Studnia trojkatna

Metoda przyblizona WKB (Wentzel — Krammers — Brillouin) — dla potencjatu wolnozmiennego
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Kwant przewodnictwa
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To sg rézne definicje Gy - czesciej jest z 2:

2 77408
=774

Wzér Landauera (Landauer formula) — gdy mamy do czynienia z wieloma kanatami
przewodnictwa

| Trzeba uwaza¢ na definicje Go!

.

N to suma réznych ,petnych” kanatéw przewodnictwa
np. dwa rézne spiny daja N = 2

G =Gy ) Ta() = NG;
n

Dla T = const dostajemy prawo Ohma.
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Kwant przewodnictwa
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woltage, obtained from the data of Fig. | after subtraction of
FIG. 1. Point-contact resistance as a function of gate volt- the lead resistance. The conductance shows plateaus at multi-
age at 0.6 K. Inset: Point-contact layout, ples of ¢ ¥fxh.
B. J. van Wees et al. Quantized conductance of point contacts in a two-dimensional electron gas
Phys. Rev. Lett. 60, 848—850 (1988)
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Blokada Kulombowska
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Coulomb Blockade in Quantum Dots: “dot spectroscopy”

http://sces.phys.utk.edu/~dagotto/ tures_2008/UTK_Lecturel_March08.pdf Luis Dias — UT/ORNL
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Kwant przewodnictwa
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FIG. 6. Breakdown of the conductance quantization due t
2014-02-14 temperature averaging, The curves have been offset for clarity.
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Gate Vollage V.,

Inorganica Chimica Acta 361 (2008) 3807-3819
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b . } 4 s . * Department of Plhysical Chemistry amd the Farkas Center for Light buhueed
Processes, t Ragah Institute of Pysics, The Hebrew University, Jerusalem 91904,
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8
. AcptE fl FRgure 1 Scanning tunneling microscopy and speciroscopy of @ single InAs
) B | . nancernysial 32 A in . acquined 2 42 K. The nanocrystal quantum dots (G0)
2 = !\,’ | \l are finked 1o the gold subsirate by hexane dithicl molecudes (D), a8 shawn
E 4 ”._'ll |.I 11 schematically in the right insen. Leftinaer, a0 = 10 nem STM opographic imsage,
= I| v I showing the nanocrystal. For meesuring the -V chasacteristics, the STM tipwas
2F | Iy positoned sbove the QD, thus realizing a double- barrier wnnel junction configu-
| L"J raticn. & The tunneling /- V¥ characteristic, exhibiting sngle-dectron tunneling
1] o 1 effiects, b, The tunneling conductanca spectram, d/dV versus I obtained by
. [ E rumerical ditferentiation of the /-1 curve (a.u., arbitrary unita). The amcws degict
-2 — . this main enarg, E. i the singl qirg enengy, £, is the
-2 -1 0 1 2 nanocrystal bandgap, and 3, and A A8 the spacing batween levels in the
Biars (V) valanca and conduction bands, respactivaly
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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
in whe figure, The renge of displeyed vohage for each cunve reflects the
xparimental saturation limit of the detected curmnt

Lokalna gestosc¢ stanow

Gestos¢ stanow (ogdlnie) mozna zdefiniowac jako:

N(E) = z 8(E — &)

Jak widac¢ po scatkowaniu:

fE " NGE) dE = fE TZ S(E — &) dE = Z J;_ TZS(E —&)dE

1
Przyktadowo:
2m

N“’(E)=Z5(E—e(k)):fﬁ 6(k—k’)2dk=% =
k

N2D(E) = Z S8(E - e(k)) = fﬁ 5(k — k') 2mk dk = %

k
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Tunelowanie

»Kolokwium WAN IN”

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

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
nanoczgstek InAs w przyblizeniu nieskoriczonej
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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vacuum level

]

» = work function

% = electron affinity (powinowactwo)
Eg = pand gap

Ec = conduction band

Ev = valence band

Jednorodne pole magnetyczne

Rozwigzanie w cechowaniu Landaua:

daie: [ iehB d (eBx)?
co caje: 2m m xay 2m
Slad sity Lorentza
2014-02-14

Cechowania Landaua: pole B = (0,0, B,) = B, = 5

A =10,B,x,0] czyli Ay = B,x & Bx q=-e

! hzaz 'ha+B ’ hzaz
2m 0x2 ¢ dy enx 022

1 S d
(g1~ 0 4G 0] + 0G0 + UG O} G0 = ih w0

94y _ 04y (niestety wyréznia kierunek)
oy

Przyjmujemy, ze w ptaszczyznie
Xy nie ma innego potencjatu

+U@ (W@ = EYG)

+ U(Z)]l/)(?) = EY()

Potencjat paraboliczny!
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Jednorodne pole magnetyczne

Symetria wzgledem odwrécenia czasu (time-reversal invariance, T-symmetry): jesli
rozwigzaniem réwnania Schrodingera jest funkcja W(t), to rozwigzaniem musi by¢ takze
Y*(—t) —tylko w przypadku hamiltonianu rzeczywistego. Dla pola magnetycznego musimy
takze odwrécic kierunek pola magnetycznego: W(t, B) — W*(—t,—B) (musimy odwrécic znak
pedu kinetycznego [p — q A(7, 1)].

Urojona wartosc¢ — brak symetrii wzgledem 2 — " "
D Potencjat w funkcji z jest niezalezny od

pozostatych zmiennych (faktoryzacja)
— rozwazamy wiec problem 2D + z

[ h? ieh 5 (eBx)? /

co daje:

T — xay om - PU@|YP@ = B

Slad sity Lorentza Potencjat paraboliczny!

Potencjat wektorowy nie zalezy od y, mozna zatozy¢ postac¢ funkcji: u(x) exp(iky)

2014-02-14

h? ieh (eBx)
.y - — =
[ ZmV p Bx By +U@)|YF#) = EYp@)
Potencjat wektorowy nie zalezy od y, mozna zatozyé postaé funkcji: (7) = w(z)u(x) exp(ikyy)
A2 d2 1 fiky\? eB v V2mE
- 4= 2 - = = |— = =—
[ Zmaxz Tz M (X * B ) @) = eux) |m ¢ w. leB|

h h
Dtugos¢ magnetyczna: Il = |— = m nie zalezy od masy czastki, a TYLKO od pola!
mow, e

Typowa warto$¢ dla B = 1.0 Tto Iz = 26 nm.

Rozwigzania &, = (n - %) haw, (nie zaleza od k).

— — 2
¢nk(x' ¥) X Hy_y (x lek) exp [_ « 2lj2§k) ] exp(ikyy)

n =1,2,3 ... to kolejne poziomy Landaua.

2014-02-14

Jednorodne pole magnetyczne

h? ieh (eBx)
.y - =
[ v =+ O @) w0 = v )
Potencjat wektorowy nie zalezy od v, mozna zatozyé postaé funkcji: Y () = w(z)u(x) exp(ikyy)
2 o4z o1 hk 2 v \2mE
[ T dx? + m wg x + u(x) eu(x) | R, = o 2Bl

\ |Czestosc cyklotronowa | | Promier cyklotronowy |
| Wektor falowy k,,. Co ciekawe w & NIE MA k,,. |

Potencjat paraboliczny przesunigty o x;, = —hk, /eB I
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Jednorodne pole magnetyczne

Przypadek 2D
Rozwigzania &y, = (n - %) hw, + Ey, (nie zalezy od k).

x — X (x — x4)? . =
B T R TS
B

Funkcje falowe to funkcje oscylatora (wzdtuz x, rozmiaru rzedu I //2) i fali biegnacej (wzdtuz y)
— dziwne, prawda? Dlaczego?

Energia nie zalezy od wektora k — stany o réznym k maja tg sama energie, s wiec
zdegenerowane (a wiec dowolna ich kombinacja nie zmienia energii).

Gestos¢ standw redukuje sie ze statej % do serii dyskretnych wartosci
& danych przez réwnanie na &,y - 53 to tzw. poziomy Landaua. E

Petna energia (tacznie z potencjatem wigzacym w kierunku z): E,
1
E=E,+ey=E, + n-y hw, E;

n=123..

v
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Jednorodne pole magnetyczne

Przypadek 2D
Rozwigzania &, = (n - %) hw, + Ey, (nie zalezy od k).

X — x, (x — xz)? . _
b () < Hy_s ( - k) exp [_ . ] exp(ikyy) M= L23w
B

(h) Two Dimensions
E E E

3

Sha, 3, Jfta,
A
2, = e (U o 2,
X Landau level
fren, fumy, = fian,
X
0 L] DOs ] DOs
Mo disorder With disorder
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Jednorodne pole magnetyczne

Przypadek 3D (brak potencjatu U(z))

Rozwigzania : 1 h2k2
Enk = (n - E) hw, + T n =1,2,3 ..to kolejne poziomy Landaua.
£1k] c DOS przypomina 1D bo jest mozliwy

ruch tylko w kierunku z

k, olE]

e

http://www2.warwick.ac.uk/fac/sci/physics/current/postgraduate/regs/mpags/ex5/mag/
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Jednorodne pole magnetyczne

Przypadek 2D
Rozwigzania &, = (n - %) hw, + Ey (nie zalezy od k).

x—x C-x)?] -
b () < Hy_s ( - k) exp [_ = ] exp(ikyy) M= 123
B

(a) g~ 2 (b)T
S H
s ©
glXz% pa
= o8
P
52

0

0 fho, 2p0, Ep O Ao, 2r0, g O he, 2w, g

PAGURE 6.7. Density of states in a magnetic field, neglecting spin splitting. (a) The states in each
rnange heo, are squeezed into a 8-function Landau level. (b) Landau levels have a non-zero width T’
namore realistic picture and overlap if we < T. (c) The levels become distinct when Aw, > T

2014-02-14
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Jednorodne pole magnetyczne

Rozwigzanie w cechowaniu symetrycznym:
1 2 92 5 R R Ldo
{ﬂ [p —q A, t)] +qo@,t) + U7, t)}lp(r, t) = thalp(r, t)

Cechowania symetryczne: pole B = (0,0,B,) = Ag = %Br, A, =0,4,=0
h? BZ+1B+1 92 iheBB+eszr2+U() 6,2) = Ep(r.6,2)
2m|or? " ror  r20e2 m 96 8m 2(r.0,2) = EYp(r.6,z

Tym razem niezmiennikiem jest obrét o kat 8, co mozna powigza¢ z momentem pedu i funkcja

w postaci exp(il6)

= (n+3l+300-3)ho, n=123. [=0+1,+243..

] g (72
b (r,0) < exp(ilf) exp |~ | 1L (o
415 2l
Potencjat symetryczny tez ma swoje
wady — gdzie zaczynaja sie
WSZYSTKIE orbity cyklotronowe?

| Stowarzyszony wielomian Laguerra |

2014-02-14
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Jednorodne pole magnetyczne

W polu magnetycznym nie mozemy zapomniec o spinie

) h . ”
Spin elektronu: up = % (magneton Bohra = wielko$¢ momentu magnetycznego elektronu na
0

orbicie o catkowitym momencie pedu 1#)

H' = usﬁgﬁ

W ogdlnosci g-czynnik moze by¢ tensorem

W przypadku elektronu swobodnego g = 2,0023 ..., ale w ciele statym moze mie¢ bardzo rézne
wartosci (np. g = —0.44 w GaAsi g = +0.4 w Aly;Ga, ;As).
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Jednorodne pole magnetyczne

Wracamy do cechowania Landaua

Rozwigzania &, = (n - %) hw, + Ey, (nie zalezy od k).

X —x (x — x)? . _
P (,y) HH( ; ")exp [— TR ]exp(zkyy) nE L3
B B

Pytanie: dla danego n (czyli poziomu Landaua) ile jest réznych stanéw ¢, (x,y) o tej samej
energii — czyli jaka jest degeneracja poziomdéw Landaua?

Policzmy ile jest réznych funkcji o liczbach kwantowych k,, (tylko liczy sig k,, bo w cechowaniu
Landaua x; zalezy od k, ) — podobne rozwazania mozna zrobi¢ w dowolnym cechowaniu.

Jaka jest iloé¢ stan6éw przypadajaca na jeden poziom? Prébka S = L, X L,,, w cechowaniu
Landaua dla wspdtrzednej y mamy warunek fali ptaskiej k = (211/Ly)ny
(n, to liczba catkowita).

lle jest wszystkich stanéw o réznych n,?

Dla wspdtrzednej x funkcja falowa jest centrowana w x; = —:—z = —(anmy/eBLy).
Jedli n,, bedzie zbyt duze, x; moze wyjs¢ poza prébke .
2014-02-14 27

Jednorodne pole magnetyczne

Wracamy do cechowania Landaua

Rozwigzania &, = (n - %) hw, + Ey, (nie zalezy od k).

X —x (x — x)? . _
P (y) HH( ; ")exp [— Tz"] exp(ikyy) T LA
B B

Pytanie: dla danego n (czyli poziomu Landaua) ile jest réznych stanéw ¢, (x,y) o tej samej
energii — czyli jaka jest degeneracja poziomdéw Landaua?

Policzmy ile jest réznych funkcji o liczbach kwantowych k,, (tylko liczy sig k,, bo w cechowaniu
Landaua x; zalezy od k,) — podobne rozwazania mozna zrobi¢ w dowolnym cechowaniu.

2014-02-14 2

Poziomy Landaua

Rozwigzanie réwnania Schrodingera w polu magnetycznym daje widmo dyskretne.

Jaka jest iloé¢ stanéw przypadajaca na jeden poziom? Prébka S = Ly X L,,, w cechowaniu
Landaua dla wspétrzednej y mamy warunek fali ptaskiej k = (Zn/Ly)ny
(ny to liczba catkowita).

Dla wspdtrzednej x funkcja falowa jest centrowana w x;, = — g = —(Znhny/eBLy).
Warunek na to, by x; byto w prdbce (a nie poza nig):
2mhn, . eB L,
=L, < <BL, <0 czyli 0<n, < T LyLy =ngS (warto$¢ bezwzgledna)

Nie ma czynnika 2 zwigzanego z degeneracjg spinowa
(bo w polu magnetycznym spin nie jest zdegenerowany)

| Wymiar ng = % to ,ilo$¢” na jednostke powierzchni |

_eB  degeneracja pozioméw Landaua — iloé¢ DOZWOLONYCH stanéw na kazdym z
np = "h pozioméw Landaua na jednostke powierzchni — roénie z polem B
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Poziomy Landaua

Rozwigzanie réwnania Schrodingera w polu magnetycznym daje widmo dyskretne.

Jaka jest ilos¢ stanéw przypadajaca na jeden poziom? Prébka S = Ly X Ly, w cechowaniu
Landaua dla wspdtrzednej y mamy warunek fali ptaskiej k = (21T/Ly)ny
(ny to liczba catkowita).

Dla wspdtrzednej x funkcja falowa jest centrowana w x;, = — % = —(2nhny/eBLy).
Warunek na to, by x; byto w prébce (a nie poza nig):
2mhn, . eB e o]
-L, < <BL, <0 czyli 0<ny<TLxLy=nBS=EBS=CTO

h
flux dy = == 4135667516 x 10> Wb [Wb]=[T m?]
»kwant” strumienia magnetycznego (w nadprzewodniku h/2e, wigc to nie kwant)
® = BS catkowity strumien pola magnetycznego w prébce S =Ly X Ly,

0<n,®y <P

llo$¢ dozwolonych standw taczy sie wiec z iloscig ,flukséw” przechodzacych przez prébke!

2014-02-14

Poziomy Landaua

m
N?P(E) = eyl Poszerzenie pozioméw na skutek rozproszer I' = f/1;

7; to jednoczastkowy (albo

@ ’Tg‘ 2 (b) (c) T kwantowy) czas zycia —
= i‘ 2.8 ti to NIE jest ten sam czas,
% - _.;:;‘é o ktory omawialismy w
9.5 modelu Drudego
= (transportowy)
m
W
0 fho, 2n0, E O he, 20, g 0 o, 2, E
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 ZeB _2mo; _ m A
H Ng = ——= = —— hw,
B h T 2mh  mh? ¢
Kazdy ze standw na poziome Landaua zajmuje powierzchnig P 2ml3 Lo ||
P moc |[leBl

2014-02-14

Lokalna gestosc¢ stanow

Gestos¢ stanow (ogdlnie) mozna zdefiniowac jako:

N(E) = Z 8(E — &)

Jak widac¢ po scatkowaniu:

f:zN(E) dE = LE Z 8(E — &) dE = Zn: f:zé(E —e)dE

Przyktadowo:

1 12
N“’(E):Zﬁ(E—e(k))=fm5(k—k’)2dk:; ?m
k

NZP(E) = Z 8(E — (k) = fﬁ 5(k — k') 2k dk = ”ihz
k

N3D(E) = Z S(E — e(k)) = f%k) Sk — k') 4mk? dk = 21? om
k
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Poziomy Landaua

_ 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

T B 7 - 2nl3nyp (z uwzglednieniem degeneracji spinéw)

Zwiekszajac pole magnetyczne kolejno zapetniamy poziomy Landaua. Mozna catkowicie zapetnié¢
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!)

2014-02-14
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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)

_Map _hnyp  Ponyp

v= = ——= =2ml2n,p (z uwzglednieniem degeneracji spindw)
ng eB B
(a) (b)
v=4
g
=
Ep E
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

2:3:4andgivev:4.§.and2.
2014-02-14 -

Poziomy Landaua

Poziom Fermiego w polu magnetycznym: Nnyp  hnyp  Ponyp 2
V=——=——=———=2mlgn,p
ng eB B

B/T

FIGURE 6.9. Variation of the Fermi level as a function of magnetic field for a two-dimensional
clectron gas in GaAs with 2 = 10 meV before the field was applicd. Spin splitting is neglected,
The fan of thin lines shows the Landau levels, while the discontinuous thick linc is Er.
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Poziomy Landaua

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 wptywa
na DOS — stany Scisliwe (compressible)

B

(b)
v=4

Ji5)

Ep

Ep E

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
2:3:4andgivev:4.§.and2.
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Poziomy Landaua

Poziom Fermiego w polu magnetycznym:

v= N2p _ hnyp _ Donzp — 220
ng eB B 572D

Fig. 16. Landau level fan diagram for the magnetic
2DEG sample described in Fig. 15. Solid (dashed)
lines correspond to spin-down (spin-up) states. The
dark solid line shows the variation of the Fermi
energy with magnetic field. Parameters used in this
calculation are: E;=7 meV at B=0, and 7=360 mK. The
spin-splitting parameters used are obtained by fitting
the magneto-optical data in Fig. 3: T;=2.1 Kand a
saturation conduction band spin splitting of 12.9
meV.

T vy

B(T)

Spin dynamics and quantum transport in magnetic semiconductor quantum structures
D.D Awschalom, N. Samarth, Journal of Magnetism and Magnetic Materials 200 (1999) 130-147
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Efekt Shubnikova-de Haasa

Shubnikov-de Haas effect

will exchibit guanty

» oscillations in

= oscillations of the magnet

sseillations in a magn

9.4.1 Types of quantum oscillation

» oacillations of the sample length;
o ocillations of the sample temperature;

# oscillations in the nltrasonie attennation:

# oscillations in the thermal conduetivity.

2014-02-14

Efekt Shubnikova-de Haa

Shubnikov-de Haas effect

ng eB

przez

&(T) = 2m2kT [ how,

2014-02-14

frequency experiments; see A, Ardavan el al
"Some pietures of typical data arc shown in Solid State Physics, by
and Winston, New York 1976) pages 266-268.

V= Nap _ hngp _ Ponzp

B

Apsay = 4pod cos(4nv)

http://www?2.physics.ox.ac.uk/sites/default/files/BandMT_09.pdf

Gestos¢ standw oscyluje -spadadoOdlav =ni
jest najwiekszadlav = n +% - najprosciej to
zmierzy¢ w magnetooporze Ry.

Oscylacje zalezg od stodunku energii Fermiego Er do

czestosci cyklotronowej hw, = eB/m”*. Oscylacje sg
periodyczne w funkcji 1/B.

= 2nl2n,p

Z SdH mozna takze wyznaczy¢ mase efektywna m*
oraz czas kwantowy 7. Amplituda oscylacji jest dana

§m (_L) -
sinh(2(1) P\ werg orf]

Zalezno$¢ temperaturowa daje m”*, ttumienie 7.

tion (the de Haas—van Alphen effect);

e Peltier effect and thermoelectric voltage;

Sheet Resistance (fnq)
i 8§88

H

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

As the electronic density of states at Ep determines most of a metal’s properties, virtually all properties
ie field. Examples include”

“Hawaver, open orhits do lead ta a very intoresting quantum phenomenon which has recently boen ohsorved in high-
Phys. Rev. B 00, 15500 {1999): Phys. Rev. Lett. 81, 713 (1998).
NAW Ashoroft and N.D. Mermin (Holt, Rinehart

37

—*—Temp = 2K

[

B (Teals]
A. Nainani et al. Solid-State Electronics 62 (2011) 138-141

Efekt Shubnikova-de Haasa

Shubnikov-de Haas effect

Gestos¢ stanow oscyluje -spadadoOdlav =ni
jest najwiekszadlav = n +§ - najprosciej to
zmierzy¢ w magnetooporze Ry.

I3
FourE s, i v
Oscylacje zaleza od stodunku energii Fermiego Ep do 2 tmisies s s, et T felds e e
czestosci cyklotronowej iw, = eB/m*. Oscylacje sg
periodyczne w funkcji 1/B.
T T T T T T
nap _ hngp  Ponyp 10|
VZE=F=T= anénZD ] 7= 250 mK
Z SdH mozna takze wyznaczy¢ mase efektywng m* g 4
oraz czas kwantowy 7. Amplituda oscylacji jest dana o
P 490 cos(amy) — ) ( id )
= cos(4nv) —————exp|———
PsdH Po sinh({(T)) P wetq
E(T) = 20%kT [ha, T T —

o
k5]
Zaleznos$¢ temperaturowa daje m”*, ttumienie 7.
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http://groups.physics.umn.edu/zudovlab/content/sdho.htm
2014-02-14
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Efekt Shubnikova-de Haa o
H TR ! !
Shubnikov-de Haas effect . ¥ 1 # | ]
|
T
n nAs 26 E " Temp = 2k 1 Ji f
A B~ nAlsbénm & om v 1]
Al Sb,., 10.50m ; i (@) L1
Al Gag,5b 21nm Gash 7.5/10nm |
1Ny 4yGay e55b 7.5nm AlAs,5b, , 10.5nm
Aly,Gay Sb 1.5um AlasSh,, lum L, :r:;a:sc:of
A5 0.1um )
Gaks 0.1um 666 periods
51 Gas substrate 51 Gads substrate

AGaSh: AsSb (Alis)
Superlattice

mGasn

AlGash

Fig. 1. Crass-section showing the Layer details in a quantum well heterastructure
with (A) InxGai_xSb and (B) Gasb channel. The AlAsyShi_x layers are composed of

AlshjAlAs short-period superlattices. Alsa shown are high resolution TEM images
around the channel region.

B (Teals]
Aneesh Nainani et al. Solid-State Electronics 62 (2011) 138-141

40
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Shubnikov-de Haas effect

{arb. units)

pll

2014-02-14

Figure 1. Shubnikoy-de Haas oscill
teanslorm (b} measured al 420 Tor sample Ko 3260

units)

E2 (bally}

I A A |

oM oo

]
magnetic field (T)

Fourier amplitude (arb.

¥ n
ragnetic field (T)

its Fourier

Henriques et al. Brazil. J. of Phys. 29, 707 (1999)
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™ ot
z Ui
5™ ot Yo
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i 1y
1200 1
i ] V]
1108 |' 1
- Fig. 3. [a) Effective hole mass is using the termy T of
AT Ay T an Tas oo theoscillations as the value for which a gradient of wnity is ebtained in the plot of
In{EsinhiEl) In (), vs. In{ iy ). (b) Dingle plot: Slope of line Is —na/p where x Is the ratio 1t
o . . of the RANSPOTE time T 6o the quantum lifetime .
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Shubnikov-de Haas effect

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

zmierzy¢ w magnetooporze Ry,. E
FouRE 6.8, inspliting show
Tow e it et mives ofeecions, The el e 1 e
2:3:4andgiver =4, L,and 2.
(a) (b)
2D electron graling LA AR
channel w gate g

drain

Mormalized SdH oscillations, arb. u

0.10 D12 0.14 0.16

iz -1
Inverse of Magnetic Field, T K. Nogajewski et al.,

Appl. Phys. Lett. 99, 213501 (2011)

2014-02-14 a4
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Efekt Shubnikova-de Haasa

Shubnikov-de Haas effect

Gestos¢ stanow oscyluje -spadadoOdlav =ni
jest najwiekszadlav = n +% - najprosciej to
zmierzy¢ w magnetooporze Ry,

FIGURE 6.10. Longitudinal and transverse (Hall) resistivity, Ry, and Ry, of a two-dimension
electron gas of density nzp = 2.6 x 10'* nm™~2 as a function of magnetic ficld. The measurement

werc made at 7 = 1.13K. The insct shows 1/ Ry, divided by the guantum unit of conductane’s,

€%/ as a function of the filling factor v. [Data kindly supplied by Dr A. R. Long, University of §
2014-02-14 Glasgow.] 1

Kwantowy (catkowity) efekt Halla (IQHE)

Integer Quantum Hall effect (IQHE) — dla gazu 2D jesli poziom Fermiego znajduje si¢ w obszarze

stanéw zlokalizowanych opér hallowski jest skwantowany

1h p" Substrate

Ry =-—— Source Hall
ve Drain
251 251
- Gate
2 2% 7 fom
;i 151 3‘1.5*
10r 1+ Uep
5 0.5
ol 0 L I8 -
g 5 10 15 20 25 0 10 20
=nuld =+=n=1==n=2-+ Magnetic Field (Tesla!
Vv gn (Tesla)

Figure 7. Left panel: ariginal data of the discovery of the integral quantum Hall effect {IQHE) by
Klaves von Kluang in 1980 in the two-dimensional electron system of a silicon MOSFET wansistor.
Tnstead.of a smaath curve be observed plateaus in the Hall voltage (Uy ) and found concomitant
deep minima in the magneto resisance (U], The horizontal axis represents gate voltage (V)
which vartes the carrier density, n. The rght panel shows equivalent dacs tken on & two-dimen-
sional chectron system in GaAs/AkGaAs. Since these data are plotted versus magnetic ficld they  Stromer, Nobel Lecture
can directly be compared to Edwin Hall's daa of Fig. 6. Rather than the linear dependence of

J the Hall resistance an magnetic fickd of Fig, 6, these data show wide plateaus in Ry, and in add-
ion deep minima in &

Kwantowy (catkowity) efekt Halla (IQHE)

Integer Quantum Hall effect (IQHE) — dla gazu 2D jesli poziom Fermiego znajduje si¢ w obszarze
standw zlokalizowanych opdr hallowski jest skwantowany

FIGURE 6.10. Longitudinal and transverse (Hall) resistivity, Ry, and Ry ). of a lw&dimcnsivd”
clectron gas of density nop = 2.6 x 10'> 'm™2 as a function of magnetic field. The measurements
were made at 7 = 1.13 K. The inset shows 1/ R, divided by the quantum unit of conductance::;

€2/ h as a function of the filling factor v. [Data kindly supplied by Dr A, R. Long, Univelsilytf:z
2014-02-14 Glasgow.]

Tensor przewodnictwa

Przewodnictwo o =nepu
Gesto$é pradu: J = oE -w ogoblnosci @ moze by¢ tensorem: E\
- - - qr 2 2 £
Jx =qnuvyorazv, = - E,=unE,
W o0géInosci np. jy = Oy Ex 0raz j, = 0y, Ey itp.
dv v N L= H
Model Drudego z polem magnetycznym: m* T + b =qE+quvxB z
T — czas relaksacji pedowej (scattering time) S
kS
L [(dvy + Uy Pt B S
mi—+ == v, £
at T 1 qLx T qUy £
dv, v,
B e
m'{—=+—=r=qE, — quB
(G + 2} e, - an
2014-02-14 a8

2014-02-14
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Efekt Halla

Sita Lorentza: F = qB x B

dv v o L o
Model Drudego: m* E+; =qE+qvXxB

T — czas relaksacji pedowej (scattering time)

dv,

* Vx
m ?+T =qEy +quyB

dv,

v
m*{7+?y}=qu—qva !/ S B

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

Dostajemy:
2.2y _ 4
v {l + wit?} = oo (Ey - (uCTEx)
qB qr . Z .
W, = = =0= invy
(e n=o= Jy i qinvy
2014-02-14 29

Efekt Halla

Biorac oy =nepu=ne’t/m G") - (a"" a"y) (E")
y

0, 0, E he]
yx  Oyy) \Ey i
_ i !
W przypadku efektu Halla E = [E,, 0,0]: 3
Jx = OxxEx jy = O'yxEx
%o
0, = -
F 1+ w2r2 < ;
0T _ -g
=T w?t? ‘,/ TR :
Tensor przewodnictwa: 5
o (O’xx —cryx) _ (O'L —U'T) _ gy ( 1 wcr) 3
T \%yx O )TN0y o) T 14wz \~wer 1 2

Tensor opornosci: = #( oL UT) = l( 1 wﬂ)
P ’ p_a,f+0% —or o) gy\~w,T 1

2014-02-14

Efekt Halla

Zaniedbujac w?t? « 11 biorac pod uwage przewodnictwo elektronéw n i dziur p:

Jy=0=) qmv}
i

Ey{nu, + pup} = E.B{puj, — nu?}

Dostajemy tzw. stafg Halla: I 7

Ey, 1 puf—nu?

"7 5B el (nt + pun)?

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

Np.dlap =0 mamy Ry = —ei

n

2014-02-14 50

Efekt Halla

Petny tensor przewodnictwa 5= eBt
1 -5 I
1+s2 1+4s? _
o =neu s 1 0 =0
1452 1452 d
0 0 1
Petny tensor opornosci o
1 ( 1 s 0) W
-1
p=0 " =—|-s 1 0 =
neu\ o' o 1 !/ \/ B
Je Ve —E I, B oo LB
N nep oy = Eyw =———w=—"PB=R,~—
E=pj=| j.B wd ne dne d
1
ne = — stata Halla
0 R = e
2014-02-14 A
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Efekt Halla

=
Tad

Petny tensor przewodnictwa

=S 02f
1+s2 1+s?
o=neu| s 1 01k XX
1452 1+s2 =
0 0

&

Petny tensor opornosci

Opdr wtasciwy (Qcm)
(=]
(=

1
=
L

o 1 1 s 0
p=5=a—510 : 7 . : i

0 0 1 3

Pole magnetyczne (T)

=
[
s
=

Dla réznych kanatéw przewodnictwa

=Y

i

transport wielonosnikowy — analizujemy tensor o
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Efekt Halla _

sic
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}VZ/‘X_/Z- Bro6 (@ 1 !
o i 1 | (b)
3 14 |
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Transport wielonosnikowy w grafenie (M. Gryglas-Borysiewicz)
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Efekt Halla

Petny tensor przewodnictwa
1 -5
1+s2 1+s2 Ea 1
o =neu s 1
0 ]
1+s2 1+5s? ".‘E ]
0 0o 1 =) L
u ]
Petny tensor opornosci ©
1 s 0 -1t ]
1
p=a‘1=—<—s 1 0) ©
"eH\o o0 1 -af ]
‘. . . -3 - : = L
Dla réznych kanatéw przewodnictwa 0 2 4 6 8 10
. . BN
o= Z a; transport wielonosnikowy n= (1.483+ 004)10" 1, = (13614 5) an'lVs
' 1 n, = (4.60+.02)10" |4 = (4622 6+9.5) an'/Vs
Ry=—- p=(177£06) 10" \ =(255.47) an'/Vs
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Efekt Halla

(a) Hall bar (b) van der Pauw sample (c) Corbino disc

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.

1 -5

- 0 eBt
1+s?2 1452 S=E T et
o =neu s 1
1+s?2 1+s? #:e‘r
0 0 1 m*
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Efekt Halla - kwantowy

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”.

2014-02-14

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

Efekt Halla - kwantowy

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”,

Efekt Halla - kwantowy

¥ Hall Probe 3
Dirain
25 25 25
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> 20 2 b
5 E Z 15
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Upp <
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s 05 « |0
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VoV

Horst Stormer, Nobel Lecture
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Efekt Halla - kwantowy

— FHYSICAL REVIEW LETTERS 1 Areaer im0
Now Mathed Foe g of the Comtant T k._{_/
ased oa Guantined Hall Resistance e
Kistaing 3
b thaitrches s dee Dabep ot Wirabeey, 5400 Frpbary . Fraerat Fepuille o Germar, amd . 22
e v~ Ve (haed)
ana

e & VF orma
3

AKX,

)

o]
% 10 20
Magnetic Field (Tesla)
2014-02-14 N1y Hewy Lk - % b
(aB=0 Equipotential lines
g R
/
Current flows along electric field
(b) Large B Field lines
‘ 4
Current flows along equipotentials
FIGURE 6.6. Electric field, current llow, and equip ials inside a long lar 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.
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Efekt Halla - kwantowy

Sy — FHYSICAL REVIEW LETTERS 14 A

Petny tensor przewodnictwa
v o uanioed i Bessnee —
P o= (crL —0'7-) gy ( 1 W,

x =
Pstates ke o Ul o, -t B, et Bt o G, ot or o, )T 1+ mczrz —wT 1

N Maihod fos Mig

Petny tensor opornosci

. 1 (1 —-s 0
p=0c =—[s 1 0
mH\o 0 1

Dla duzych pdl magnetycznych |o7| > oy,
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wtedy p~ay, !
Magnetic Field (Tesla)
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2
dl 2e% [*of(E,p) 2e? €
= =— — " T(E)dE ~ —T =G, T — =1387uS
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b\ 1 ; '
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=] — | = — 1
i IR |
= £ ~—
ol ] ] 16 4 2
2 <18 -16 -1.4 -1.2 -1 -08 -06 GATE VOLTAGE
GATE WOLTAGE (V] FIG. 2. P.ninhxmlmcl mduc‘(ano.e as a function g
woltage, obtained from the data of Fig. 1 a
FIG. 1. Point-contact resistance as a function of gate volt- the lead resistance. The cos
age at 0.6 K. Inset: Point-contact layout, ples of & ¥fxh.
B.J. van Wees et al. Quantized conductance of point contacts in a two-dimens
Phys. Rev. Lett. 60, 848-850 (1988)
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Kwant przewodnictwa

2e?
G= TT(M) =GoT(W

CONDUCTANCE (2e2/h)

B. J. van Wees et al. Quantum ballistic and adiabatic
electron transport studied with quantum point -2 -1.8 -1.6
contacts Phys. Rev. B 43, 12431-12453 (1991) GATE VOLTAGE (V)

FIG. 6. Breakdown of the conductance quantization due t
2014-02-14 temperature averaging, The curves have been offset for clarity.

h? ieh (eBx)
—— V2 ——Bx— E
[ 37 b+ )| 9 = B9 )
Potencjat wektorowy nie zalezy od y, mozna zatozyé postaé funkcji: (7) = w(z)u(x) exp(ikyy)
4z 1 hk 2 v 2mE
[_ﬂdxz - maw? x+ u(x) = eu(x) | R =w—c |EB|
| Czestosé cyklotronowa | | Promien cyklotronowy |
| Wektor falowy k,,. Co ciekawe w & NIE MA k,,. |
Potencjat paraboliczny przesunigty o x, = —hk, /eB I
2014-02-14

Pole elektrycznie i magnetyczne

Ruch elektronu w skrzyzowanych polach elektrycznym E= (E, 0,0) i magnetycznym
= (0,0, B) opisany jest cykloida:

mE
x(t) = o5 (1 — cos wct)
mE .
y() = B (wct — sinwt)

Szczegoty ruchu zaleza od warunkéw poczatkowych

IR )]

qF | ¥ (1ii)
et ol ()
. (i)

. E
B ——— driftv,=FxB/B? Predkosé dryfu w polu B: 1, =z
FIGURE 6.11. Classical motion of a charged particle in crossed electric and magnetic ficlds, wit
B normal to the page and equal intervals of time between the symbols. The curves correspond io
different initial velocities and energies, with (iii) showing the cycloid for a particle initially at resy

2014-02-14

[ h? 2 lehB (eBx)?

I p- x(’)y o + eEx] W@ = EY(@)

Potencjat wektorowy nie zalezy od y, mozna zalozyc postac¢ funkgji: Y (7) = w(z)u(x) exp(ikyy)
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znie i magnetyczne

Potencjat paraboliczny zalezy
od polaiod ky,

0 50

FIGURE 6.13. Potential energy and lowest eigenstate in a magnetic field for an electron with
wave number & in a hard-walled wire of width 0.1 um in GaAs.
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FIGURE 6.11. Classical motion of a charged particle in crossed electric and magnetic fields, with
B normal o the page and equal intervals of time between the symbols. The curves correspond i
different initial velocities and energies. with (i) showing the cycloid for a patticle injtialy at et
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znie i magnetyczne

Potencjat paraboliczny zalezy
od polaiod k,,

FIGURE 6.18. A Hall bar in a strong magnetic field, showing the propagation of edge staes. A
negative bias on contact | injects extra electrons into the N edge states that leave it (only two of
which are drawn): the electrons depart through the other current probe (2),
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nE)

extended states

FIGURE 6.18. (a) Density of states of a Landau level in a disordered system showing a bund of

tended stales in the centre of each level with localized states in between, (b) Edge states localized
aslowly varying potential, with a hill on the feft and a hoflow on the right, 7

Pole elektrycznie i magnetyczne

“20
Potencjat paraboliczny zalezy
od polaiod ky,
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PGURE 6.14. Encrgics £, (B) of clectrons in a hard-walled wire in a magnetic fiekd of (03 2T
. @d(®) ST, plotted a st the guiding centre (vq). For clarity. only the lowest three bands are
sbown for B == 2T. The dots represent some of the oceupicd states and the dashed ling is the Fermi
-level. (¢) Classical skipping orbits along the edge of a wire.
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FIGURE 6.11. Classical motion of a charged particle in crossed electric and magnetic ficlds, with

B normal o the page and equal intervals of time between the symbols. The curves correspond i
different initial velocities and energies. with (i) showing the cycloid for a patticle injtialy at et
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Kwantowy (catkowity) efekt Halla (IQHE)

2014-02-14

10
Magnetic Field (Tesla)

standw zlokalizowanych opér hallowski jest skwantowany
1h Tl gl
Ru=ye
Yu, Cardona

Fractional Quantum Hall Effect (FQHE) —
obszarze standw zlokalizowanych opdr hallowski jest skwantowany

dla gazu 2D jesli poziom Fermiego znajduje sie w
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Magnetic field (T)
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http://www.phys.unsw.edu.au/~arh/background/

Integer Quantum Hall Effect (IQHE) — dla gazu 2D jesli poziom Fermiego znajduje si¢ w obszarze

~
]

Semiconductor_Devices,

Stromer, Nobel Lecture

r_devices.html
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oF
X
a

0,00 O

A I TR AT A AT A
50 100 150 200
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Figure 10. First publication on the FQHE. Hall resistance data (here p, ) and magneto resistan-

levelis indicated on the top. The features at v=1,2,3.. are due to the IQHE. The features at v=1/3
are due to the FQHE. Sample dimensions and sample temperatures are indicated.
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Kwantowy utamkowy efekt Halla (FQHE)

Fractional Quantum Hall Effect (FQHE) — dla gazu 2D jesli poziom Fermiego znajduje sie w
obszarze standéw zlokalizowanych opdr hallowski jest skwantowany

o, e gy
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Coulomb forces
o flux quantum attachment m=odd boson
Figure 14. Schematic drawing of electron vortex auraction at fractional Landau level filling, ™ =even —=  fermion

ce data (here p,.) are from the same specimen as in Fig 9. The filling factor, v, of the Landau  Stromer, Nobel Lecture

v=1/3. Now there are three times as many vortices as there are electrons. The Pauli principle is  of sy st vompomse puriches Esihange of 1o puivde sies
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saified by placing one vortes: onw cach electron (). Placing three vortices onto each clectron i oo
reduces electron-clecton (Coulomb) repulsion (b}, Vortex attich d as the at- s o e
tachment of magnetic flux quanta to the elecrons ing them ite particles (c). -

Stromer, Nobel Lecture
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Composite fermions

Fractional Quantum Hall Effect (FQHE) — composite fermions, fractionally charged quasiparticles

Kropki kwantowe

10 -
>
23
g
el ] ?
Figure 16. Schematic representation of 1/3 charged quasiparticles. At shghtly higher B fields n‘f‘a "
than at v=1/3 additional vortices are created. They represent dimples in the elecuron lake. In the
dimples exactly 1/3 of an electron charge is missing. These arc the fractionally charged quasi-
particles of the FQHE.
B/T
RGURE 6.16. Energy levels in 2 magnetic ticld of a GaAs dot with a parabolic confining potential
giving hwp = 2meV.
Stromer, Nobel Lecture
2014-02-14
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Potencjat harmoniczny2D

Potencjat harmoniczny.2D

1 i aped 1 .

Ef = hwy <nx + E) w kierunku x i taka sama w y 2D disk sh dot EY = hw, <nx + E) w kierunku x i taka sama w y 2D disk sh dot
E; = hwg ny+§ 7 E; = hwg ny+E 7

Degeneracy Degeneracy
Ey = EX + EJ = hwoo(N + 1) | - | En = E¥ + EY = hoo(N +1) | -

4. 4
Degeneracja? N=n,+n, 2. Degeneracja? N =ny+n, P
I gv=N+1

J—

Fig. 5. Schematic model for the vertical dot with a harmonic lat-

(nx: n ) Fig. 5. Schematic model for the vertical dot with a harmonic lat-
eral potential. The single-particle states are laterally confined p4

1 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.
Jpa. 3, Appl Phys. Vol 36 (1997) p. 30173023 1 (1,0)(0,2) Jpa. 3, Appl Phys. Vol 36 (1997) p. 30173023
Part 1, No. 6B, June 1997 2 (2,0) (1,1) (0,2) ” Part 1, No. 6B, June 1997
L onil
3 (30) 2,1) (12) (0,3) przypo™™®
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Potencjat harmoniczny2D
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Hofstadter butterfly

\ \?3*??/ / '
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e NN

The Hofstadter butterfly is the energy spectrum of an electron, restricted to move in two-
dimensional periodic potential under the influence of a perpendicular magnetic field. The
horizontal axis is the energy and the vertical axis is the magnetic flux through the unit cell of the
periodic potential. The flux is a dimensionless number when measured in quantum flux units
(will call it @). It is an example of a fractal energy spectrum. When the flux parameter a is
rational and equal to p/q with p and g relatively prime, the spectrum consists of g non-
overlapping energy bands, and therefore g+1 energy gaps (gaps number 0 and g are the regions
below and above the spectrum accordingly). When a is irrational, the spectrum is a cantor set.

http://physics.technion.ac.il/~odim/hofstadter.ht
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Kropki kwantowe
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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.
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De Haas —van Asphen

Fig. 8.12: Tubes of quantized elecironic states in a magnelic field along the z-aris. A
marimum of the magnetization occurs cvery time a tube crosses the extremal Fermi surface
arrea as the magnetic field is increased.

www.itp.phys.ethz.ch/education/lectures_fs10/Solid/Notes.pdf
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De Haas — van Asphen

Moment magnetyczny czystego monokrysztatu metalu oscyluje w zmiennym polu
magnetycznym

4

Namagnesowanie

Ashcroft, Mermin
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Figure 157
Irsticatieg only a few of the surprisingly many
types of orbits an electron can pursue in k-space
when a wniform: magretic field is applied 10 a
sobde metal. (Recall that the orbits are given by
slicing the Fermi surface with planes perpen-
dicular to the Beld) The figere displays (a) a
closed particle orbit; (b) a dosed hole orbit;
{€) an open orbit, which continees in the same
geneeal drection indefinitely in the repeated
zone scheme. [ Figare 155
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De Haas — van Asphen

Moment magnetyczny czystego monokrysztatu metalu oscyluje w zmiennym polu

magnetycznym

De Haas — van Asphen
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Figure 14.5

(k)

)

{a) A Landau tube. Its cross sections by plancs perpendicular to H have the same arca—
(v + A) AA for the vih whe—and are bounded by curves of constant energy &{k,) ot height
k. (b) The portion of the tube containing orbits in the energy range from & 10 & + £ when
none of the orbits in that range occupy extremal positions on their constant-encrgy surfaces.
(¢} Same construction as in (b), except that & is now the cnergy of an extremal orbit. Note
the great enhancement in the range of k, for which the tube is contained between the constant-
energy surfaces at & and £ + &

-14

Figure 155
40 T the hece ncble et the e eesron spbere
kg ot i the {1117 dmcrions 10 make coraast wilh
e hengonal pone faces. () Dexaied crom. sections.
o ihe sorface foe the weparate s (D Shosnbary
‘and 031, Rosl. et Trar. Ry, Sor. 2444315611} The
cronn sextions gy b ienified by & compminoe with
i

Ashcroft, Mermin

Figure 136

De Haas-van Alphen oscillations in silver. {Countosy of A 5.
Joseph) The magnetic eld b along a {1113 disection. The o
distinet periods are due to the neck and belly orbits indicated in
the inset, the high-frequency cacillations comisg from the larger
belly orbit. By merely counting the nursber of high-frequency
periods in n single low-frequency pericd (ie., between the twe
neeows) one deduess directly that A, o, (bellyl/ A, (weck) = SI

(Nose that it & not necessary 10 know either the vertical or hori-
zontal scades of the graph (o detcrrsant this fundarmental piece of
prometrical informationf)
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