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1. Jakie warstwy zostaty wyhodowane w celu uzyskania 2DEG? (szkic?)
2. Gdzie byto domieszkowanie? Dlaczego jako domieszek uzyto w prébce atomy krzemu?
3. Jaki ksztatt miata probka?

The samples used in this work were conventional AlGaAs-GaAs heterostructures grown
by molecular beam epitaxy [5] with carrier densities between 1.5-10"%¢m™® and 4.3-
- 10" em~? and low-temperature mobilities ranging from 0.23 - 10°em®Vs to 1- 10° em®/Vs.
Illumination of the samples increases both the carrier density and the mobility at low
temperatures. The heterojunctions discussed in this letter consist of a semi-insulating GaAs
substrate, followed by a (1+4)um thick undoped GaAs layer, an undoped AlGaAs spacer
((6+33) nm), Si-doped AlGaAs ((33 +84)nm), and an undoped GaAs top layer (=22 nm).
For an analysiz of the magnetotransport properties parallel and perpendicular to the
interference fringes an L-shaped sample g try was ck (sketched on the right-hand
side of fig. 1), Such a mesa structure was produced using standard photolithographic-and
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Abstract. - A new type of magnetoresistance oseillation periodic in 1/B is observed when the
carrier density N; of a two-dimensional electron gas is weakly modulated with a period smaller
than the mean free path of the electrons. Experiments with high mobility AlGaAs-GaAs
heterojunctions where N, is modulated by holographic illumination at T'<4.2 K show that the
period of the additional quantum oscillation is determined by the separation a of the interference
fringes. This period corresponds to Shubnikov-de Haas oscillations where only the electrons

within the first reduced Brillouin zone with k| <=/a contribute.
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W jaki sposdb $wiatto zmieniato koncentracje nos$nikow?

Jakiego $wiatta uzyto w eksperymencie? Czy byto ono absorbowane, w ktérej warstwie?
Jak przebiegat eksperyment? Co byto mierzone? Co sie zmieniato? W jakim zakresie?

Na jakiej zasadzie mogta dziata¢ przestona (shutter), ktérej autorzy pracy uzywali do
modulowania wigzki laserowej? Czy poza zapobieganiem fluktuacjom wzoru
interferencyjnego na powierzchni prébki, modulowanie oswietlenia laserowego mogto
miec jeszcze jakis inny korzystny wptyw na przebieg eksperymentu?
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PYSEY Fig. 1. - Schematic experimental set-up (left-hand side) and top view of the L-shaped sample geometry
where the interference pattern is shown schomatically.
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8. Przeanalizuj rysunek 2. Jak powstat inset (czyli mniejszy rysunek)? Jak z SdH wyznaczy¢
koncentracje i ruchliwo$¢?

9. Jakiej ruchliwosci nalezy uzy¢ w celu obliczenia $redniej drogi swobodnej no$nikow
tadunku w prébce (elektronéw)? W jaki sposéb mozna taka ruchliwo$¢ wyznaczy¢?
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13. Jakie sg charakterystyczne wielkosci wyznaczone w eksperymencie? Co mowi wzor (2),
skad sie wziat?

14. Jaka zaleznos¢ energii Fermiego od koncentracji przyjeto w analizie (3D? 2D? 1D?)?

15. Dlaczego w opisie zaobserwowanych zjawisk brana jest pod uwage wytacznie predkosé
elektronéw na poziomie Fermiego?

=mtUr_a =
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10. Jak wyglada zwigzek pomiedzy koncentracja gazu elektronowego a energig standw, ktére
zajmuja tworzace go nos$niki tadunku?

11. Z czego wynika wzdr (1)? (odniesienie do wyktadu)

12. Przedyskutuj wyniki zaprezentowane na rysunku 3.
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16. (TRUDNE) Dlaczego w kwantowo-mechanicznym spojrzeniu, po holograficznym
oswietleniu probki, elektrony w pierwszej strefie Brillouina nie mogg uzyska¢ pseudopedu
wigkszego niz pi/a gdzie a jest okresem wzoru interferencyjnego na powierzchni prébki?
Jak inaczej mozna spojrze¢ na o$wietlenie modulujace przestrzennie koncentracje gazu
elektronowego?

The period of the additional oscillations can be deseribed in a more quantum-mechanical
picture. The additional periodic potential introduces new Brillouin zones where in one

Eystem,

Hirection — =/a and =/a form the boundary of the first Brillouin zone, while in the other
direction the electron states are oceupied up to ke. We observe that the carrier density
:Eht?oﬂs the first reduced Brillouin zone is equal to that connected with the additional
pscillations.

In summary we have reported a new type of magnetoresistance oscillation, the
periodicity of which can be equally well desecribed either by the condition that the classi-
pal eyelotron orbit equals an integer multiple of the periodic potential period or in terms of
he carrier density required to fill the first reduced Brillouin zone of the modulated
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Poziomy Landaua

_ eB  degeneracja pozioméw Landaua —iloé¢ DOZWOLONYCH stanéw na kazdym z

ng = h  pozioméw Landaua na jednostke powierzchni — rosnie z polem B

Koncentracja nosnikéw 2D: n,p — na ilu poziomach Landaua zmieszczg sig te nosniki?

Wspotczynnik wypetnienia filling factor v (zwykle nie jest to liczba catkowita)

nyp _ hngp  @onyp 2 - o,
V=—=——=—r7—=2mlgnyp (z uwzglednieniem degeneracji spinéw)
ng eB B

Zwiekszajac pole magnetyczne kolejno zapetniamy poziomy Landaua. Mozna catkowicie zapetni¢
n-ty poziom (v = n) i wtedy B, = hn,p/en, az osiggniemy n = 1, czyli wszystkie elektrony
beda na tym samym poziomie Landaua (tzw. limit kwantowy).

Dla v < 1 zaczynaja sie dzia¢ ciekawe rzeczy (do ktdrych zaraz wrdcimy!)
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_ eB degeneracja pozioméw Landaua — ilo$¢ DOZWOLONYCH stanéw na kazdym z
ng = "h  pozioméw Landaua na jednostke powierzchni — rosnie z polem B

Koncentracja nosnikéw 2D: n,p — na ilu poziomach Landaua zmieszczg sie te no$niki?

Wspotezynnik wypetnienia filling factor v (zwykle nie jest to liczba catkowita)

v= nap _ hngp — Ponyp

—= = 2mnlin z uwzglednieniem degeneracji spindw;
ns B B Bnap gle g ji spindw)
(a) (b)
v=4
g
=
Eg E Ey
FIGURE 6.8. Occupation of Landau levelsina ic field neglecting the spin splitting, shawing

how the Fermi level moves to maintain a constant density of electrons. The fields are in the ratio

N2?P(E) = pryl Poszerzenie poziomdw na skutek rozproszer I' = 1 /7;
7; to jednoczastkowy (albo
@ ’Tg‘ 2 (b) (c) T kwantowy) czas zycia —
= 2.8 ti to NIE jest ten sam czas,
% E.é 0 ktory omawialismy w
9.5 modelu Drudego
= (transportowy)
m
e
0 ho, 2h0, E O ho, 2o, F O ho,  2he, g
RAGURE 6.7. Density of states in a magnetic field, neglecting spin splitting. (a) The states in each
tange heo. are squeezcd into a §-function Landau level. (b) Landau levels have a non-zero width T
inamore realistic picture and overlap if fw, < T. (c) The levels become distinet when A, > [0
Liczac 2 spiny: 2 2eB _2mwe _ m A
H Ng = = = w,
BT h T 2mh  mh? ¢
Kazdy ze stanéw na poziome Landaua zajmuje powierzchnie i 2l Lo ||
27 mac— JleBl

2:3:4andgivev=4. %, and 2.
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Poziom Fermiego lezy pomiedzy poziomami
Landaua — nie ma tam DOS, zmiana Er nie
zmienia DOS — stany niescisliwe (incompressible)

Poziom Fermiego lezy wewnatrz poziomu
Landaua — duza DOS, zmiana Er mocno wptywan
na DOS — stany Scisliwe (compressible)
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FIGURE 6.8. Occupation of Landau levelsina ic field neglecting the spin splitting, shawing
how the Fermi level moves to maintain a constant density of electrons. The fields are in the ratio
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Efekt Shubnikova-de Haasa

Shubnikov-de Haas effect

9.4.1 Types of quantum oscillation
As the electronic density of states at Ep determines most of a metal’s properties, virtually all properties
will exhibit gquantum oscillations in a magnetie field. Examples include”

o oscillations of the magnetisation (the de Haas—van Alphen effect);

» oscillations of the magnetoresistance (the Shubnikov-de Haas effect);
» oacillations of the sample length;

o ocillations of the sample temperature;

# oscillations in the nltrasonie attennation:

» oscillations in the Peltier effect and thermoelectric voltage;

# oscillations in the thermal conduetivity.

“Hawaver, open orhits do lead ta a very intoresting quantum phenomenon which has recently boen ohsorved in high-
Frequency experiments; see A Ardavan el al, Phys. Rev. B 80, 15500 (1999); Phys. Rev. Letl. 81, 713 (1998),

TSome pictures of typical data are shown in Solid State Physics, by N.W Ashoroft and N.D. Mermin (Holt, Rinchart
and Winston, New York 1976) pages 266-268.

http://www?2.physics.ox.ac.uk/sites/default/files/BandMT_09.pdf
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Poziom Fermiego w polu magnetycznym:

Nap _ hnyp
y=—= =

ng eB B

12

B/T

Donzp

FIGURE 6.9. Variation of the Fermi level as a function of magnetic field for a two-dimensional
clectron gas in GaAs with I?g = 10meV before the field was applicd. Spin splitting is neglected,

The fan of thin lines shows the Landau levels, while the discontinuous thick linc is Ex.
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Efekt Shubnikova-de Haasa

Shubnikov-de Haas effect

Gestos¢ stanow oscyluje -spadadoOdlav =ni
jest najwiekszadlav = n +% - najprosciej to

= 2mlén,p

zmierzy¢ w magnetooporze Ry. I
FourE s, i v
Oscylacje zalezg od stodunku energii Fermiego Ep do 37 miger o famts et T felds e e
czestosci cyklotronowej hw, = eB/m”*. Oscylacje sg
periodyczne w funkcji 1/B.
T T T T T T
nap _hngp — Pongp 10|
v=—it =2 =2 27— 2nlin = 250 mK
ng eB B TegT2D a
Z SdH mozna takze wyznaczy¢ mase efektywng m* g 4
oraz czas kwantowy 7. Amplituda oscylacji jest dana o
9
przez &(T) T
A = 4p,d cos(4nv) —————exp| ———
PsdH Po (4mv) sinh(E(T)) P weTq
&(T) = 2rn2kT /haw, - 4 6

o
k5]
Zaleznos$¢ temperaturowa daje m”*, ttumienie 7.

http://groups.physics.umn.edu/zudovlab/content/sdho.htm
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A. Nainani et al. Solid-State Electronics 62 (2011) 138-141 Henriques et al. Brazil. J. of Phys. 29, 707 (1999)
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Efekt Shubnikova-de Haasa

Shubnikov-de Haas effect

Kropki kwantowe

2
1 1
Ey=0@n+l-1) [(hwy)? + |z ho, | +|sho |1
Gestos¢ standw oscyluje -spadadoOdlav =ni m = ( i ) | (Rewo) (2 C) (2 C)

jest najwiekszadlav ~ n +% - najprosciej to n=1,23. [=0,+1,42,+3..

zmierzy¢ w magnetooporze Ry.

FIGURE 6.8, i
Dow the Fermi level moves of electrons. The fild
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RGURE 6.16. Energy levels in 2 magnetic ticld of a GaAs dot with a parabolic confining potential
giving hwp = 2 meV.

010 012 014 016
Inverse of Magnetic Field, T~ K. Nogajewski et al,
Appl. Phys. Lett. 99, 213501 (2011)
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Potencjat harmoniczny2D Potencjat harmoniczny2D
EY = hog (nx+%) w kierunku x i taka sama w y 2D disk shaped dot

1 ”
Ef = hw, <nx + E) w kierunku x i taka sama w y 2D disk shaped dot
E; = hw, ny+§ ] E; = hwg ny+E T

1
Degensracy Degensracy
E, = EX + EJ = hwoy(N + 1) | - | En = E¥ + EY = haoo(N +1) | 4
) 4o . 4
Degeneracja? N=n,+n, P Degeneracja? N=n,+n, o
—er gv=N+1 —er
Fig. 5. Schematic model for the vertical dot with a harmonic lat- “ Fig. 5. Schematic model for the vertical dot with a harmonic lat-
eral potential. The single-particle states are laterally confined Y eral potential. The single-particle states are laterally confined
into discrete equidistant 0D levels whose degeneracies are 2, 4, 0 (0,0) into discrete equidistant 0D levels whose degeneracies are 2, 4,
6, 8, -« including spin degeneracy from the lowest level. 6, 8, -+« including spin degeneracy from the lowest level.
Jpu. . Appl Phys. Vol. 36 (1097) pp. 3017-2023 1 (1’0) (0’1) Jpn. 3. Appl. FPhys. Vol 36 (1997) pp. 3917-3023
Part 1, No. 6B, June 1997 2 (2’0) (1,1) (0,2) .e Part 1, No. 6B, June 1997
nient
3 (3.0) (2,1) (1,2) (0,3) przypo™
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Fock-Darwin spectrum
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Angular Momentum -L
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RGURE 6.16. Lnergy levels in 2 magnetic ficld of a GaAs dot with a parabolic confining potential
giving hwp = 2meV.
Adam Babiriski
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Kropki kwantowe

1) = (0,00 {17 il =04} 2 (LU Bk ]

http://www.nextnano.de/nextnano3/tutorial/

2Dtutorial_FockDarwin.htm
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Kropki kwantowe
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Fock-Darwin spectrum

Interband optical absorption in a circular
eraphene quantum dot =

M Grufic', M Zarenin”, M Tadic! and F M Peeters’ 10

(a) IMBLC,
=g

Figure 1. The electron siates of a circular graphene quantum dot as
a function of extermal magnetic field & for the £ (blue solid curves) e
and K* (red dashed curves) valleys with & = T0nm for (a) the x
IMBC and b} the ZZBC. The dashed line in panel (b) =
displays zero-energy level for the case of ZZBC,

(b} ZZBC,
~dzmed
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