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The interaction of radiation with matter

X- ray )(-ra\ysI
interactions

X-ray photon energies

are far ahove the Photoionization 1, wavelength
ionization energies of X-ray
atoms. lonization

energy

too high to be abzorbed in electron transitions between
_..@ positron states for most_ atc_nms, they can mteract with an electr_on
_,:j_--' IP—] only by knocking it completely cut of the atotn. That 13,
air Production] x-rays are classified as jonmng radiation. This can
" electron occur by giving all of the energy to an electron
{photoionization) or by giving part of the energy to the
electron and the remamder to a lower energy photon

(Compton scattering). At sufficiently high energies, the
s-ray photon can create an electron positron pair.

- Smce the quantum energies of z-ray photons are much

X-ray

http://www4.nau.edu/microanalysis/Microprobe/Course%200verview.html
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The interaction of radiation with matter

Ultraviolet Interactions

high UV or X-ray

photon ionization

UV photons above the ionization
energy can disrupt atoms and

malecules.
Photoionization

lonization ) - .
energy ' Ultraviolet « %, Electron
« * lavel changes.
Large number of .l
available energy o
stales, strongly UV photons below the ionization
absorped. energy are strongly absorbed in

producing electron transitions.

The interaction of radiation with matter

Visible Light Interactions

The primary mechanism for the absorption of wisible ight photons is the elevation of
electrons to ligher energy levels. There are many available states, so wsible light 15
abzorbed strongly. With a strong hight source, red light can be transmmtted through
the hand or a fold of skan, showing that the red end of the spectrum is not absorbed
as strongly as the wolet end.

N

lonization .
energy

Large number of & level changes.
available energy Visible — e
states, strongly AN Visible light causes
absorbed. electron transitions

“While exposure to wisible light causes heating, it does not cause 1omzation with its
risks. Tou may be heated by the sun through a car windshield, but you will not be
sunburned - that is an effect of the higher frequency uv patt of sunlight which 1z
blocked by the glass of the windshield.

« % Electron

The interaction of radiation with matter

Infrared Interactions

The guattum energy of infrared photons 13 i the range 0.001 to 1.7 eV which iz in
the range of energies separating the quantum states of molecular wbrations. Infrared
1z absorbed more strongly than microwaves, but less strongly than wsible light. The
result of infrared absorption is heating of the tissue since it increases molecular
vibrational activity. Infrared radiation does penetrate the skin further than wisible
light and can thus be used for photographic imaging of subcutanecus blood vessels.

Higher density of Infrared " t
energy levels than in Infrared radiation '/-\}r\/ Malecular

the microwave range, vibrates molecules vibration
more strongly absorbed, f




The interaction of radiation with matter

Microwave Interactions

The guantum energy of microwave photons is in the range 0.00001 to 0.001 eV
which 15 in the range of energies separating the quantum states of molecular rotation
and torsion. The interaction of microwawes with matter other than metallic
conductors will be to rotate molecules and produce heat as result of that molecular
motion. Conductors will strongly absorb microwaves and any lower frequencies
because they will cause electnic currents which will heat the matenal. MMost matter,
including the human body, is largely transparent to microwaves. High intensity
fHCrowWaves, as in a microwave oven where they pass back and forth through the
food millions of tumes, will heat the matenal by producing melecular rotations and
torsions. Since the quantum energies are a million times lower than those of z-rays,
they cannot produce ionization and the characteristic types of radiation damage

associated with onizing radiation.

. ; T Molecular
FLRIN G Microwaves Microwaves ( e rotation
available states, W )
rotate molecules ../ and torsion

almost transparent.

The interaction of radiation with matter

Maxwell's equations (c.g.s. units) Materials equations
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The interaction of radiation with matter
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we will relate these quantities in two ways:
to observables such as the reflectivity which we measure in the laboratory,
to properties of the solid such as the carrier density, relaxation time, effective masses

energy band gaps, ete.
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The interaction of radiation with matter
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EM wave:
Invacuum: c=1,p=1,0=0
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Typical absorption length:
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Dielectric function is a tensor
D=¢(w)E

j=0(0)E

Important for crystals !
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Optical birefringence spectroscopy
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Linear spectroscopy

Schematic diagram for normal incidence reflectivity
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Contributions to Dielectric Function
The Free Carrier Contribution

The Plasma Frequency
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lonic polarizability / Phonon contribution Substitute this solution into equations of motion, solve for . , u,.
Evaluate the dielectric constant of an ionic crystal. Get *
e
lonic polarizability is related to the motion of ions. Upy = 5 5 Ey
M2 (a)t - )

Recall the linear chain model we used to describe lattice vibrations:

Equations of motion M, M, where - transverse optical phonon frequency
: : : atg=20

in the presence of — VOO -GN -O- p
external field: n—1 n n+l a The ionic polarization P, is then B, =n,e™(uy, —u,_)
M, L =—-CQu,-u,, —u, )-e*E '

dr? n " HUps1 TUy e* - effective charge, relative permittivity: €. = g, = 1+y; y =y, + 7

d*u E — external field; .

1
M2 d[ng = —C(zunJrl - un+2 - Mn )+ e*E assume E=E i(qx—a)t) Get gr (a)) = 1 + Zel + M m > .
=Lge e (a)t . )
also assume long wavelength, A>>a, > ¢ ~0 = h - 1 + 1 | o, .
u, = uo_e_’wt U, = u0+e—lwt 19 wnere R~ M1 Mz = M1 +M2 - requced mass 20




At high frequencies, »>> o, , the ionic term vanishes: ¢, =1+ y,

at a)=0, *
n,e
grO =1+Zel t—
RE0WY;
can rewrite
nme* €10 ~ €
gr(a))=1+Zel+ 2 P 2 = roo+ P 2
Mypeyo,”(1-o /wt ) - /a)t
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Note that &.(w,)—> . Also, &(w)=0at @ :( r0 j o,
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Between w,and v, &.(w) <0 = index of refraction is imaginary:

N(w) = \/g =i-k(w) wave is reflected
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Physical meaning of w, - the frequency of longitudinal optical phonon

V-D=¢(V-E)=0 v -1 i
TO phonons: LO phonons: fo:'-l"r!»%? B
no field in z direction:; macroscopic field along z v-b=0
from the symmetry of the oE el
problem: az¢0:>V-D=0
Z
X = V.-E=
Ox 0= 0 only if (@) =0

TO phonon LO phonon

Lyddane-Sachs-Teller relation

E.0—& g
_ r0 700 2 0 2
Wehad &,(@)=6,0+———"">5 and o =—",

2/ 2
l-w /a), Eroo
combine, get
2 2 2
w - €0 _ O
£ (@0)=6py——7F O =
0, —o o @

If many phonon branches:

2 2

e(w) = 8°°H —
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Displaced electronic cloud feels a restoring
force, which is linear (for small displacements)

Electronic polarizability

For an accurate quantitative description, quantum mechanics is needed

But we can get some general ideas with classical approach

Recall our model of atom:

2
Total force F =¢eE — s Ar = m;%/_\r

x = spring constant
m = mass

For simplicity consider one-dimensional case (Ar parallel to x)

24




Without an external field: d*x
_ kx =m d >
t

Equation for harmonic oscillator. Solution: harmonic vibration

x(1) =x0e_i“’°’ with frequency o = /k/m

Now, have electromagnetic wave with field E()=FE e

(1) = w;/_ " _E@)

Expect strong response (large x), = large susceptibility y =
large refractive index n at o= o,

Dipole moment p = gx, so polarization P = eNZx
(N atoms per unit volume, Z electrons per atom) =

2
i e ZN/m
Force F(1)=eE e’ 2 P=" a/)2 E Recall P=¢yE and € = gy(1+y)
- X (I
Equation of motion becomes ~ eE, e " —magx = m—- ,
(forced oscillator) dt get ~ NZe? 1 or oo E{H NZe 1
. B 2 _ 2 gom (wf —w?)
Look for a solution x(2)=x e o (wy — ) 0 0
et , 2
g x(t):_ 26/7’1’[ 2-Eoe—la)t :%E(Z‘) and nz(a))zi:1+NZe . 1 .
wy — @ Wy — @ 25 0 Eom | o) —w 26
Now, consider damping force proportional to speed : n is complex for nonzero damping: n= n, +in,
F o= —m;/ﬂ and K=nK, k=nk, -complexwavenumber
damp —
dt

Equation of motion becomes (damped oscillator):
2
eE e ' —ma)gx—m}/ﬂ = mﬂ
dt dr*

Again, look for a solution x(#)=x e’

et e 1 Same form as before,
g
M) =B ——— just includes damping
m wy —o° +iwy
Therefore NZo? .
(@)= =14+ "
) Eom \ Wy —w” +iwy 5

What does it mean?

E = Eoei(kx—a)t) — Eoei[”R+i’11]k0X*ia’t — Eoefnlkoxei(anoxfa)t)

~

or E — Eoei(anox—a)l) where EO — Eoe—nlkox

Amplitude decays as wave propagates — absorption;
results from damping

ite # L = -
Usually write i — n -+ i Then E,=E.e
2ko 0 0
instead of i j . . T2 -
Rt andintensity [ oc E” =1je *

o - absorption coefficient (m') 28




Reflectivity at normal incidence (in air)
(n—1)?
(n+1)2

. . n—1 2
Field amplitude: 7= ——  power (intensity): R =|r|
n

2, .2
~ 2 (ng =1)" +nj
If n=np+in; then R=|V| =mrt=——

(ng +1D)" +n;

As we've seen, the dielectric function and refractive index
are generally complex: g, =g +ig" n=ng+in,
e =ny’-n/; e, = 2ngn,

n; is called extinction coefficient
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We obtained 5
5 & NZe 1
n“(w)=—=1+ 5
& me wy — @ +za)7/J

W\
Z(®)

2
_ e f;
Quantum mechanics a,(w)=— E > 21
gives similar result: me==w; -0 +ivy,;

Many resonant frequencies o, correspond to energy transitions
Weighting factors f; called oscillator strengths
(related to transition matrix elements)
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Optical properties of conductive solids (metals)
conductivity of a medium o J=oE

Including conductivity in Maxwell's equations in the medium:

E
VxB =+ ,uga—
Ot
leads to wave equation:  y2g _ U —+ e ——

Differs from a "standard" wave equation by the first term in the right part
Still, look for plane wave solution: E(r,t) = Eoe"(k'r*“”)
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~ oE 0°E _
V’E = uo—+ ue
H ot H or’

applying V2 to plane wave gives  v2E - _;2E

so i
& . UO ®
k* = usw® +iouc = yogoa){ He j H ] ky = py&,0° =—-
Ho&y  Ho&y@ ¢
[, _ & . O ~
assume nonmagnetic: u = k4, get k=k, | —+i— =nk,
& EO
1/2
complex refractive index: 7 =| £ ;7 | =y, 4in, =np +i—2
& &y 2k,
I=1e™
32

o - absorption coefficient (m™); EO = Eoe_% and




Reflection from metals

_—

Have complex refractive index n,: _ [ ¢ _—
n =

=n, +ii
ng, n; = al2k, are real Zko

2, .2
Reflectivity at normal incidence (in air) R = |r|2 = ¥ = M
(ng +1)* +n?

Consider a very good metal: large o

(e.g. silver: 6= 6:107 Q'm-!) UV visible; infrared
100 5 - —
For \ =500 nm and ¢ ~ ¢ i
o e H
=~ 2000 g 60
EQw .'5-‘ | 1
é 40 4 ==
(04 & i
then —_— = I’II >> I’lR _1 _|”_' N i
Zko - \ \|
= R —> 1 ;‘I:lmnn i_ﬂrlilmn I 1:1!11 .Ellsm 5;Lrn

Wavelength

Dispersion equation in metals
The dispersion we got in a model of oscillating electrons:

Ne? W, =+ k/m
n*(w)=1+ ( > 12 : J 0 / ¢
Eom\ wy —w” +10y k — "spring constant"

m, — electron mass

in metal, there are free electrons — no restoring force = w, =0

Still, there may be bound electrons, too.

So ) Nez 1 f
_ J
n“(w)=1+ > + > 5
Egm| —w” +iwy, T W) — @ +iwy;
N U _
g ~"
free electrons bound electrons

(like in dielectric)
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If we neglect the contribution of bound electrons and also neglect
free electron damping 7,

) Neé?
Then n“(w)=1-——-+
EgMa
Introduce Ne®
o, = - plasma frequency
oM,
2
[
Then n*(w)=1-—~
2
[

Below @, refractive index is complex — absorption;
above ®, n is real, free electron absorption is small

For most metals ), lies in the UV range
35

The Free Carrier Contribution

N 100
Where carrier
concentration )
. . /
is higher? 80 f
Choose between a ' a.
and 6. Show work = so}
=
=
Plasma edges observed in é
.. L 40 P
the room temperature reflectivity spec- x
tra of n-type InSh with carrier con- “'*‘!;-u.% .
centration n varying between 3.5 x N Wt
1017 em=3 and 4.0 x 1018 cm=3, 20 RS "
\
o  4dmne? )
w = e O L H b L
MEcore 5 0 1S 20
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Summary

¢ lonic contribution to dielectric function is related to lattice vibrations
and exhibits dispersion in infrared region, given by
the Lyddane-Sachs-Teller relation: ) )

e(w) = ewH —

+» Electronic polarizability is given by

e’ 1 /;
a(w)=— 5 + 5 5
m| -w” tioy, T W)~ +iwy;
N U _
Y ~"
free electrons bound electrons

+ Dielectric function and refractive index are generally complex:

— ! o . > : . r— 2 _ 2 . " —
e, =¢'+ic; n=np+in; ; g'=n-n7 ; &' =2ngn,

absorption coefficient o = 2kyn;  n; - extinction coefficient 37




