goes with any of the symmetric spin functions.

Now let us look at the energy eigenvalues AE, as a function of R. Recall that

_J*K

AE, =2 ——
To1xs?

and that J, K and S are functions of R. If we plot these we see the following

0.05
J
0.00 N —
—0.05 |-
—0.10 K
—0.15 |-
—0.20 |-
! | | |
0 1 2 3 4
R/a,

Figure 9-4. The Heitler-London valence-bond Coulomb (/) and exchange (K) integrals as a function
of internuclear separation R. All quantities are expressed in atomic units.
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11 QUANTUM MECHANICAL TREATMENT OF SIMPLE MIOLECULES

As you can see, it is the exchange integral that accounts for most of the stability of the H, bond (in the context
of the trial function we have chosen). Note that the overlap integral is a monotonically decaying function of R.
Because the exchange integral is a quantum mechanical quantity, the existence of the chemical bond is mainly a
quantum mechanical effect.

AE

(E — 2Ey)/eV

Experimental

R/a,

(The two curves in the figure above represent the electronic energy as a function of R. We could take this as a 1-
dimensional function and solve the vibrational problem!)

While the valence bond approach doesn't give very good quantitative agreement, it gives us a good physical
picture for the stability of the chemical bond.

We will now take a slightly different approach to solving the electronic Schrédinger equation for molecules. We
will still use the variational principle, but rather than starting with wave functions that represent two hydrogen
atoms at infinite distance (i.e. two atomic orbitals), we will construct one-electron molecular orbitals and then
put electrons into these one-electron functions.

We will derive the molecular orbitals themselves by considering the H," molecule. It is a one-electron diatomic
molecule, and will play the same role in molecular wave functions as H did for atomic wave functions. This way
of describing molecular bonding was pioneered by Robert Mulliken.

Robert Mulliken
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11 QUANTUM MECHANICAL TREATMENT OF SIMPLE MIOLECULES

11.2 Molecular Orbital treatment of H,*

By using an approximate treatment of H,*, we develop the framework in which we can treat many electron
molecules. We want to find functions to serve as molecular orbitals in the same way the H atom functions serve
as atomic orbitals. We will begin by using the variational principle on H,*.

The Hamiltonian for Hy* is

We will try a linear trial function of the form
v=cls, +c,ls,

This is called a LCAO-MO (linear combination of atomic orbitals-molecular orbital) where 1s, and 1s; are 1s H
atom wave functions centered on nucleus A or B.

Remember from our discussion of the variational principle that the optimal values of ¢; and ¢, can be found from
a solution of the secular equation.

H,-E H,-ES
H, —ES Hy,-E|

where
H,, =[1s,H1s,dz

H,, :JlsBﬁlsBdr

S = '[ISA Is,dr
We can see that Haa = Hgs since the Hamiltonian is symmetrical with respect to interchange of r; and rp.
Also, Hag = Hga by symmetry

H,, =‘[1SA[:[1SBdT

Solving the secular equation (analogous to the way we did with the valence-bond method) yields two roots:

These two roots are upper bounds for the energies of the ground and first excited state of H,".
(We get the first 2 states because we included 2 terms in our linear trial function)

We can get the coefficients ¢1 and ¢, in our linear trial function by substituting the roots E. and E. back into our
system of linear equations (which we never wrote explicitly).

We get

1
=—(ls, £1
V= Joaas (k)
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11 QUANTUM MECHANICAL TREATMENT OF SIMPLE MIOLECULES

What we have found here is basically a one electron analog of the valence bond wave function that we used
earlier, however there is an important difference between the valence bond and molecular orbital approaches.

Let's digress for a moment to compare the wave function for H, using both the VB and MO approaches.

Recall the valence bond wavefunction for H, is given by
Wy =15, (D5, (2)+1s, ()L, (1)

Consider what the MO for H, might look like. If we put each of the two electrons in a one electron molecular
orbital, the wave function would be a product of those one electron functions:

Vo = (lsA D) +1s, (l))(lsA (2)+1s, (2))

=1s,(Dls, (2) +1s,(DLs, (2) + s ,(D1s , (2) + 1s, (D1s, (2)

The first two terms here are just the terms in the valence-bond wave function. The second two terms correspond
to electron configurations in which both electrons are on one atom.

Using electron dot formulas this would look like:

HAZ HB and HA :HB
or

H, H; and H'H,
These last two terms represent ionic structures.

So Yo =Vs + Vionic

Using a trial function like this gives a better estimate than the VB wavefunction alone. This suggests that the true
wave function has some ionic character.

Getting back to the solution of our problem we find for the energy:

If we were to look a little more closely at the integrals Haa and Has, we would see that we could break them up
into coulomb and exchange integrals in a similar manner to the valence-bond approach.

The result is

and K' by
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11 QUANTUM MECHANICAL TREATMENT OF SIMPLE MIOLECULES

You can see these are basically the one-electron equivalents for the coulomb and exchange integrals we had
earlier.

Note that the integrals are over the electron positions at a fixed value of R.
Thus E: is a function of R.
One can evaluate these integrals fairly easily, although we will not do it.

We can solve for different R and plot these as a function of R.

Energy

A brief digression about the notation of these states:

Each state of H," has a definite value of m. It turns out that [LA:,I-AI} = 0. This will happen when the system has

cylindrical symmetry. The electronic energy depends only on |m]| since /,> appears in the Hamiltonian. We did
not write out the Hamiltonian explicitly to see this.

The absolute value of mis called 4: 1= |m|

One designates the states of H,* by the value of A in a similar way to the s,p,d,f notation for H atom states.

w

A= 0 1 2 4
o o /2 4

The designation s,p,d,f for H atom states refers to the value of /. The designation o, 7,,¢ for molecules indicates
the value of 1= |m]|.

Recall that m tells us how many nodes the wave function will have in the ¢ coordinate. We will later see that 4
will also tell us something about the symmetry of the wave function.

We will also classify these states according to their properties upon inversion at the origin

Even = g for gerade 0Odd = u for ungerade
Finally, the H,* states are classified by the state of the H atom to which the molecule correlates at large R.
Thus, the lowest state of H,* would be designated oy 1s.

Why we labeled the bonding g and the antibonding o, will become clear in a moment.
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If we look at the wavefunctions corresponding to these two potential curves, we can get a little better physical
understanding of why one is bonding and the other is antibonding.

If we look at v, =1s, +1s,

we see there is a buildup of electronic charge between the two nuclei, helping to cause mutual attraction. This
arises from constructive interference between the two wave functions.

For v =ls,—1s,
we see that the probability goes to zero in between the two nuclei, i.e. the electron density is zero here, which
gives rise to an antibonding orbital. (It will always be the case that antibonding orbital will have a nodal plane

midway between the two nuclei.) Consequently the state is labeled o, “1s

To determine whether an orbital is bonding or antibonding, one thus must look at the reflection of the wave
function through a plane midway between the atoms. If the wavefunction changes sign, it must have a node.

= This means there will be destructive interference and depleted electron density and will be antibonding
= If the wavefunction does not change sign, it will be a bonding orbital.

From this simple LCAO-MO picture, we can get some reasonable insight into the nature of the chemical bond.
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11.3 Higher MO's of H,"

We now only have orbitals for the 15 two states. This was because we included only two terms in our linear
variational function.

We could have written
v =ay, (A +ep, (4)+ G¥ap, (A) + ey, (B)+ sy, (B) + C6¥ap, (B)

Because of the symmetry of H, we would get a similar result to what we obtained previously--the coefficients of
the B orbitals will be +1 times those of the A orbitals.

v =[ (D) + ey, (D) + ey, (D) ]+ e, (B) + ey, (B) + e, (B) ]

Consider for a moment the two electronic states that will dissociate to a 1s hydrogen atom. For this state, we
would expect c; to be greater than c; or cs. Certainly at large R this is true.

As a first approximation we can take
V=q [Wls (AH+ Vi (B)]
which is what we had done before.

We don't know for sure that this is the lowest state, but it is a good guess.

The same arguments hold for the two states that dissociate to a 2s H-atom
y/ = CZ [l/IZS (A) * l/lz.v (B)]

These functions are approximations to what we would get if we solved the secular equation of variational theory.

Another way to look at it, however, is from the point of view of perturbation theory. Taking the separated atoms
as the unperturbed problem, these two wavefunctions are the correct zero-order wavefunctions. In general,
molecular states will correlate with each state of the separated atoms, and rough approximations to their wave
functions will be given by fa + fs and fa - fs where fa and fs are hydrogen like wave functions.

Thus
v =, (v, (D) 2y, (B)]

will give 6 2s and o, *2s molecular orbitals.

Think about what this zero-order picture means. In the case of atoms, the use of H atom orbitals as zeroth-order
wave functions for many electron atoms says that to zeroth-order we are neglecting the inter-electronic
repulsion. Once we have the zeroth-order function, we can use Perturbation Theory to improve our energy and
wavefunction.

We are now doing the same thing for homonuclear diatomic molecules. Using H,* molecular orbitals, we can put
electrons in these orbitals in a manner consistent with the Pauli principle. This zeroth-order wavefunction
neglects inter-electronic repulsion.

If you then use perturbation theory, the first-order correction to the wave function will mix in contributions from
other functions in our basis set of atomic orbitals. However, only the functions closest in energy mix very strongly
(remember the energy denominator in the first order perturbation theory correction to the wave function).
Let's look qualitatively at the few next higher MQ's.
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If we take the combinations of the 2py (2p,) H atom state, we get the following:

szo(A)_szo(B) V/zpo(A)J"l//zpo(B)

These orbitals are designated G since we are taking linear combinations of atomic orbitals with m = 0. These wave
functions have cylindrical symmetry about the z-axis.

Orbitals with m#0 are a little more difficult to visualize because the 2p; and 2p.; orbitals are complex.

We can use 2p, and 2p, , however these are not eigenfunctions of I:z. Remember 2p, and 2p, are linear
combinations of 2p; and 2p.1. Thus, they won't have cylindrical symmetry about the z-axis

When we draw the linear combinations ¥ =y, , (A)i!//sz (B) we get things that look like:

58 33

7.2p. 7.2p,

These are not cylindrically symmetrical about z. They have an extra nodal surface. They are not eigenfunctions

of L_. This is what one often sees as rt orbitals. We can do this because any linear combination of eigenfunctions

of H with the same energy is still an eigenfunction of H . But it will not necessarily be an eigenfunction of iz.

We can now use these orbitals to discuss many-electron homonuclear diatomic molecules. If we ignore inter-
electronic repulsion, we can take the zeroth-order wave function of homonuclear diatomics to be a Slater
determinant of one electron H,* spin orbitals, using the LCAO-MO's for spatial parts.

The approximate relative ordering of these orbitals is

o,ls <ols <0'g2s<<7:25 <r2p,,72p, <O'g2p<7z;2p+l,7r;2p_] <0,2p
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Note that we have used the 2p.; and 2p_; atomic orbitals here to form our MO's rather than the 2p, and 2p,. Note
also that this order can be slightly different for different molecules.

Each bonding orbital fills before it's corresponding antibonding orbital (indicated by the *).
The energies of these orbitals indicated by the order shown above are determined using the variational principle.
However for two closely spaced levels, the order may be reversed. The energies of such molecular orbitals can

be verified experimentally using photoelectron spectroscopy.

Another way to think of the levels is in a diagram like this:

zpa th
m,2p

2s, 2s,,
G,2s

Is, Is,
cvgls

11.4 Molecular orbitals for multi-electron diatomic molecules

We can now begin to get some rough idea of molecular bonding in multi-electron diatomic molecules by simply
placing electrons in these orbitals.

We saw that H,* has one electron in a bonding orbital, cg1s.

For H,, one puts 2 electrons in cg1s with opposite spins. This gives (cg1s)?
The two bonding electrons give a single bond.

Consider He; = (c41s)*(c,*1s)? 2 bonding electrons 2 antibonding. = No net bond.
Experimentally, He; shows no significant minimum in the potential energy curve.
In a more formal sense we could write:

# bonds = 3 ( # electrons in bonding orbitals - # electrons in anti-bonding orbitals)

Let us pursue this concept a little further. If you promote one of the antibonding electrons in helium to a higher
state one has.

(Oels)*(cu*1s)*(cg25)"

This has 3 bonding and 1 anti-bonding electrons. It will therefore be chemically bound. This is correct. He; is
called an excimer in that it is bound in the upper electronic state, but not in the lowest (ground) electronic state.
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For Li; we have

(ogls)X(cu*1s)X(cg2s)?

Two net bonding electrons lead to a single bond. Experimentally Li, is a stable molecule.

Sometimes its configuration is written

KK(Gg25)?

where the K denotes filled K lithium atoms.

We did not talk about this notation when we did HF-SCF. K, L, M represent the quantum numbersn=1, 2, 3. So
the n. The n=1 atomic orbitals constitute the K shell, n=2 the L shell, etc. . .

Let's jump to Nitrogen, N,. The configuration is

6 bonding electrons imply a triple bond, which is what is observed.

For O,

KK(cg2s)* (ou” 25)* (1w 2p)* (0g 2p)?

KK(cg2s)* (ou” 25)* (0¢ 2p)” (mu 2p)*(mg” 2p)

T

experimental evidence suggests these are reversed here.

In O, we have unfilled &t orbitals. Hund’s rule says that the triplet state has lower energy. The triplet state is the
one in which the electrons are unpaired. Experimentally O, is paramagnetic because of the two unpaired

electrons! One can use the magnetism of air to measure oxygen levels.

One usually uses the term bond-order to indicate the number of pairs of electrons are involved in the bond. A
single bond has a bond order of 1. A double bond has a bond order of 2. etc.

As the table and figures below demonstrate, one can roughly correlate the bond order of a diatomic molecule
with its bond length. The higher the bond order, the shorter (and stronger) the bond.

Species Ground-state electron configuration Bond Bond Bond energy
order length/A kJ mol?

Hy* (ols)t 1/2 1.06 255

H» (o1s)? 1 0.74 431
He,* (c1s)*(c*1s)? 1/2 1.08 251
He, (c1s)Y(c*1s)? 0 - -

Li, KK(c2s)? 1 2.67 105
Be; KK(c25)*(c*2s)? 0 - -

B, KK(c2s)*(c*25)*(n2p)? 1 1.59 289

C KK(c2s)*(c*2s)X(m2p)* 2 1.24 599

N2 KK(c2s)%(c*2s)%(n2p)*(02p.)? 3 1.10 942

0, KK(c2s)%(c*25)%(n2p)*(02p.)*(r*2p)? 2 1.21 494

F2 KK(c2s)%(c*2s)3(n2p)*(c2p.)*(n*2p)* 1 1.41 154
Ne; KK(c2s)(c*2s)3(n2p)*(c2p,)H(n*2p)*(c*2p,)? 0 - -
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You can clearly see that this simple molecular orbital picture allows us to make good qualitative predictions about
the properties of molecules.

To be more quantitative, one can use the Hartree-Fock method for multi-electron diatomic molecules in an
analogous way to its application to multi-electron atoms. (I won’t discuss this in detail, but | would like to mention
the terminology that is used.)

In using the HF method for molecules, we keep the concept of molecular orbitals that can be filled with two
electrons each (consistent with the Pauli principle), however these orbitals are constructed from flexible
functions that allow us to vary the parameters in such a way that we can reach the Hartree-Fock limit.

In our simple approach up to now, which is often called the LCAO-MO method (linear combination of atomic
orbitals-molecular orbital), we took each molecular orbital to be a linear combination of an atomic orbital on

each nucleus in such a way that the atomic orbitals maintain their identity.

As we started adding atomic orbitals to get higher molecular orbitals, | wrote things like
v = [cly/ls (A +ey, (D +ey,, (4)+ ] + |:C1l//l‘y (B)+ ey, (B)+ey,, (B)+.. J

| indicated that to a good approximation, one coefficient would be dominant for each state of the separated
atoms. To a first approximation we neglected the others.

Thus, | indicated that the first two states could be approximated as
Vip =6 [W]s (At (B)]

and hence we called this a cz1s molecular orbital.
The same arguments hold for the two states that dissociate to a 2s H-atom
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Via=6 [‘//2s (D) xy,, (B)]
We called this a 6325 orbital.

However, if we want a more accurate estimate of the energy by using the HF method, we have to include not
only the coefficients we neglected, but also make the atomic functions themselves flexible enough so that we
can reach the HF limit. In doing this, the molecular orbitals lose their identity (in terms of the atomic orbitals)
since the coefficients of many atomic orbitals can become significant. In this case, one often uses a different
manner to label the molecular orbitals.

Correspondence between various notations for molecular orbitals

Simple LCAO-MO HFSCF-LCAO-MO
ols Cgls log
c'ls Guls loy
o2s Gg2s 204
c*2s Gu2s 204
2Py Tu2Px Imy
n2py Tu2py Imy
o2p; Cg2p; 30,
2P« Tg2Px Img
n*2p, Tg2Py Img
o*2p; ou2p; 304

11.5 Molecular term symbols for diatomic molecules

Ina manner similar to that for atoms, the electronic states of diatomic molecules are designated by term symbols.
In the case of atoms, | indicated that although the individual spin and orbital angular momentum quantum
numbers of the electrons are no longer good quantum numbers (i.e., the individual / and s are not conserved),
the sum L and the sum S of all the electrons are still a good quantum number (if we ignore spin orbit coupling).

In the case of diatomic molecules, even if there is only one electron (i.e., H>* ), the | quantum number of the
individual electrons is not a good quantum number. However, because of the cylindrical symmetry, m, remains
a good quantum number (for H,*) and I, = m; h is a conserved quantity.

Once we go to multi-electron diatomic molecules, /, of the individual electrons is no longer conserved and thus
myis no longer a good quantum number. However the sum, M, of all the electrons is still a good quantum number.
Also, the total S for the electrons is a good quantum number. Thus we can label the states of a diatomic molecule
by M, and S.

One constructs a molecular term symbol in an analogous way to the atomic term symbols:
2541 M| orsince A=|M,| we canwrite 24

Where Mi=mp+mp+... and Ms=msg+msa+. ..

and S is determined from the values of M.

Note that the difference from the atomic case is that the main symbol represents a scalar quantity, | M, | rather
than a vector quantity L.

The various values of | M, | are associated with capital Greek letters according to
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| M) Letter
0 z
1 I1
2 A
3 (O]

(Note that these letters correspond to the S, P, D, and F in the atomic case.)

Examples of molecular term symbols are ', °I1, and ?A.

The determination of the molecular terms symbols from molecular-orbital electron configurations is simpler than
the atomic case since M, is a scalar quantity. However, it is important to remember that S is still a vector quantity.
I illustrate this procedure below with 3 examples.

Consider the case of H,, which has an electron configuration of (c1s)?

The occupied G orbitals have m;=0.

Thus M =0+0=0

The two electrons must have opposite spins in order to satisfy the Pauli principle, thus
1

Mg=+———=0
2

Because there is only one value of Ms, then S must equal 0.
The terms symbol will therefore be: T

Now consider the case of He,*. The ground state electronic configuration is (c1s)?(c*1s)%.
One can construct a table of the possible values of m;and ms.

my; Mgz my; Mms; mys Mgz M, Ms
0 +% 0 -% 0 +% 0 +%
0 +% 0 -% 0 -% 0 -%

The fact that M, = 0 says that we have a X state.

The Ms =1 1/2 corresponds to the two projections of S= 1/2. This means 25+1 = 2 and we have a doublet state.
So the term symbol for He,* is 2X.

These first two examples are quite simple since there is only one possible value of S.

The next example, By, is a little more complicated and illustrates the general scheme that one should use.
The electron configuration for B; is

(c15)%(c*15)? (625)*(c*25)?(n2p)?

The first 4 molecular orbitals in B, have M,=0 and Ms=0, and thus we need to consider only the last two electrons.
(Recall that in the atomic case, we also ignored filled subshells.)

Each of these last two electrons is in a 1t orbital and can have m;= +1 and m; = +1/2 . One can construct a table
of the possible values, keeping in mind the indistinguishability of the electrons and the Pauli principle.
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mi Ms; my; ms; M, Ms
1 +1 +% +1 -% 2 0
2 +1 +% -1 +% 0 1
3 +1 +% -1 -% 0 0
4 +1 -%% -1 +% 0 0
5 +1 -% -1 -% 0 -1
6 -1 +% -1 -% -2 0

Entries 1 and 6 in the table correspond to | M| = 2 and Ms = 0. This gives rise to a !A (singlet delta) state.
Entries 2, 3, and 5 correspond to M;=0 and S=1, and so we have a 3% (triplet sigma) state.

Entry number 4 has to M,=0 and Ms=0, an thus it corresponds to a !X state.

Thus we have 3 possible molecular states for this electronic configuration of B,: 'A, 3%, and 'Z.

Hund'’s rules apply to molecular electronic states as well as to atomic states. Hund’s rule says that the state with
the largest spin multiplicity will be the ground state. Thus, we predict that the ground state of B, is a 3% state.

(For the X states of homonuclear diatomics, there is also a right superscript of + or - that indicates the symmetry
of the wave function with respect to reflection in a plane containing the internuclear axis. We will not concern
ourselves with this for the moment.)

11.6 MO treatment of Heteronuclear Diatomics

The treatment of heteronuclear diatomic molecules is similar to that of homonuclear diatomics.

In the case where the two atoms in a diatomic have atomic number that differ only slightly, such as in CO, we
could consider the molecule being formed from the isoelectronic molecule N, by a gradual transfer of nuclear
charge from one nucleus to the other. During this hypothetical transfer, the original N, MO’s would slowly vary
to give finally the CO MQ’s. We therefore expect the CO molecular orbitals to bear some resemblance to those
of Nz.

In a case such as this, the symbols used for the MO’s are similar to those for homonuclear diatomics.

However, in the heteronuclear case, the electronic Hamiltonian lacks the symmetry of the homonuclear diatomic
case, and hence the g, u property of the molecular orbitals disappears.

The correlation between the N, and CO subshell designations is

N> | log | loy | 20, | 20y | Imy | 30, | 1mg | 304
co | lo | 20 | 3o | 4o | In | S5c | 2n | 6c

The MO’s of the same symmetry are numbered in order of increasing energy. Because of the absence of the g, u
property, the numbers of corresponding homonuclear and heteronuclear MQ’s differ.

Shown below is a a sketch of a contour of the CO 1 MO taken from an SCF calculation. Note its resemblance to
the m MO that | had drawn earlier for homonuclear diatomics.
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o
o
4

A Hartree-Fock SCF calculation for the expansion coefficients of this molecular orbital in terms of Slater atomic
orbitals gives

1m = 0.469 (2pnc) + 0.771 (2pmo)
This can be compared to the corresponding bonding orbital of N, which is given by
1m, = 0.624 (2pm, + 2pmy,)

You can see both from the picture of the orbital as well as in the SCF calculation that the amount of atomic orbital
centered on the carbon and the oxygen are not the same. This makes sense since the symmetry is now broken
and the charge is different on the two nuclei. (Note, however, that the wave functions are not normalized).

11.7 More on Valence-Bond Theory

| would like to say a bit more about valence-bond theory. Although this approach is not accurate enough to be
used for computations, it provides some important qualitative notions about chemical bonding. More
specificially, valence-bond theory guides our intuitive ideas regarding Lewis formulas, resonance formulas, etc.
In our treatment of H,, we constructed a wave function that had one electron on each atom.

If we let
Is,a(l) 1sy8(1)
Y7 ls 02) 15,80)
and
Is, f1) lIsza(l)
V2Tl5,8Q) 1s,a02)

each of which represent H, with one electron on each atom, then we can use
Y =ay, +ay,

as a trial function and minimize the energy with respect to c; and c,.

The ground state wave function is given by

— 1 —
v = 2(1+S2)(1//1 v,)

(Note that the problem is formulated differently than our original treatment, and the definition of ¥, and ¥,

are different, but if you multiply out these determinants and compare the result to the one we had before, you
will see that it is the same).
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Consider now the molecule LiH. One of the (unnormalized) Slater determinants in the valence bond wave
function of LiH is of the form

viga) v A vpad) v, B30)
_ Yu(2) viuB2) voa?) vup2)
Y23 viuBB) waa(3) vwp3)
Vi@ v BA) wvad) v, B(4)

1

We can abbreviate these Slater determinants by only listing the elements on the diagonal. This would give the
notation:

Wi :|‘//15Lia(l) VB2 v,,a(3) l//lsHﬂ(4)|

The other contribution to the valence-bond wave function that is distinct (not just changing labels on the
electrons) is

v, = |V/15Lia(1) VB2 v, B3) Wlsﬂa(4)|

Thus we can write the valence-bond wave function as
l//mv = CIV/I +c2V/2

where | have used the subscript ¥, to indicate that we have chosen configurations that correspond to covalent
bonding where the electrons are equally shared between the bonded atoms.

A variational calculation would give c¢1 = - ¢, since there should be no preference for which electron has spin up
or down. Thus we have

Ver = |l/llsLia(1) VB2 ¥,003) V’lsﬂﬂ(4)| _|V/15Lia(l) viuP2) v, BB3) WlsHa(4)|

If we were to use this function to calculate the bond length and bond energy, we would get values of 3.01 au and
-215.98 au respectively.

This should be compared to the experimental values of 3.02 au and -219.71 au.

One reason for the poor agreement in the energy is that we have not allowed for any ionic character in our
valence-bond wave function.

We can include the ionic structure Li*H" into our valence-bond treatment by using

Vionic = |‘//].vLia(1) vuB2) wuma3) v lsHﬂ(4)|
Note that this wave function describes Li*H in that there are two electrons on Li* and two electrons on H'.
We can now take a linear combination of o and Wionic and write

\PVB = ccavlpaw + Cionic‘{lianic

The inclusion of the ionic term improves the energy calculation to a value of -217.0 au.
Because the two 1s electrons in the lithium atom do not play a great role in the formation of the bond in LiH, it

is a convenient, common approximation to ignore inner-core electrons in the valence-bond wave function and
to consider only the bonding, or valence, electrons. In this approximation we would have
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l//cov = |l//25Lia(1) wlsHﬁ(2)| _|l//2sLiﬁ(l) l//lsHa(z)|
and

'//ionic :|l//1sHa(l) V/ISHIB(Z)|

The neglect of these inner-core electrons is not so important for LiH, since this is a small enough molecule that
it can be solved to a high degree of accuracy. However as we will see shortly, this approach becomes very useful
when discussing larger systems.

The square of the expansion coefficients, c.o,”> and Cionic?, give some indication of the ionic and covalent character
in the molecule. However, one must be careful with this interpretation. The precise values of these coefficients
depend on the form of the atomic orbitals that are used.

The idea of introducing ionic terms into valence-bond wave functions nicely illustrates the concept of resonance
that you learned in first year chemistry and organic chemistry. Quantum mechanically, we see that if we can
write two or more sensible Lewis structural formulas for a molecule, then the wave function for that molecule is
a linear combination of these structures and the “true” picture is some intermediate structure. The variational
principle, which gives the numerical values of the coefficients in the linear combination, provides an indication
of the relative importance of various possible Lewis formulas.

Thus, the qualitative ideas about resonance structures have a quantitative basis in quantum chemistry. (This is
true about many of the qualitative ideas presented in organic chemistry.)

The extension of the valence-bond method to non-linear polyatomic molecules is straightforward in principle.
Consider the molecule H,0. The electron configuration of the oxygen atom is
152252 2p,t 2p,t 2p,2

suggesting that the unpaired 2p,* and 2p,* electrons are available for bonding with the hydrogen atoms.

From this simple valence-bond picture considering only covalent terms, one would expect the bond angle in H,0
to be 90°, since the 2p,! and 2p,* orbitals lie along the x and y axes and we would expect the hydrogen 1s orbitals
to maximize the overlap with the oxygen 2p orbitals.

The prediction of a 90° H-O-H bond angle is in poor agreement with the measured bond angle of 104°.

However, if one introduces ionic terms in the wave function, the hydrogen atoms will develop some positive
character and repel each other, giving a bond angle closer to 104°.
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For the corresponding molecules H,S, H,Se, and H,Te, the electronegativities of the sulfur, selenium, and
tellurium atoms are such that the ionic terms contribute progressively less. In this case, the predicted angle
becomes progressively closer to the prediction of 90°.

If we go on to the case of NHs, the valence-bond approach predicts that the H-N-H bond angles are 90° as
compared to the experimental value of 107°. Once again, the situation can be improved by introducing ionic

terms, however, this approach clearly fails us when we get to methane, CHs.

Clearly, the carbon electron configuration of 1s? 2s% 2p,! 2p,! does not explain (using a valence-bond picture) the
well-known tetrahedral bonding in methane and other saturated hydrocarbons.

An approach that better describes the directionality of chemical bonding involves a consideration of hybrid

orbitals , a subject that you will have likely discussed both in introductory chemistry and in organic chemistry.
We will treat this subject from a quantum mechanical point of view.

11.8 Hybrid Orbitals

Like valence bond theory, the concept of hybrid orbitals is not particularly accurate in a computational sense,
but it provides an important qualitative picture from which we can make predictions about the geometries of
simple molecules. | will briefly introduce some of the mathematical background behind hybrid orbitals.

11.8.1 sp hybrid orbitals

Consider first the molecule beryllium hydride, BeH,. The two Be-H bonds in this molecule are equivalent and the
H-Be-H bond angle is 180°.

The ground state electron configuration of Be is: 152 25?
To represent the two equivalent Be-H bonds in BeH; that make an angle of 180° with respect to one another, we
will take a linear combination of the beryllium 2s orbital and one of the beryllium 2p orbitals (i.e., the 2p,). We
can do this for each of the 2s electrons since the orbital holds two electrons. Thus, we have

$=a,2s,,+b2p,,

é' = aZ ZSBH + bZ 2sz€
Linear combinations of orbitals on the same atom are called hybrid orbitals.
(Recall that if we neglect inter-electronic repulsion, the s and p orbitals on an atom would have the same energy,
so in this limit, these hybrid orbitals would still be eigenfunctions of the atomic Hamiltonian. In reality, the s and
p do not have the same energy, however this approach still provides a useful qualitative picture of molecular
bonding.)
The two bonds in BeH; are described by the following bond orbitals:

d=cls, +c,¢

¢ =cls, +cié’
where the 1sa and 1sg are the 1s orbitals of the two hydrogen atoms.

So the bond orbitals are linear combinations of an atomic orbital on the hydrogen atom and a hybrid orbital on
the beryllium.
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We will now determine the form of the two hybrid orbitals £and &' so that ¢gand ¢’ describe two equivalent
bond orbitals that are directed 180° from one another.

We can approximate the 2s and 2p, orbitals of the beryllium atom by the Slater orbitals

/ 1
Vo = ER(V)
= ,/i cos@ R(r)
V. 4

where for simplicity | have used the same functional form for the radial part of the wave functions. (Recall that
the angular part is simply given by the spherical harmonics). The constants in front insure that the functions are
normalized.

If we substitute these functions into the expression for £ we get

s RO

(al +\/§b1 cos 6)

5

If a; and by are both positive, then £is directed along the positive z-axis, and we can choose this to be the case
since we are free to orient the molecule in space as we wish.

The other hybrid orbital, &' is then given by

_R()

iz

&' (a2 ++/3b, cos&)

Recall that the original s and p functions are orthogonal, and when we take a linear combination of these orbitals
to get another set of two orbitals, £and &', it is convenient to require that £and &' be orthogonal.

In this case we have that:

2z

f [ £0.0)&'¢r,0) 7 sin0drdodp =0

S = 8

If we have chosen our radial function to be normalized, then
J.Rz(r)rzdr =1
0

Combining this with the expressions for £and &' gives us for the first integral

S =y

(al +\/§bl cos 6’)((12 +\/§b2 cos 6’)sin9d0 =0

The evaluation of this integral is straightforward and gives
aa, +bb, =0

Because we have taken a; and b; to be positive, then a; and b, must have opposite signs, and this causes &' to
be directed along the negative z-axis, 180° from &.

209



11 QUANTUM MECHANICAL TREATMENT OF SIMPLE MIOLECULES

Because the two Be-H bonds in BeH; are equivalent, we require that the two hybrid orbitals have the same shape.

Thus we require that a1=a; and that b1 = -b,.
Furthermore, because @@, +bb, =0

we find that a=tb

Finally, if the two equivalent orbitals are normalized, then

§=%(2s+2p:)
1

§'=E(25—2P2)

Because these hybrid orbitals are made up of a 2s orbital and one 2p orbital, they are called sp hybrid orbitals.

The BeH, molecule is formed by overlapping a hydrogen 1s orbital with each of the sp hybrid orbitals.
The electron configuration of BeH; in this bond-orbital description is therefore

K7 (¢')

where ¢ and ¢’ are the bond orbitals described earlier. In this picture, a chemical bond is described as two
electrons of opposite spin occupying a bond orbital.

11.8.2 sp?hybrid orbitals

Consider now the case of BHs. The three B-H bonds in BH3 are equivalent and lie in a plane, directed 120° from
each other.

To describe the three equivalent bonds in BH3, we must construct three hybrid orbitals on the boron atom. We
will construct each of these orbitals as a linear combination of one s and two p orbitals

& =a2s+b2p +¢2p,
& =a,2s+b2p, +c,2p,
& =a2s+b2p +¢,2p,

where the 2s and 2p; orbitals are the same we used in the previous example, and the 2py is a Slater orbital given

by:
|3 -
Y, = Esm cos@R(r)

Because these hybrid orbitals are constructed from one 2s and two 2p orbitals, they are called sp? hybrid orbitals.

Because we can choose the overall orientation of the molecule with respect to the axis system, we can let one
hybrid orbital lie along the z-axis. In this case, the contribution of the py orbital will be zero, and

& =a,2s+b2p,
In analogy to the case of BeH,, because the s orbital is spherically symmetric and the three hybrid orbitals are

equivalent, we shall take equal contribution of the 2s orbital to each hybrid orbital.
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This means that a1=a.=0a3
Furthermore, because there is one 2s orbital to be distributed among the three hybrids, it must be true that
a +a;+a =1

(Note: This expresses the conservation of the 2s orbital. Whenever we take three orthogonal functions and take
linear combinations to make three others, there will always be both a normalization condition and what I call a
conservation condition, meaning that the total amount of the original orbitals must be conserved.)

From these two conditions we find that

1
a=a,=a,=—F—

3

If we now substitute a; into & we have

1
él :_2S+b12pz

3

Because &; is normalized, we have that

é+bf:1

Thus

1 2
=—=25+,/=2
él \/§ 3 pz
The second hybrid orbital is

1
& =—=2s+b,2p. +c,2p,

NE]

The requirement that &; and & be orthogonal leads to the condition that
aa, +bb, +cc, =0

Note that this is the same condition that we had in the previous example. If we have a set of orthogonal functions
and take linear combinations of them to get a new set of orthogonal functions, this condition will always arise. It
is simply the condition of two orthogonal vectors.

With ¢; = 0, this condition leads to
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Thus

1 1
&, :$2s—ﬁ2p2 +¢,2p,

By requiring & to be normalized we have
1.1 =1
6
o - 1
P2
We therefore have that

&= 22,
Once we have ¢& and &, we can find many expressions that relate the remaining coefficients to those that are
not yet determined.
For example, we have
bl +b; +b; =1
c+ci+a =1
together with the orthogonality conditions
aa; +bb, +cc, =0
a,a, +b,b; +c,c; =0
and the normalization condition
af -i—b32 -1—032 =1
At this point, we have an over determined system, and we need not use all of these relations. | will use the

orthogonality conditions.

From the first of the two orthogonality conditions, we have
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From the second orthogonality condition

a,a, +b,b, +c,c; =0

l+1+Lc =0

36 J2°
__L

C = >

Thus
1 1 1
=——2§——=2p. ——=2
& 5 g 2P 7 D,

I will leave it as an exercise for you to demonstrate that these three hybrid orbitals lie 120° apart from each other.

11.8.3 sp? hybrid orbitals

From what we have done up to this point, the development of the four sp* hybrid orbitals should directly follow.
By choosing the first to lie along the z-axis and using the orthogonality and normalization relations, you can easily
find the coefficients of the following orbitals.

& =a2s+b2p +c2p, +d2p,

$ =a,25+b2p +c,2p, +d,2p.
& =a2s+b2p +¢;2p, +d2p,
$i=a,2s+b2p +c,2p, +d,2p.

You can then show that they have the shape of a tetrahedron. | will leave this as an optional exercise.

11.9 n-electron approximation and Hiickel molecular orbital theory

| would like to take our discussion of simple molecules one step further to relate the quantum mechanical
treatment that we have developed to some of the concepts that you will encounter in organic chemistry. | will
not give a very sophisticated treatment but rather introduce some of the basic notions that will help you to better
understand what you do in organic chemistry.

Our discussion of hybrid orbitals leads us to consider the case of unsaturated hydrocarbons. Consider, for
example, the molecule ethylene, C;Hs. It is planar and has all of its bond angles equal to 120°. One can describe
the structure of the molecule by assuming that all the carbon atoms form sp? hybrid orbitals as shown in the
figure below:
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1s

Figure 9-28. The o-orbital framework of the ethylene molecule.

The CH bonds result from the overlap of the 1s hydrogen orbital with an sp? carbon hybrid orbital. Part of the CC
bond results from the overlap of the two sp? carbon hybrid orbitals.

Each of the bonds shown in the figure above are obonds. This is because the carbon sp? hybrid orbitals are planar
with no nodes about their respective bond axis and the hydrogen 1s orbitals have no nodes since /=0 and m=0.
(Note that when we are considering the symmetry of these bonds, in the present case a obond, we are
considering the local symmetry of each bond and not of the overall molecule)

The representation in the figure above is therefore called the obond framework of the ethylene molecule. If we
let this framework be in the x-y plane, the carbon atomic orbitals used to construct the hybrid orbitals would
have been the 2p, and the 2p, orbitals. This leaves the two carbon 2p, orbitals available for further bonding, and
their overlap can contribute to the C-C bond, as shown below:

Figure 9-29. A schematic representation of the = bond in the ethylene molecule.

The charge distribution along the C-C bond due to the overlap of the 2p, orbitals produces a it bond.

We are developing here a o—x description of unsaturated hydrocarbons. It turns out to be a fairly good
approximation to treat the it electrons as moving in a fixed, effective, electrostatic potential due to the electrons
in the B framework. This approximation is called the m-electron approximation. It can be developed from the
Schrodinger equation, but we will simply accept it as being physically intuitive.

In 1930, Eric Hiickel developed a treatment of conjugated and aromatic molecules that has found wide success
in organic chemistry. This theory, which is referred to as Hiickel molecular orbital theory , is based upon the r-
electron approximation. The o electrons are described as localized hybrid bond orbitals and the mt electrons are
described by molecular wave functions that extend over each of the atoms that contribute a it electron. Thus,
the it electrons are delocalized.

I will illustrate this technique by considering some specific examples.

214



11 QUANTUM MECHANICAL TREATMENT OF SIMPLE MIOLECULES

11.9.1 Ethylene

Let us first consider the simple case of ethylene.

The oframework of ethylene is shown on the previous pages. Each carbon atom contributes a 2p; orbital to the
delocalized mt orbital, and as in the case of the molecular orbital treatment of H, we write

Ve =X TG0

where y1 and y, are the carbon 2p; orbitals. It is important to realize that the Hamiltonian operator in this theory
involves the effective potential due to the electrons in the o framework of the molecule and so itself is an
effective Hamiltonian. A principal advantage of Hiickel theory is that it is not necessary to ever specify this
effective Hamiltonian.

The secular determinantal equation associated with the molecular orbital above is

Hn_ESn H12_ES12 _
le_ESn sz_ESzz

where the Hj are integrals involving the effective Hamiltonian. Because the carbon atoms in ethylene are
equivalent, Hi1 = Ha.

These diagonal elements of the secular determinant, called Coulomb integrals, are customarily denoted by c.

The off-diagonal H’s in the secular determinant are called resonance integrals or exchange integrals and are
customarily denoted by f. Note that Sis a two-center integral because it involves the atomic orbitals from two
different carbon atoms. Although it is not necessary, one often neglects the overlap integrals in Hiickel theory

and so the §j are given by

Sij=0 ifi#j
=1 ifi=j

Thus, the Hiickel secular determinantal equation describing the ethylene molecule is

a-E p o
p oa-E

The two roots of this secular determinant are:
E=axp

In principle, to evaluate « and £ we would have to know the effective Hamiltonian operator. However, we do
not have to do this in Hiickel theory because oz and fare assigned empirical values.

Because « is essentially the energy of an electron in an isolated carbon 2p, orbital, we can use it to set our zero
of energy. The quantity £ has been determined from a consideration of a variety of data and can be assigned a

value of approximately -75 kl mol?,

There are two 7t electrons in ethylene. In the ground state, both electrons occupy the lowest energy orbital.
Because fis negative, the lowest energy is £ = a +
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An energy-level diagram showing the ground state of ethylene is shown below:

The 7t electronic energy of ethylene is simply the sum of the energies of the two 1 electrons and is given by E =
2a+ 2. But because « is used to specify the zero of energy, the it electronic energy of ethylene is simply 24.

Because « is essentially the energy of an isolated p orbital, the two energies, £ = o+ £ must correspond to
bonding and antibonding orbitals.

Let us determine the wave functions for the Hiickel molecular orbitals.

Recall that the secular determinantal equation originates from the pair of linear algebraic equations for the
expansion coefficients ¢, and ¢,

(H, —ES, )¢, +(H,—-ES;)c, =0
(H,, —ES,,)c, +(H,,—ESy)c, =0

where ¢; and ¢; came from our trial wave function in which we approximated the orbitals as linear combinations
of t orbitals on the two atoms.

Upon using the Hiickel approximations for the H and S, we have
(a—E)c, +pc,=0
pe,+(a—E)e, =0

To find the ¢’s associated with each value of E, we substitute one value of E into either of the two linear algebraic
equations above.

For example, for the value E = o + [, either equation yields ¢, = ¢;, so that

i 201(751 +7(2)
The value of c; is found by requiring that y1 be normalized. Because we are using S12 = 0, we find that ¢, = f .
Thus,

1
4 ZE(% +Zz)

It is not difficult to show that the root £ = a — Syields

1

¥, ZE(% _Zz)

216
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The figure below shows the two molecular orbitals schematically:

Note that it would not be difficult to extend this treatment to the case where we do not assume that the overlap
integrals, Sjj to be zero for i#j.

11.9.2 Butadiene

The case of butadiene is more interesting than that of ethylene. Although butadiene exists in cis or trans
configuration, we will picture this molecule as simply a linear sequence of four carbon atoms, each of which
contributes a 2p;, orbital to a r-electron orbital.

Because we have a linear combination of four atomic orbitals, we are going to have a 4 x 4 secular determinant,
four different energies, and four different m-molecular orbitals.
We can introduce the notation

4
l//i = Zcin Z/z
n=1

where c;, is the coefficient of the atomic orbital of the n" atom in the i molecular orbital.
The secular determinantal equation for the butadiene molecule is

H11 _ESII le _ES12 H13 _ES13 H14 _ESM
le _ES]Z sz _ES22 H23 _ES23 H24 _ES24
H13 _ES13 H23 _ES23 H33 _ES33 H34 _ES34
H14 _ESM H24 _ES24 H34 _ES34 H44 _ES44

Because we are taking the four carbon atoms in the butadiene molecule to be equivalent, all the H; in this
determinant are equal, and as in the case of ethylene, we denote them by «.

The Hj, on the other hand, are two-center integrals. They involve the 2p, orbital centered on carbons i andj. In
the simplest version of Hiickel theory, one sets Hj = fif the i and j carbon atoms are adjacent and H; = 0 if they
are not adjacent. The justification of this is that the overlap of the 2p, orbitals from two carbon atoms decreases
with their separation. Following this argument, one might set S; = S for adjacent carbon atoms and S; = O for
nonadjacent carbon atoms. In the simplest version of Hiickel theory, one goes even one step further and sets S
=0.

Under these approximations and assumptions, the Hiickel theory secular determinantal equation for butadiene
becomes
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If we factor #from each column and let x = (@ — E)/ 3, then the determinant above becomes

x 1 00

1 x 1 0
=0

01 x 1

0 01 x

If we expand this determinant, then the secular equation is
x'=3x"+1=0
We can solve this equation for x? to obtain

, 3+45
X =

2

We therefore find the four roots to be

x=11.61804

x=10.61804

Recalling that x = (¢ —E)/fand that fis a negative quantity, we can construct a Hiickel theory energy-level
diagram for butadiene. There are four m electrons in butadiene. In the ground state, these four it electrons occupy

the two orbitals of lowest energy as shown below

I  u— 1618p
x — 06188

E{ o

——a+ 0.6188
44— o+ L6I8B

The total T electronic energy of butadiene is
E, =2(a+1.618/5’)+2(a+0.618,8)

=da+44728

It is interesting to compare the energy given in this equation to the energy of the localized structure in which the
two double bonds are localized between carbon atoms 1 and 2 and carbons atoms 3 and 4 in butadiene.

In the simple Hiickel theory, this localized structure is equivalent to two isolated ethylene molecules. We have

shown above that Ex = 2o + 23 for ethylene, and so we can define a delocalization energy by
E, = E_(butadiene)—2E _(ethylene)

=0472
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If Bis given the value -75 kJ mol?, then we see that the delocalization energy in butadiene is about -35 kJ mol ™.
This is the energy by which butadiene is stabilized relative to two isolated double bonds, or in other words, the
stability that butadiene derives because its 1 electrons are delocalized over the entire length of the molecule
instead of being localized to the two end bonds.

Associated with each of the four molecular orbital energies of butadiene is a wave function given by the

expansion coefficients.

Recall that the molecular orbital wave functions are given by

4
v, = zcin Xn
n=l1

where the c;, are determined by the set of linear algebraic equations that lead to the secular determinantal
equation. The algebra is a little bit longer than in the case of ethylene although straightforward. The resulting
wave functions are

w, =0.3717 7, +0.6015 y, + 0.6015 y, +0.3717 y,

v, =0.6015y,+0.3717 , —0.3717 7, —0.6015 ¢,

v, =0.6015y,-0.3717y,-0.3717 4, +0.6015y,

v, =0.37177,-0.6015 7, +0.6015 7, —0.3717 ,

These wave functions are presented schematically below:

Notice that the energy increases as the number of nodes increases.

Because we have set Sj = ¢, we have in effect assumed that the x, are orthonormal. Using this fact, one can see
that

4
Zc; =1

n=1

This allows us to interpret c;,? as the fractional i electronic charge on the n carbon atom due to an electron in
the ™ molecular orbital. Thus, the total i electronic charge on the n" carbon atom is

_ 2
q, = Z nc,,
i
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Where n;is the number of zelectrons in the i molecular orbital. For butadiene, you will find that all the ¢’s are
1, indicating that the p electrons are uniformly distributed over the molecule. You can see this schematically by
putting 2 electrons in each of the first two molecular orbitals and adding the electron probabilities.

One can also use Hiickel theory to define the 7 bond order. We can interpret the product c;cisas the 7 electron
charge in the it molecular orbital between the adjacent carbon atoms r and s. The zbond order can be defined
as:

T
]

Where n; is the number of zelectrons in the it molecular orbital.

For butadiene, one gets
P],2r = 2011012 +2C2lc22 +OC3IC32 +Oc4]c42
= 2(0.3717)(0.6015)+2(O.6015)(O.3717)

=0.8942

P} =2c,c,;+2cy0,,
=2(0.6015)(0.6015)+2(0.3717)(-0.3717)
=0.4473

You can see by symmetry that

P; =P

Remember that this is the 7bond order. To find the total bond order, we must remember that there is a obond
between each carbon atom. So we can write:

B, =1+F7

For butadiene, this leads to
B,=P,=18%
P, =1.447

These values are in good agreement with the relative reactivity of these bonds.
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