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Studnia trojkatna
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FIG. 6. Breakdown of the conductance quantization due t
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M. A. Topinka et al. Coherent branched flow in a
two-dimensional electron gas Nature 410, 183 (2001)
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Fig. 1. Schematic diagram showing a negatively charged SPM
tip positioned above a quantum paint contact {QPC) formed in
a twoedimensional electron gas (2DEG) by electrostatic gates.
Simulations of electron flow in the diagram show how electron
waves are scattered by the depleted disc bencath the tip
Topinka et al. [16].

-

Fig. 2. Experimental images (outside) and theoretical simula-
tions (inside) of the flow of electron waves through a quantum
point contact for the first three modes (a)-{c). Fringes spaced by
half the Fermi wavelength demonstrate coherence in the flow
Topinka et al. [6].

R.M. Westervelt, M. A. Topinka et al.
Physica E 24 (2004) 63-69
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Cralg et al., Sclance 304 565 (2004)

V=0V
Fig. 6. Image of fringes in an electron interferometer that show
how the fringe intensity varies with distance from the QPC - the
ringes are strongest at the same distance from the QPC as the

Fig. 4. Experimental images that show that fringes are created
in the interferometer of Fig. 3, when the reflector mirror is
N turned on by depleting the clectron gas below, Only weak
fietanie . Bz, AN conteilae, Svogn oitr. e (el fringes are observed in the left panel when the reflector mirror is
Histribunon of clectron energies tends to wash out fringes at . Mo =

ther distances. Off (Vea =0V}, while strong fringes are observed in the right
: | panel when the reflector mirror is on (Ve = -0.8V)

R.M. Westervelt, M. A. Topinka et al.
Physica E 24 (2004) 63-69
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Jeong, Chang, Melloch Science 203 2222 (2001)
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Kropka zachowuje sie jak maty kondensator o energii Ec~%
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Goldhaber-Gordon et al. Nature 391 156 (1998)
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Coulomb Blockade in Quantum Dots: “dot spectroscopy”

Luis Dias — UT/ORNL
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Gate Valtage V| Gate Voltage V.,
Inorganica Chimica Acta 361 (2008) 3807-3819
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Figure 6: "Coulomb diamonds™

Figure 6.6 stahility diagram for a SET. The blue shaded regions are the
Conlomb diamonds, where the mumber of electrons he dot is fixed at n
and transport through the dot is blocked, Red lives indicate voltages where
the pumber of addition energles within the transport window changes by
one. We have st ¢ = 1 here for comvenience,

Clive Emary
lecular-archi d-evolution-of Theory of Nanostructures nanoskript.pdf

dstuns.iitm i
i P2.pdf
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Excitation Spectra of Circular,
Few-Electron Quantum Dots.

-1.0

LP . T. H. L MWL S,
M. Eto, D. G. Austing, T. Honda, S, Tarucha

SCIENCE » VIOL 278 » 5 DECEMBER 1997

Gate voliage (V)

V= {0y - Cg¥ig +82VC,
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http://lamp.tu-graz.ac.at/~hadley/ss2/set/transistor/coulombblockade.php

0
Source-drain voltage (mV)
Fig. 2. Differantial conductance v, plotted in
color scaka in the V, - V,, plane at B = 0. In the
white diamond-shaped regons, dW, = Dasa
result of Coulomb blockada. N s fixed in each of
tho diamond ogions. Tha nes outsdo the dia-
maonds, running paraliel 10 the sides, dentdy -
cited states.
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Figire: 6.7: The low temperature comdiuctances of (a) a metal single
lectron transistor (SET), (b)
tube S|
fate voltage T wnd shagres] e

rro bas voltage axis are reghons of Coulomb blockade. The conductance
s a pertodie function of gate voltage for the metal SE
ponducting SET where the confinement coen
ance s not &
knd the carbon nanotube SET where the confinement energy bs npor-
ant, From: P. Hadley and LE. Mool], Delft University of Technobogy,
tLp:fiqt.to. tudellt. nl/publ i/ 2000/ quantundev/qdevices . hral

Clive Emary
Theory of Nanostructures nanoskript.pdf
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Franck-Condon blockade in suspended carbon
nanotube quantum dots

Rensud 1541 Christoph A3

', Lulcas Durree’, Christafer Hinrold®,
Eress Mariani*, Maximilian G. Schultz®, Felix von Oppen® and Klaws Ensslin'
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Dodatkowe ,diamenty” — np. efekty spinowe ,
stany wzbudzone itp

D ipcms.u-strasbe.fr/spi i &lang=

Figure 1 : The differential conductance, calculated in the regime of sequential
tunneling through a one-dimensional quantum dot, as a function of the gate
voltage (to the left) and the transport voltage. Green and red: Positive
values. Blue: Close to zero. Pink: Negative differential conductance. The
Coulomb blockade diamonds are aligned along the gate voltage axis. In
parallel, one observes structures which are due to excited states of the dot.
Electronic correlations combined with spin selection rules lead to the regions
of negative differential conductance.

Energy

http://pl.wikipedia.org /wiki/Zasada_Francka-Condon

T
Nuclear Coordinates

Ban v ()

Figure 2 Evidence and temperature
dependence of vibron-assisted transport. a,
Differential conductance dl,,=dVq for a subset
of the Coulomb diamonds shown in Fig. 1d,
showing the quasi-periodic excited vibronic
states (see dotted lines). The arrows point to
electronic excited states, visible at

higher energy.
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Anisotropic magneto-Coulomb effects and

single-elect action in
a single nanoparticle
[y PR —
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Fig. 1. (A) Scanning electron micrograph of a sample identical to the one measured, consisting of
electrostatic gates on the surface of a two-dimensional electron gas. Voltages on gates L and R
control the number of electrons in the left and right dots. Gate T is used to adjust the interdot
tunnel coupling. The quantum point contact conductance g, is sensitive primarily to the number of
electrons in the right dot. (B) g, measured as a function of V, and V,, reflects the double-dot charge
stability diagram (a background slope has been subtracted). Charge states are labeled (m.n), where
m is the number of electrons in the left dot and n is the number of electrons in the right dot. Each
charge state gives a distinct reading of g,.
Coherent Manipulation of Coupled Electron Spins in Semiconductor Quantum Dots
J.R. Petta, et al. Science 30 September 2005: 2180-2184.
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Figure 5.2: Charge stability diagrams of upper (a) and lower (b) double dots, measured
using the charge sensors as a function of their respective plunger gate voltages. Both double
dots can be tuned into the few-electron regime. The two broad near-vertical lines in (a) are
resonances of the charge sensor.

http://marcuslab.harvard.edu/theses/Laird_Thesis.pdf http://marcuslab.harvard.edu/theses/Laird_Thesis.pdf
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Identification of atomic-like
electronic states inindium
arsenide nanocrystal

quantum dots

Uri Banin®, YunWei Cao-, David Katzt & Oded Millo?

* Departenent of Physical Chenvistry and the Farkas Center for Light baduead

Provesses, t Racah Institute of Physics, The Hebrew University, ferusalem 91904,
Drad

Fgure 1 Scanning tunneling microscopy and spectroscopy of @ singhe InAs
ranocrysil 32 A i
are frked to the

saquined ot 4.2 K. The nanccrystal quantumn dots (G0)
sbstrate by hexane dithicl moleades (DT) as shown

schematically in the right insen. Leftinses, a 90 = 10 nm STM iopographic image,
showing the nanocrystal. For measuring the /- chamcreristics, the STM tipwas
positoned above the OO, thus realzing a double-barrier wunnel junction configu-
ratice
effects. b, The tunnaling conductance spectram, d/dY versus | obtained by
rumedcal differentiation of the /- curve (a.u., arbitrary unita). The armows degict

The tunnaling - ¥ charactenstic, axhibiting single-aectron tunnelling
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Tunelowanie

»Kolokwium WAN IN”

1. Znajdz w literaturze parametry pasmowe InAs
(masy efektywne, powinowactwo elektr.,, &, )
[0p]

2. Na podstawie danych z rys. 1 wyznacz
pojemnos¢ kropki kwantowej o $rednicy 32 A.
[5p]

3. Na podstawie rys. 2 oraz 3 wyznacz rozmiar
nanoczastek InAs w przyblizeniu nieskorczonej
studni potencjatu. Poréwnaj z wartosciami
mierzonymi oraz z rys. 3. [10p]

4. Na podstawie rys. 2 oraz 3 wyznacz rozmiar
nanoczastek InAs w przyblizeniu skoriczonej
studni potencjatu. Poréwnaj z wartosciami
mierzonymi oraz z rys. 3. [30p] (zadanie
numeryczne).

5. Oszacuj powinowactwo elektronowe (electron
affinity, energie jonizacji z poziomu studni) oraz
pojemnos¢ kropek kwantowych z rys. 2. (zadanie
numeryczne). Poréwnaj wyniki z danymi
tablicowymi (pkt 1) oraz ze wzorem na
pojemnos¢ kuli i wyznacz &, nanoczastki. [30p]
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thé main eneeg E. i tha gingl Wirg eneegy, £, ks the
nancerystal bandgap, Bnd dye and Aes Bra the spacing batween lavels in the
valgncs and conduction bands, rospactively
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= work function

= electron affinity (powinowactwo)
= band gap

= conduction band
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Figure 2 Sim evolulion of representative tunnelling o /dY versus V charactar-
iatics, displaced vertically. The position of the cenitre of the cbserved zero-curment
080 Bhowed RON-SYBIEMAtE VANSONS With respact 10 2670 bias, of he order of
O2eV probably due to vadstions of local offsat potentials. For clarity of
presentation, we offset the spacts slong the | direction to situate the canres
of tha obsarved zerc-currant gaps atzers bias. Tha nanccrystal radii are dencted
T T SR | in whe figure, The renge of displeyed vohage for each cunve reflects the
xparimental saturation limit of the detected curmnt
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|
Identification of atomic-like
electronic states in indium
arsenide nanocrystal

quantum dots

Uri Banin®, YunWei Cao®, David Katzt & Oded Millo®

* Departenent of Physical Cheistry arud the Farkas Conter for Light Indwoed

Provesses, t Racah Institute of Physics, The Hebrew Universitys Jerusalem $1904,
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L, 9B
VXE:_Eﬂ
_ ., D
VxH=]5W+E
VB:psw
VE=0

Réwnania zapisane w postaci potencjatu
skalarnego ¢ i wektorowego A:

Réwnania materiatowe (linowe)

B = poH + M = po(1 + x)H = pH = pp1oH
D =¢&E + P =¢ey(1 + y)E = ¢E = go&,F
Jow = 6E

vz=L 1 =c2

Ho€o Hrér  Hrér n?

a8

Wtedy pxF = ——
ot

2014-02-14

R e L 04
:—E(VXD$VXE+E(VXA):0 :>VX(E+H):O

Skoro rotacja gradientu znika, to wprowadzamy —Vp = E+ Z_A czyli |EF = Vo ——
t

at
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Pola skalarne i wektorowe

Réwnania Maxwella w osrodku materialnym

Przyktadowo: ¢ = —E7 + Cop A=-Et+C,
Do potencjatéw skalarnych i wektorowych mozemy dodawac nie tylko state Cy, i C4:

d, S o o
(p—»cp——x A->A+Vy np.: x =xE7t

Nazywamy to cechowaniem

24y 9y

Cechowania Landaua: pole B = (0,0, B,) > B, = > oy

Ay =B,x lub Ay =—B,y
(niestety wyrdznia kierunek)
Cechowania Coulomba: VA4 = 0 pole B = (0,0, B,) = A= %Bz(—y, x,0) = %5 X7
(niestety komplikuje obliczenia)

Cechowania Lorentza: VA + Z—‘f =0

2014-02-14

Pola skalarne i wektorowe

Przyktad: state pole elektryczne, STUDNIA trdjkatna: % d?
+eFz|Y(z) = e(z)

+o0 " 2mdz?
+o0
1/3
0.2 . — - / ! (eFz)?
& =Cpn 7
V(z) =eFz
>
@
Ry n=3
0.1 fommmmm o T
n=2
_________________ n=1
0.0 P L ] 1 b
0 10 20 30 40 50
z/nm

RAGURE 4.6. Triangular potential well ¥'(z) = ¢ Fz, showing the energy levels and wave [unctions.
The scales are for electrons in GaAs and a field of SMVm~!.
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Pola skalarne i wektorowe

Rdéwnania Schrodingera w polu EiB:

1. S 42 . . oo d
{ﬂ [p-qAG D] +qp@ )+ UG, t)}lp(r, t) = lhall)(r, t)

[N

| Ped kanoniczny p | | Suma: ped kinetyczny |

. L hq q N
Réwnanie ciggtosci 7 t) = —— (P* — Yy — L WIRAF
ag J@t) Zim(‘P VY —9yryr) ml‘Pl A7, t)
albo:

ol st

2014-02-14

Studnia trojkatna

2 dZ
[_EE + EFZ:| P(z) = e(z2)

Przeksztatcenie: 100

d? 2 :
V@) = 2y (eFz - () _ j ]

2 \1/3 [
Podstawiamy: z, = (2:[7)

(eFﬁ)z]l/ 3
2m

Z=Z e=% o} '\\ :
0 0 f 11‘1
d? 2
V@) = 77 €Fz— (@) i
Réwnanie typu:
dZ
@ =@

Rozwigzaniem sg funkcje Airy Ai(z) i Bi(z). Rozwigzaniami réwnania s miejsca zerowe
funkcji Ai(z) (trzeba tylko najpierw nieco uporzadkowac réwnanie).

N =ero=[

! M
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Pola skalarne i wektorowe

Przyktad: state pole elektryczne, STUDNIA trojkatna: h? d? + eFz| v @
———-——+teFz z) = eY(z
+o0 2mdz? v v
+o0
1/3
0.2 T — - (eFz)?
| &= |
V(z) = eFz

>

C)

Ry n=3
0.1 fg-reofrmmme T

n=2
'S 4 T
n=1
0.0 P I 1 L
0 10 20 30 40 50
z/nm
RAGURE 4.6. Triangular potential well ¥'(z) = ¢ Fz, showing the energy levels and wave [unctions.
The scales are for electrons in GaAs and a field of SMVm~!.
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Pola skalarne i wektorowe

h? d?
[_ﬁﬁ +qo(7, t)] Y(z) = ep(z) Wybieramy cechowanie qo (7, t) = eFz

Rozwigzania STACJONARNE w postaci funkeji Airy:
A gdzie jest ruch elektronu w polu???

Funkcja falowa
5 * rozwigzanie przypomina fale
(b J stojace!

0 funkcja tuneluje w bariere

£

o3 z> o
zanika szybciej dla
rosnacego potencjatu,
oscyluje dla z < eip tym

'S
.

<
i
.

'SNET &
o szybciej im z — P (—0),
czyli roénie energia

— b
<
S
.

— .01 . .
2.4 kinetyczna czasteczki
g : X
— 2/ nm iy (B2 =0)  Dodanie statej do
FIGURE B.1. (a) Potentiul energy ¢ £z, three wave functions, and encrgies for electrons in GaAs potencjatu ZMIENIA funkcje
in a uniform clectric field of 5MV m~". (b) Local density of states at z == 0. showing how the |
feares correspond 1o the wave functions. falowe!
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Pola skalarne i wektorowe

+qo (7, t)|P(z) = ep(z) Wybieramy cechowanie qo(7,t) = eFz
Rozwigzania STACJONARNE w postaci funkcji Airy:

- i 1 £ - i eFz—¢
P(z, &) = Ai 5(2_53_17) = l< o )

]1/3

K2 1/3
= <2meF)

2 2
[‘ﬁﬁ

(eFh)?
m

£0:€FZO=[ >

2 4
n\S(E,z=0
FIGURE B.1. (a) Potentiul energy ¢ £z, three wave functions, and encrgies for electrons in GaAs

ina uniform clectric field of 5MV m". (b) Local density of states at = == 0, showing how the
features correspond to the wave functions.,
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Lokalna gestosc¢ stanow

Gestos¢ stanow (ogdlnie) mozna zdefiniowac jako:

N(E) = Z 8(E — &)

Jak widac po scatkowaniu:

fE TZN(E) dE = fE j Z S(E —&,) dE = Z fE fza(E —e)dE

Przyktadowo:
1 , 1 [2m
Nw(E)=25(E—f(k))=fm6(k—k)2dk=;j;
k
NP (E) = ) 8(E - £() = fﬁ 800 - k) 2k dk = —

k

N3D(E) = Z S(E — £(k)) = f%k) Sk — k') 4mk? dk =
k
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Lokalna gestosc¢ stanow

Gestos¢ stanow (ogdlnie) mozna zdefiniowac jako:

N(E) = Z 8(E — &)

Lokalna gestos¢ stanow:

NE) = D 1k PIPS(E — &)

*® eFz —¢ 2 |2m eFz —¢
Przyktadowo: N1”(E,Z)~f Ai? (Z_) S(E — &) de ~ = [—Ai? (Z_)
o €o h | & 0

&

2014-02-14

Lokalna gestosc¢ stanow

Gestos¢ stanow (ogdlnie) mozna zdefiniowac jako:

E _
NP (E, )~ s |2me, f_m A2 ("’Fz—og) de = 5 Zme 41" — slAi(s))]

@ eFz—¢ 2
Przyktadowo:  N1P(E, z)~f Ai? (e—) S(E—¢e)de~ —
—o 0

T 04 —— 1 0.06
(a) 1D (b) 2D

3 0.3
a4 0.04
vn
s 02
: ;
€2 0.02!
8 0.1
VAT N

- Sy .00
01 0 01 02 -0.1 o0 01 02 -01
E/eV

for electrons in GaAs in

2014-02-14 : ) d ’ i he thin

eFz—E
s=—

€o

Lokalna gestosc¢ stanow

Gestos¢ stanow (ogdlnie) mozna zdefiniowac jako:

N(E) = Z 8(E — &)

Lokalna gestosc¢ stanow:

N(E) = D 10 PIPS(E — &)

° eFz—¢ 2
Przyktadowo:  N1P(E, z)~f Ai? (i—) S(E —¢e)de ~ R
—o o
- — 0 .

@1 | | 2

3 0.3
a4
%
s 02
: }
€2
8 0.1
0l Jo.oo‘

01 0 01 02 -0.1 o0 0L 02 -

E/eV
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Lokalna gestosc¢ stanow

Gestos¢ stanow (ogdlnie) mozna zdefiniowac jako:

E _
NP (E, )~ — e, f_wAiZ (“’FZ—OE) de = [Zme,[[A1 ()] = s[4i())’]

Efekt Frantza-Kieldysha — w polu elektrycznym przejscia optyczne zachodzg w nizszych energiach
—bo przerwa energetyczna sie ,rozmywa” przez tunelowanie do niej stanow:

WA YE
V'V

\/ 1 valence
AE band
canduction E
band £d i A /\ /\

E(z) V‘

\/ VV

FIGURE 6.3. The Franz-Keldysh effect on interband absorption. The states shown in the valence
and conduction bands are separated by AE < £ but overlap because of the tail that tunnels ino

the band gap.
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Pola skalarne i wektorowe

h? d?
[_ﬂﬁ +qo(# t)|Y(z) = ep(z) Wybieramy cechowanie go(7,t) = eFz

1 22 12 S S I BN
{ﬂ [p-aAGF O] +qp@E )+ UF, t)}lp(r, t) = thalp(r, t)
Wybieramy cechowanie ¢(#,t) = 0, zato A(%t) = —Et

{% [p-e Et]z}w(F, t) = ih%q;(?, t) Nie ma stanéw stacjonarnych

Potencjat nie zalezy od potozenia — rozwigzanie typu exp(i E?)

Y@, ) = exp(i EF) T(E, t)
N 22 L R ez 0 d R
[ik — e Be] w7 6) = ﬁ[k—EEt] V(R ) = ih o (1)
d
dt

2014-02-14 65

1 .. B 2,0, o1
m[P—e t] V() = ——

2 2
T [k~ SBe] exp(i B9 T(R 1) = ih - exp(i BF) T(E 1)

Tensor przewodnictwa

=3 ] P-4
Tensor przewodnictwa: Js, = 6E Tensor opornosci: E = pJs,,

Gx) _ (axx ny) (Ex)
y Oyx  Oyy)\Ey
Tensor przewodnictwa: Jg, = 6E

W osrodku izotropowym [, = 0y Ey
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Pola skalarne i wektorowe

9 o PR e\
Y (7 t) = exp(i k7) T(k, t) = exp(i kr)exp(—zf ﬂ[k_ﬁEt] dt>_

L, 1 [t e 92
=exp|i|kF—= | =—|k——Et'| dt’
p([ hme[ rEv] D
Czastka przyspiesza w czasie z pedem hk — eﬁt’, co odpowiada statej sile —eE. Ped czastki
roénie. Z drugiej strony oczekiwaliby$my, zeby ta zmiana pedu byta widoczna w zmianie
przestrzennej exp(i l_c?) (zmiana dtugosci fali, czyli zmiana wektora falowego E) - a tego nie ma.

Trudno tez zdefiniowac gestos¢ stanow.

Gestos¢ pradu jest OK — stata w przestrzeni i zwigksza sie w czasie (state przyspieszenie)

J@ 6 = % [\IJ* (ﬁ — qy:(f’t) w) + (ﬁ - qr:(?’t) w) \11] = —% (rk — eEt)

d
dt
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2 2
[k~ ] exp(i K7 T(R 1) = ih - exp(i BF) T(F 1)

Pola skalarne i wektorowe

Réwnania Maxwella w o$rodku materialnym

a8
at Réwnania materiatowe (linowe)

VXE=-—

-

~ oD
VXH=]s+—

at B = o + M = po(1 + xm)H = pH = pypoH
V?, Paw D =0 + P = &o(1 + xo)E = €E = g4¢,E
VB =0 .
Jsw = 6E
Réwnania zapisane w postaci potencjatu 1 1 c? c2
skalarnego ¢ i wektorowego A: v =— E =—

= — Ho€o Hrér  Hrér n?

. 9 a L . Y
Wtedy XE=——=—-——(Vx — (V' x = x( —)=
VxE=-—-=-=(v Z’)=>V><E+at(|7 A)=0 =vx|E+o-]=0
) . . Y . 04
Skoro rotacja gradientu znika, to wprowadzamy —Vp=E+ = czyli |EF = -V s
t t
2014-02-14 68
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Pola skalarne i wektorowe

Réwnania Maxwella w osrodku materialnym

Przyktadowo: ¢ = —E7 + Cop A=-Et+C,
Do potencjatéw skalarnych i wektorowych mozemy dodawac nie tylko state Cy, i C4:

d, S o o
(p—»cp——x A->A+Vy np.: x =xE7t

Nazywamy to cechowaniem

24y 9y

Cechowania Landaua: pole B = (0,0, B,) > B, = > oy

Ay =B,x lub Ay =—B,y
(niestety wyrdznia kierunek)
Cechowania Coulomba: VA4 = 0 pole B = (0,0, B,) = A= %Bz(—y, x,0) = %5 X7
(niestety komplikuje obliczenia)

Cechowania Lorentza: VA + Z—‘f =0

2014-02-14

Pola skalarne i wektorowe

Przyktad: state pole elektryczne, STUDNIA trdjkatna: % d?
+eFz|Y(z) = e(z)

+o0 " 2mdz?
+o0
1/3
0.2 . — - / ! (eFz)?
& =Cpn 7
V(z) =eFz
>
@
Ry n=3
0.1 fommmmm o T
n=2
_________________ n=1
0.0 P L ] 1 b
0 10 20 30 40 50
z/nm

RAGURE 4.6. Triangular potential well ¥'(z) = ¢ Fz, showing the energy levels and wave [unctions.
The scales are for electrons in GaAs and a field of SMVm~!.
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Pola skalarne i wektorowe

Rdéwnania Schrodingera w polu EiB:

1. S 42 . . oo d
{ﬂ [p-qAG D] +qp@ )+ UG, t)}lp(r, t) = lhall)(r, t)

[N

| Ped kanoniczny p | | Suma: ped kinetyczny |

. L hq q N
Réwnanie ciggtosci 7 t) = —— (P* — Yy — L WIRAF
ag J@t) Zim(‘P VY —9yryr) ml‘Pl A7, t)
albo:

ol st

2014-02-14

Studnia trojkatna

2 dZ
[_EE + EFZ:| P(z) = e(z2)

Przeksztatcenie: 100

d? 2 :
V@) = 2y (eFz - () _ j ]

2 \1/3 [
Podstawiamy: z, = (2:[7)

(eFﬁ)z]l/ 3
2m

Z=Z e=% o} '\\ :
0 0 f 11‘1
d? 2
V@) = 77 €Fz— (@) i
Réwnanie typu:
dZ
@ =@

Rozwigzaniem sg funkcje Airy Ai(z) i Bi(z). Rozwigzaniami réwnania s miejsca zerowe
funkcji Ai(z) (trzeba tylko najpierw nieco uporzadkowac réwnanie).

N =ero=[

! M
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Pola skalarne i wektorowe

Przyktad: state pole elektryczne, STUDNIA trojkatna: h? d? + eFz| v @
———-——+teFz z) = eY(z
+o0 2mdz? v v
+o0
1/3
0.2 T — - (eFz)?
| &= |
V(z) = eFz

>

C)

Ry n=3
0.1 fg-reofrmmme T

n=2
'S 4 T
n=1
0.0 P I 1 L
0 10 20 30 40 50
z/nm
RAGURE 4.6. Triangular potential well ¥'(z) = ¢ Fz, showing the energy levels and wave [unctions.
The scales are for electrons in GaAs and a field of SMVm~!.
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Pola skalarne i wektorowe

h? d?
[_ﬁﬁ +qo(7, t)] Y(z) = ep(z) Wybieramy cechowanie qo (7, t) = eFz

Rozwigzania STACJONARNE w postaci funkeji Airy:
A gdzie jest ruch elektronu w polu???

Funkcja falowa
5 * rozwigzanie przypomina fale
(b J stojace!

0 funkcja tuneluje w bariere

£

o3 z> o
zanika szybciej dla
rosnacego potencjatu,
oscyluje dla z < eip tym

'S
.

<
i
.

'SNET &
o szybciej im z — P (—0),
czyli roénie energia

— b
<
S
.

— .01 . .
2.4 kinetyczna czasteczki
g : X
— 2/ nm iy (B2 =0)  Dodanie statej do
FIGURE B.1. (a) Potentiul energy ¢ £z, three wave functions, and encrgies for electrons in GaAs potencjatu ZMIENIA funkcje
in a uniform clectric field of 5MV m~". (b) Local density of states at z == 0. showing how the |
feares correspond 1o the wave functions. falowe!
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Pola skalarne i wektorowe

+qo (7, t)|P(z) = ep(z) Wybieramy cechowanie qo(7,t) = eFz
Rozwigzania STACJONARNE w postaci funkcji Airy:

- i 1 £ - i eFz—¢
P(z, &) = Ai 5(2_53_17) = l< o )

]1/3

K2 1/3
= <2meF)

2 2
[‘ﬁﬁ

(eFh)?
m

£0:€FZO=[ >

2 4
n\S(E,z=0
FIGURE B.1. (a) Potentiul energy ¢ £z, three wave functions, and encrgies for electrons in GaAs

ina uniform clectric field of 5MV m". (b) Local density of states at = == 0, showing how the
features correspond to the wave functions.,
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Lokalna gestosc¢ stanow

Gestos¢ stanow (ogdlnie) mozna zdefiniowac jako:

N(E) = Z 8(E — &)

Jak widac po scatkowaniu:

fE TZN(E) dE = fE j Z S(E —&,) dE = Z fE fza(E —e)dE

Przyktadowo:
1 , 1 [2m
Nw(E)=25(E—f(k))=fm6(k—k)2dk=;j;
k
NP (E) = ) 8(E - £() = fﬁ 800 - k) 2k dk = —

k

N3D(E) = Z S(E — £(k)) = f%k) Sk — k') 4mk? dk =
k
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Lokalna gestosc¢ stanow

Gestos¢ stanow (ogdlnie) mozna zdefiniowac jako:

N(E) = Z 8(E — &)

Lokalna gestos¢ stanow:

NE) = D 1k PIPS(E — &)

*® eFz —¢ 2 |2m eFz —¢
Przyktadowo: N1”(E,Z)~f Ai? (Z_) S(E — &) de ~ = [—Ai? (Z_)
o €o h | & 0

&

2014-02-14

Lokalna gestosc¢ stanow

Gestos¢ stanow (ogdlnie) mozna zdefiniowac jako:

E _
NP (E, )~ s |2me, f_m A2 ("’Fz—og) de = 5 Zme 41" — slAi(s))]

@ eFz—¢ 2
Przyktadowo:  N1P(E, z)~f Ai? (e—) S(E—¢e)de~ —
—o 0

T 04 —— 1 0.06
(a) 1D (b) 2D

3 0.3
a4 0.04
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s 02
: ;
€2 0.02!
8 0.1
VAT N

- Sy .00
01 0 01 02 -0.1 o0 01 02 -01
E/eV

for electrons in GaAs in
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eFz—E
s=—
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Lokalna gestosc¢ stanow

Gestos¢ stanow (ogdlnie) mozna zdefiniowac jako:

N(E) = Z 8(E — &)

Lokalna gestosc¢ stanow:

N(E) = D 10 PIPS(E — &)

° eFz—¢ 2
Przyktadowo:  N1P(E, z)~f Ai? (i—) S(E —¢e)de ~ R
—o o
- — 0 .

@1 | | 2

3 0.3
a4
%
s 02
: }
€2
8 0.1
0l Jo.oo‘

01 0 01 02 -0.1 o0 0L 02 -

E/eV

2014-02-14

Lokalna gestosc¢ stanow

Gestos¢ stanow (ogdlnie) mozna zdefiniowac jako:

E _
NP (E, )~ — e, f_wAiZ (“’FZ—OE) de = [Zme,[[A1 ()] = s[4i())’]

Efekt Frantza-Kieldysha — w polu elektrycznym przejscia optyczne zachodzg w nizszych energiach
—bo przerwa energetyczna sie ,rozmywa” przez tunelowanie do niej stanow:

WA YE
V'V

\/ 1 valence
AE band
canduction E
band £d i A /\ /\

E(z) V‘

\/ VV

FIGURE 6.3. The Franz-Keldysh effect on interband absorption. The states shown in the valence
and conduction bands are separated by AE < £ but overlap because of the tail that tunnels ino

the band gap.
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Pola skalarne i wektorowe

2 42 N . . >
[_ﬂﬁ +qop(@t)|Y(z) = ep(z) Wybieramy cechowanie qo(7,t) = eFz

1 2 12 N N N Ld o
{ﬂ [p-aAGF O] +qp@E )+ UF, t)}lp(r, t) = thalp(r, t)
Wybieramy cechowanie (7, t) = 0, zato A(# t) = —Et
{ L Et 2 (#t) =ik d (#,t) Nie ma stanéw stacjonarnych
sl —e ]}wr.)—l A jonarny

Potencjat nie zalezy od potozenia — rozwigzanie typu exp(i E?)

Y@, ) = exp(i EF) T(E, t)

- =

1. L2 1 2 R e o d R

3o [p = e Bl g B0) = o[k — e Bt] i o0) = o [k = 5 Et] 9 0) = ih v G 0)
d
dt

2 2
T [k~ SBe] exp(i B9 T(R 1) = ih - exp(i BF) T(E 1)
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Tensor przewodnictwa

Tensor przewodnictwa: Js, = 6E

(5)=( o))

- AR
Tensor przewodnictwa: J5,, = 6E

el -
Tensor opornosci: E = gy,

W osrodku izotropowym [, = 0y Ey

2014-02-14

Pola skalarne i wektorowe

9 o PR e\
Y (7 t) = exp(i k7) T(k, t) = exp(i kr)exp(—zf ﬂ[k_ﬁEt] dt>_

L, 1 [t e 92
=exp|i|kF—= | =—|k——Et'| dt’
(i gl o)
Czastka przyspiesza w czasie z pedem hk — eﬁt’, co odpowiada statej sile —eE. Ped czastki
roénie. Z drugiej strony oczekiwaliby$my, zeby ta zmiana pedu byta widoczna w zmianie
przestrzennej exp(i l_c?) (zmiana dtugosci fali, czyli zmiana wektora falowego E) - a tego nie ma.

Trudno tez zdefiniowac gestos¢ stanow.

Gestos¢ pradu jest OK — stata w przestrzeni i zwigksza sie w czasie (state przyspieszenie)

J@ 6 = % [\IJ* (ﬁ — qy:(f’t) w) + (ﬁ - qrf(?’t) w) \11] = —% (rk — eEt)

d

&P (i k#) T(k, t)

2 2
[k~ 2] exp(i 7 T(R 1) = in
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Sita Lorentza: F = qB x B
Model Drudego: m* {0 + 2} = g + qi x B -k
odel Drudego: m™y—+ == qv N
T — czas relaksacji pedowej (scattering time) d
Lfdve | vy
m {? + ?} =qEy + quyB
S -
W e <
dv, v, 3
m{—2+2 =qEy — quB 7 \~/ B 3
dt T I E
Dostajemy: i
qr 3
vy {1 + wit?} = o (Ey — wcTEy) £
qB qr X .
wc=m* H:mt ]y:O:ZQinV;/
13
2014-02-14
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Zaniedbujac w?t? «< 1 i biorac pod uwage przewodnictwo elektronéw n i dziur p:

Jy=0=) qmv}
i

Ey{nuc + pun} = ExB{puj, — nu?}

Dostajemy tzw. statg Halla: I 7

Ey, 1 puf—nu?

H 7 5B el (npte + pun)?

ttp://www2.physics.ox.ac.uk/sites/default/files/BandMT_11pdf

Np.dlap =0 mamy Ry = —ei

n
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Petny tensor przewodnictwa
1 —-s I
1+s2 1+s?
o =neu s 1
1+s2 1+s2
0 0
Petny tensor opornosci
1 1 s 0
p=oclt=—>/-s 1 0
T\ 0 1
J= U g B L 1B
E=pj= nzﬁ; v =W E Ldne Tdne T M d
1
ne = — stata Halla
0 Ry ne
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Bioracoy =neu=ne?t/m (;") - (U"" U"y) (E")

y Oyx  Oyy)\Ey
7
W przypadku efektu Halla E = [E,, 0,0]:

Jx = OxxEx jy = nyEx
90

Opy = ——5— .

F 1+ w2r? -

OoW,T

Opy = ———

yx 2 \4/

1+ w?t? ;/

Tensor przewodnictwa:

o= Oxx —Oyx _(0'1, _UT)_ 4 1 w,T
T\oyx O )T \or 0L/ T 142 \~wcr 1

http://www2.physics.ox.ac.uk/sites/default/files/BandMT_1175df

Tensor opornosci: -t ( oL UT) = l( 1 wcr)
P Ll 2\er o) T\ 1
2014-02-14 86
Petny tensor przewodnictwa 0.3 v T T T
1 = % — 02} 1
1+s2 1+s2 g
o=neu| s 1 S oaf £
2 2 0 > — Xy
1+s?2 1+s B
0 0 1 g 0.0 1
8
Petny tensor opornosci ; -0 -
1 s 0 3
1 o
p=0'_1=a<—5 1 0) -0.2F ; i : . ]
001 0 2 4 6 8 10
Pole magnetyczne (T)
Dla réznych kanatéw przewodnictwa
:
o= z a; transport wielonosnikowy — analizujemy tensor o ;
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Petny tensor przewodnictwa 8 " T v v
7
1= 6
1+s2 1+s? 5
o =neu s 1 o 4
1+s2 1+s? 3

Petny tensor opornosci

o 1 1 s 0
p=0 =n_eu_510

-3 " " "

Dla réznych kanatéw przewodnictwa 0 2 4 6

Y .

transport wielonosnikowy n= (1.483+ 004)10" 1, = (13614 5) an'lVs
1
Ry =— p=(177£06) 10" \ =(255.47) an'/Vs

n, = (4.60+.02)10" |4 = (4622 6+9.5) an'/Vs

2014-02-14
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(a) Hall bar

e BN O,

FIGURE 6.5. Samples commonly used for measuring the conductivity of semiconductors: (a) Hall
bar, (b) van der Pauw sample, and (c) Corbino disc. The dark areas are the contacts for measuring
voltage or current, and the light areas are the active regions of the sample.

(b) van der Pauw sample (c) Corbino disc

1 =5 0 eBt
1+s2 1+s2 S=E T et
o = neu s 1 0
1+s2 1+4s? #:e‘r
0 0 1 m*

2014-02-14
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Roman Stepniewski

Efekt Halla

sic

2014-02-14
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Transport wielonosnikowy w grafenie (M. Gryglas-Borysiewicz)

(aB=0 Equipotential lines
7 T
/
Current flows along electric field
(b) Large B Field lines
4

Current flows along equipotentials

FIGURE 6.6. Electric field, current flow, and equip

Is inside a long sample with

contacts across each end. (a) In the absence of an electric field the current is uniform throughout
the sample and runs along the electric field. (b) Tn a strong magnetic ficld, where |oT| 3> ov. the

current runs along equipotentials.

Roman Stepniewski
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The Mobel Prize in Physics 1985
Klaus von Klitzing

The Nobel Prize in Physics 1988 v
N

1 Prizie Award Ceremorry v

Kiaus ven Kitrng v

The Mobel Prize in Physics 1985 was awarded to Klaus von Klitzing “for the
discovery of the guantized Hall effect”.
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Figure 1 ). Schematic drawings of 3 silicon Metal Oxide Semiconducior Field Effect Transisior
JMOSFET). The { satem (ZDES) interface between siboon
il silicon oxide. Flecurons are held sgainst the oxide by the cheetrie fiekd from the gate mictal,
b) Schematic drawings of 2 ionedoped gallivm el i gallium areenide

J Gars/AMGaAs) hererojunction. The ZDES resides at the interface between Gads and AlGaAs. h)
icctrons arc held against the AlGaAs by the cloctric ficld from the charged silicon dopants (+)

| the AlGans €). Encrgetic condition in the madilation-doped srscture (very similas o the
pondition in the MOSFET). Encrgy increases i the keil. Ebectrons are rapped in the

phiapcd quantumewell at the interface. They assume discrete energy sates i the rdirection
back and horizontally striped). At low temperatures and low electron concentration cnly the
Jerwest (Black) b s occupied. The tetally confined in the a-direction but

ban mave frecly in the x-pplanc.

Horst Stormer, Nobel Lecture |

2014-02-14
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The Mobel Prize in Physics 1998
Robert B. Laughlin, Horst L. Stormer, Daniel C. Tsui

The Nobel Prize in Physics 1858 -

Habel Prize Award Coremorry v

Robert B. Laughlin Horst L. Stérmer Daniel C. Tsui

Tha Mobel Prize in Physics 1998 was awarded jsintly 1o Robert B. Laughiin, Horst
L. Stérmer and Daniel C. Tsui "or their discovery of a new form of quantum fluid
with NBCHGHEJJ}' CﬂBI’gW excitations”,
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Horst Stormer, Nobel Lecture
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oo, mnnan o FHYSICAL REVIEW LETTERS 14 A

New Mathd for High of the Contant
Based oa Quantized Hall Resistance
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