Physics A - Condensed Matter Physics

By Shikang Ni

1 Periodic structure

Bravais Lattice

Definition: the Bravais lattice is an infinite array of discrete points, represented mathe-
matically as an array of delta functions. All the lattice points are equivalent and atoms
do not necessarily lie at these points. There are 14 lattice types.

Basis/motif

The repeat unit that exist at each lattice point.

crystal — convolution of lattice and basis

1.1 Cubic unit cells

1. Primitive cubic (contains only 1 lattice point) [p]
2. Body centered cubic [I]

3. Face centered cubic [F]

Primitive Cubic: Body Centred Cubic: Face Centred Cubic:

1.2 Wigner-Seitz unit cell

A construction that forms a unique primitive unit cell. Used in reciprocal space.
Method:

1. Select any lattice point as the origin

2. Draw vectors from origin to all neighbouring points. Those vectors are primitive
translation vectors.



3. Construct planes normal to each vector, intersecting each vector at its midpoint

4. Wigner-Seitz unit cell is region enclosed by the planes

Example: primitive FCC unit cell:

Primitive translation vectors for FCC lattice:
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*Each structure can be represented by a set of primitive translation vectors.

1.3 Directions and planes in crystals

Direction: take the edge of unit cells as basis vectors
r = ua+ vb 4+ wc

written as [u v w] with @ indicating negative. Can be integers or fractional.
FExample: set of symmetrically-related directions in cubic lattice is

(100)={[100],[010],[001],[T00],[010],[001]}

Planes: intercept with a, b, ¢ axis, take reciprocal, to get Miller index planes:

b
Planes pass through <%, T %) = (hkl)

Set of symmetrically related planes is written as: {h k [}.

1.4 Reciprocal lattice/reciprocal space/k-space

Definition: reciprocal lattice is a mathematical construct used to describe the period-
icity of a crystal lattice by performing Fourier transform of the real lattice.

The diffraction pattern is the Fourier Transform of the lattice

0 00
FT(I&tthG) = Z Chi ei(thl'r) = Z Chil ei(kh$+kky+k12)
h.k,l=—0c0 Rk l=—oco



where kj, = 27h/a, ky = 2wk /b and k; = 27l /c.
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Figure 1: Example: 2D reciprocal lattice

Reciprocal lattice vector are referred to as G-vectors. We use Gy,y,.

Reciprocal lattice vectors:
Guy =hA+ kB +1C

where b b
X ¢ cxa a x
Ta-bxc ﬂ[a,b,c] 7T[a,b,c]

and the following are the behaviour of the reciprocal lattice vector:

A-a=2r A-b=0 A.-c=0...

Allows us to generalise to 2D as long as these behaviours are obeyed.

Each point in k-space corresponds to a set of planes in real space i.e. Gy, is perpen-
dicular to planes (hkl), length is inversely proportional to plane spacing.

1.5 Diffraction

Assume elastic process so length must be the same.

phase difference: A¢p =k;-r—k;-r=k,-r
where k; = k¢ — k; is the scattering wavevector and r is a lattice vector.
So, if k, is a reciprocal lattice vector, then the dot product is always an integer
number of 27 and we get strongly diffracted beam:

ki -r=(hA+ kB +1C) - (ua+ vb + wc) = 2w (uh + vk + wl)



Hence, condition for diffraction: scattering vector is a reciprocal lattice vector,

ki =k; —k; = Gpp

1.5.1 Ewald sphere construction

Principle: conservation of energy

In reciprocal space, k; and k; must lie on the surface of a sphere, and be separated by
a G vector.

™\

Reciprocal
lattice points

/

If there is no G vector that links k; to another point on the sphere, there is no diffraction
from the lattice. Allow us to understand if diffraction can occur, and where we might
see it.

1.6 Applications

1. Single crystal diffraction
- Diffracted beams form ’spots’, angles and strengths are recorded and analysed.

2. Powder diffraction (uses many small crystals in all possible orientations)
- Diffracted beams form ’rings’, used to identify phases or follow changes in a
known structure.

Diffraction can be used to measure crystal parameters such as size of unit cell.



2 Lattice vibrations

In a solid, the motion of every atom is coupled with that of its neighbours, we use a
normal modes approach to describe the system.

2.1 Phonons and normal modes

1. In each normal mode, all the coordinates oscillates at the same frequency and
maintain fixed ratios to each other.
2. Overall motion is a sum of independent normal modes.

Description of phonon: a phonon is a collective harmonic excitation of the atoms with
a well-defined frequency, with a fixed relative phase and amplitude between all of the
atoms. They are normal modes of the systems.

2.2 Insight into phonons: 1D Harmonic Chain

Consider one dimensional chain of atoms, with identical mass, m, and connected by
springs with spring constant, a. Assume N atoms with cyclic boundary conditions.

a

u u/fﬂ

There are N normal modes (one per degree of freedom).

Step 1: equation of motion for n'* atom:
My, = a(Upy1 — Up) — (U — Up—1) = (Upy1 + Up_1 — 2Uy)

Step 2: since all atoms are equivalent, symmetry ensues:
1. all atoms have same amplitude uy and same frequency w
2. constant phase shift, §, between adjacent atoms

i(6—wt)

= Up41 = Ug€ L Uy = uge T

Step 3: look for normal modes solution: assume u,, = uge~“! and substitute into equa-

tion of motion.
We obtain:
. )
sin [ =
2

where § € [—m, 7.



More generally, for the n'* atom:

Uy = uoei(né—wt)

writing § = qa, where q is phonon wavevector. q is the phase shift per unit distance at

the lattice point.

i(gna—wt) i(qgr—wt)

Up = UgE = Up€

where © = na is the distance along the chain. Basically, phonons are just waves trav-
elling along the chain.

Dispersion relation for the longitudinal waves that is allowed to run along the
monoatomic chain of atom:
()|
sin | —
2

where —2 < q < 7. Nearest neighbour interactions — sinusoidal dispersion.

4o

wr(q) = m

Properties of phonon:

1. Energy stored in each mode:

1
E = (n + —) hw
2
Ground state energy of %ﬁw plus n phonons, each of energy hw

2. Momentum of phonon = hg

3. Velocity of phonon = ‘fj—‘(‘; (group velocity)

Dispersion curve

Gradient =
/ sound velocity

-47/a -2'n/a 0 271:761 Ant/a
Wavevector, ¢

Figure 3: Blue dots are reciprocal lattice points!

G =q +nG

where G = %’r They are the same phonon. Also, ga gives the phase shift in the wave
between subsequent unit cells.



1. Long wavelength limit (¢ — 0

)
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Dispersion curve tend to continuum speed of sound. Meaning on large length
scales, the fact that matter are made of atoms/is lumpy does not matter.
Measuring phonon speed: measure elastic properties of the material e.g. bulk
modulus.

2. Short wavelength limit (¢ = 7/a)
Largest unique-wavevector when ¢ = 7/a = A = 2a

4oy
Wmaz =
m

Since dw/dq = 0, we have a standing wave. No propagation of energy through
the system.

2.3 Real lattice

Sources of discrepancy/complexity:

1. Interaction beyond nearest neighbour. 1D model assumes interaction is
only between nearest neighbours.

2. Lattice anharmonicity, adding additional anharmonic terms. 1D model as-
sumes harmonic lattice, where the potential energy is a quadratic function of the
displacement from equilibrium.

3. Thermal vibrations, causing deviation from perfect alignment. 1D model
assumes perfect alignment of atoms in a linear chain.

Linear system means we can superpose solutions.

Example: nearest and next nearest neighbour

w? = 4 (k‘l sin? <%> + ko sinz(qa)>

m 2

If 2—; > 2, it justifies the approximation of considering only the nearest and next nearest
neighbour, since the contribution from third neighbour onwards is insignificant.



Derived in example sheet Qn 3.

Nearest Neighbour

3
>
Q
=}
Q
=
53
[
S
43
-r/a 0 m/a
Wavevector, q
Next Nearest Neighbour
3
>
Q
=}
Q
=
IS3
[
-
43
-m/a 0 m/a

Wavevector, q

Nearest + Next Nearest Neighbour

3
>
Q
=]
Q
=
o
=
&9
-m/a 0 m/a
Wavevector, q
First Brillouin Zone
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Wavevector, g

<qg< (2 atoms)

SHES

S

Phonon modes for chain of N atoms:
1. Number of modes = number of atoms in the chain

2. For chain of N atoms, ¢ = %

3. Each mode is a quantised SHO with F = (n + %) hw

4. Phonons have particle character (quasiparticle) - they are bosons. Does not obey
Pauli exclusion, each mode can have any number of phonons within it.



2.4 Interactions - Crystal momentum
Momentum = hg

Consider a neutron scattering and generating a phonon, resulting in dynamics dis-
tortion to the lattice (creating compressions and rarefactions in the material), we end
up with a lattice that is distorted on some larger periodic distance (phonon wavelength).

Neutron can diffract from the distorted lattice according to:
k;=ki+q

Neutron can create a phonon and lose momentum (%q) and energy (fuw) to the phonon.
Or neutron can absorb energy and gain momentum by annihilating a phonon (create
phonon with wavevector -q)

2.4.1 Combining two phonons

They interact because of the small amount of anharmonicity in the system.

Equivalent modes - different wave vectors

i N
i / I Qnew
i Qnew'G i e o
Q1
8
a4
-G/2 G/2

1st Brillouin Zone

If q lies outside the 1st Brillouin zone, a G vector could be subtracted to represent it
within the 1st BZ.

kf:k,-+q—|—nG

So, a neutron scattering from a phonon can leave with its momentum changed by
hq plus any amount hG.




2.4.2 Measuring phonons

Measure phonon spectrum by inelastic neutron scattering.

hQ

2 2
%(ki — k%)

Energy conservation: hw =

Momentum conservation: k; =ky+q=+ G (- annihilation, + creation)

Probe particle send ™ interact — measure energy and momentum afterwards to infer
what the phonon must have been to cause these changes.
Process:

1. Send probe particle with comparable momentum and energy (~ 40 meV). E.g.
neutrons for bulk phonons and He atoms for surface phonons. Sample illuminated
with monochromatic beam of particles with wavevector, k;

2. Particles interact with the lattice and exchanges energy and momentum, creating
or annihilating phonons

3. Select particles scattered into a particular outgoing direction, with wavevector k;

4. Energy analyse the scattered beam. Detected peaks correspond to single phonon
creation/annihilation at that particular ky

2.5 1D Diatomic Lattice

‘ a My mp ‘
E R t
Us, U,, Uy

Know the derivation.

2.5.1 Equations of motion
mation = a(Ugpi1 + Uzn—1 — 2Usay)
mpliopt1 = (Uspto + Usn — 2Usp11)

Trial solutions:
Ugy = Ulez(ana—wt)

Uspi1 = U2€i((2n+1)qa—wt)
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Substituting back in:
—maw?U; = a(Use™® + Upe "% — 2U)

—mb2U2 = Oé(Uleiqa + Uleiiqa — 2U2)

Put in matrix form, set det = 0 and solve for w?:

| (2a—mAw2 —2acosqa) ‘
2 =0

—2acosqa 2c0 — mpw

2.5.2 Dispersion relation

We get the dispersion relation:

« :

w? = {(mAijB):I: \/(mA—I—mB)2 — 4m amp sin®(qa)
mamp

Physical interpretation:

Two branches of solution: Negative root — acoustic mode. Positive root — optical

mode.

2.5.3 Dispersion plot

-tla  -m/2a 0 /2a T/a
Wavevector, g

Figure 4: Unit cell is 2a in real space so in reciprocal space it is 1/2a

Acoustic mode (lower branch / lower energy mode)

e Neighbouring atoms in phase.

e Intersect origin: w — 0 as ¢ — 0.

11



e At zone boundaries (¢ = %3-), become standing wave where only the heavier
mass move:

2a
w=—
ma

e As g — 0, acoustic mode has angular frequency:

2

WwRqa\ ———
ma+ mp

speed of sound

. . _ dw
Speed of sound is given by v = do-

Optical mode (upper branch / higher energy mode)

e Neighbouring atoms out of phase.

e Floating: w — finite value as ¢ — 0

e At zone boundaries, becomes standing wave where only the lighter mass moves:

2a
w=—
mpg

e (Called the optical mode as it interacts strongly with EM radiation. It has
strong optical absorption: photons annihilated and phonons created.

12



2.5.4 Backfolding*

\ o / Example procedure for 2 types of atoms:
1. Start with monatomic chain of period a. 1st
BZ spans —7/a < ¢ < 7/a
Monatomic
S 2. Switch alternate atoms, assuming the masses
2 are the same for now, to form a diatomic
RN chain. Period becomes 2a. New 1st BZ is
halved: —m/2a < g < 7/24
Djatomic 3. Modes with q outside the new 1st BZ must be
qual mass 5 backfolded into the zone, by adding
G = £7/a, so forming two branches
[think of snake game boundary / shift in]
Biksomid 4. If the atoms have different mass, the two
nequal mass modes split.
la -n2a 0 2a /a Can b(? extended to N modes, which requires
Wavevector, ¢ N foldings

2.6 3D phonons
Multiple modes:

e Longitudinal (L) modes, higher energy

e Transverse (T) modes, lower energy and often degenerate along high symmetry
directions.

Higher frequency — more energy — stronger bonds.

13



3 Insulators

In insulating crystals, thermal energy is stored in the phonons.

3.1 Debye theory to model heat capacity

Assumption of dispersion relation:
w = vk

is true for all wavelengths; it essentially ignore the atomic nature of the material.

Key experimental observations that the model need to explain:
1. Near room temperature, C = 3R per mole/3kp per atom (Dulong-Petit Law)

2. At low temperatures, C oc T3

3.1.1 Derivation
Approach:

1. Find average energy in the i*® mode
Consider energy stored in each phonon mode:
E

E, =nhw with probability P, = ¢ 57

where n is the number of phonons in the mode and w is the angular frequency of
the mode. The zero point energy !/2hw is ignored.

The average energy in i'® mode is:

o _ nhw,;
. kpT
> o g nhwe *s
nhw;

ZZO:O e F8T

Evaluating by spotting geometric series and —%, we obtain:

Ei:

hw;

e |

(Planck’s formula)

2. Internal energy is the sum of the contribution from all the modes:

U :/ —g(w)dw
0 ekp

pT —

where g(w) = %X is the density of states. g(w)dw gives the number of states with
energies between hw and hA(w + dw).

14



3.1.2 Density of states for phonons (reflecting B.C.)

Consider rectangular box of side lengths A, B and C and use reflecting boundary
conditions to give standing waves in the box. Similar to solving particle-in-box,
wavevector is:

- |

NgT NyT N,
A’ B’ C ]

These allowed states form a regular lattice of points in k-space, separated by 7/4 in a

x-direction, 7/B in a y-direction and 7/c in a z-direction.

71.3

ABC
Consider number of states, dN within shell of radius dk at radius k (in the positive
octant):

Volume of each state: Viiae =

3. 4mk? p
dN = g(k)dk = —8
g( ) ‘/state
The factor of 3 is to allow for 2 transverse modes and 1 longitudinal mode.
3VEk?
k) =
g(k) = 5

where V = ABC is the volume of the box. The k% dependence comes from considering

shells of states in k-space.
Also,

dk

o) = ()

If we know the phonon dispersion relationship g(k), we can obtain energy density g(w).

Now, substituting in the assumed dispersion relation:

3V w?

g(w) = omyd

3.1.3 Debye frequency/Debye temperature

In order to integrate over the correct number of modes, we choose a Debye
frequency, wp such that:

wp wp 2
3N:/ g(w)dw:/ W—wdw
0 0

2723
|2 6m2v3 N
w =
P 4
Internal energy integral:
wp hw
U= [ o) o
0 ekBT — ]

where the mean speed of sound is given by U% = % (% + %)
s L T

15



3.1.4 Heat capacity

oU TN\? [o/T  pien
aT INkp <9D) /0 (er — 12"

where the Debye temperature 6p is hwp = kgbp.
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High temperature limit (7' > 65) — Dulong-Petit Law.

xz

(&
o1~z (Tavlor expansion)

At high T, E; =2 x %kBT . There are 3N possible phonon modes in a 3D crystal with
N atoms. U = 3NkgT and C = 9/or = 3Nkpg. It agrees!

Low temperature limit (7" — 0) — Debye T7°.

Higher frequency modes are not excited (only long wavelength acoustic modes are ther-
mally excited), so contributions to the integral for large w is not important, we can just
integrate to oo.

Of the allowed volume in k-space, the fraction occupied by excited mode is on the order

3 3
of (%) where hvkr = kgT'. Thus, the fraction occupied is o (%) each having

energy kgT'.

T\? T4
U~3N-(-—) -kgT =3Nkg—
(QD) o 703

16



3.1.5 Density of states: Debye model v.s. Actual
Example: Aluminium.

1. At low w, Debye agrees with measurement. At low ¢, phonon dispersion curve
tends to continuum speed of sound which agrees with the assumed dispersion
relation.

2. Near zone boundary, largest deviations occur, as assumption that w o ¢ breaks
down.

3. Measured g(w) is more complex as:
(i) the 3D 1st Brillouin zone has a more complicated shape.
(ii) Both transverse and longitudinal modes have different dispersion curves.

3.2 Thermal conductivity

Heat is carried by phonons in insulators. We can use kinetic theory to establish phonon
contribution to thermal conductivity.

Heat flux, H:

H :/ / {nf(v)dv : —sin@d@} - [vcosd] - {—cphd—lcos 0]

N / /

~~ speed normal ~~
number of phonons with to plane excess heat
speed between v and v + dv per mode

travelling at angle 6 to 6 + d6

1. Excess heat. Consider phonons crossing a plane at angle 6,

dT dT
AT = EAZ = —Elcose
heat = c,, AT

where ¢, is the heat capacity of a phonon mode.

2. Distribution of phonons: nf(c) dc is the number of phonons with speed ¢ to c+dc.
Fraction with angles 6 to 6 + d6 is %sin 0 do

Integral over speed distribution:

(c) = /OOO ¢f(c)de

After evaluating the integral using substitution for the angular part, we obtain the
result for thermal conductivity by recognising the coefficient of % is K:

1
K= ng(c)l

where Cy is the heat capacity per unit volume and [ is the phonon mean free path.

17



3.2.1 Mean free path
Scattering processes reduce the mean free path and there are many different processes

that can contribute.

Add the rate from each process to obtain the total scattering rate,
() {0)
I'=-~% = A
T2

Mean free path add reciprocally.

Y
I L L

Types of scattering:

1. Geometric scattering

e Independent of T.

e From sample boundaries, impurities, gain boundaries.

2. Phonon-phonon scattering

e Depends on T.

e In an anharmonic (real) lattice, phonons can scatter because a phonon can
distort the lattice and another phonon can diffract off the grating produced.

Diffraction condition: q3 = q; + q,

Real Space
°
°
o °
o o °
° °
°
o o °
° o
° ° /
°
o o, ° as
° o
° ° Outgoing
° 4 phonon
° o
° o
B \‘
Lattice distorted
by a phonon

a
Incoming phonon

e 2 ways of phonon-phonon scattering:

(a) Normal scattering (N-processes)
— After phonons combine, resulting wavevector stays within 1st BZ
— not much randomisation of phonon propagation — weak effect
on thermal conductivity.
(b) Umklapp scattering (U-processes)
— Resultant phonon wavevector goes outside 1st BZ — folding back
into 1st BZ gives negative group velocity — strong randomisation
of phonons — limit mean free path — strong reduction of x.

— However, only dominant at high temperature to have enough high
energy/momentum phonons.

18



3.2.2 Temperature dependence of  for insulators

Thermal Conductivity of Ge v.

Temperature
100
o
E 7/'." ®e
L 10 L .
== ¢ i
T = 1 .,
EE A/ TN e,
£E ]
= =1 .
T 4 .
[=4
S 10 100 \\Coo
L
01
Temperature/K

Low temperatures:

e Few phonons, so phonon scattering is insignificant. Geometric scattering domi-
nates.

e [ not dependent on temperature as geometric scattering is independent of tem-
perature.

o CxT3s0kocT?
High temperatures:

e Lots of phonons, so phonon-phonon scattering dominates. Umklapp processes
fully active. 1/2 U-processes + 1/2 N-processes.

e C is constant at 3Nkp.

e Since number of phonons o< 7', | % SO K X %

Intermediate temperature:

e Umklapp processes gradually turn off and effect of phonon scattering on mean
free path reduces greatly.

1

7 weakens at lower temperatures.

e £ rise above % asymptote as dependence of [ on
Gradient deviates away from -1.

e At the same time, low temperature 7% dependence starts dominating and the
gradient tends towards 3.
3.2.3 Validity of Debye model at different temperatures

Low T: dispersion is indeed linear so assumption holds
High T: Reproduce classical argument
Intermediate T: more complex dispersion relation that is not the same as assumption
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4 Free electron model

4.1 Principles and approximations:

1. Valence electrons are free to move through the lattice
2. Ignore electron-electron repulsion

3. Positive ions treated as continuous background

4. Ignore lattice periodicity

Key predictions FEM is able to make:
1. Electronic heat capacity. 2. Electron Fermi pressure. 3. Electronic conductivity

4.2 Density of states for electrons (cyclic B.C.)

g(€) de tells you the total number of states with energy between € and € + de.

Consider states in the box and use cyclic boundary conditions to give travelling
wave states:
Box volume = ABC'

2w 2
Wavevector = |£n,—-, £n,

A

T 2T
A s
B¢
(2m)?

Vv

Volume of full shell of thickness dk at radius k = 4rwk2dk

Volume of each state =

So,
Amk?dk

83 /V

Vk?
= g(k) = —

AN = g(k)dk =2 -

where factor of 2 allows for spin-degeneracy of electron.

2.2
o) = g(h) % and ="
Obtain:
g(e) ox /2

Can also do it for 1D or 2D case. Each state occupy area (2D) or length (1D) in k-space.
Consider either circle (annulus) or line (both sides), instead of shell.

20



g(e)

4.3 Fermi-Dirac Distribution

Fermi-Dirac distribution tells you the probability that the states with energy e is
occupied at temperature 7T

B 1
Pr(€) = Tt 1 1

1 1
c u=
o
= k7=0.01
c < 0.05
T=0K =) 0.1
- € | 0.5
_ |chemical potential, p qg_) \\\PQO\
= | w
=
, \
1 1 \ O I
= 0 1 2 3

Single-particle energy ¢, £

Note: distribution is symmetric about the chemical potential

At T = 0, there is no thermal excitation, so energy states are completely filled from
ground level until the Fermi energy (er). All higher states are unoccupied. (Step func-
tion)

As T increase, sharp step is progressively more smeared out by thermal excitation
(kgT) around ep.

Chemical potential v.s. Fermi energy
At all T, chemical potential, u, is the energy when pr = 0.5. At T'= 0, p is the Fermi

energy, €p.

We can prove/assume that p varies weakly with temperature i.e. u(7T") ~ €r. At room
temperature the chemical potential for metals is virtually the same as the Fermi energy
— typically the difference is only of the order of 0.01. Not surprisingly, the chemical
potential for metals at room temperature is often taken to be the Fermi energy.
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Derivation - Fermi energy (counting the correct number of states)
At T = 0, in k-space, states are filled up to the Fermi energy and all lie inside a sphere
of radius kr, the Fermi wavevector.

4 3
sk
N:2.3T3f

7

= k;’c = 37’n

where n = N/V.

Then, use dispersion relation to find Fermi energy,

B thJ% G

 2m,  2m,

€F (3m2n)%*

Derivation of Fermi-Dirac distribution

Start with First Law of Thermodynamics:
dU =TdS — pdV + pdN

dU  pdN
ds = - (for constant V)

In ground state, entropy of reservoir is Sy = kg In€)y. To excite the system we need to
transfer 1 particle and € of energy from reservoir to system. New reservoir entropy is:

€
So+dS:SO—?+%:k31nQ

We hayve: s g ( )
Q== and InQ=20_X"H
n o o an n . T

€ —
InQ—InQy = _(k’B’_Zlf) = Q= Qe (em/ksT

Normalise to obtain probability of state being occupied:

0-141-e (e=m)/kBT 1
T 1t e(ew/ksT T olem/ksT 1

pr(€)

The number of occupied electron states is:

AN = pp(e) x g(e)de

v- | " pe(e) x gle)de = | st
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4.4 Electronic Heat Capacity of Metals (successes of FEM)
1. Find total thermal energy U,;. 2. Differentiate it w.r.t. T.

B 00 B o eg(e)
U, _/0 e-g(e) - pr(e) dﬁ—/o mde

Then,

8U€l 7T2 T
= ~ —Nkp— T
or o B

Cel

where TF is the Fermi temperature, given by Ty = Z—g

Easier way
Instead of evaluating the difficult integral, we can obtain similar result by assuming
only electrons within kg1 of er is thermally active and they can treated classically so
they each have %kBT of energy.

3

3
Uel = Neg * §k’BT = g(GF)kBT . §kBT

Find g(er) by first noting,

gler) o< ef

€ 2
N = / 1 x Ae*de = 3€F g9(er)
0

So,
(er) 3N 3N
€ = — =
T = en = 2hyT
Putting in expression of g(ep) into U, and differentiating with respect to T:
9 T
Ca~ —=Nkp— xT
! 9 BTF X

Approximate expression and actual expression only differ by 72 v.s. 9.

T/1y is typically 0.01 for typical metals at room temperature.

4.4.1 Total heat capacity of metals

In metals electrons provide an additional contribution to the thermal conductivity,
which can therefore be much greater than in non—metals in which only phonons con-
tribute.

Both phonons and electrons contribute to heat capacity.

At low temperatures, Cp;, o< 7% and Cy o< T,

Ciot =T + ﬁTg
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4.4.2 Fudge factor: effective mass m*
A parameter to tune the heat capacity expression to match experimental values.

C.; oc NTm*n=2/3

Discrepancy arise from electron-phonon coupling: ions pushed around by moving elec-

tron — other electrons avoid first electron, leading to extra contribution to KE —
increase m”*.

4.5 Most important graph

kT,

Thermal excitation

g(e)pe)

Energy

&

4.6 Electron pressure (successes of FEM)

When the box is compressed — wavelength shortens — the KE of the states increase
— since the number of states occupied remains the same, the total energy increase
— there must be an outward pressure from the free electron gas.

v
v

Find average energy (U) per electron by integrating over filled electron states:

I egle)de  [5F 2de 3
= I (e = T eimae ~ 5 per cloctron

P=

{U)

Noting that ep o (%)2/ 3, electron pressure for N electrons is:

p_ U _ Vo [2 -

oV der OV |5

4.6.1 Property 1: bulk modulus

Pressure from electron gas has significant contribution to mechanical properties of met-
als. From the definition in Classical Dynamics:

AV
AP =-B=-
%
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P 2
Isothermal bulk modulus: |kg = —V (g—v>T = gnEF

4.7 Motion of electrons (successes of FEM)
4.7.1 Ingredient 1: Scattering

Electron can collide with phonons and defects in mean time 7. We add rates to
obtain total rate:

1 1 1
= -

T Tphonon Tgeometric

After time t, the probability that an electron has not collided is e*/7. After collision,
the average velocity is zero.

(v)=v-e T4 0-(1—e ) =[v. 7]

d<’U> <U> goes into

Fscattering = —— = ——— — equation
dt T of motion

Scattering in k-space

E-field — displacement of Fermi sphere.
Scattering — limit displacement of Fermi sphere.

dk _ _hp

dt e

Both phonon and defect scattering strongly change direction of k, but only slightly
change the magnitude, |k| (weak changes in energy).

Electrons can only scatter into unfilled states with similar energy (so cannot scatter

inwards into sphere). So, only electrons states near the Fermi surface can be
scattered.
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<«— o phonon
scattering

Electrons ‘thermalise’ back to Fermi
sphere by more phonon collisions

~ Edge of Fermi sphere blurred

Fermi sphere shifted I~
at finite temperatures

by Ak = m*vm /h

E-field to the left— sphere shift right.

+

Majority of electrons that are scattered are at the ’front’ of the Fermi sphere. They
scatter to the back.

Result: sphere reach equilibrium displacement in k-space, which corresponds to drift
velocity.

*
™M Vqrifs

Ak =
h

4.7.2 Ingredient 2: Influence of E and B fields

Total force on electron is Lorentz force + velocity dependent drag term due to scattering.

Equation of motion:

d
m” (d—;,—l—;) =—¢e¢(E+vxB)=—cE

First term: rate of loss of momentum due to collisions with the lattice.

Second term: assumed that in every collision an electron of expected momentum m*v
loses all of its momentum, and this happens at a rate of one collision per .
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4.7.3 Property 2: electrical conductivity

dv _
For steady state, 5f = 0,

1. Find drift velocity:
Vdrift

Drift velocity: m*—— = —eF
T
erT
SO) Udrift = E= ,UE
m*

et
m*

where p = =it = <% ig electron mobility.
2. Link to current density (using J = nvg = oE):

J = nevgg = nep E
~—

o

Lo =neu =

For the same material under the same conditions, the ratio of electrical conductivity is
just the ratio of number density.
4.7.4 Property 3: optical reflectivity

Optical reflectivity is related to inertia of free electrons when they are driven by the
high frequency electric field in light.

At optical frequency, w > 1/, so ignore scattering. Apply E field: E = Epe ™! giving
response x = xoe”
m*wir = el
. €E0
= Xg r?
Dipole moment for one electron: p = —exy and P = g E,
2 2
ne ne
P:—n€$0:— 2E0:€0 (— 2>E0
m*w €om*w
2 2
ne w
Dielectric: e =y +1=1— s =1—-—
€om*w w
where wﬁ = Cgﬁj is the plasma frequency. Things are coming back yeah. Then, refrac-

tive index is just:
n =+

Below the plasma frequency, n is imaginary, giving high reflectivity. At high frequency,
n is real and the metal is transparent.
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4.7.5 Property 4: electrical resistivity

High temperatures:
e Many phonons, phonon scattering dominant.
e Number of density of phonon is proportional to temperature.
e Hence, pxn ox T
Low temperatures
e Few phonons, defect scattering dominant.
e Different sample have different defect density.

e Hence, there is T independent offset (Matthiessen’s rule).

Sample A
Offset temp.

indep,endent

\

Sample B

Resistivity ->

Temperature ->

4.7.6 Property 5: Thermal conductivity of metals

Contribution to thermal conductivity by phonons is small as (c).; (speed of light) >

(¢)pn (speed of sound). Use:

1
K = 3 w{C)l

Since electrons only near the Fermi level are excited, (¢) = vp and | = vpT, we have:

1 2 I T
Ko == | =nkp— ) vp-vpT
=g 2 B, ) T E

At room temperature, electron thermal conductivity swamps phonon conductivity.
At high temperatures, phonons dominate scattering. Since 1/7,, o< n o< T, so thermal
conductivity is roughly constant with temperature.
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Pure metal (e.g. Cu) v.s. Alloy (e.g. stainless steel):

1. Cel xT

2. (c) independent of T

3. Cu: pure copper atoms, large distance between impurity. Small contribution
from geometric scattering. Phonon scattering dominates:

1
l%lphO(?

So, k nearly constant.
Stainless steel: 10% Nickel, short distances to nearest impurity. Geometric scat-

tering dominate.
=1, x T°

So, k x T.

4.7.7 Validity test 1: Wiedemann-Franz Law (support)

Experimental law: for metals at not too low temperatures, the ratio of the thermal to
electrical conductivities is directly proportional to temperature, with the same constant
of proportionality for all metals.

thermal conductivit 2 (kp\?
crma CONTUANVIY. _ % _ 17| where L=_ ("2 (Lorenz number)
electrical conductivity o 3 \e

Theoretical | L = 2.45 x 1078 WQK 2

It has very good agreement with experimental values, giving strong support to the
validity of the free electron model.

4.7.8 Validity test 2: Hall effect (model breaking down)

Build up of positive
y charge on top side

P + & j
Ey J. e
\

X

B

‘{/ Force -ev x B \
z . .
balanced by force Build up of negative

from Hall voltage charge on lower side

If a steady current flows in a conductor under the influence of a magnetic field, then
there would be a transverse force acting on the charge carriers due to Lorentz force,
qv x B. This causes the electrons to be pushed sideways and they 'pile up’ on opposite
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faces creating an electric field Fy. The electric force on electron by Ey balances with
the magnetic force:
qF = quB and [ =nAvq

J
Ey = vqinB = B (—) = RyBJ
nq
1 Eyl. .
where | Ry = — = —— | is the Hall coefficient.
ng BJ

We can deduce the number density of the charge carriers.

Look at ratio:
n 1

Natom natomeRH

Found that values for Be and Cd is negative! Make no sense.

4.8 Comment on validity of free electron model

The free electron model works remarkably well given its simplicity - especially for alkali
metals (Li, Na, K, ...) and some noble metals (Cu, Ag, Au).

However, the Hall effect demonstrates that we need to go beyond free electrons. Inter-
action with the lattice will be included using the ‘nearly free electron model.

49 Q& A

Q1: Explain the hall effect, and show how, by measuring the Hall coefficient, one
can deduce the average number of free electrons per atom.

Al: When a steady current flows in a wire, subject to a steady magnetic field
perpendicular to the direction of current flow, the charges cannot have any net
force on them. Since there is a force of magnitude Bqv (where B is the magnetic
flux density, v the mean speed of the charge carriers, and ¢ their charge), this
must be opposed by a static potential difference due to a concentration gradient of
charge carriers, perpendicular to both the current and the magnetic field.
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5 Nearly Free Electron Model

5.1 Result of accounting for lattice periodicity

Introducing periodicity results in back-folding of electron dispersion curve and a
finite potential splits the dispersion into separate bands!. Bands, bands, bands.

Free electron Reduced zone scheme Unperturbed states Band Structure in

dispersion relation (Sts;izhsr;k;(; \t;:lsgfg;c;;on (no potential) periodic potential

¢ 1 SRS T
e @ o) s

o) 035 o i : : \_/
k i R 05 05 05 0s
kG, — G, —
1st Brillouin Zone Zﬂéﬁir‘;‘?yegiiims

boundary

Basic approach:

1. Define the potential

e Periodic potential to represent a NFE with the lattice. Choose a weak
potential to simplify calculation. Expand as Fourier series in terms of
G-vectors.

2. Establish a generalised electron wavefunction

e Use Bloch’s theorem to find form of electron wavefunction and write
the basis states as Fourier series in terms of G-vectors.

3. Satisty the Schrodinger Equation

e Solve using matrix

5.2 Step 1: Periodic Potential

Weak potential (nearly free): only a few electron basis states need to be included. A
free electron is describe by a single plane-wave.

All electron-electron interactions/correlations/exchange is ignored.

2T

V(z) = Z V,cos(pGiz)| where Gy ==

p=—00
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a
V),

Figure 6: 1D potential

5.3 Step 2: Bloch’s Theorem

Bloch’s theorem states that the electron probability density must have the same trans-

lational symmetry as the lattice, |¥(z + a)|*> = |¥(x)|®2. The wavefunction can only

change by a phase factor, 6 = ka, between unit cell.

(1) = ug(r)e™”
where uy, has the periodicity of the potential and e’ is a phase factor. Hence, we
can expand ug(r) (as it is periodic function) as a Fourier series:

Uk:(x) = Z Ck,nﬁemGw

n=—oo

We have:

00 1
\IJ(ZL‘) _ Z Ck,n |¢k,n> where |¢k:,n> _ ﬁez(k’ﬂ-nGl)x

n=—oo

Free electron
dispersion curve

Figure 7: 1D potential in k-space

Small red dots: basis states |¢y,) lie on the free electron dispersion curve and are sep-
arated by G along the k-axis.

Large green dot: weighted linear combination of the basis states give the overall
wavefunction, ¥ (z)

For small k values (lowest energy states),

There is significant difference in energy between neighbouring basis-states, so any ad-
ditional basis state other than the one next to it has little contribution to the overall
wavefunction, according to Boltzmann distribution. So,

Ui (x) ~ [dr0)

32



The energy is close to free particle energy.

For larger k,
Both basis-states have comparable energy, and give significant contribution to Wy (x).

At zone boundary, k = G1/2, both basis-states contribute equally and travel in oppo-
site directions, superposing them forms standing waves in two ways (sum or difference):

o) = H65) + |6} o cos (22)

a

™

-(a) = Y05} — fo-a)] o sin (%)

o = WG“'J /\/\/\/\ row Eneroy
‘!//,(,\')‘3 o silﬁ(%,\r) \/\/\/\/ High Energy
M(x) i :; : \ ; i ; i , Potential

Origin of splitting: the two new states, ¥, and W_ have different energies so the
degeneracy in the dispersion relationship is lifted; the two branches split apart in energy.

5.4 Step 3: Matrix

Starting with the Hamiltonian,
ﬁ2 82

2me, 0x?

~

HU(z) = €¥(z) where H=—

+V(z)
1'—:[ Z C]“m |¢k,m> =€ Z Ck,p ’¢k,p>

Zm: Ck,m <¢k,n| FI |¢k,m> =€ Xm: Ck,p <¢k,n’¢k,p>
Hpm

Note: Can find H,,, by writing the operator in integral form and doing the integral.

33



Hence, the equation reduces to an eigenvalue problem:

Z Hnkaym = GCkyn = gé = Gé

(L —el)

—

C=0

where H,, are the matrix elements of H and C are the coefficients of the basis-states.

The eigenvectors of H gives the coefficients Cf ,

In the two state approximation, where Wy (x) = Cy o |Pk0) + Cr.—1 |pr,—1), only the ma-
trix elements Hy o, Hy o, Hy1, Hij are needed.

Hip Hip e AN e
Hy1 Hpp 0 1 Cro

Now,

.

J/

Diagonal terms of H:

Off-diagonal terms: -t

de;,: 0

h2k?
HOO = Ek,O = 9

m
hQ
His=Ep_1= %(/ﬂ —Gy)?

Wi
5 -

(free electron dispersion)

( free dispersion shifted by G)

Solving the characteristic determinant equation gives you energy eigenvalues, €.

In general,

Ek,n Of‘gbk,n) =

R*(k + nG)?

2m

They are quadratic curves offset by G.

0.6

st vy E_
=
0.4 \ /)
\ s
v 5
03 \ .
\ *
0.2 \\ I/
\ ’
0.1 N ,/
A 4
~ I
0 ~__-
-1 0.5 0 0.5 1
k/G

(a) Basis states
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With a more general potential:

V(z) = Z V,, cos(nG1x)

Reduced Zone
Scheme

Extended Zone Scheme

1

-0.5 5

1¢t Brillouin
Zone

1. Energy gaps of V,, at k = nG;/2
2. Periodicity folds back k-space into the first BZ.

5.5 Band structure

Available electron states form a band structure.

Reduced Zone
Scheme

e Bands: allowed electron states states lie in
certain energy ranges.

e Gap: between bands are gaps.

e Fermi energy determine how far up the
band structure fills with electrons. *States
are filled up to Fermi energy™.

e Uses: the filling level of the electron bands
- determines whether a material is a conductor,
‘ insulator or semiconductor.
j 1st Band
05

1st Brillouin
Zone
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5.5.1 Filling bands (insulators v.s. conductors)

“An empty band conducts no charge” and “A filled band conducts no charge”.
Only partially filled bands contribute to electrical conduction as there are nearby
states available so the Fermi sphere can be displaced on application of an E-field.

M Varify
Ak =
h
1 electron /atom 2 electrons /atom 3 electrons /atom
1st band %2 full 1st band full 2nd band % full
Conductor Insulator Conductor

' '
' ' T
' ' '
' ' '
' ' '
' :
1
' ' '
1 ]
' d
' I '
' ' '
1 i '

-0.5 0.5

How many electron states are there?
Separation of free-electron states in k-space = 2%, where A = na is size of crystal.

Size of 1%t Brillouin zone = 2=,

a
Total number of states in the zone = %.

So, there are n k-states or 2n electron states in the 15 BZ.

Where to find empty states?
Empty states exist near the top of a band.

Empty states at
,/ top of band

/
4

Valance band: lower almost full band.
Conduction band: upper almost empty band.
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5.5.2 Band structure and process of conduction

No electrig field:

&
N

N
4 \
’ ' \
’ ' ’ ! \
’ ' \ ’ H \
’ ! !
’ ' ' \
. ' ' N
- ' ' N

_ - ' ' SO

' '

—éo/Z G(:/z

Electric field, E, pushing electrons to the right:
f=—eE = hd—k
dt
—>

Scattering RN
— — — -~ 4 \

4 N
’ \
’ N~ \
’ \\ N
. A N
R4 /' < \\
_.7 Thermalisation \ ~o

When there is no electron field, all the electrons are in the ground state and there is
equal number of electrons moving forward and backward. There is no net current.

When an E-field is applied,

e E field causes electrons move to higher k-states (greater momentum), electrons
are pushed to the right.

e Phonons and defects scatter electrons into empty states of comparable energy.

e Scattered electrons thermalise (lose energy) by further phonon-interactions, until
they reach the occupied states.

e Result is a net current; more electrons are moving forwards than backwards.
The group velocity (gradient of dispersion curve)

5.6 Conduction by holes

We can represent the few empty states at the top of a band as a ‘holes” moving in the
top of a full band.

Treat each empty state as containing a particle with:
e positive charge, +|e|

e positive mass, my,

h2k2
2mp,

e positive energy,

Hole band looks just like a free particle band.
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No electric field — a «—F

few empty states at - pF — Full band — t
= —eE =ndk/dt ull band — no ne
the top of the band f —nb / motion of charge
Equivalent to: +
—
AII_states move <«
in k-space g

A few positively

charged states
moving in direction of
field. HOLES

An empty state (net positive charge) travels in exactly the same way as a filled state
in the presence of an applied field.

Energy to create hole by transferring an electron into the conduction band:

Rk R2k?
Ae = Eypp + ——
€ gap T o, + —

The energy e, and momentum k. of electron in the valence band is measured with
respect to the top of the valence band.

\ Conduction band
Q\
4

s fw

k,

Electron removed

Figure 9: Absorption of a photon of energy hw and negligible wavevector takes an
electron from E in the filled valence band to Q in the conduction band. If k. was
the wavevector of the electron at E, it becomes the wavevector of the electron at Q.
The total wavevector of the valence band after the absorption is —k, , and this is the
wavevector we must ascribe to the hole if we describe the valence band as occupied by
one hole. Thus k, = —k,.; the wavevector of the hole is the same as the wavevector of
the electron which remains at G. For the entire system the total wavevector after the
absorption of the photon is k. + k, = 0, so that the total wavevector is unchanged by
the absorption of the photon and the creation of a free electron and free hole.
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Hole band constructed
with kh = _ke and
e(ky,) = —€,(k,), to
simulate dynamics
of a hole.

. wtes
. demmidny

Figure 10: he upper half of the figure shows the hole band that simulates the dynamics
of a hole, constructed by inversion of the valence band in the origin. The wavevector
and energy of the hole are equal, but opposite in sign, to the wavevector and energy of
the empty electron orbital in the valence band. We do not show the disposition of the
electron removed from the valence band at k.

Representing missing electron in a corresponding hole band.

€Ep = —€¢

kp = —ke

5.6.1 Observation of holes

Both electrons and holes contributes to electrical conduction.

2

Ne€ Te TLhGZTh

O, = and op = ”

*
ms; my

j = (O‘e + O'h)E
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5.7 Bloch Oscillations

An extreme situation where occupied states move continuously through k-space,
which happens if the electric field is strong and the scattering processes are
weak.

dk
f=—eEk=h— '
dt !
P IS > Y .
’ \ LA RN /
7 \ /7 \ ’
’ \ ] \ ’
L AN Group ! . L
4 ~ Velocit ! \ 4
’// ‘\ Y : \\\ ‘/’
k

Increasing

'

'
1
[
)
'
'
'
'
1
'
'
'
1 1
) 1
1 1
1 1
1 1
1 1
1 1
1 1

i Je

Time RN g -
1 1 ’
,’ Il \\ l ’
' ' ’
s 1 A 1 4
s 1 N 1 4

'
'
'
'
'
1
1
'
'
'
'
*
'
'
'
'
I
I
'
'
'
1

Strong E-field + weak scattering — occupied states steadily increase in k — filled
states cross into 2nd BZ — direction of electron group velocity reverse — backfold-
ing means process is continuous — group velocity, and hence position of electrons,
oscillates.

Bloch oscillation is observed in both condensed matter and ultracold Cs atoms.
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*

5.8 Effective mass, m

Remember this!

2
m* = h
T d2e
dk?
. 21.2
Memory aid: € = hzk .
m

This shows that the curvature of the band structure explains the origin of the
effective mass.

Derivation:

By Newton’s Law:
Ldv  d(hk) hdk;

f=ma =~ &
—— N—
dv hﬁ

= — = —
dt  m*dt
Using dispersion relations to express speed v of electron:

dv d <dw> dk d (dw) dk d*w 1 d%dk

dt — dt \dk)  dtdk \dk)  dt dk® ~ hdk?dt
Equating:
h2
T Rejdk?

Effective mass depends on the second derivative of €(k).

Consequences:

1. Electron behaves with different effective mass for particular band structure and
particular bands we are talking about

2. Different effective mass for different values of k

3. Depending on where the Fermi energy is, we might have more than 1 effective mass
contributing to conduction.

5.8.1 Observation of effective mass: Cyclotron resonance

Cyclotron resonance can be used to measure effective mass.

Holes

4——) F=evxB=mov

Electrons
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Principle: in a B-field, charged particles perform circular orbits around the field lines

eB

with the cyclotron frequency, w = <2.

Detection: At certain frequencies, we can observe resonances via strong absorption of
radio waves. From the frequencies, m; or mj can be determined.

Conditions: Need strong B field and very low temperatures.
To be able to measure resonance, charged particle must travel at least ~ 1 rads, so
wT > 1 — w must be very high (10s of GHz)

5.9 Divalent metals

e At T =0, both electrons and holes exist.

e Carriers originate from Fermi contour crossing 1st BZ boundary.

There are half-filled states in both the 1st and 2nd band. Electrons in the 2nd BZ and
holes in the 1st BZ. They have different effective masses, due to differing band curvature.

Extended zone Reduced zone Extended zone
scheme scheme scheme

Holes/' ) ' i (

\ / V4 B N
Filled stales™ Filled states N A—J‘A\—J

in1stB.Z in ond
in2%B.Z Pockets of holes that  Pockets of electrons

look like 2D free with different m* in x

particles with same m* gnqg y directions.
in x and y directions.
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5.10 Tripos Q & A

Q1: (2011 P1 A5) Sketch the first Brillouin zone and the Fermi surface of a 2D
square lattice of (a) a monovalent and (b) a divalent metal.

Al: (a) Just fill to the Fermi level. So a circle.

’\.

Yy

s

kr

23
ElE!

(b) There is backfolding.

The double shaded parts are backfolded regions

Q2:
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6 Semiconductors

What is a semiconductor and what differentiates it from a metal?

Semiconductor:

e A semiconductor is a material where the electronic bandstructure of the ma-
terial has a gap in it.

e The electrons completely fill states below the gap, and the band above the
gap is completely empty, i.e. the Fermi level is in the gap.

e Semiconductors differ from insulators in that the bandgap is sufficiently small
that either thermal or optical excitation can promote electrons from the va-
lence band to the conduction band and therefore the material will conduct.

Metal:

e In a metal, there will either be some overlap of the bandstructure such that
electrons are always available for conduction in the conduction band or a not
completely filled band structure.

6.1 Doping

Explain the concept of doping in semiconductors, including the differ-
ence between p and n type.

e Doping in semiconductors allows for either electrons (n type) or holes (p type)
to be added to the material in states that lie close to either the conduction
or valance bands respectively.

e This is achieved by adding impurities to the sample which are either lacking
an electron compared to the number needed to bond into the surrounding
lattice (p type, valence 3 Al atoms), or which have an additional electron (n
type, valence 5 P atoms).

e This allows for much greater conductivity in the samples, and also a degree
of control over this.

1. Add in P* ions:
e P has same electronic structure as Si. The system is no different than pure Si.
e VB full and CB empty.

2 Add in extra electron:

e The extra electrons all sit in the CB, but it can be in two states: ionised or
hydrogenic.
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1. Ionised state - electron and ion are well separated
e More likely higher temperatures and contributes to conductivity.
2. Bound (hydrogenic) state - electron and ion form a ’hydrogen-like’ structure

e Electrostatic potential results in binding energy between the electron and
the ion so bound states are formed below the base of the conduction band.

e Low temperature state, and does not contribute to conductivity.

Free electron ‘band’

H atom energy level
(only one shown)

Figure 11: The state has no k-dependence so appear as a straight line

e Energy below the bottom of the conduction band and mean radius of orbit
are given by the H-atom formulae but using €, and m*.

w eV and romi = 0.53 X LA

(m*/me)

AFE = —13.6 x

e For each defect state created, we take of the states out of the bottom of the
band it was created from.

6.1.1 n-type & p-type doping

n-type doping (donor states)
Using a dopant with an extra electron (e.g. P atoms)
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‘lonised’
Si si S S Si
Si s Si Si S
si si F si Si or
Si si S Si S

/Si Si Si Si Si
e far

away+free %

e”in H atom like
state made of
CB states

lower in energy
because e feels
potential of P*

In n-type material, the majority carriers are electrons and they sit in the conduction
band. Otherwise, they could form hydrogenic states just below the conduction band.
Hydrogenic state has slightly lower energy because the electron feels the potential of
the positive ion.

p-type doping (acceptor states)
Using a dopant with a lack of an electron, extra one hole (e.g. Al atoms)

‘lonised’ ‘Bound’
Si Si Si Si S Si Si Si Si S
Si Si Si Si S Si S Si S
Si si Al Si Si or: si i i s
Sih+ Si Si Si S Si S S‘i\ V Band lacks
/Si Si Si Si §i Si Si Si Si Si an electron
hole far Leaves a state

to be made into
a localised state
(no k dep.)

away + free

Bound state
occupied by e~

Note: The empty electron state and full valence band are upside
down to the ‘full hole state and empty hole band’ picture.

In p-type material, the majority carriers are holes and they sit in the valence band,
so the chemical potential leans towards the valence band. But overall, the conduction
and valence band have more energy than in n-type as trivalent impurities exert lower
forces (fewer protons) on the outer shell electron so electron orbits are slightly larger
and have greater energy.
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6.1.2 The picture so far...

) T=0K
Conduction
band Conduction
band: empty
Eponor: 0.045eV
**************************** below C. band
T and Acceptor
Gap energy: edge for P in Si \and donor
1.08eV for Si states
——————————————————— T Encceptor: 0.0576V Valence
above V. band edge band: full Distance
Valence for Alin Si in Space
______________________ ’

band

Compare with kg1 ~ 25meV at room temperature, to see if there are significant
excitations possible.

6.1.3 Chemical potential of doped semiconductor

1

= T 1 g Vhem e=up

Fermi-Dirac distribution: p(e)

To find where p is, look for the half-occupation level of the states

Conduction Band Conduction Band

@ clectrons @ o
- donors ©- ©- =— U

L—> —@- acceptors @ @
O hes O O

Valence Band Valence Band

p-type semiconductor n-type semiconductor
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Key idea: chemical potential close to conduction band in n-type material and close
to valence band in p-type material.

Valence and conduction band in p-type material is higher than valence and con-
duction band in n-type material.

For n-type: at T' > 0, can excite a small number of carriers from the valence band into
the conduction band (intrinsic) + excite a larger number of carriers from donor states
into conduction band (extrinsic) — shift distribution up — chemical potential drops
down slightly, shifting towards the middle of the gap.

For p-type: acceptor states are empty at first i.e. full of holes. At higher temperatures,
add in thermal excitations, generating majority and minority carriers. By the same
argument, chemical potential shift towards the middle.

6.2 p-n junction

At the p-n junction, carriers diffuse to balance p and a depletion region is formed with
particular characteristics.

Bring p-type and n-type material into intimate contact.

n-type T>0K p-type

e diffusion
e
o e o o °
A -
Hole
(o]
Q diffusion Q2 Qe
«—

Electrons are filled to higher energy levels in the n-type material, so they flow from
n-type (high concentration) into the p-type (low concentration) material. Similarly,
holes flow from the p-type to the n-type.

In the contact region, they cancel each other out, creating a depletion region where
there are no carriers. Electric field between opposite charges there. For electrons to go
through it, must have p.d. greater than barrier potential.

The diffusing carriers leave their associated ions behind. Resultant charge separation

produces an electric field at the junction that stops further carrier diffusion and establish
an electrostatic potential equal to the difference in pu.
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Figure 12: Very important diagram

Electrons want to go down from n-type conduction band to p-type valence band while
holes want to float up from p-type valence band to n-type conduction band.

6.2.1 Applying the bias

Forward bias: apply a field to force the majority carriers towards the junction by
reducing contact potential. Leads to good conduction.

Reverse bias: apply a field that forces majority carriers away from the junction,
increasing the width of depletion layer. Leads to poor conduction.

6.2.2 Generation and recombination currents

Forward bias: pushes the majority carrier towards the junction, creating a steady re-
combination current as they recombine with majority carriers coming the other way
to maintain the equilibrium number densities (F.D. distribution). Conducts well.

Reverse bias: pushing majority carriers away from junction and minority carriers to-
wards the junction, creating a small generation current — the diffusion of majority
carriers away from the junction widens the depletion region as well. Do not conduct
well.
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Quantifying how the applied bias alters number of charge carriers

1

P _(E_H)/kBT
Pol€) = e 71 €

If p increases to pu + eV when we add a bias:

pv(G) ~ 6—(6—,u,—eV)/kBT
— 6—(e—u)/kBT66V/kBT

— po(ﬁ) eeV/kBT

I-V characteristic graph

For no bias, recombination current = generation current.
Bias does not change generation current, /..

The number of electrons in the n-type region that can cross the junction varies with
eeV/kBT

So, overall current through diode:

eV
[ =1, (e’“BT _ 1)

Tiny reverse
current due to
thermally excited
minority carriers

AN

v

Diode act as a one-way conductor, with low resistance in forward bias and high resis-
tance in reverse bias.
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6.3 Diodes

6.3.1 p-n junction diode
Uses: one way conductor.
Operational principle: With forward bias, majority carriers pushed towards junction

- good conduction. With reverse bias, minority carriers pushed towards junction - poor
conduction.

I-V characteristic:
]e — [e,()(eev/kBT . 1)

Applications: in electronics such as AC-to-DC rectification / protection from large
voltage generated.

Pushing diodes to their breakdown limit. With sufficient reverse bias, p-n junction
can break down and conduct in the reverse direction.

6.3.2 Zener diode

Tunnelling
through barrier

p-type

Uses: voltage reference in electronic circuits.

Operational principle: Zener breakdown caused by tunneling.

e Tunneling of electrons at the top of p-type valence band through energy barrier
to unoccupied states at the bottom of the n-type conduction band.

e Sufficiently large bias causes the energy at the top of the valence band in the
p-type material to overlap the bottom of the conduction band in the n-type.
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e Can be deliberately engineered to happen at a particular bias by using heavily
doped materials.

e Heavy doping puts g near the band edge and reduces the voltage needed for
breakdown (so Zener breakdown occurs before other breakdown).

6.3.3 Avalanche diode

H

p-type

n-type

H

Uses: voltage references, protection devices, single photon detectors.

Operational principle: Avalanche breakdown caused by successive generation of
carriers.

e Thermally excited carriers within junction gain energy between collisions.

e These create further electron-hole pairs, which gain energy and so form even more
carriers.

e Large reverse current can flow and can dissipate a lot of heat; potential to damage
the device.

6.3.4 Light emitting diode

Uses: communications, efficient lighting.

Operational principle: recombine electron-hole pair and liberate photons.
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e When a forward bias is applied, majority carriers flow into the junction and the
electron-hole can recombine, releasing energy.

e Use ‘direct band gap’ material, so the emission of energy as photons/light is the
most favorable process.

e The size of the band-gap determines the wavelength of the photons emitted.

Band Gap Requirements: direct band-gap material e.g. gallium arsenide (GaAs).
The bands are located above each other in k space, allowing a photonic transition be-
tween the two states as photons have very little momentum.

gt\/
- \,/

k

——

Photon k =w/c so very small — /<>\
almost vertical transition

Indirect bandgap material (e.g. silicon): states are displaced in k-space and so addition
of momentum from a phonon is required to effect a transition from one band to the
other. Light emission much less likely and a lot of energy dissipated as heat.

6.4 Semiconductor laser

Below y, so n,>0.5

p-type
E====>> Carrier injection

Above g, so n,<0.5

Uses: telecommunications

Operational principle: maintain population inversion by driving carriers directly
from the n-type material to higher relative states in the p-type material.

e Normal population of energy levels at equilibrium is given by Boltzmann distri-
bution, where higher energy states less populated than lower states.
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e In population reversion, higher energy states more populated than lower states.

This is not at equilibrium so needs to be continuously pumped by using a very
large forward current to have carrier injection.

Need photon that matches energy levels. Photon stimulates electron transitions,
leading to further photon emission: Light Amplification by Stimulated Emission
of Radiation.

The junction is surrounded by an optical cavity (partially reflecting surfaces) to
reflect photons backwards and forwards through the gain region. Some photons
are transmitted at the interface, to form the laser beam.

Working Requirements:

1.

Very heavy doping to place p in the conduction band (n-type) / valence bands
(p-type).

. Use strong forward bias.

Carrier injection: carriers can be injected from n-type conduction band to p-type
conduction band to maintain the population inversion.
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6.5 Solar cells

The reverse of LEDs or semiconductor laser. Photons are absorbed and generate elec-
tron hole pairs in the junction, which can drive an external current.

Uses: renewable energy (20-30% efficiency)
Operational principle: photocurrent.

E

- —
-Z, / p-type

Electron ;
motion !

n-type

e Send photon in and create an electron-hole pair at the junction.

e An electric field is applied at the junction so they are swept out of the junction,
creating a photo-current, I;.

e Photocurrent acts to forward bias the junction, so some of the current leaks back
again.

e Equivalent circuit: looks like a current source in parallel with diode and a shunt
resistor (resistive leakage). The greater the output voltage (across the diode), the
greater the leakage.

Output
Impedance
N\ N—.
it Uy |1 J
®
I=I—Ip—Ig

Equivalent circuit of solar cell
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Optimised design:

incident light . _
front contact — thin heavily-doped

‘shading’ reduces ‘emitter’ — (0.3 pm) -
light collection conductivity needed for
¢ charge collection.

emitter n-Si Junction with base
) gives selective
hole transmission
from base

base p-Si

thick lightly-doped ‘base’ —
(300 um)- low doping level to
give large diffusion range for

electrons. Thick enough to
absorb most of incident light

rear contact — heavy p doping —
allows selective capture of holes,
to avoid ‘recombination’ of
minority carriers (electrons) that
reach it

<
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~ End of Notes ~
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