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SEMICONDUCTORS

: }Band Width

Band Gap

_ /—Band Edge
; }Band Width

The fraction of excited electrons is
nexp(—E,/ksT), and at 300 K, kgT =
0.0259 eV, and from these carriers, the
resistivity is p = m* /ne?r.
Effective mass; E =p?/2m=h2k?/2my:
dk 1 1 d’°E
hdt =—elF, F=ma — s BT
Effective masses, are usually related as:
mi < mp < M,
Conductivity is the sum of e~ and ht:
ne?r.  pem,
Me mp
Density of states is D = dN/dk-dk/dE:

L\ 5/ LY Ank3 (LN?
N1=2k(—|; No=wk“|—]; N3= J—
27 27 3 2

The density of conduction electrons:

ne[ aE fu(B)DA(E)
E.q

3/2
_5 (mekBT> o(u—Ey)/kaT

g =

N 2mh?
The chemical potential for undoped:

E T
u:J+3kB hl(mh)

2 4 Me

Use hydrogenic model for doped:
2 2

e e
F=—— = FE=—— forrg=
agp ETO m*

At low temperatures, kg1 << E,, for
ng the coefficient before above in n:

n = (noNg)*/? exp(—FEy/2ksT)
p = (noNa)"/? exp(—Ea/2ksT)

Law of mass action forces equilibrium:

kT \?

MeEa

At pn-junctions, chemical potentials
must match, and charge polarizes:

electrons sink and holes float. Observe:
p n

4. Conduction Band
000000000 ‘

FERMI SURFACES

To find the BZ of a given lattice:
e Use a; - bj = 2md;; to find b;
e Use the Wigner-Seitz Method
Then draw the empty lattice FS:

le | kp=+/2/m-7/a~0.798 7/a
2e” |kp=y/4/7 -7/a~=1.128 7/a
3e | kp=+/6/7-7/a~=1.382 7/a

Fold up BZs and select a zone scheme.
At each BZ edge, the FS deflects so
that F'S L BZ, and a slight gap forms.

Number of electrons in a square lattice:

N=1,23. = V- spins _ whg '22
(’F)
L

Vsite

An example of a Fermi Surface:

QP

Hexagonal and rectangular BZ in 2D:

The De Haas—van Alphen Effect for
the experimental determination of FS:
magnetization, M = dpF, is A(1/B)
periodic where A = 2we/hA for cross
sectional area A. Possibly Ay, Ao, ...

In a magnetic field, motion is circular:
dk eB
h— =evX B — w=w,= —
dt m*
Free electrons in B-fields form Landau
levels, of E,, = (n + 3)hw,, levels ex-
pand with increases in B, with degen-
eracy D = eL? B/2rh, and total energy

E = Dhws*/2+ (s — 1)(N — sD)hw,.

QUANTUM HALL EFFECT

Multiple ways to find the carrier con-
centration, including with oscillations:

1 2me 2A 2e
A(B) =ha "

T2 T T RAG/B)

With an expression for Hall Resistance:
B B
Ry, = —
W ne Ry ye
Equating Fermi to Landau, EFr to E,:

nh?m eB 1
E = = — L —_ =
T ( 2)

The Hall Resistance is quantized:

h 25.8

e2] 1

= n =

SUPERCONDUCTIVITY I
SC is an electric effect where p = 0 for
a phase bounded by T, and field H..
Meissner effect of perfect diamagnetism:
B:Haperqu =0 = szH/,u,o

London equation for penetration depth:
B m

V2B = —; A= ~10*-10° A
A ne i
Gibbs energy, F=U-TS=—kgT In(Z):
H?(T
FN(O7T>_FS(OaT>: 20/5 )
0
Heat capacity is discontinuous at T¢:
T. (dH.(T)\>
Coe—C - - | —= 7
( S N)|T:Tc 140 < dT >T—TC

The intrinsic coherence length of :
fo = 2h’UF/7TEg
In impure SC, for mean free path ¢:

Ex Vel A= A€o/l

Critical fields may be estimated as:
Hcl ~ (I)O/ﬂ—)‘2; Hc2 ~ (I)O/ﬂ—g2

NATURAL CONSTANTS
a = 137.035999 !
ap = 5.29177211 x 10~ m
c = 2.99792458 x 10°® m/s
4reg = 1.11265006 x 1071° C/(V - m)
e =1.60217662 x 10712 C
h = 6.62607004 x 1073% J - s
h=1.05457180 x 10734 J -5
kg = 1.38064852 x 10~** J/K
me = 9.10938356 x 1073 kg
N4 = 6.02214086 x 10%3
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SUPERCONDUCTIVITY II

BCS theory: electron phonon pairing
creates bosons that all condense to the
same energy state. This state is pro-
tected by an energy gap and particles
cannot individually gain or lose energy.

e~ bound by energy A for attraction
U, which is an energy gap of ep £ A:
A~ —2hwexp(—2/UD(ep)) ~ 1 meV
BCS theory predicts an energy gap of:
E, =2A = 3.5kpT,
Macroscopic quantum wave function:
v=ie
Electron tunneling between SC gives
DC Josephson effect current,d =605 —6;:
J = Jysin(d)
AC effect w=2eV/h ~ 500 MHz/uV:
J = Josin(d — wt)
In SC rings there is flux quantization:
Oy =27h/q = h/2e
SQUID behaves like Aharonov-Bohm:
J=2Jysin(d) cos(e®/h); ®=area-|B]|

DiA- AND PARAMAGNETISM

Magnetic susceptibility is x = poM/H.
x <0 — dia, and x >0 — paramagnet.
SC are perfect diamagnets with y=—1.
The typical values are xy ~ 1072 —1074,

Diamagnetism arises in inert gasses,
and is captured by Larmor precession:
po(Np) Ze? o
X = — =5 V()
m
Atoms with unpaired electrons, atomic

Oxygen, and metals are paramagnetic.
The energy is for ug = eh/2m:

E=-p-B=gupd- B
In two state systems with = uB/kgT:

et—e™”
M=% Njpy=Np———

D _Nitti =Ny =
Curie-Brillouin law for 2J + 1 levels,
x=gJuB/kgT, for high temperatures:

M = NgJupBy(z) oc T7!
In terms of effective Bohr magnetons:
_ NpPug (H

= —_— . = 1 1/2
o (3):p =)

Where the Landau g-factor is given as:
JIJ+1)+S(S+1)—-L(L+1)

2J(J+1)
Constant Pauli magnetism of metals is:

M =D(ep)u%B=3Np?/2¢r for low T

ELECTRONIC STATE SYMBOLS

Hund’s Rules empirically usually work:
e Total spin S, is maximized
e Orbital momentum, L, is too
e Total orbital angular momentum:
*x J=|L—S] less than half full
*x J=|L+S| more than half full

Symbols are written as 25t L ;. where:
L=S P D F G H J

I
11T 1111 11¢
L=0 1 2 3 4 5 6 7

(ANTI)-FERROMAGNETISM

Curie-Weiss Law around paramagnetic-
ferromagnetic transition temperature:
x=C/(T—T)
Exchange interactions (d-orbital) make
spins align, as in the Heisenberg model:
Eox = =2J8;-S;; with J ~ 10 meV
J <0— anti, and J>0— ferromagnet.

The Hamiltonian for this system is:
H=-1 Joo;) + B o;
(Joio5) + gun Z]. i

22 4
Approximatejd using mean field theory:
e Solve exactly for a small region
e Approximate the outside in mean
e Make the solution self-consistent
Withm = M/Nu, and t = kgT/Npu2\,
next solve the transcendental equation:
m=tanh(m/t)=solns if t <1 i.e. T<T,

Taylor Expansion to find susceptibility:
(T.-T)'? T<T.
Yy -1) T.<T

Spins in ferromagnets may behave like

phonons, where i = p, and j = p + 1.

For small oscillations, S, ~ S, so with

the equation of motion dJ/dt= p,xB:
S;/y = aexp(i(pka — wt))

= Ny tanh(z) Where w=4Js/h-(1—cos(ka)), which is

for long wavelengths, hw = (2JSa?)k?.

For anti-ferromagnets, T, — Tn = uC,
where it has been found that in Ty <7
X = QC/(T + TN)

Break AFM into two sublattices, and
magnonssolved with determinantal eqn.
M = (C/up)(H/(T +1n))

Magnetic domain walls have exchange
energy density oo = JS?(7/Na)?- N,
anisotropy energy o., = KNa, so by
infimizing energy, N=(n%JS?/Ka*)'/?,
so, per wall area ¢, =27 (K JS?/a)'/?.
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