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Classical picture and Drude model

® FElectric force and friction force
® The two forces encounter an stable value of p:

p=—erE
® The net current
J=—enr =¢E <+ Ohm'’s law

3/23



Classical picture and Drude model

Fermi surface, Energy structure, Carrier type, Quantum interference,
Localization

® Cannot explain the particle/hole transport
® Cannot recognize metal/semiconductor/insulator
® Quantum interference/localization miss

® Fail in nonlinear transport/high frequency effect
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Bloch theorem

Plane wave — Bloch wave

® Similar with plane wave
® The Amplitude of the plane wave is modulated by periodic potential

® k is a good quantum number
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Wave packet

Why we need to define a wave packet?

The wavefunction of a wave packet:
) = [ @kak.t)[on(r. 1)
_ / Shalk, )™ |ur(r, )

® Linear superposition of Bloch wave near a certain k. <Localized in
momentum space

k. = (U|k|D)
® \What about in real space?

re = (W[F|W)
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Wave packet
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® The spread of the wave packet is smaller than length scale of the external
field

hk=—cE —er x B
p_loe
“hok
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Wave packet
Hamiltonian

H [i}7ﬁ7 Bl(iat)’ . -aﬁr(ivt)]

® {Bi(x,t)} are modulation functions characterizing the perturbation
Linearize the perturbation about the wav packet center

H~H.+ Z(:i: —xc) - gradmcﬁi(mc,t)

Energy spectrum

He(@e,t) [Yq(2e, 1)) = ee(@e, g, 1) [Pq (@, 1))

Wave packet
) = / Pqa(g,1) [ba(@e 1))

Sundaram et al, PRB 59, 14915 (1999)
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Wave packet

/d3qa q.t) |thg(ze, t /d3qa q, 1)’ u(ze, q,1))

{qc = [ d*qqla(q,t)|?

z. = (U|2|D)

* (Vg |¥q) =d(qd —q)
® |a(q,t)|? is narrow compared to the size of the Brillouin zone
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Center of the wave packet

ze = (V[2|V) = /dqdq’ a*(a,t)a(d,1) (ugle ™ e’ ®|ug)
— [ dadq’ " (a.)a(d’, 1) (ugl (100 ") )
:/dq dq’ [(—iaqa*(q, t))a(q’,t) (uqlug:) PICEIRS
—ia*(q,t)a(q’,t) (Oquq|ug) ei(q/—qu]

~ [dq [%‘Z;%q ~ ) + (uglidqug) 5q qcﬂ

_ 9
=

+ (ulidq.w)

Assume a(q,t) = |a(g,t)|e" (@
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Lagrangian

0
L= (Wig: — HY)

® Lagrangian should a function of . and gq., their derivatives, and the time

L= L(:Ec, Tey e, qe, t)
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Lagrangian

.0 _07e Ou . .Ou
Za\y>78t +<uzat>+mc <u

€Xr
i 2 >) +:i3c-<u
dq.
iau>+dzc~<u
dq.

(v

. Ou Ou
o)t ()
. Ou .Ou

gec) * (415)

2
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Lagrangian

. . Ou . . Ou
L=—+qc axc+qc-(ult + .- (ult +(u
0q. ox.
Euler-Lagrange equation

4oL oL _, daL 9L _

dtox ox ° dtog Oq

ot
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Lagrangian

L=—-e+q-z+q- uia—u +x- ui@ + ui@
h q q dq ox ot
Euler-Lagrange equation

4oL oL _, daL 9L _

dtox ox ° dtog Oq
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Euler-Lagrange equation

08 —u+ (ulids,u)
oL Oe . . )
S == g+ (O, uli0 ) + (w0, 04,1)

+ &p ((Oz, u|i0z, u) + (u|i0z, Oz, 1)) + (Op, uliOru) + (u|i0z, Oru)
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Euler-Lagrange equation

d oL

St o o+ (#i0n, ) + (uliO, )

=(a + @b (Og, u|i0z, u) + @b (Oz, u|i0z, u) + (Opu)iOs, u)

+ b (u|i0z, Ogy u) + Tp (0|i0s, Oz, u) + (u|i0z, Oru)
0L Oe

Ota = Oza + (<8xau|iaqz7u> + (u]i0s, 8%“))

+ & ((Oz, u|iOz, u) + (u|iOz, Ou,u)) + (Ou, uliOu) + (u|idy, Opu)
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Euler-Lagrange equation

d oL

St o o+ (#i0n, ) + (uliO, )

=(a + @b (Og, u|i0z, u) + @b (Oz, u|i0z, u) + (Opu)iOs, u)

+ b (u|i0z, Ogy u) + Tp (0|i0s, Oz, u) + (u|i0z, Oru)
0L Oe

Ota = Oza + (<8xau|iaqz7u> + (u]i0s, 8%“))

+ & ((Oz, u|iOz, u) + (u|iOz, Ou,u)) + (Ou, uliOu) + (u|idy, Opu)
One obtain

, o , :
o == 2+ (Do) — (B0l )

+ &b ({0, uli0z,u) — (Oz, ulids, u))
+ {0z, ulidru) — (Oruu]iOs, u)
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Euler-Lagrange equation

d oL

St o o+ (#i0n, ) + (uliO, )

=(a + @b (Og, u|i0z, u) + @b (Oz, u|i0z, u) + (Opu)iOs, u)

+ b (u|i0z, Ogy u) + Tp (0|i0s, Oz, u) + (u|i0z, Oru)
0L Oe

Ota = Oza + (<8xau|iaqz7u> + (u]i0s, 8%“))

+ & ((Oz, u|iOz, u) + (u|iOz, Ou,u)) + (Ou, uliOu) + (u|idy, Opu)
One obtain

q.a = - P + Qzaqb‘jb + Qzazbfbb + Qzat
a

ou\ [ ou|ou
83317 8.’Eb 81'0,

The tensor is defined as

. ou
Qxaaﬁb = (<afl;a
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Euler-Lagrange equation

With the same method, one obtain

Ot
= %0

- (QQaﬁcbi‘b + QQaqub) + QtQa

Ta
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ELectromagnetic field

® The Hamiltonian is modified by the gauge potential
H = Hy[q + eA(z,t)] — ed(z, t)
where k = q + eA(x.,t) is the gauge invariant crystal moemtum.

® The Lagrangian becomes

L:—5+e¢(azc,t)+q-:ic+kc~<ui§—:c>

:—5—e¢>(a¢c,t)+k~a'c—eA(wc,t)~d:+kc-<ui§:>

® The equation of motion
. Oe op  0A, . [(0A, 0A,
Fo = e T € (81:a o ) ey (3xa axb)

Oe
Okq

it ((Oky ul 10k, ) — (Ok, uliOk,u))

Ta =
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ELectromagnetic field

® The Hamiltonian is modified by the gauge potential
H = Hy[q + eA(z,t)] — ed(z, t)

where k = q + eA(x.,t) is the gauge invariant crystal moemtum.

; ou
Ok,

:—5—e¢>(a:c,t)+k~a'c—eA(a:c,t)-d}+kc~<u

® The Lagrangian becomes

L:—5+e¢(azc,t)+q-:b+kc~<u

; ou
Ok.

® The equation of motion

k=—-¢E—cix B

ds .
=" —kxQ
T ok k x

where B =V x A, and Q = V x (u|idpu)
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Outline
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Boltzmann equation
The distribution function

af _ ﬂ)
dt — \at) .,

® 'coll’ is the collision term
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Boltzmann equation

The distribution function

of of of _ (of
ot o T (675 .

® 'coll’ is the collision term
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Boltzmann equation

The distribution function

of af of _
T = A

® Relaxation time approximation

® Non-equilibrium state f decays to fo

f('mk:t) _ fO("'vk)

(k)

A definite time direction is present

— The collision term should reverse its sign under time-reversal operation
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Boltzmann equation

The distribution function

k gi —f_fo—)f Z( Tk~vk)af0
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Boltzmann equation

The distribution function

o f—fo
ko = 7

> f=> (tE-Vi)" fo
a=0
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Linear longitudinal response

Integrate the charge current operator —ewv in k-space:

. 1 eF,
Jo = W /dk (—evx)TTaszo
2

B T 1 dfo Oe
= ’7(%)3/ R T

e2r [ 2 9fo
= dkv, —F,
(2m)3 / Y e

The red part denotes the longitudinal conductivity o,

jz = JzzEz
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Linear Hall effect
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Outline

Summary
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Summary

® (lassical picture of the charge current: Drude model
® Wave packet

® | agrangian and Euler-Lagrange equation
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