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Chap 10

Molecules and solids

* Molecular bonding and spectra

« Raman spectroscopy

« Stimulated emission and laser

« Structural properties of solids (skip)

« Thermal and Magnetic properties of solids (skip)

«  Superconductivity (>> chap 9)



Chemical bonding is the attractive force that holds various constituents

(atoms, ions, etc.) together and stabilizes them through the overall loss of
energy. Below are some typical chemical bonds.

Covalent bonds:

Ex: Diatomic molecules (H,, N,, O,)

formed by 2 identical atoms tend to be
covalent.

Atoms share electrons to achieve a
stable electron configuration.
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* lonic bonds: Q—
Q Q@ o\ Q QQQ O
Ex: Sodium readily gives up its 3s electronto  NaCl n \ @
R - . 0@ )9 00 @) ]9
become Na®*, while chlorine readily gains an o .9 o ®)
electron to become CI~. That forms the NaCl e @© —0
molecule. "
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Ex: H,O. In general, between H and N/O/F atoms I e

of another molecule.

A hydrogen bond is a dipole-dipole force between
a slightly positive hydrogen on one molecule and a
slightly negative atom on another molecule.
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« Van der Waals bond: %

Ex: In graphite, the van der Waals bond holds graphite |
together adjacent sheets of carbon atoms. g

Van der Waals force is a result of temporarily
induced dipoles.

pixtastock.com - 81546547
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Molecular spectroscopy: diatomic molecule
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3 types of motion:

« Rotation: f ~ 10" - 103 (far infrared to microwave)
« Vibration: f ~ 10'3 - 10" (infrared)

 Electronic transition: f ~ 1074 - 1076 (visible and ultraviolet)

To simplify, “assume” these 3 motions decouple from each other.



1.

Rotational states

Moment of inertia I = pR3
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Ex 10.1: Estimate the value of E,; for the lowest rotational energy
state of Ny, which has a bond length 0.110 nm.

Solution
For nitrogen, m = 2.33 X 107* kg, and R = 1.10 X 1071 m.
Thus,

I (233 X 10728 kg)(l.lo X 10~ m)2 Nitrogen atom
- 2
= 141 % 107 kg - m?>

For € = 1,

ohe h? (1055 X 10*34‘] . 5)2 Nitrogen atom
Ern = = = — -
‘2l I 141X 10 kg m’

=789 X 107*] =493 X 107*eV

2
Molecule Ry(A) vy (cm™?) %(eV}

H, 0.74 4395  7.56 x 1073
HD 0.74 3817 569 x 1073
D, 0.74 3118 379 x107°
Li, 2.67 351 839 x107°
N, 1.09 2360 248 x 1074

0, 1.21 1580 1.78 x 10~




Transitions between rotational energy levels

(emission/absorption of light is possible only for molecules with

permanent electric dipoles)

r=>5

Selection rule:

A = +1

e.g., HCI, but not O,

h
AE3=E3—E3_1=—‘£ = -

c h
- A (—) = —— = const. (6.2 X 10! Hz for HC])
A 2ml

For HCI, reduced mass
-1 =266x10"% kg - m?2
n=163x10"% kg (seeEx10.2later)

>Ry =127x1071%m



2. Vibrational states

« Small vibrations are approximately simple harmonic motion

Energy levels:

vibr _ _ |K
E"™ —(m+%)ha) 0= P

For HCI, AE=0.36 €V, so it's harder to be excited by collisions

« Total energy of a vibration-rotation system

(suppose two motions are independent):

R (0+1
E=E"+E™ = (21 )+(m+%jha)




Ex 10.2: (a) Given that the spacing between vibrational energy levels
of the HCI molecule is 0.36 eV, calculate the effective force
constant. (b) Find the classical temperature associated with
this difference between vibrational energy levels in HCL

(a) k = pw?

my Mo (34.97 u) (1.008 u)

w= = 1u= 1.66 x 1072 kg

m + me  34.97u + 1.008 u
= 0.9798 u = 1.63 X 10™* kg

AE 0.36 eV

— — 14
B 658 x 10 Bey.s 7 < 107 mad/s

m « = po’ = (1.63 X 107%" kg) (5.47 X 10" rad/s)?
= 490 N/m

(b) Two energies are associated with an oscillator, one is
the kinetic energy and the other the potential energy

AE= le = Q(kgr

) = kT € Equipartition theo (Chap 9)

AE 0.36 eV

= — - = 4900 K
k862 X 107° eV/K

= e



Intensity

Vibration-rotation
spectrum

Selection rule:
Am = +1

HCI
Absorption spectrum
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After including 72 1
electronic levels,  E,,, = ES%¢ + ﬁf(f + 1)+ hwo [ m + =

we have 2
Electronic rotation vibration
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Electronic-vibration spectrum:

Bands of CN and C, molecules in a carbon arc in air

C, Swan bands
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Eisberg and Resnick



Next, we talk a different type of light-atom interaction

First, in classical physics: (Elastic) scattering of light by a particle

1871 Rayleigh Scattering 1908 Mie Scattering Mie Scattering,

< larger particles
b 1
— Aﬁ\

——— Direction of incident light

Air molecule (kd<<1) Aerosol 0.01-10 micron (kd~1)

Rayleigh
scattering 3
(the smoke '

appears blue)




Raman spectroscopy (Raman and Krishnan, 1928)

« Raman’s motivation: In the Compton effect, the X-ray photon changes
its frequency after being scattered. Could similar thing happens to
photons of visible light?

« Around that time, it is reported that the color of sunlight scattered by a

‘Bl highly purified glycerine is a brilliant green instead of the usual blue.

« This leads Raman to actively work on this problem, and finally is able

to observe the spectral shift of scattered light in several organic liquids
)%l (such as pentane).
« They used arc lamp, so extremely long hours were needed (2-100

hours for liquids and more than 180 hours for vapors).

Raman and his effect, by G. Venkataraman



Raman scattering: inelastic photon scattering

(there are rotational Raman, vibrational Raman etc)

Energy

Sl
- - virtual
e -,— T — levels
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S \ 4 A 4
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’ I .
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https://www.edinst.com/blog/what-is-raman-spectroscopy/

a transient state that exists
for an extremely short time
(~10-15 seconds).

(The Raman scattering involve
second order perturbation.)



Intensity

Raman Spectrum of CCl,

Anti-Stokes Rayleigh Stokes
A=
0=532 nm +459
+314
+218
-218
-314

-500-400-300-200-100 O 100 200 300 400 500
Raman Shift (cm™1)

Note:
For molecules without permanent dipoles like O,, N,, the
rotational/vibration levels can be detected with Raman

spectra (because of the induced dipole by EM wave).



Nowadays, Raman spectra can be easily observed with laser.
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To understand how laser works, we need to learn
3 types of optical transitions:

Before After
Gy o
Spontaneous NaVaVaVE o
emission
GasiEsr S | .-
(a)
éaz &
NaVAVAW-
absorption ~ VL S
Tl 1 -0
(0) Time-reversed

to each other

&3 -
Stimulated UL e Coherent
emission s>~ (same phase)!
ZHEN €1 -

(c)



Einstein’s A, B coefficients (Einstein, 1917)

Consider transitions between two molecular states
with energies E; < E,

Absorption

« The rate that a molecule at E, absorbs a photon is B,,u(f).

B, is a constant.

Stimulated emission

« The number of molecules in the higher state = N,,.
The energy density of the incoming radiation = u(f).

« The rate of stimulated emissions from E, to E, is B,,u(f).

Spontaneous emission

» The rate of spontaneous emission is A, A is a constant.

{ Ry, = Byou(f)
Ry51 = A+ Byiu(f)

-9 @ N
Absorption

-O——0- m
ho

hv _/\/\/_>
A\t NN\ 821
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——

Stimulated emission

—@= M
KXy
-

Spontaneous emission

~O—




Once the system reached a steady state, the total number of

downward and upward transitions must be equal.

N.R_,=N,R

12 21
=) Blzu(f)N1:[Bz1u(f)+A}Nz
A
B N.
=) u(f)= Nlellz_l N_: — (E2—E1)/KT — ohf/kT
NZ B21

2
Compare with u(f) = 87 i

3 Wi IkT
> e

A 8rhf’
=) le = B12> = W

3
B, C o

“One major reason that Einstein was so happy with this work,
and even called it “the derivation” of Planck’s formula, was that it
did not at any point use the strange counting of the distribution of
energy units that Planck had employed.”

Stone, Einstein and the Quantum



Principle of laser (first built by Maiman, 1960)
1) Atoms in the ground state are pumped to a higher state
2) The atom decays quickly to E,.

The transition from E, to E, is forbidden by selection rule.

ERY E, is said to be metastable.

clll
ar

T8 24 3) Population inversion: more atoms are in the metastable

than in the ground state.

&3 ==——=——————=—===Short-lived state 10°s
Spontaneous decay
& L Metastable state 103 s
Pu;jp;@ng WIS | A~ Stimulated
radiation = emission,
5500 A T 6943 A

&1 { Ground state



COMPONENTS OF THE FIRST RUBY LASER
Theodore Maiman

- Quartz flash tube
I - _ Ruby crystal

Switch i g,a'f :
':i.!.l.-._._.
I L 4

Power supply

100% Reflective mirrar

895% Reflective mirror
Polished aluminum
reflecting cylinder

Fully Partially
silvered silvered
mirror mirror

Resonant cavity
for laser

Laser
omput




Scientific application of laser

« Raman spectroscopy

 Holographic techniques for measurement techniques.

* Investigating nonlinear optics phenomena

* Laser based lidar (LIght raDAR) technology has application
in geology, remote sensing and atmospheric physics.

» A wide variety of interferometric techniques (e.g. LIGO)

* Inertial-confinement Nuclear fusion

* Laser cooling for atom gas

Also,

» Telecommunication (Optical fiber...)

 Data storage (DVD player...)

» Material processing (welding, heat treating...)
» Medicine (diagnostics, LASIK, cosmetic...)

« Laser printers, bar-code readers

https://en.wikipedia.org/wiki/List_of laser_applications
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