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HWH#3 Solutions, Chapter 9, Problems 1-5

1) Hall Effect and Sample
(a) Newton’s equation with scattering (relaxation time approximation)

mo + ma/rzlf:q(ﬁ+5+§)

In steady state, M(dV/dt) =0 | so that
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In the special geometry of the Hall sample, B, = B;: B, = By = 0. In kinetic theory

J, =nqu,,J y = Nquy, J, =nqu, (current density components) where n is the carrier density.

Therefore, in the Hall geometry, Jy, =0=wv, =0,J, =0=0v, =0, and we get
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(c) For the specific geometry Ly =1 cm, Ly =L, =1 mm, and Vy =+5 mV, as defined in the
figure so that the electric potential decreases in going from small y to larger y = Ey = -d¢/dy is

positive. Since Ey and Ey are both positive, we must take positive sign in equation (4), so that
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the carriers must have a positive charge (e.g., holes). For the geometry at hand and assuming
uniform fields,

V,=EL orE =1V/m Vv, =ELorE, =005 V/em

. et EyJEx 005
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2. Static magneto-conductivity tensor
In class we derived the following set of equations for kinetic motion of charge carriers in

magnetic and electric field along z axis.

= 0.5 m*V=s =5000 cm*/V—s
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where @, = H is the cyclotron resonance (circular) frequency.

We use (1) and (2) to solve uniquely for v and vy.
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but 0, =N€L (dc conductivity) so
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We can combine (4), (5), and (6) in matrix form as
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In the high magnetic-field limit W7 >> 1,
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In the same limit:
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or Oxx =BT .75 —> 0 in high B-field limit

3. Joule Heating

(a) From basic assumptions of kinetic theory, collisions are randomizing and leave the scattered
particle with a mean velocity appropriate to the temperature around the scattering center.
Hence if consecutive scattering events occur close enough that the temperature is the same,
then all of the kinetic energy gained between collisions is transferred to the ions upon the
second collision. In the absence of an electric field, the velocity vector emerging from first
collision can be written as the isotropic velocity

O =0,f, =v, (Xsinfcos g+ ¥sinfsin g+ 2cosH)
where 0,¢ are the polar and azimuthal angles in spherical coordinates..

In the presence of an electric field along the z axis, the z component of velocity has a term that
increases linearly with time (solution to Newton’s equation).
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Figure for Problem 3
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So, U =y,sinfcosg-X+v,sinfsing- y+( j-z (1)

To calculate how much energy is gained between collisions, we first have to spatially average
over all possible angles (overbar denotes spatial average):
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The first (zero field term) from (1) yields
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The second term (electric field term) is
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where U*k denotes the average smgle-partlcle kinetic energy and the | | denotes the vector
magnitude operation.
(b) We can combine this space-averaged kinetic energy with the normalized probability, P (t + dt)

that a collision occurs between t and t + dt : e_t/ dt/r:
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We integrate jo t’e "/ dt by parts twice (or look in integral tables) and we find

| tetrat=27" s
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which is the energy loss per electron per collision. It is useful to do a dimensional analysis:
Energy loss _ Energy loss electrons collisions
cm®—sec  electron—collision  cm’ sec
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To calculate the power loss in a wire length L and cross section A, we integrate over the volume

13 13

2 2
: Eo =0E" joule Heat

13 (13

P = jO'EZdV = O'EZIdV =oE’L- A (assuming E is uniform in wire)

A2 L L
We can rewrite this as P, —?E LK_(O-EA)Z(O'A) (J Az)(pA j

or
P =I°R

4. Thermal conductivity of acoustic phonons by kinetic theory
(a) We assume all three acoustical wave types have the same speed of sound v, so that

wD3ha)D
I ha}/kBT
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C’ = 3nkg where n is the density of atoms per unit volume. So

C'=3nk, =30k, =3~ > .k, =1.84x10°J /k
v 45%10

C
.. : X .
(b) We get the thermal conductivity from the expression K =C 'U?, where X is the mean-free

path given by X ~v-7=7x10"mforv=7000 m/s and t=1ps. So K =230.0 W/m-K or 0.3
W/cm-K. This about 50% less than the experimental K of GaAs (K = 0.45 W/cm-K).

5. Thermal conductivity of free electrons in aluminum by kinetic theory
5
a) For Al, n = 18.06x 10”2 /em® =18.06x10** /m?, o =3.65x10 /Q—Cm (Chapter 6, Table 3,

Mo

Kittel, 7" Ed), so that, © . .2
) Ned (18.06x1028)(1.6x1019

(9.11x10_31)(3.65x107)
)2 or 7 =072x10 Ys=72fs

b) Cy =57 NK.T/T. =912 T-V[J] (derived in ECE215A)
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for T. =13.49x10°K and V = volume
' . . C
Cel (specific heat capacity) = 7“ =912 T J/m3 = 2.69x10" J/m3 @ 295K
"2 2
¢) So, K= %Celu 7~ 2.63x10° w/m—K

8 6
Using 0 =0, =2.0x10" cm/s = 2.0x10° m/s (Al at 205 K)
d) An accepted value for thermal conductivity is found in Kittel Chapter 5, Table 1.
K= 2-37W/Cm—K = 237W/m—K for Al @ 300K. Our estimate using %Celuzr is too high by

only 1.13 times !. And this can be explained by the inaccuracy of the Pauli derivation used to
du(T)
derive the heat capacity from AU =U (T)-U (0). In that derivation dT  Was approximated

by dAU(T)/dT, which becomes increasingly inaccurate as T rises above zero K.



