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Review of lecture in the last week

» Optical absorption with inter-band transition
» Photon emission from inter-band transition
» Optical absorption with exciton formation

» Photon emission from exciton recombination

» Concept of exciton-polariton
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Exciton-polariton

Concept of exciton-polariton

Chain of photon-exciton W@MM’@J\NW@J\MM
1 cycle ~ few fs

coherent propagation in solids

. . . Aex
€s: contributions other than from excitons & (w) = € (1 — P i"y)

. k-E=0 . .
transverse wave:  ©' } polariton equation  *k* = wie (wo, k)
=

Longitudinal wave:  wi =wo + Acx = wi + Acx

Ay : longitudinal-transverse splitting



Exciton-polariton (2)

2 For transverse wave
k= ki + iko
Real-imaginary comparison
2
W* € JA. 9 5
o / 1 = ki —k
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Dispersion relation
\/w — w_ Aoy eky
w )
0 1 2 W= o Ves



Bose-Einstein condensation of exciton-polaritons
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J. Kasprzak et al., Nature 443, 409 (2006).



Chapter 5 Semi-classical treatment of transport
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- Ludwig Boltzmann
1844 - 1906

From Wikipedia



Classical, semi-classical transport, transport coefficient
electrons : most electric devices

Transport in condensed matter: Charge, heat, spin carriers { _ _
10NS : batteries, sensors

guantum mechanical

Classical, semi-classical transport ) Quantum transport
nature in transport

Semi-classical: quantum mechanics affects energy distribution function
Classical semi-classical boundary Fermi degenerate temperature

2 . .
Ty = (37%n)*®  for 3-dimensional systems
kaB
2
Tr = i . for 2-dimensional systems
1671'ka

External perturbation — Linear response: Transport coefficient Conductance, Resistance

current density 7 = o E electric field E=pj=0""j

conductivity tensor resistivity tensor



Classical transport: Boltzmann equation

(r, p) 6-dimensional phase space

Distribution function f (r,p, t) r PP _p
m

Introduction of collision: (9f/0t).

D af _
¥ (r—l— m*dt,p+th,t+dt) + (at)cdt_ f(r.p,t)

Of dr  Ofdp  Of
fr,p,0) + [67" ar Jp dt i 815] at

4 )

ap|| e Boltzmann equation 8_{ + ,,,S* ‘ 3,,{ i 42 % T (8_{)
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Currents: Particle flows

. of p Of Of Of
Boltzmann n — - F-—==—4
oltzmann equation  —% + - == + Ip (375)(,-
Relaxation time approximation: - (—g{) S ;fo

. e . . the collision term leads
p: Anisotropic distribution = Current fo: isotropic in p-space — to current

% . time derivative of the distribution, zero for steady states

Wf* - g—i . velocity times spatial gradient in the particle density —  Diffusion current

0 : : : : :
F- % . force on the particles times gradient of f in p-space — Drift current

10



Drift current by electric field

B d3k dfo\ A3k hk, dfo
(v) —/ (27r)3v(k) (fo +eTE - ﬁ@_k) — f 2 m ety hok.
_e&y h2k2 0 fo
= Wf_@(E)T(E) - 8EdE

Density of states: 2(FE) x VE(= AVE)
h2 k2 E

— 2. —
m 3

law of equipartition of energy

Kinetic energy:

—
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Drude formula Paul Drude (1863 — 19(

For metals (T > 300 K)  Low temperature approximation: % ~ —0(F — EF)
_ 6553 QT(EF) 3/2 o Er . 2 3/2
(vg) = —A W : EL n = i 9(FE)dE = AgEF

Ofo _  Ar [ E]: Jo Jfo
ksT  (2(E)/3n)

2F 3 2
[0 — ¢? /T(E)@(E) nfo yp = MAT)E Drude-like formula ]
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Diffusion current

No external force: F =0, f=f,+fi

N _— 9
Relaxation time approximation: v-=-=-— fi~x7v- o

2
Take the x-direction to that of Vf: Ja = —ef T“:?:a_fd’“ - ¢ <m > -
- ox 3 ox

(v?) = = Bt u = —: mobility

m* e m

Einstein relation: p =
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The Hall effect

Galvanomagnetic effect: Force on electrons « Lorentz force

. PP
TNEN XX 2 2y x A —A 0
J'\\\\\\>J-’f ) 2 l t
, \',\ S\ Blleags =4 A |o|E
\ Slelelelelelels m 0 0 | A
T A; term creates j,, hence E,, : Hall voltage (electric field)
. . : : £ A
The Hall coefficient is defined as Ry = — Ey=——&,
J. B, A
! B ne’ ne? T ne? WeT?
W e % e— Tr — A = y Oy — -
ith cyclotron frequency w — 0 A= <1+(%7)2>E Oay = <1+(%T)2>E
2
Incase wer<1 | pyo_Lie _ 1 T@s+5/2T(5/2)
ne (1) n(—e) (['(s+5/2))? n(—e)
ru ~ 1 1s called Hall factor
. i ( neuv ] o eT
p— p— j— e R p—
Mobility is defined and expressed as « €] = nelg] ~ nel€] ~ ne o| Ryl o .



Carrier scattering mechanisms

Scattering mechanisms

Defect scattering Carrier-carrier Phonon scattering
| scattering |
| | I I |
Crystal  Impurity  Alloy Intravalley Intervalley
defects | I | | | | | | |
Neutral lonized Acoustic Optic Acoustic  Optic
| | | | | |
Deformation Piezo- Nonpolar Polar

potential electric

The parameter which represents the scattering mechanism
= averaged time interval of scattering

Scattering time: 75 [ : scattering mechanism
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Matthiessen’s rule and effect of scattering on the electric transport

Matthiessen’s rule (series connection of scattering)

_Z + . i 1 NI

Z P

Ttotal Tdefects Tcattier Tlattice Mtotal 3 /-Ldefects Hcattier Hlattice
Reduction of - - — A - " b s T~~~
8 - I I 1 1 1 [ ) i(.:l" onon
10 e Neutral impurity Impurlty Scatterl ng ~ e Df‘:;i?zgz:cl):cﬁ-ci)?“m |  Optical phonog_
- ) n ' \
| . , ) ) _ by mOd u I atl On Remote 1mpuuty \’ \‘
B s H e lonized lmpurlty - — — --...__. Inherent limit -‘\ T \
— 107 | e doping structure T N N
T = ‘ 100 = e L
- _ — Total \‘. \
: z L DN
c? i > [ \ )
g 106 |- 5% B
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z | :
= 210° |
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Fletcher et al., J. Phys. C 5, 212 (1972)

Walukiewicz et al.

Temperature [K]

Phys. Rev. B 30, 4571 (1984).



Heat transport, thermoelectric effect

Heat flux density:  j,. = (nv,(E — p)) = / h v (E — ) f(EYZ(E)dE
0

. . . Jga
Temperature gradient VT Carrier thermal conductivity — #n = — 8T(}(‘95L‘ (Jg = —RVT)

11, xll lT27 T
Seebeck effect B B v
AB

A
B (W) B AR = AT
_/

J: current, V: voltage, T: temperature, Q: heat flow

Seebeck coefficient

. QAB - ”
Peltier effect —> A o J, T =-22  Peltier coefficient
X > 0Q /0 . .
] T= 6%/ ; Thomson coefficient
Thomson effect — A — (0T /Ox)

can be obtained from single material

0T /0x
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The Kelvin relations

Unit charge T | | 0
Q0 — B A B © ——  Quasi-static process —
Thermodynamics can be applied
< > Vg

First law of thermodynamics  VBa + lIga (1) — Hpa(T' + AT) + (78 — 74) AT =0 }

HBA(T) B HBA(T+AT) n B —’TAAT — 0

Second law of thermodynamics

T T+ AT T
. dVBA dHBA d HBA ™ — TA
Taking AT — 0, these two become _ —7a =0 —
: ar  ar BT @r ( T ) T
d (llga dllga  llpa
The second equation becomes B — TA T ( T ) T T
. . . _ _ IIap  dSap  7a — 7B
The Kelvin relations are obtained as [ . SAB = o a7 T ]

The absolute Seebeck, Peltier coefficients can be obtained from the relations.
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Seebeck coefficient as material constant

Material specific (absolute) constant can T (T Th - _
: ) — en for other materials Sap = Sa — S
be experimentally obtained from Sa(T) = /O ol AB = PA T OB

) Va = SAAT

R ~ | Thermocouple
A AT N

< > |V = SagAT
B

) Vs = SpAT

Seebeck coefficient (uV/K)
Thermopower (uV/K)

v —60 & . -
0 100 200 300 100 1000
Temperature (K) Temperature (K) 19




Boltzmann equation and thermoelectric constants

For the thermoelectric effect, we need to consider (only) VT

The distribution function in Ihs is
replaced with unperturbed one.

F — Ep

With a=-=—

From the above we can rewrite
Then the Boltzmann equation gives

Substituting the above and E =

(€:,0,0)
Into the current expression

Q

’U-Vf—Fﬂ*vvf:—f_fo [vv+£*vv:|f0
m m

% B 8f0 OF Oa 8f0 ( I T) E — EF - 8f0 EF —F
OT — OE 9a 0T OE ' ' ° kT2 | O0E T
_ omEr—Edfo 9fo _ 9fo
B Er — dfo
f=fo—71(E)v- [—eE+ - VT] T

ja::

—e{nv,) = —e /OOO v, f(E)D(E)dE

> Er — EOT| Of
_ 2_|_ F 0
= 6/0 VoT [ eEr + T (93’:} 5 2(F)dE
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Boltzmann equation and thermoelectric constants (2)

Jo = e/ vaT [—eé‘m M ks 8T] afO@(E)dE —0
0

T Ox| OF

J» = 0 means the balancing of the drift current and the diffusion current

Then the Seebeck g_ & _ /OOUQTEF—EafO dE// 2 T% B)dE
coefficient is calculated as or/oz Jo ° €I OE * OF
gl [Ep—f Egafo dE// afo dE]
el 0
i ; of, f, =(TE)E/(T)E
Maxwell approximation O — L
OF kgT
Energy dependence of P

relaxation time

- (][

Seebeck measurement provides information on Er and scattering mechanisms
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Peltier device

S =

J
—>

1 5)
— || = kg1l — E
qT K? " 8) ’ F}
Cooling
‘9
0 ®
n-type o p-type

heating

heating

I1=S5T

Sign of the coefficient changes
with carrier charge
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