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Streszczenie

e nanodruty potprzewodnikowe zawierajace
warstwy roznych materiatow — struktury
tunelowo-rezonansowe

» uktady kwaziperiodyczne w nanodrutach

* nanodruty o niejednorodnej geometrii —
przewezenia, pole magnetyczne | ich wptyw na
transport tadunku i spinu elektronow
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Nanodruty

* struktury o srednicach rzedu « przykladowe zastosowania:

kilku-kilkunastu nanometrow

 stosunek dtugosc/promien
(aspect ratio) typowo rzedu
100-1000 -

* inaczej druty kwantowe z
powodu zasadniczego -
znaczenia zjawisk
kwantowych
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Tunelowanie rezonansowe przez ukiad dwaoch barier
w nanodrucie InAs/InP
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[ Bjork et.al. Appl Phys Lett 81, 4458 (2002) ]



Przyblizenie adiabatyczne

for z <0,
eFz for 0<:z<L,
—eV for z > L.




Przyblizenie adiabatyczne
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Oscylacje pradowe na
skutek rezonansow Starka
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FIG. 6. Upper part: Transmission coefficient 7" as a function of energy E and
spacer width s. Lower part: energy levels E, of the quasi-bound states as
functions of the spacer width s. Gray dots show the energies calculated for
the entire nanodevice (including the contacts) and blue dots show the energy
levels of the quasi-bound states localized in the left spacer. The calculations
have been performed for V=84 mV and U =0.
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FIG. 8. (a) Potential energy profiles for the entire nanosystem (gray lines),
the simple model with the left spacer and barrier (blue lines), and the infinite
TQW (red dash-doted lines) corresponding to the profile of the triangular
potential well in the left spacer region. The widths of the different regions
and the barrier heights are not to scale, U,,;, = —eVs/L. (b) Energy eigen-
values calculated for the potential energy profiles plotted in panel (a) as
functions of the spacer width s for V=84 mV and Ug; =0. The symbols and
colors of the curves correspond to those in panel (a).
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Nanodruty z wieloma barierami

b=5nm 25nm
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50 nm

Schematic (top) and TEM
image of an InP
superlattice nanowire.
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(a) 50 pericd vertically-aligned AlN/GaN nanowire superlattice prepared using the two-step method. Bottom
Inset: profile intensity scan measuring compesitional modulation aleng the vertical c-axis direction. (B) & peried
coaxially-aligned AIN/GaN nanowire superlattice using the two-step procedure. Bottom Inset: section of coaxial
layers imaged with atomic resolution. Dark (light) areas correspond to AIM [GaN) due to z-contrast. All scale bars

correspond to 100 nm unless labkeled ctherwise.

[ Carnevale et al., Nano Lett. 11, 866 (2011) ]

[ Yan et al., Nature Photonics 3, 569 (2009) ]



Uktady kwaziperiodyczne

 tradycyjna klasyfikacja materi
(w duzym uproszczeniu):

- materiaty krystaliczne (uporzadkowanie)
- materiaty amorficzne (nieporzadek)

* W kregu zainteresowan matematykow
fizykdw teoretykdw rowniez m. in. :

- clagl aperiodyczne

— aperiodyczne pokrycia ptaszczyzny
(np. Parkietaz Penrose’a)



e Dan
Shechtman,
1984

Stop Al-Mn
dajacy obraz
dyfrakcyjny jak
dla krysztatow,
ale z 5-krotng
0sig symetrii

Diffraction pattern taken from a single
grain of the icosahedral phase.
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Icosahedron vertices form
three orthogonal golden

rectangles [wikipedia]
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Pierwszy znaleziony
naturalnie wystepujacy
kwazikrysztat
(prawdopodobnie z
meteorytu):

Fig. 1. (A) The original khatyrkite-bearing
sample used in the study. The lighter-colored
material on the exterior contains a mixture of
spinel, augite, and olivine. The dark material
consists predominantly of khatyrkite (CuAl;) and
cupalite (CuAl) but also includes granules, like
the one in (B), with composition AlgzCuz4Fess.
The diffraction patterns in Fig. 4 were obtained
from the thin region of this granule indicated by
the red dashed circle, an area 0.1 pum across. (C)
The inverted Fourier transform of the HRTEM
image taken from a subregion about 15 nm
across displays a homogeneous, quasiperiodi-
cally ordered, fivefold symmetric, real space
pattern characteristic of quasicrystals.

[Bindi et.al. Science 324, 1306 (2009)]



e OpOr wkasciwy roznych typow materiatow

(w temperaturze pokojowej)

ﬁng p (L€ cm)

Decagonal

Metals

Conducting Polymers

(undoped)

Semiconductors

Quasicrystals
Icosahedral

(doped)

Ceramics

Fibres

Plastics

[ E.Macia, Rep Prog Phys 69, 397 (2006) ]




Reguly podstawien generujace ciggi o wiasnosciach
aperiodycznych | samopodobnych

Sequence Set L Substitution rule
Fibonaccl {A, B} g(A)=ABg(B)=A
Thue—Morse {A, B} g(A) =AB g(B) = BA
Period-doubling {A, B} g(A) =AB g(B) = AA
Silver mean {A, B} g(A)=AABg(B)=A
Bronze mean {A, B} g(A)=AAABg(B)=A
Copper mean {A, B} g(A)=ABBg(B)=A
Nickel mean {A, B} g(A)=ABBBg(B)=A
Triadic Cantor {A, B} g(A) = ABA g(B) = BBB

Rudin—-Shapiro {4, B, C,D} g¢g(A)=AC g(B) = DCg(C) = AB g(D) = DB

Paper folding {A,B,C,D} ¢g(A)=ABg(B)=CBg(C)=ADg(D)=CD

[ E.Macia, Rep Prog Phys 69, 397 (2006) ]



Binarny ciag Fibonacciego
(“Fibonacci word”)

* generowany n-ty wyraz:  f(n) = 2+[ne|-[(n+1)e]

przez.
{O} — {0,1} 4 10#}./1;
{1} - {0} 3 e

2 o=

Lk
| o
0 . 1 2 3 4 5 6

Characterization by a cutting sequence with a line of slope &
]_/t’g or (p — 1, with {2 the golden ratio.

dtugosc¢ = liczba Fibonacciego F(n)

F(n) = F(n-1) + F(n-2)

Iimnm F(n+1)/F(n) =@



FlbonaCCI Word * rozpraszanie elektronow

. w 1-wymiarowym uktadzie opartym
I fraktale na binarnym ciggu Fibonacciego

o konstrukcja fraktala Nomata et al. PHYSICAL REVIEW B 76, 235113 (2007)
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Pl ?@%ﬁ% gﬂaﬁmﬁ o FIG. 7. {Color online) Self-similarity for transmission probabil-

ity and Landauver resistance at j=17, £=L,=1, and Lz=0.5. The
green dashed line is T and the red solid line is R, ;. (a) depicts the

Wymiar fraktalny Hausdorffa: region 0.47=k/7r=0.60 and (b) shows the enlarged region of
3 log(@)/log(1+vV2) = 1.638 047 = k/ = 0.60.
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FIG. 8. (a) The transmission spectrum of the porous silicon-
based F9 sample is compared to the transfer-matrix calcu-
lations with 1% of optical path gradient. (b) The same for
the F12 sample. The gradient is of 4% in this case.

[ Ghulinyan et al., Phys Rev B 71, 094204 (2005)]
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Figure 4. Experimental (solid line) and theoretical (dashed line)

reflectance spectra of the asymmetric Fibonacci array 5S¢ made of
porous silicon, where Ay = 600 nm.

[ Nava et al., J Phys Cond Mat 21, 155901 (2009)]



Binarny ciag Thue-Morse’a
(“Thue-Morse word”)

* generowany « konstrukcja fraktala
Przez. dla kazdego t(n)
— - jesli t(n)=0 :
{O} {O’ 1} narysuj odcinek jednostkowy
{1} — {1,0} - jedli t(n)=1 :

wykonaj zwrot o 60°
(przeciwnie do ruchu
wskazowek zegara)

Ly e

i 1 B
g i :i_ :i_ g :i_ FIGURE 3. The Thue-Morse turtle program of degree 14
1 fﬁl 1 1£1 1 f@] wymiar fraktalny Hausdorffa:

IN4/In3=1.262




G(E) = 2= Y1 (E)

(a) PERIODIC

(b) FIBONACCI

(c) DISORDERED
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Opis za pomoca funkcji Wignera
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jednostki atomowe (e = h=m. = 1)

Funkcja Wignera —
ewolucja czasowa
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N, = 4096 N, =1024 A, =02 A, =0.0125

t=30, periodic

1=30, disordered
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Trajektorie
W przestrzeni fazowej (<x>, <p>)
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| periodic '
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(x*(t)) =

4.5

3.5

1
2mh

—— [ x*pw(x, p, t)dxdp o t*

« a=1 - dyfuzja

e 1 <a<2 - transport
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Fibonacel
saguence: 100101001001010010100100101001001010010100100101001

! 2 i S

V(x) [102a.u]

0 '1 2 3 4
x[10% a.u]

Figure 1. Potential enerqgy profile of the Fibonacci superlat-

tice formed by 20 layers of Alo3Gag7As and 31 layers of GaAs

for when no external electric field is applied. The electronic

states are plotted as (red) horizontal lines at their energies,

with lines plotted for those x at which |2, (x)| exceeds its
average value.

[ Eur Phys J B 85, 10 (2012) |
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FIG. 3. The Wigner function for the system based on the Fi-
bonacci sequence. (a)—(c) n=0 and (d)—(f) n=1. Electric field, from

[ Phys Rev B 80, 035127 (2009) ]



* spektrum
multifraktalne f(a)

N (e
f (an) = lim S Rnt ik (€3 @) I prk (55 )

0—0 Iné

N (e)
— nk\&; In n E;l
o (q) = lim 2=t k(S @) I i (E: 1)

6—0 Ind

6 =c¢/L

fﬁgk(s)
Ni(e 3
E:j:g?-FﬁZ(E)

Fuile) = / dz | (z)|”
By (¢)

/Lnk(&‘; Q) —

Dy (q) = / ((1”)1 __ ‘ffn (9)

D_ |n

!
1'.
i

| F=2x10'8 ‘l F=dx108
H i

|
|
L
i

10

Go

o Wymiar

20

30

uogolniony D(q)




-

Nanodruty w zewnetrznym polu
magnetycznym

« hamiltonian uwzgledniajgcy pola elektryczne F=(0,0,F) oraz
magnetyczne B=(0,0,B)

A | N 2
H= F[l—" +eA(r) | + Uconf(r) + €7
m

Usont(X, y, 2) = Ui(x, y; 2) + Uyz)  w(x, v, 2) = X )y (x, y; 2)

e cechowanie symetryczne A=(Bxr)/2

N, N,
Xs(xs Y, Z) — Z E C,{[(Z)gkl(x, V. Z) C;f[(Z)
k=11[1=1
— )2 — v)2 _ 1 .
gu(x, y; 2) = exp[— b= %) +2(y %) + i(xy, yxk)] ES (B: Z)
20 202

A2

To(x) = [dxdy z'(x, y; z) xs( ¥; 2),

h d2
2m* dz

+ E}B;z) + eFz — (E - E )]¢ (2)

= ﬁs’ +A\ss’ s\<) s A A
;,[ (2) (Z)]{l) (2) Ay (z) = [dxdy yi(x, y; z)—){s (x, v; z)pz.



Nanodrut InAs z
przewezeniem —
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Transport zalezny od spinu elektronu
w nanodrucie InSb
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Fig. 2. Effective Landé factor g* as a function of the nanowire radius r. in the
presence of the magnetic field B=0T, 3 T, and 6 T. Insets show g* as a function of

the magnetic field B calculated for the nanowire with radius r equal to 10 nm, .
15 nm, and 20 nm. [ Physica E 83, 127 (2016) ]
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Fig. 3. Spin conductance AG as a function of the constriction
magnetic field B for the Fermi energy Er=50 meV.

AG(B) = G(B) - Gi(B).

radius r. and the
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Fig. 4. Magnetoresistance as a function of: (a) radius r. of the constriction and
magnetic field B and (b) radius r, of the constriction (cross sections of (a) at dif-

ferent B; dashed lines correspond to the results obtained when spin of the electrons
is neglected).



(a) r.=16.0nm (b) rc=16.8nm (c) r.=18.0nm

100

R [arb.u.]

IIIIII|
\

0 1 2 3 0 1 2 3 0 1 2 3
B [T]
Fig. 5. Spin-up (R;, red curves), spin-down (R;, blue curves) and total ( Ry, dashed lines) resistances of the nanowires for three different constriction radii r.: (a) 16 nm,

(b) 16.8 nm, and (c) 18 nm. Insets show the effective heights of barriers at the centers of constrictions, i.e., U, = Ef(B; zo) + g*(B; zo)ugB, and Er is the Fermi energy. (For
interpretation of the references to color in this figure caption, the reader is referred to the web version of this paper.)



Nanodrut InAS

3 bramki typu all-around - 2 sprzezone kropki kwantowe
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Podsumowanie

oscylacje pragdowe w nanodrutach tunelowo-
rezonansowych

transport elektrondw w uktadach
kwaziperiodycznych

magnetoopor w drutach ze zmienng srednica
prady zalezne od spinu
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