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Streszczenie

Rozprawa dotyczy badan wlasciwosci transportowych tadunku i spinu w nanouktadach na
bazie silicenu, w szczegolnosci wptywu oddzialtywan spin-orbita typu Rashby i Kane-Mele, oraz
zewnetrznych pol magnetycznych i elektrycznych na strukture elektronowa, a takze na obserwo-
wane efekty kwantowe (m.in kwantowy spinowy efekt Halla i efekt Aharonova-Bohma). Do tego
celu wykorzystano model ciasnego wiazania, gdzie kwantowomechaniczny problem rozpraszania
rozwiazywano z rozdzielczoscia atomowa metoda kwantowej granicy przewodzacej.

W ramach pracy przedstawiono projekt inwertera spinowego, mogacego stuzy¢ jako tranzy-
stor spinowy, kontrolowanego przez napiecie bramki sterujacej. Wykorzystano w nim mozliwosé
uzyskania stanu topologicznego izolatora celem zwigzania pradéw spinowych na krawedzi wste-
gi, co jednocze$nie umozliwia dobér predkosci precesji poprzez jej liniows zaleznosé z réznica
wartosci wektora falowego miedzy modem wchodzgcym i wychodzacym dla stanéw krawedzio-
wych. Pokazano, ze dostrajajac odpowiednio parametry dtugosci i napiecia bramki, szerokosci
wstegi oraz poziom Fermiego, mozna uzyska¢ pelny obrét spinu na odleglodciach rzedu kilku
nanometrow.

Rozprawa zawiera takze projekt detektora fazy topologicznego izolatora oraz fazy trywialne-
go transportu dla silicenu w uktadzie interferometru Younga oraz Aharonova-Bohma (systemie
dwuszczelinowym i pierscieniowym), gdzie badajac konduktancje w funkeji zewnetrznego pola
magnetycznego mozemy wykryé, w ktorym stanie 6w uktad sie znajduje.

Kolejne czesci rozprawy pokrywaja badania kwantowego spinowego efektu Halla indukowa-
nego lokalnie przez niejednorodne pole elektryczne, gdzie pod obszarami bramkowania nastepuje
przejscie stanu silicenu z izolatora pasmowego do izolatora topologicznego, co skutkuje zwigza-
niem pradéw chiralnych wzdtuz linii granicznych (zmian znaku pola elektrycznego). W oparciu
o ten efekt, przedstawiono badanie geometrycznego roztozenia gestosci rozproszeniowej w pier-
Scieniu kwantowym z dwoma kontaktami, wptyw zaburzenia punktowego na wspotczynnik od-
bicia, a takze projekt pomiaru rezystancji, dla ktérego oscylacje w funkcji pola magnetycznego
odpowiadaja interferencjom Aharonova-Bohma.

Skupiono sie réwniez na efektach magnetycznych dla kwantowego kontaktu punktowego
zdefiniowanego elektrostatycznie w silicenie. Zmierzono wartosci efektywnego czynnika Landégo
przy pomocy pomiaru transkonduktancji i wykazano zwiazek wynikow z oddziatywaniem spin-
orbita typu Kane-Mele.
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Abstract

The dissertation focuses on the charge and spin transport properties in nanodevices based
on silicene, with special attention to the Rashba and the Kane-Mele spin-orbit interactions, the
influence of external magnetic and electric field on the structure and observed quantum effects
(i.a. quantum spin Hall effect and Aharonov-Bohm effect). We use tight-binding model along
with the quantum transmitting boundary method to solve the stationary quantum scattering
problem in atomic resolution for each considered system.

We propose a spin inverter controlled by a gate voltage, that can be considered as a spin
transistor. We make use of the topological insulator state to confine currents at the edges that
allows us to control the precession rate due to its linear dependence on the difference between
the wave vectors of the incoming and outgoing modes at the edge states. We show that by
tuning the length /voltage of the gate, the width of the ribbon and the Fermi level, the full spin
flip occurs at the lengths of the nanometers.

The dissertation also includes the proposal for the detector of topological insulator and
trivial state in silicene, that is based on the Young and Aharonov-Bohm interferometers (two
slits and quantum ring configurations). Defining the state of the device is concluded from the
conductance measurement in presence of the external magnetic field.

Further parts of this dissertation cover studies of the quantum spin Hall effect induced
locally by inhomogeneous electric field, where the silicene between gated areas changes from
band insulator to topological insulator with confinement of the chiral currents along the critical
electric field lines. Exploiting this effect we study as follows: the geometric distribution of the
scattering density in the crossed quantum ring with two transmitting leads, reflection proba-
bility dependence on sharp electric perturbation as well as the proposal of the experimental
implementation of the four-terminal resistance measurement in which the resistance oscillates
in external magnetic field with agreement to the Aharonov-Bohm interference.

We also focus on the magnetic effects for an electrostatically defined quantum point contact
in silicene. We calculate effective Landé factors from the transconductance of the system and
show strict relationship of the obtained results to the spin-orbit coupling in Kane-Mele form.
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Uktad pracy

Rozprawe doktorska tworzy zbioér czterech artykutow opisujacych wlasciwosci transportu tadun-
ku i spinu w nanourzadzeniach na bazie silicenu. Suplementem do rozprawy jest manuskrypt
dotyczacy badania efektywnego czynnika Landégo w silicenie, ktory w chwili ztozenia rozprawy
jest recenzowany.

Al
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A3

A4

S1

Bartlomiej Rzeszotarski, Barttomiej Szafran, Electron spin inversion in gated silicene
nanoribbons, Phys. Rev. B 98, 075417 (2018)

Bartlomiej Rzeszotarski, Alina Mrenca-Kolasiniska, Barttomiej Szafran, Electron in-
terferometry and quantum spin Hall phase in silicene, Phys. Rev. B 99, 165426 (2019)

Barttomiej Szafran, Bartlomiej Rzeszotarski, Alina Mreica-Kolasinska, Topologically
protected wave packets and quantum rings in silicene, Phys. Rev. B 100, 085306 (2019)

Bartlomiej Rzeszotarski, Alina Mrerica-Kolasiniska, Barttomiej Szafran, Aharonov-

Bohm oscillations of four-probe resistance in topological quantum rings in silicene and
bilayer graphene, Phys. Rev. B 101, 115308 (2020)

Bartlomiej Rzeszotarski, Alina Mrenca-Kolasinska, Francois M. Peeters, Barttomiej
Szafran, Effective Landé factors for an electrostatically defined quantum point contact in
silicene (https://arxiv.org/abs/2105.02843)

Rozprawa sktada sie z 4 rozdzialow. Pierwszy rozdziat przedstawia gléwne cele i motywacje
pracy. W drugim rozdziale przedstawiono gtéwne cechy silicenu i wynikajace z nich zjawiska
mozliwe do obserwacji w tym materiale bedace przedmiotem badan zawartych w publikacjach,
oraz zaprezentowano model teoretyczny rozwigzania kwantowego problemu rozpraszania. Trzeci
rozdzial zawiera omoéwienia prac Al-A4 wraz ze streszczeniem manuskryptu S1. W ostatnim,
czwartym rozdziale, zawarto podsumowanie catej rozprawy oraz wnioski zebrane podczas badan.
Dalsza cze$¢ stanowia zataczniki artykutéow i suplementow.


https://arxiv.org/abs/2105.02843

1 Motywacja i cel pracy

W 2015 roku pierwszy raz wytworzono dziatajacy w warunkach normalnych i temperaturze
pokojowej tranzystor na bazie silicenu [I]. Atomy krzemu tworzace silicen nanoszono metoda
epitaksjalna na podlozu z cienkiej warstwy srebra Ag (111) chroniac je przed utlenianiem
poprzez przykrycie tlenkiem krzemu Al,Os. Charakterystyka pradowo-napieciowa urzadzenia
Swiadczy o istnieniu stozkéw Diraca - liniowej relacji dyspersji dla energii z poziomu Fermiego,
nalezacego do okolic punktu K /K’ sieci odwrotnej i charakterystycznej dla gazu elektronowego
2D. Pojawiajacy sie stozek Diraca w relacji dyspersji swiadczy o bliskiej zeru masie efektywnej
nosnikow. Temat elektronow relatywistycznych byl intensywnie badany w grafenie [2, [3].

Silicen, podobnie jak grafen, to kwazi-dwuwymiarowa struktura, ktorej atomy sieci roz-
tozone sg w ukladzie plastra miodu. Ze wzgledu na symetrie wolnostojacego grafenu efekty
samoistnego (intrinsic) oddzialtywania typu spin-orbita sa zaniedbywalnie mate, a wprowadza-
no je do grafenu poprzez odpowiednia modyfikacje sieci m.in. poprzez zwijanie w nanorurki
[4], stosowanie efektow bliskosci dla podtozy z TMDC [3], 6], adsorpcje powierzchniows atomow
fluoru odksztalcajaca sie¢ [7]. W silicenie natomiast oddzialywanie typu spin-orbita wystepuje
naturalnie [§], poniewaz tworza go dwie rozréznialne podsieci atoméw krzemu, ktore sg rozsu-
niete w pionie (Rys. [1] ), a to powoduje zniesienie symetrii ukladu blokujacej oddzialtywania
SO.

Oddziatywania SO wystepujace w silicenie - typu Rashby, wynikajace z pojawienia sie efek-
tywnego pola elektrycznego miedzy podsieciami, oraz typu Kane-Mele [9], wynikajace z anomali
parzystosci w (2-+1)-wymiarowej relatywistycznej teorii pola [10] wprowadzaja do uktadu prze-
rwe energetyczng dla przeciwnie zorientowanych spinéw dla K i K’ z osobna, co umozliwia
zaobserwowanie i badanie efektéw topologicznych w uktadach 2D.

Powyzsze osiagniecia w dziedzinie eksperymentalnej, nowatorskie metody uzyskiwania warstw
silicenu umozliwiajace jego prace w warunkach normalnych i temperaturze pokojowej, szero-
ko zbadane efekty kwantowe relatywistycznych fermiondéw w grafenie, samoistnie wystepujace
oddziatywanie typu spin-orbita oraz idace za nim mozliwosci obserwacji i badan efektow to-
pologicznych, stanowia motywacje do badan nad silicenem od strony teoretycznej, zaréwno
pod katem nowych zjawisk transportowych (np. w warunkach dzialania kwantowego spinowego
efektu Halla [IT], 12]) jak i w celach budowania urzadzen spinowo-aktywnych.

Celem ponizszej pracy doktorskiej jest zbadanie wlasciwosci transportowych tadunku i spi-
nu w nanourzadzeniach na bazie silicenu pod katem stosowalnosci go w eksperymentalnych
pomiarach ww. efektéw oraz potencjatu wykorzystania w urzadzeniach opartych na manipula-
cji spinu.

2 Wprowadzenie

2.1 Struktura silicenu

Sie¢ krystaliczna silicenu sktada sie z atoméw krzemu utozonych na dwoch podsieciach A i
B rozsunietych o Az = 0.46 A [I3] znajdujacych siec w komorce elementarnej (Rys. (a,b)) 0
stalej sieci a = 3.86 A, z wektorami bazowymi

& = g (Jﬁ 1) , (1)

L a
@ =3 (\/3 —1> . 2)
Pionowe rozsuniecie atoméw w zrelaksowanej strukturze zachodzi dla najnizszej energii wia-

zania. Metodami ab-initio wyznaczono trzy minima [I4], I5] przy uzyciu przyblizenia lokalne;
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Rysunek 1: Schemat sieci atomoéw krzemu w silicenie. Projekcja (a) rownolegta do plaszezy-
zny warstwy oraz (b) prostopadla z zaznaczonymi wektorami bazowymi a; i as. Zaciemnione
pole obejmuje obszar komorki elementarnej. Kolorami zottym (pomarariczcowym) rozrézniono
atomy podsieci A (B). (¢) Wbudowane oddziatywanie spin-orbita wynikajace z rozwazaniami
nad symetrig uktadu. Sita F; zanika z powodu symetrii lustrzanej, natomiast Fj dla dalszych
sasiednich atomow jest niezerowe w plaszczyznie horyzontalnej. W uktadzie prostopadtym do
warstwy rozktad sit F' oraz FP jest niezerowy i przeciwny co do wartosci. Wykonano na
podstawie [§]

gestosci (LDA z ang. local density approzimation). We wszystkich rachunkach rozproszenio-
wych wchodzacych w sktad niniejszej rozprawy korzystano z wartosci niskiego wyboczenia (LB
z ang. low-buckled) Azpp = 0.46 A, ktora jest jedyng stabilng konfiguracja, wynikajaca z de-
hybrydyzacji indukowanej faldowaniem (puckering induced dehybrydisation), gdzie orbital p,
prostopadty do warstwy tworzy liniowe kombinacje z orbitalami typu s formujac wiazanie .
Dwa pozostale minima przypadaja dla niestabilnych konfiguracji wysokiego wyboczenia (HB z
ang. high-buckled) Azyp = 2.13 A oraz planarnej (PL) (Rys. .

2.2 Oddzialywania SO w silicenie

W tym rozdziale przyblize sposoéb powstawania oddziatywan spin-orbita w idealnej struk-
turze czystego silicenu, dzieki ktérym mozemy zaobserwowaé¢ m.in. transport w zakresie pracy
topologicznego izolatora (warunki kwantowego spinowego efektu Halla).

Energie oddzialywan typu spin-orbita w réwnaniu Pauliego mozna zapisa¢ w ogélnej postaci
jako

HSOC:( 2(6V><ﬁ)6'):—

Whoc) 2(ﬁxﬁ>.5 (3)

<2m00>
gdzie poprzez F' oznaczono site, V' energie potencjalna, oraz ped przez p. Wektor macierzy
Pauliego zostat oznaczony symbolem & natomiast A to stata Plancka, my masa elektronu swo-
bodnego, a c to predkos¢ swiatta w prozni.

Rozwazajac symetrie ukladu atomow sieci (Rys. (c)) mozna rozrézni¢ dwie plaszczyzny
dzialania sil - prostopadla i réownolegla do plaszczyzny. W plaszczyznie prostopadtej sita F{!
wprowadza do ukladu oddzialywanie typu Rashby

Hp = ivg (¢ X Fijo) - Fliel = itppu; (7 x 7‘»;]0)2 (4)

gdzie 7,) = 7;/|7;7| jest wektorem jednostkowym dla wektora przeskoku 7j; od atomu j na
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Rysunek 2: Wykres energii w funkcji statej sieci uktadu heksagonalnego atoméw krzemu i ger-
manu wyznaczonych dla réznych konfiguracji potozen. Czarnymi liniami zaznaczono energie
obliczone za pomoca LDA i potencjalu PAW, natomiast zielonym, ta sama metoda LDA z ul-
tragtadkimi pseudopotencjatami. Schematy wewnetrzne prezentuja uktad wyboczony i planarny
z zaznaczona odlegloscia wyboczenia A i stala sieci b. Wykres pochodzi ze zrodta [14]

atom ¢ dla drugich sasiadéw zapisywanych w notacji ((7, j)), natomiast p;; = £1 dla podsieci
A (B) zgodnie z przeciwnym kierunkiem sit F! = —FB. Parametr tp zostal wyznaczony w
przybliZzeniu niskich energii dla efektywnego Hamiltonianu w modelu ciasnego wiazania [§] i dla
silicenu

2
tR = §>\R’ gdzie >\R = 0.7 meV (5)

jest wartodcig wtasna Hamiltonianu odpowiadajacego oddzialywaniom typu Rashby i jego war-
to$¢ zostata obliczona w oparciu o wyniki uzyskane z zasad pierwszych [I1]. Rozwazajac kieru-
nek rownolegly do plaszezyzny otrzymujemy wyrazenie postaci typu Kane-Mele [9]

HKM = Z.fYKM (F“ X 7:;]> . 5 = itKMVz’jO-z (6)

Fi XF‘}'
|73 <757
bedacych drugimi sasiadami ({7, j)). Uzywajac poprawki drugiego rzedu do efektywnego Ha-
miltonianu w przyblizeniu niskich energii [8] wyznaczono

gdzie v;; = natomiast 7; i 7; to wektory wodzace centréw geometrycznych atomow

A
tKM = ﬂ, gdzie )\KM = 3.973 meV (7)

3V/3

dla silicenu.

2.3 Hamiltonian

Zmajac parametry oddzialywan spin-orbita w silicenie mozemy zapisa¢ pelny Hamiltonian
w cztero-pasmowym modelu ciasnego wiazania [8], uwzgledniajacy takze oddzialywania z ze-
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wnetrznym prostopadtym polem elektrycznym E, i magnetycznym B [I3] jako

H=-—t Z cLacla
(k1)

+itgm Z VA:ZCLan,/ng —tR Z ,UMCZW (0 x f;d)iﬂ cig
((k,0)) o, 8 ((k,0))ou,8

) F -\ ext. 1 = - \Z
+ E :Ezék‘ck,ackf-,m_'_l)‘f{, (E.) Cho (0 X T’k:l)aﬁ Cip
k,a (kD)8

+ Z (,TW(B - 0)afCr. B (8)

ka8

gdzie cza (¢ka) to operator kreacji (anihilacji) elektronu o spinie o na jonie k. Sumowanie po
indeksach (k, ) przebiega dla najblizszych sasiadow. Pierwszy wyraz zawiera energie przeskoku
pomiedzy (k, 1) wynikajaca z przekrywania sie atomowych orbitali p,, a jego wartos¢ dla silicenu
wynosi t = 1.6 eV [8, [I1]. Dla wiekszej czytelnosci kolejne elementy Hamiltonianu rozrézniono
kolorami: (i) niebieskim, poprzednio wyprowadzone na podstawie rozwazan symetrii oddzialy-
wania spin-orbita, (ii) czerwonym, oddzialywanie zewnetrznego pola E, oraz pochodzacy od
niego dodatkowy przyczynek w postaci SO typu Rashby, gdzie parametr A" (E, = 0) = 0 i
rosnie liniowo do wartosci 10 eV dla pola krytycznego E, = 17 meV/A [I6/I8], natomiast
0, = 0.23 A jest potowkowa dlugoscia rozsuniecia podsieci, (iii) fioletowym, oddzialywanie
Zeemana z zewnetrznym polem magnetycznym o amplitudzie B = (B,, By, B,).

Efekty orbitalne zewnetrznego pola magnetycznego wprowadzamy do uktadu poprzez faze
Peierlsa, modyfikujac kazdy parametr przeskoku dla uogolnionego Hamiltonianu

H = Z h,’sjslc;rscis/ (9)

i’j’s’sl

poprzez transformacie hisjs — hisjo€?, gdzie ¢y = % f:l_j A .dl. Dla sktadowej prostopadtej B,
pola uzywaliSmy cechowania A = (—B,y,0,0) spelniajacego rownanie B = V x A, natomiast
dla pol w plaszczyznie o cechowaniu A = (Byz, 0, B,y) catka jest w kierunku prostopadtym do
powierzchni po bardzo krétkim wektorze, a zatem faza Peierlsa od B,, B, jest zaniedbywalna
ze wzgledu na dwuwymiarowy charakter uktadu.

Dla duzych uktadow stosowalismy skalowanie s; [19], ktore modyfikuje wartos¢ statej sieci
as = a-sy oraz calek przeskoku t; = i w Hamiltonianie. Przyblizenie to dziatla dla maksymalnej
energii Fermiego F,,,, 1 wartosci pola magnetycznego B, spetniajacych warunki

3t Vh/eB, (10)
a

s W, oraz sy <

Jezeli w rachunkach stosowalismy czynnik skalujacy s¢, to nie byt on wigkszy niz 4, oraz miescit
sic w powyzszych warunkach z duza rezerwa, co zapewniato zbieznos¢ wynikow ze struktura
bez modyfikacji, natomiast koszt i dtugosé obliczen znaczaco sie zmniejszaty.

2.4 Metoda rozwiazania problemu rozproszeniowego

Do rozwiazania problemu rozproszeniowego wykorzystaliSmy metode kwantowej granicy
przewodzacej (QTB z ang. quantum transmiting boundary) |20, 21] dla réownania Schrodingera
calego uktadu

CicaXi—1 + Hixi + ‘ZZTXiH = Erx; (11)
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XM) spinorowa
i7J/

funkcja falowa, natomiast H; jest Hamiltonianem z modelu ciasnego wiazania opisujacym i-ta
komorke (rys. [3)).

gdzie T,1; jest macierzg oddzialywan pomiedzy komorka ¢ a ¢ £ 1, y; = (

~
-
X

(b)
NNANNANNANNNDNNANNNNANNWN ‘W/&\

g
o} i
= =
Z 1 e
@) -~ . .
el o
Z ‘Ijmxn.
E _ e AN 2
g =
— [ H \I/m,n-&-l
' ~N
1—1,n+1

‘ | | | | X P | m'fTL n \P n
komorka \J Xlt—l ' !

elementarna

Rysunek 3: (a) Schemat sieci uktadu rozproszeniowego w modelu ciasnego wiagzania. Na lewym i
prawym kontakcie natozono periodyczne warunki brzegowe (czerwony obszar). W obszarze roz-
praszania (zielony) periodycznos¢ nie musi by¢ zachowana i dobér elementéw macierzy zar6wno
oddzialywania miedzy komoérkami ¥ jak i wewnatrz komorki y; jest dowolny np. poprzez wpro-
wadzenie lokalnego zewnetrznego pola elektrycznego do Hamiltonianu. (b) Przyktad numeracji
weztow w obszarze pojedynczej komorki.

Funkcja falowa w wezle (m, n) dla catego uktadu jest superpozycja funkcji wewnatrz kazde;
komorki uktadu

Ws(m,n) =Y xa(n)6my. (12)

W celu rozwiazania problemu postapiliSmy jak dla metody dopasowania funkcji falowej [22]
szukajac ogolnego rozwiazania dla jednorodnej kwazi-nieskoniczonej wstegi, petniacej role kon-
taktu. Z warunkéw periodycznosci dla kazdej komorki ¢ w kontakcie otrzymujemy t; = ty, a
zatem

Toxi-1 + Hox + Thxi1 = Erxi, (13)
a nastepnie uzywajac podstawienia Blocha x, = A"y i dzielac powyzsze réwnanie przez A"~
otrzymujemy

Tox + Hodx + TIA2x = Erdy. (14)
Wykorzystujac nowa zmienng £ = Ay otrzymujemy z powyzszego réwnania uogélniony problem
wtlasny dla pary (x, f)T z warto$cig wlasna A:

(& m ) () =20 =) (8 &

Rozwiazujac powyzsze rownanie otrzymujemy wartosci wektora falowego k,, dla wyznaczonych
Xm, gdzie dla poszczegolnych wartosci wlasnych A, rozpoznajemy: (i) fale propagujaca gdy
|Am| = 1, (ii) fale zanikajaca (z ang. evanescent) odbita gdy |\,,| > 1 oraz (iii) fale zanikajaca
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przetransmitowana |A,,,| < 1. Dla czytelnodci rozrézniamy takze stany wchodzace ()4, xj+) 1
wychodzace (A _, x;j—) zgodnie ze znakiem niesionego strumienia pradu @;.

Ogolne rownanie dla lewego kontaktu kwazi-nieskonczonej wstegi w wezle (m,n) dla posor-
towanych modéw poprzecznych wyglada nastepujaco

M+M,
Z)\J+XJ+CJ++ Z AL XG5, (16)

gdzie liczba modow M, zanikajacych jest skoniczona dla uzytego Hamiltonianu ciasnego wigzania
i catkowita liczba modow propagujacych wynosi M, a stad M, = N —M dla wielkosci N wektora
X. Zakladamy rowniez, ze A\7" x; - dla j > M + 1 odpowiadaja amplitudom fal zanikajacych
przetransmitowanych cﬁ-’ﬁr oraz zanikajacych odbitych c"»f‘_t. Postepujac analogicznie jak powyzej
mozna zapisa¢ rownanie dla prawego kontaktu:

M+M.

Z)\j - X, —C _t Z AT X Gy et (17)

Kolejnym krokiem w metodzie QTB jest dopasowanie funkcji falowej kontaktéow z obszarem
rozpraszania Wg:

a stad, z rownania otrzymujemy

M+M.

Wg(m =0,n Z X+ Z X (20)

s

Kolejnym krokiem w metodzie jest znalezienie zalezno$ci amplitudy c"”t od U (0,n) oraz c

Xp,— ) Am— (Xj—|Xp+) oraz
iloczynu skalarnego (x, —|xo) = Az Zi:le X (n)xo(n) mozemy zapisac

Korzystajac z definicji macierzy przekrywania S]plﬁ (Xj—

M+M. M+M.

Om Z Sjp.—(Xp—[Xx0) — Z ZS]P pq,—CZTer (21)

Zaktadajac ciaglosé funkcji falowej i jej pierwszej pochodnej wewnatrz kontaktu
Up(+1l,n) =V (=1,n) =Y, — ¥ 1, =x1(n) — x-1(n) (22)

oraz korzystajac z rownania otrzymujemy

M+M,
Ur(+1,n) — ZA]+X]+CJ++ Z Aj_xj-cg (23)

gdzie Aj 4 = \jg — A;; dla d = (+, —). Wprowadzajac wyrazenie na ci* do powyzszego
réwnania otrzymujemy

x1(n) = x-1(n) =T + Z A xo(7) (24)
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gdzie
M+M.

Z Ajx+( Z Aj—Xj- %TL (25)

M+M.

Nm = Z ZS]U,7 uv,—C (26)

u=1 wv=1

M+Me M+M.

Ai=A0z Y  > Aj X (m)Su x5 () (27)
j=1 u=1

Wykorzystujac réwnanie mozna wyznaczy¢ funkcje falowa na zewnatrz obszaru rozprasza-
nia y_;. W notacji wektorowej otrzymujemy nastepujace rownanie

x-1=x1—I" = A xo, (28)

ktore nastepnie wstawiamy do rownania dla 7 = 0 by pozby¢ sie czynnika y_; znajdujacego
sie poza obszarem rozpraszania, uzyskujac

T_1(x1 — I A x0) + Hoxo + Thx1 = Erxo. (29)

W powyzszym zapisie przyjeto zalozenie, ze kontakty sa daleko od srodka obszaru rozpraszania
co pozwala na uproszczenie T_; = ¥, i zapisanie rOwnania warunku brzegowego na lewym
kontakcie

(Hy — IEr — ToA ) x0 + (To + Txa = Tl (30)

Analogicznie do réwnania (24) mozemy wyprowadzi¢ rownanie dla warunku brzegowego na
prawym kontakcie

Up(N+1,n) —Up(N —1,n) =T +ZA+ Up(N,n), (31)
gdzie
M+Me
ZAJ, X, ( Z Ajixj+(n (32)
M+Me M

aro= 3" S iAucl (33)

u=1 wv=1
M+Me M+M,

= Az Z Z Aj,+Xj,+(”)Sju,+XZ,+(i)- (34)
= u=1

Wybierajac i = N (ostania komorka z prawej strony) dla powyzszych réwnan i postepujac
analogicznie do i = 0 mozemy zapisa¢ rownanie na N + 1 komorke (poza uktadem) w notacji
wektorowej

XN+1 = xn-1+ 7+ Ay, (35)

i ponownie wstawiajac do poczatkowego réwnania otrzymujemy
Ty oaxn-1 +Hyxy + (v +T7 + AT xy) = Epxa. (36)

Przy zalozeniu, ze Ty _; ostateczna posta¢ warunku brzegowego na prawym kontakcie wyglada
nastepujaco:
(Tw + Th)xws + (Hy — IEp + THAT) vy = —T{ 1™ (37)
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Definiujac
H, =H, — 1Ey, (38)
X = (X0s X1 - -+ » XN-15 XN) (39)
oraz
b= (%,I*,0,...,0,%L07) (40)
mozemy zapisa¢ problem wtasny calego uktadu w postaci rownan liniowych Ay = b, gdzie
H) — oA~ T+ %) 0
%o H T :
A= : : ) (41)
: Tn-2 H§v71 C{E\Ll
0 Ty + 3 Hy +3HAT
Aby otrzymaé z powyzszego rownania rozproszeniows funkcje falowa dla k-tego modu wchodzg-
cego do uktadu z lewej strony, wystarczy w definicji I't przyjac ci” = 0,1, oraz dla kazdego j w
'™ wyzerowac wartosc ¢j”_. Regula ta dziala symetryczme dla pr@du plynacego w przeciwnym
kierunku (z prawej do leweJ) gdzie ¢ = 0;, w '™, a c’, = 0 dla kazdego j w I'. W celu

rozwigzania ukladu rownan liniowych postugiwalismy sie biblioteka PARDISO [23].
Po rozwiazaniu uktadu rownan mozna wyznaczy¢ wspotczynnik transmisji

M+M.

tj= Om = Z Sju+ Xu+|‘I’Nn> (42)

u=1

i odbicia r; = c;?“_t (zgodnie z réwnaniem , gdzie j numeruje mody rozproszeniowe W7,

j=1(1,2,..., M). Na konicu wyznaczana jest catkowita wartos¢ prawdopodobienstwa transmisji
T; dla j-tego modu wchodzacego z lewej strony

M
ED N
=1

poprzez rzutowanie wartosci strumienia pradu ¢p; . skierowanego w prawo (+) niesionego
przez prawy kontakt (P) dla I-tego modu. Wyznaczona wartos¢ T; nastepnie wykorzystujemy
do obliczenia konduktancji G ukladu z formuly Landauera G = €?/h Y e

Ze wzgledu na oddzialywanie spin-orbita w systemie, ktore uwzglednia przeskoki miedzy
drugimi sasiadami ({7, j)), do obliczeri przyjmowano dwukrotno$é¢ szerokosci podstawowej ko-
morki elementarnej (a nie jedna, jak schematycznie przedstawiono na rys. (a)), co nie mody-
fikuje rozumowania i sposobu implementacji powyzszej metody dla silicenu.

¢P,l,+

OLj+ (43)

2.5 Kwantowy spinowy efekt Halla

Jak wykazali Kane i Mele [9] wprowadzenie czynnika oddzialywania typu spin-orbita opi-
sywanego przez Haldane [10] powoduje powstanie przerwy energetycznej o roznym znaku dla

K i K’ (czynnik v;;) dla roznych spinéw, o czym decyduje o, = ((1) _01> zgodnie z rowna-

niem @, a stad, przylozone w plaszczyznie wstegi pole elektryczne wymuszajace ruch nosnikow
wyindukuje przeplyw pradu spinowego o przeciwnych znakach
h

T= o @-1). (44)
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Przeptyw pradu po krawedziach probki, dla ktérego rézne spiny podrozuja w przeciwnych kie-
runkach nosi nazwe kwantowego spinowego efektu Halla [24]. Helikalne stany brzegowe wbudo-
wane w przerwe energetyczng mozna zaobserwowaé w silicenie [I1], [12] dla wstegi typu zigzag,
gdzie dla jednowymiarowej projekeji relacji dyspersji doliny K oraz K’ sa wyraznie rozroznialne
(Rys. [4(a)). Tak zdefiniowane stany brzegowe nie sa chiralne, poniewaz obie krawedzie wstegi
posiadaja stany umozliwiajace propagacje nosnikow w obu kierunkach (Rys. (d)) Dla ener-
gii Fermiego z okolicy punktu neutralnosci tadunkowej transport zachodzi jedynie dla stanow
brzegowych, dzieki czemu uzyskujemy w silicenie faze kwantowego topologicznego izolatora.

-0.4-0.2 0 0.2 04
k[1/6as;]

chiralny helikalny

—_———————

Rysunek 4: Relacja dyspersji dla wstegi typu (a) zigzag z rozréznionymi dolinami K i K’; oraz
(b) armchair, gdzie doliny sg nierozroznialne w k = 0. (¢) Przyktadowy uktad formowania ob-
szarow fazy topologicznego izolatora (TT) zewnetrznym polem elektrycznym z zaznaczonymi
topologicznie chronionymi kanatami przewodzacymi. Warto zauwazy¢, ze ewentualne defekty
w obszarach TI nie maja wplywu na mierzona konduktancje miedzy kontaktami. (d) Kwanto-
wy spinowy efekt Halla na przyktadzie wstegi silicenu typu zigzag, gdzie kolorem czerwonym
(niebieskim) zaznaczono spin | (7). (e) rozréznienie pradéw chiralnych i helikalnych

W przypadku wstegi typu armchair nastepuje pelne mieszanie dolin i obie doliny K /K’
znajduja si¢ w punkcie k£ = 0 (Rys. [l{b)). Powoduje to zanik efektywnego pola magnetycznego
pochodzacego od oddziatywania spin-orbita H gy, przez co we wstegach tego typu nie obserwuje
sie polaryzacji spinowej pradéw na krawedziach oraz efektoéw topologicznych. Jednakze mozliwe
jest wyindukowanie stanow helikalnych we wstedze typu armchair (oraz zigzag) poprzez aplika-
cje zewnetrznego niejednorodnego pola elektrycznego [13], 25]. Przerwa energetyczna w silicenie
moze by¢ kontrolowana przez zewnetrzne pole elektryczne [26-H29]. Na granicy odwrécenia zna-
ku zewnetrznych pol elektrycznych wartosé E, przekracza warto$¢ pola krytycznego F., dla
ktorego silicen przechodzi z fazy topologicznego izolatora (TI) do fazy pasmowego izolatora
(PI). Manipulujac polem E, jestesmy w stanie tworzy¢ dwuwymiarowe obszary T1 na warstwie
silicenu (styczne do obszaréw PI), wewnatrz ktorych prad przeptywa jedynie po krawedziach,
tworzac chronione topologiczne druty lub kropki kwantowe (Rys. (c))

2.6 Efekt Aharonova-Bohma

Zaproponowany przez Aharonova-Bohma eksperyment [30] przedstawial wplyw potencjatu
skalarnego lub wektorowego na przemieszczajace sie elektrony, ktére odczuwalty obecnosé pola
elektrycznego badZ magnetycznego, nawet jesli nie znajdowalo sie ono w obszarze, przez ktory
ten elektron przechodzil. Badanie efektu Aharonova-Bohma w aktualnie przeprowadzanych
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eksperymentach fizyki ciala statego nieco rézni sie od tego przeprowadzonego pierwotnie, ze
wzgledu na obecne stosowanie gtéwnie jednolitych pol magnetycznych celem wprowadzenia
dodatkowej fazy do amplitud prawdopodobienistwa dla poszczegdlnych Sciezek i obserwacje
oscylacji konduktancji. W eksperymencie [31] wykonanym dla pierscienia 820 nm wycietego ze
ztotej folii zaobserwowano oscylacje konduktancji w funkcji strumienia pola magnetycznego

~ BS
G:G0+GCOS (|€|T +¢) (45)
dla ktoérej wyznaczono okres oscylacji B, przyréwnujac roznice faz do 2w
le| BS h
=2r=B,=— 46
h m p |€|S’ ( )

gdzie S to pole obszaru zamknietego wewnatrz pierécienia.

kontakt kontakt

Rysunek 5: Pogladowy rysunek przyktadowego przewodnika w ksztalcie pierscienia o polu
wewnetrznym S, do ktorego doprowadzono dwa kontakty - lewy L i prawy P.

Zjawisko to mozna wyttumaczyé wykorzystujac podejscie Feynmana do opisu elektrodyna-
miki kwantowej sumujac amplitudy prawdopodobienistwa dla kazdej mozliwej Sciezki elektronu
[32]. Oscylacje pojawiaja sie dla interferencji dwoch fal przechodzacych gorna i dolna czescia
pierscienia (rys. ). Prawdopodobienstwo transmisji dla modu [ w kontakcie L. do modu p
kontaktu P mozna wyrazié¢ jako

Ty = |t~ +t (47)

gdzie t. oznacza catkowita amplitude wszystkich Sciezek Feynmana dla modu [ w punkcie "1’
przechodzacego przez gorng czesé pierscienia do modu p w punkcie '2’, natomiast ¢_ dla dolnego
ramienia pierscienia. Potencjal wektorowy A wprowadza réznice faz miedzy t. oraz t_, co
skutkuje pojawieniem si¢ oscylacji w konduktancji. Zmiana amplitudy zwiazanej z przeskokiem
miedzy sasiadujacymi atomami (i, j)

a;; = texp [ieA(r; —r;) /A (48)
modyfikuje odpowiednio fazy dla kazdej $ciezki
t~(B) ~ t-(0) exp [isp1], (49)

t_(B) ~ t_(0) exp [ipa], (50)

gdzie

e

w1 = ﬁ[Adl, oraz pg = %[Adl. (51)
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Roéznica miedzy fazami jest proporcjonalna do strumienia pola ograniczonego przez pierscien

le] f le] / le| BS
— o =-— @ Adl="— | BdS = 2
p1— P h h Jg 5 h (52)

przy zalozeniu, ze pierscien jest wystarczajaco cienki i pole zamkniete przez zewnetrzna krawedz
nie rozni sie znaczaco od pola ograniczonego wewnetrzna krawedzig. Otrzymujemy zatem

BS
Ty = [t~ +t.|* = T+ T_ + 2y/T-T_ cos (Mh +so), (53)

gdzie T = %, T_ = t? natomiast ¢ = Faza(t~ - t_). Przyjmujac T~ = T_ = Ty,

BS
Ty = 2Ty + 215 cos (‘67 + 4,0), (54)
zatem transmisja dla modu z lewego kontaktu do modu z prawego kontaktu oscyluje wraz ze
zmiang pola magnetycznego B.

2.7 Silicen na podlozu InSe

Jednym z elementéw badan byto wyznaczenie parametrow oddziatywan spin-orbita w sili-
cenie stabilizowanym na podlozu selenku indu (InSe) stosujac przyblizenie efektywnego Hamil-
tonianu dla niskich energii w modelu ciasnego wiazania [8]. InSe powstaje w uktadzie warstw
Se-In-In-Se zwigzanych poprzez stabe oddzialywania van der Vaalsa i udato sie go zsyntetyzowacé
eksperymentalnie [33], 34] metodami przetwarzania roztworu i wzrostu lameli na podstawniku
szablonowym (LLTG z ang. lamellar ligand templated growth).

2.7.1 Obliczenia ab initio

Do tego celu wykorzystaliémy komercyjny pakiet Vienna ab initio simulation package (VASP)
[35] bazujacy na teorii funkcjonatu gestosci (DFT z ang. density functional theory) Kohna-
Shama. Program ten wykorzystuje metode fal uzupetionych rzutnikami (PAW z ang. projector-
augmented wave) oraz funkcjonaly gradientowe (GGA z ang. generalized gradient approrima-
tion) w postaci Perdew, Burke, and Ernzerhof (PBE). Uzylismy pseudopotencjalow PAW PBE
Si 05Jan2001, In 08 Apr2002 oraz Se 06Sep2000 ze standardowej bazy nalezacej do pakietu VASP.
Struktura Si/InSe zostata zaprojektowana w pakiecie VESTA (rys. [f]) wzorujac si¢ na konfigura-
cji AB-In_ I publikacji [36], ktora stanowita referencje dla naszych obliczen. Przyjeto warstwe
15 A prozni ponad warstwa silicenu.

Pierwszym krokiem bylo wykonanie relaksacji struktury, do ktoérej uzylismy siatki punktow
k 21x21x1 z wlaczona korekcja oddzialywar van der Vaalsa (DFT-D2) dla funkcjonalu PBE
zaproponowanego przez Grimme’a [37] by uwzgledni¢ oddzialywania miedzy warstwami, oraz
wlaczong korekeja obliczania momentu dipolowego [38|. Energie odciecia uzywana dla rozwinie-
cia elektronowej funkcji falowej w postaci fal ptaskich ustawiono na 500 eV. Precyzje wyznacze-
nia energii catkowitej ustawiono na wartosé 105 eV. Wybrano metode sprzezonych gradientéw
(CG z ang. conjugate gradient) do optymalizacji pozycji atomoéw i wektorow sieci. Petla relak-
sacji zostala konczona gdy maksymalna sita dziatajaca na atom nie przekraczata 0.01 eV/ AW
wyniku otrzymalismy komorke elementarng z silicenem o stalej sieci a = 3.886483 A oraz kacie
nachylenia ¢ = 101.7° wyznaczonym miedzy osia pionowa a prosta taczaca sasiadujace atomy
krzemu (7, j).

Kolejnym krokiem byto uruchomienie petli iteracyjnej dla metody Hartree-Focka (samo-
uzgodnionego pola, SCF z ang. self-consistent field) w ktorej zageszczono sie¢ punktow k do
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Rysunek 6: Schemat komorki elementarnej dla silicenu na podlozu InSe zaprojektowanej w
pakiecie VESTA. Widok od boku (a) oraz od gory (b).

warosci 37x37x1 i zablokowano mozliwo$é ruchu jonéw. Wyliczone w tym etapie rozktady tadun-
kow dla konkretnych pozycji atoméw postuzg nam w ostatnim kroku do wyznaczenia struktury
pasmowe;j.

Obliczenia struktury pasmowej wykonalismy dla 37 punktéw na sieci k w kazdym segmen-
cie miedzy punktami M-K-I'-M wyznaczajacymi petlna $ciezke w strefie Brillouina. W para-
metryzacji programu uwzgledniliémy rzutowanie orbitali dla poszczegélnych podpasm. Wykres
relacji dyspersji uzyskanej z obliczen przedstawiono na rys. [7] Kolorem czerwonym zaznaczono
podpasmo orbitali p, pochodzace od krzemu, kolorem zoéttym p selenu, natomiast zielonym i
niebieskim odpowiednio p, oraz s dla indu. Dla relacji dyspersji wokot punktu K i poziomie
Fermiego (E = 0) wykonano zblizenie. Dla wartosci £ = £0.2eV jedynie podpasmo p, po-
chodzace od silicenu posiada stany przewodzace i wokot tej wartosci postaramy sie przyblizy¢
efektywny Hamiltonian ciasnego wiazania. Przerwa energetyczna w tym punkcie wynosi 138.3
meV.

Bandstructure Si/InSe

E [eV]

Energy (eV)

A
0 01 02 03 04 05
r M k

Rysunek 7: Struktura pasmowa dla silicenu na selenku indu (z lewej) z rozréznieniem podpasm
pochodzacych od poszczegolnych orbitali: czerwony Si(p,), zotty Se(p), zielony In(p,) oraz nie-
bieski In(s). (z prawej) Przyblizenie na punkt K /K’ wokot przerwy energetycznej rownej 138.3
meV.
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2.7.2 Przyblizenie pierwsze

Rozpatrywany powyzej silicen na podtozu InSe nieznacznie zmienit swoje parametry struk-
turalne (a = 3.886483 A wobec 3.86 A, oraz # = 101.7° jak wolnostojacy), wiec w pierwszym
przyblizeniu mozemy uznaé, ze wyprowadzenie oddzialywan SO wynikajace z przedstawionych
w rozdziale rozwazan geometrycznych jest nadal poprawne dla standéw o niskich energiach
wokot stozka Diraca (punktu K/K'), gdzie jedynym podpasmem przewodzenia sa stany orbitali
p. atomow krzemu, co pokrywa sie z otrzymana relacja dyspersji Si/InSe (rys. 7). Poszerzenie sie
przerwy energetycznej mozemy argumentowaé¢ pojawieniem sie zewnetrznego pola elektryczne-
go od podtoza InSe, ktére wprowadzimy w Hamiltonianie (8] jako F, tak, by efektywna przerwa
energetyczna we wstegach silicenu zréwnata sie z wartoscia otrzymana z DFT.

Przyjmujac powyzsze zatozenie, mozemy skorzystaé¢ z wyprowadzenia efektywnego Hamil-
tonianu niskich energii w modelu ciasnego wiazania [§] i obliczy¢ ponownie wartosci SO:

4 052 0(Vppr —Vppo )2 2
18 Vo 1 el (14 S i)

oraz

ORI i (56)

50 36 sin? V2,

gdzie & = 34 meV to sita samoistnego atomowego oddzialywania spin-orbita, A = —7.03
to réznica energii miedzy orbitalami 3s a 3p, natomiast V. = —1.93,V,,r = 2.54, Vjpr =
447, Vypr = —1.12 to wyrazone w meV parametry wiazan o oraz m uformowane przez orbitale

351 3p zaczerpniete z tablic [39]. Schemat obliczania parametrow Vjy,,, przedstawiono na rysunku
Bl Wartos¢ czynnika typu Kane-Mele wynosi

1 2
Tt = Aso + Aoy (57)

Z faktu, ze podltoze nie zmodyfikowato kata 6 = 101.7° w silicenie, sita oddziatywan typu SO
Kane-Mele Ny, = A = 3.973 meV pozostaje niezmienna. Natomiast postugujac si¢ tym
samym modelem, oddzialywania typu Rashby mozna obliczy¢ ze wzoru

1€p U1 Us2 — U3 U2

AR = \/5 (6 a)a [(u12u21 + U211 ) Vs + UoUo1 U7 + Ur2U1 Vs — 2Us9Us1 01
2 — €1
1€0 U1 U3 — U3 U
+ \/—% 11<€33 . :;; 1 [(u13u91 + U2gU11) Vs + Uzt U7 + Uizty Vs — 2Ug3Usz V1 (58)
3 — €1
Un(unvs — U21Vg — \/L§U3lv2) Un(—UnU?, + U1V — \%U:ﬂ?&)
+&o —&o

2(Vi+e€)a 2(Vi —€1)a ’
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Rysunek 8: Schemat przedstawiajacy cztery rodzaje elementéw macierzy dla miedzyatomowych
oddzialywan orbitali s i p w dwuatomowych molekutach. Rysunek pochodzi z ksiazki [39].

gdzie

v = \/?g sin? 0(Vype — Vipo )@, (59)
v = L2602 0(Vi3 = Vi) — Wil (60)
vy = g cos 0sin 0(Vypr — Vipo)a, (61)
= ?(me sin® 0 + Vo cos® 0)a, (62)
vy = ?avspo cos 0, (63)
Vg = ?al/gpg sin 6, (64)
vy = \?aVSSU, (65)
(66)

natomiast w;; to elementy macierzy

ar as o

Ua= al(XQ_eell)Vs ag(XQ—?z)vg a3(X2—E€33)V3 ; (67)

a1V azV3 asVs
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przy czym
Vae; €2
_ 1 _t
o ]+ L
gdzie
V2
€6 = AV—32, (69)
2
2 2
EQZAA+\/A2 +4V27 (70)
_ /A2 2
oraz
_ 3.
Vi = 5 S 9(‘/pp7r - ‘/ppa)v (72)
3V2
Vo= %_ sin OVspe, (73)
2
Vs = % sin 0 cos 0(Vipr — Vipor)- (74)

Podstawiajac wartosci dla silicenu na podtozu InSe, a = 3.886483 , 6 = 101.7° i pozostalte
wartosci tablicowe do powyzszych wzoréw otrzymujemy wartosé A\p = 0.6882977 meV wobec
poprzedniej wartosci 0.7 meV. Zmiana wartosci jest niewielka i dla niskich energii, gdzie domi-
nujacym czynnikiem jest SO typu Kane-Mele jest pomijalna. Dodatkowym czynnikiem do od-
dzialywania typu Rashby jest przyczynek wynikajacy z wprowadzenia zewnetrznego pola elek-
tryczego, ktory powyzej wartosci krytycznej pola F, = 17 meV /A [I6-18] wynosi A5Gt =10 peV
(patrz rownanie ().

Ostatnim krokiem byto dopasowanie pola E, z réwnania dla wstegi silicenu, przy ktorej
szeroko$¢ przerwy w relacji dyspersji z modelu ciasnego wiazania pokrywa sie z szerokoscia
wynikajaca z obliczen DFT. Uzyskano wartos¢ przerwy energetycznej 138 meV we wstedze
silicenu typu zigzag dla wartosci pola F, = 300 meV/A (rys. @) Przyjmujemy wiec, ze w
pierwszym przyblizeniu parametry strukturalne silicenu na podtozu selenku indu nie zmieniaja
sie istotnie by modyfikowaé site oddzialywan spin-orbita, a nalezy jedynie uwzglednié¢ silne pole
elektryczne pochodzace od podtoza.

2.7.3 Przyblizenie drugie

Druga metode, ktora wykorzystaliSmy do dopasowania parametrow ciasnego wiazania byta
metoda Slatera-Kostera [40] zaimplementowana w pakiecie TBStudio [4I]. Danymi wejSciowy-
mi byta struktura pasmowa otrzymana z rachunkow DTF oraz uklad komoérki elementarne;j
zapisany w pliku wynikowym po relaksacji struktury. Ze wzgledu na interesujacy nas obszar
stanow ze stozka Diraca potrzebnych do badan transportu elektronowego w silicenie wyko-
rzystaliSmy jedynie dopasowanie do orbitali p, tworzace te stany. Wynikiem dopasowania jest
macierz Hamiltonianu

0.01495100 0.90234193 0.00000000 0.00000000
0.90234193 0.01495100 0.00000000 0.00000000
0.00000000 0.90234130 0.00000000 0.90234191
0.00000000 0.00000000 0.00000000 0.00000000

Hyy = (75)

Powyzszy Hamiltonian (75 nie uwzglednia oddzialywan spin-orbita i opisuje jedynie proste
przeskoki miedzy sasiednimi atomami (7, j) na sieci silicenu z rozréznieniem spinu elektronu.
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Rysunek 9: Relacja dyspersji dla wstegi typu zigzag silicenu z dopasowanym polem FE, symu-
lujacym podloze selenku indu uwzgledniajac oddziatywania typu SO (z lewej) oraz zaniedbujac
oba czynniki SO (z prawej).

Rysunek 10: Wynik dopasowania podpasma dla orbitala p, w programie TBStudio (linia czer-
wona) do struktury pasmowej uzyskanej z obliczeri DFT dla silicenu na podlozu InSe (linia
niebieska).
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3 Streszczenia artykutow

Przedmiotem badan wszystkich opisywanych ponizej artykutéow sa jednoelektronowe wtasci-
wosci transportowe tadunku i spinu w obecnosci oddziatywan spin-orbita typu Rashby i Kane-
Mele w silicenie, wraz z probag wykorzystania poszczegdlnych efektéw kwantowych wynikajacych
z tychze oddziatywan (np. spinowy kwantowy efekt Halla wywolujacy stan topologicznego izo-
latora 2D) do tworzenia opartych na tym materiale urzadzen aktywnych spinowo - atrakcyjnego
pola badan dla rozwijajacej sie dziedziny nowej elektroniki i obliczen kwantowych. Zapropo-
nowane urzadzenia nadaja sie do eksperymentalnej implementacji i moga stuzyé do pomiaréw
zjawisk charakterystycznych dla uktadéw kwantowych, ktorych liczbowe wartosci dla silicenu
przewiduja nasze obliczenia, jednoczesnie ttumaczac zZréodto ich pochodzenia w oparciu o model
ciasnego wigzania.

A1l: FElectron spin inversion in gated silicene nanoribbons

Celem pracy [A1l] bylo wykorzystanie mozliwosci modyfikowania szerokosci przerwy ener-
getycznej (poprzez lokalne wprowadzenie zewnetrznego pola elektrycznego w obszarze bramko-
wania) do kontrolowania predkosci precesji spinu w plaszczyznie wstegi wokot indukowanego
przez oddzialywania spin-orbita efektywnego pola magnetycznego.

Dla wstegi typu zigzag w obszarze bramkowania o potencjale efektywnym F, = 100 mV/ A
pierwsze podpasma przewodzenia o niskiej energii Fermiego sa silnie podatne na oddziatywanie
spin-orbita typu Kane-Mele [9] i rzut $redniej wartosci spinu na o§ z, (S.) wynosi 1 w jed-
nostkach g Dla wyzszych podpasm efektywne pole magnetyczne staje sie wicksze wzdhuz osi
prostopadtej do ruchu no$nikéw w plaszczyznie wstegi za sprawa oddzialywania typu Rashby,
az do poziomu Fermiego, ponad ktérym SO typu Rashby jest dominujacy, a czynnik Kane-Mele
jest zaniedbywalnie maty i (S,) = 0. W przypadku brzegu typu armchair nastepuje pelne mie-
szanie dolin i wypadkowe efektywne pole magnetyczne pochodzace z czynnika Kane-Mele dla
obu podsieci znosi sie, a w systemie pozostaje aktywne jedynie pole z oddziatywania SO typu
Rashby (rys. [11f(a)).

Rozwazono transport elektronu o spinie zorientowanym wzdtuz osi z dla wstegi typu armcha-
ir, oraz wzdtuz dwoch osi, z i x dla brzegéw typu zigzag, kazdorazowo korzystajac z pierwszego
dostepnego pasma przewodzenia w obszarze bramkowania. Akumulacja kata precesji spinu nie-
zaleznie od konfiguracji wynosi [32]

Ap = AkL, (76)

gdzie Ak to szerokos¢ rozszczepienia spinowo spolaryzowanych podpasm bioracych udziat w
transporcie, natomiast L to dtugos¢ bramki.

W przypadku wstegi typu armchair wartosé Ak jest rzedu 0.005 ‘6/—5 nawet dla ekstremalnych
stosowanych pol E, = 1 V/A [26, 27], przez co dtugosé¢ bramki L potrzebna do inwersji spinu
o kat m wynosi ponad 800 nm, co jest to niekorzystne z punktu aplikacyjnego ze wzgledu na
bardzo duzy rozmiar.

W przypadku brzegu typu zigzag wstrzykniety elektron o spinie zorientowanym wzdtuz osi
z dokonuje precesji wokot sktadowej B, pochodzacej z czynnika Rashby, natomiast precesja jest
blokowana przez silne efektywne pole o sktadowej B, z czynnika Kane-Mele, wiec przy tej konfi-
guracji inwersja spinu jest niemozliwa (rys. [L1|(b)). By tego unikna¢ w warunkach poczatkowych
uwzgledniono elektron o spinie spolaryzowanym w ptaszczyznie wstegi wzdtuz osi x (rys. |11fc)).
Dla takiej parametryzacji istnieje mozliwos¢ doboru wartosci Ak w stanach krawedziowych po-
przez ustawienie odpowiedniej energii Fermiego Er (Fig. 6 [A1]) lub zmiane szerokosci przerwy
energetycznej poprzez F,. Dla pola rzedu E, = 100 mV/ A osiggnieto wartos¢ Ak = i dzieki
czemu dlugosé bramki L moze by¢ bardzo mala (rzedu kilku nanometréw). Przedstawiony mo-
del takiego urzadzenia moze dziata¢ zatem jako tranzystor spinowy o dtugosciach obrotu spinu
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rzedu kilku nanometrow z wykorzystaniem stanu topologicznego izolatora, co jest atrakcyjne z
punktu zastosowan w spintronice.

(a) armchair, spin z T

p ° a’BR |‘ (C) zigzag, spin z Beyy
z _ .

(b) zigzag, spin z

By B I
oscylacje

ATAY

By

Rysunek 11: Schematyczny rozktad efektywnego pola magnetycznego pochodzacego od oddzia-
tywan spin orbita i ich wpltyw na precesje spinu w przypadkach: krawedzi typu armchair i spinu
elektronu ustawionego na wejsciu wzdtuz osi z (a), wstegi typu zigzag dla spinu w osi z (b)
oraz x (c).

W pracy przedstawiono takze model eksperymentalnego uktadu pomiarowego dla petnej in-
wersji spinu z wykorzystaniem efektu bliskosci ferromagnetyka, ktory filtruje dla zadanej energii
Fermiego Er odpowiednie stany polaryzacji spinowej elektronu we wstedze silicenu wzgledem
wlasnego namagnesowania. Stosujgc na brzegach uktadu dwie przeciwnie namagnesowane w osi
x bramki z ferromagnetykow uzyskamy konduktancje G = 1 wyrazona w jednostkach Gy = €?/h
tylko dla transportu, w ktorym obszar L dopasowano do Ak tak, ze Ay = m, czyli zachodzi
pelny obroét spinu.

Ostatnim etapem pracy byto zbadanie wplywu niejednorodnosci pola elektrycznego E, na
transport elektronowy z inwersja spinu. Zaburzenia pola zostaly zamodelowane poprzez po-
tencjal w postaci dwuwymiarowego rozkltadu Gaussa o amplitudzie rzedu 20 meV i wariancji
rownej statej sieci a. Wykazano, ze ich wplyw na transport jest nieistotny, o ile zaburzenie to
nie znajduje si¢ w obszarze krawedzi wstegi, ktorymi przeptywa prad, co potwierdza, ze uktad
pracuje w stanie topologicznego izolatora.

A2: Electron interferometry and quantum spin Hall phase in silicene

W artykule [A2]| zaprojektowano uktad detekeji stanu topologicznego izolatora w warunkach
kwantowego spinowego efektu Halla (QSHE z ang. quantum spin Hall effect) oraz stanu try-
wialnego transportu w silicenie. Schemat urzadzenia oparto na konfiguracji z dwoma Sciezkami
otwartymi dla nosnikéw pradu i spinu: interferometru Younga oraz interferometru Aharonova-
Bohma.

W pierwszej konfiguracji, dla doswiadczenia Younga, wstega silicenu o grubosci 6.5 nm z
kontaktem wejSciowym (kanatem doprowadzajacym) rozdziela sie na dwa osobne réwnolegle
ramiona tej samej grubosci i dlugosci, oddalone od siebie o 7 nm, ktére nastepnie tacza sie
z pOtotwartym obszarem silicenu tworzac szczeliny pradowe (Fig. 1 [A2]). Do opisu ksztaltu
rozgalezienia Sciezek uzyto odbitej w pionie funkeji arctan(x). Na krawedzie pototwartego ob-
szaru narzucono kwazi-nieskoriczone warunki brzegowe umozliwiajac swobodny odptyw pradu.
Detektor o szerokosci 6.5 nm zostal ustawiony w odlegtosci 32 nm od granicy szczelin i zamo-
delowany zostat jako kontakt wyjsciowy uktadu z periodycznymi warunkami brzegowymi. Do
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kazdego ramienia dotozono bramki wprowadzajace zewnetrzne prostopadie pole elektryczne,
dzieki ktorym mozemy regulowaé przerwe energetyczna w obszarach pod bramkami [26H29],
a dla dostatecznie wysokiego potencjatu, catkowicie uniemozliwi¢ przeptyw pradu przez gérne
i/lub dolne ramie (zamykaé i otwiera¢ szczeling), gdyz dla rozpatrywanej energii Fermiego nie
bedzie stanow przewodzacych (obszar przerwy energetycznej).

W drugiej konfiguracji, dla pierscienia kwantowego, zastosowano parametry jak powyzej,
natomiast zamiast obszaru pototwartego (i detektora), cala struktura zostala symetrycznie
odbita wzdluz osi pionowej na poziomie szczelin, przez co ramiona lacza sie¢ w jedna wstege
grubosci 6.5 nm tworzac zamknieta petle z dwoma kontaktami z lewej i prawej strony.

W warunkach kwantowego spinowego efektu Halla prad spinowo spolaryzowany przeptywa
przez krawedz gornego (dolnego) ramienia uktadu dla spinu zorientowanego w gore (dot), na-
tomiast dla transportu trywialnego gestos¢ rozproszeniowa obejmuje pelng szerokos¢ ramienia
i nastepuje mieszanie pradu spinowego. Badajac konduktancje mierzona na kontakcie wejscio-
wym i detektorze (kontakcie wyjsciowym) w konfiguracji dwuszczelinowej (pierscieniu kwanto-
wym) w funkcji amplitudy zewnetrznego prostopadlego pola magnetycznego, jesteSmy w stanie
rozpozna¢ w jakim stanie transportu znajduje sie uktad.

W pracy wykazano, ze dla stanu topologicznego izolatora w pierwszej konfiguracji, charak-
terystyka konduktancji w funkcji pola magnetycznego G(B,) zawiera ostre piki spowodowane
interferencja funkeji falowej jednego spinu na petli (obszarze) miedzy ramionami. Zwiazanie pra-
du spinowego krazacego wokot wycietego obszaru zwicksza szanse rozproszenia miedzy szcze-
linami, a co za tym idzie, wzrasta prawdopodobieristwo transmisji do detektora widoczne w
postaci pikow na charakterystyce G(B,). Prad dla spinu o przeciwnym znaku przepltywa ze-
wnetrzng krawedzig ramienia do obszaru pototwartego, a jego szansa na przetransmitowanie
do detektora jest znikoma. Zwiekszajac napiecie na bramkach i odcinajac przeptyw pradu na
gornym (dolnym) ramieniu, obserwujemy wzrost konduktancji dla pradu o spinie gora (dot) co
spowodowane jest znalezieniem sie danego pradu krawedziowego blizej srodka uktadu i detek-
tora. W stanie topologicznego izolatora nie zachodzi interferencja Younga poniewaz do kazdej
szczeliny trafia prad spolaryzowany spinowo w innym kierunku. Poza obszarem QSHE dla trans-
portu trywialnego prad przeptywa pelna szerokoscig ramion, a w funkcji G(B,) widaé¢ gtadkie
oscylacje o okresie AB charakterystyczne dla interferencji Aharonova-Bohma dla powierzchni
odpowiadajacej wartoséci wycietego obszaru miedzy ramionami.

To samo badanie zostalo przeprowadzone dla konfiguracji pierscienia kwantowego, gdzie
w stanie topologicznego izolatora obserwuje si¢ ostre wglebienia (dipy z ang. dips) na wy-
kresie konduktancji w funkcji B,, stowarzyszone z rezonansem jednego pradu spinowego na
wewnetrznym obszarze pierscienia, podczas gdy prad przeciwnego spinu swobodnie przeplywa
do kontaktu wyjsciowego. Wgtlebienia dla spinu gora/dot wystepuja naprzemiennie jako spadki
konduktancji z 2 Gy do 1 Gj. Dla transportu trywialnego, analogicznie do uktadu dwuszcze-
linowego, obserwuje sie gltadkie oscylacje Aharonova-Bohma o okresie AB odpowiadajacemu
powierzchni srodka pierécienia.

Przedstawione w powyzszej pracy wyniki moga stuzyé do identyfikacji stanu topologicznego
w eksperymencie pomiaru konduktancji dla struktury silicenu poprzez aplikacje prostopadlego
zewnetrznego pola magnetycznego.

A3: Topologically protected wave packets and quantum rings in silicene

W pracy |A3| zbadano dynamike pakietow falowych dla dwukoncowkowego uktadu kwanto-
wego pierscienia zdefiniowanego przez stany chiralne uformowane na przecieciu sie zewnetrznych
pol elektrycznych (dodatniego potencjalu na podsieci A i ujemnego na podsieci B przechodza-
cego w ujemny na podsieci A i dodani na podsieci B (Fig. 4 [A3])). Wykazano, ze ruch pakietow
wzdtuz tych linii przecie¢ jest niezaburzony, a czas przebywania krotkiego pakietu falowego we-
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wnatrz prawego i lewego ramienia pierscienia moze by¢ kontrolowany przez strumien zewnetrz-
nego pola magnetycznego. Wchodzacy w sklad rozprawy rozdziat III F przedstawia obliczenia
dla stacjonarnego problemu kwantowego rozpraszania w tym uktadzie.

Do rozwiazania kwantowomechanicznego problemu rozpraszania postuzono sie metoda kwan-
towej granicy przewodzacej w modelu ciasnego wigzania. Zbadano rozklad geometryczny gesto-
Sci rozproszeniowej i pradu w funkcji zewnetrznego prostopadlego pola magnetycznego B dla
niezaburzonego uktadu. Obsadzenie ramion pierscienia przez gestosé rozproszeniows jest zmien-
na i oscyluje w zaleznosci od pola B z okresem charakterystycznym dla oscylacji Aharonova-
Bohma. Wyniki te zgadzaja si¢ z rozwigzaniem réwnania Diraca dla bardzo dtugich pakietow
falowych, ktore mozna przyblizy¢ falami ptaskimi wykorzystywanymi w naszej metodzie nume-
rycznej.

Wprowadzajac do uktadu zaburzenie w postaci silnie zlokalizowanego potencjatu nad jed-
nym z atomoéw w obszarze kanalu przewodzacego dokonano obliczenia wartosci rozpraszania
wstecznego R (prawdopodobieristwa odbicia). W zewnetrznym polu B funkcja R rowniez oscy-
luje z okresem typowym dla efektu Aharonova-Bohma, ale okres tych oscylacji jest dwukrotnie
wyzszy niz w przypadku rozwigzania réwnania Diraca ze wzgledu na asymetrie transportu
elektronu przez lewe i prawe ramie pierscienia dla bardzo dlugiego pakietu falowego.

A4: Aharonov-Bohm oscillations of four-probe resistance in topological
quantum rings in silicene and bilayer graphene

Badania w pracy [A4] dotycza propozycji eksperymentalnego pomiaru efektu Aharonova-
Bohma bez rozpraszania w topologicznym pierécieniu kwantowym zdefiniowanym elektrosta-
tycznie (Fig. 1 [A4]). Zwiazanie pradow chiralnych na krawedziach zmiany znaku zewnetrznego
pola elektrycznego jest wynikiem dziatania kwantowego spinowego efektu Halla przedstawione-
go w rozdziale [2.5]

Zaprojektowano uktad czterokoncéwkowy do pomiaru rezystancji w dwoch konfiguracjach:
mierzac prad i napiecie pomiedzy dwoma sasiadujacymi (dla R') oraz przeciwlegtymi (dla R)
kontaktami (Fig. 3 [A4]), dla ktorych wyprowadziliémy rownania na macierze rezystancji [32],
oparte o wyliczenia konduktancji z formuty Landauera. Analizujac strukture pasmowsa kazdego
z czterech kontaktow mozna zidentyfikowaé¢ stany dolin K i K’ biorace udzial w transporcie oraz
okresli¢ ich kierunek przeptywu pradu dla ustalonego poziomu Fermiego (Fig. 2 [A4]). Praw-
dopodobienistwo transmisji elektronu do przeciwlegtego kontaktu jest rowne 0, poniewaz dla
stanow krawedziowych dolina K’ (K) w kontaktach typu armchair (zigzag) po obu stronach
niesie prad wpltywajacy do pierscienia, a z faktu, iz nie zachodzi rozpraszanie miedzydolino-
we wynika, ze nie moze on odptynaé¢ inna droga jak sasiadujacymi kontaktami typu zigzag
(armchair), w ktorych K’ (K) moze odprowadzi¢ prad elektronowy z uktadu. Pojawienie sie
dodatkowych stanéw krawedziowych w pasmie walencyjnym (przewodnictwa) dla wstegi zigzag
ma $cisty zwiazek z ujemnym (dodatnim) znakiem pola elektrycznego odtozonego na atomach
tworzacych brzeg wstegi.

Wraz ze wzrostem zewnetrznego pola magnetycznego prostopadlego do ukladu pojawia-
ja sie oscylacje w mierzonej rezystancji dla obu konfiguracji. Wartosé rezystancji R’ oscyluje
miedzy 0 a 0.25 Ry, gdzie R = h/e? to stala von Klitzinga, natomiast R (zdefiniowane
dla przeciwlegtych kontaktow) ma wartosci miedzy -0.5 a 0.5 R, ktorego znak odpowiada
zgodnej/przeciwnej polaryzacji mierzonej przez napiecie miedzy pobocznymi kontaktami. Ob-
liczenia R(B) oraz R'(B) wykonano dla dwoch réznych energii Fermiego, Ep; = 20 meV oraz
Epy = 6.43 meV. W obu przypadkach dla pola B, = [0;40] T obliczono transformate Fouriera
w celu wyznaczenia okresu oscylacji. Amplitudy pikéw dla argumentu czestotliwosci fg od-
powiadaja okresom charakterystycznym w interferencji Aharonova-Bohma, dla wielokrotnosci
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pola powierzchni ¢wiartek pierscienia kwantowego 7, dla n = 1,2,3,4. Wyniki otrzymane z

transformaty Fouriera sa zgodne z wyliczonymi mapami rozpltywu pradéw dla kilku charakte-
rystycznych wartosci pola B,, gdzie nastepuje zwiagzanie pradéw chiralnych wokot n-krotnosci
1/4 obszaru pierscienia wyznaczonych przez stany topologiczne.

Przeprowadzono analogiczne obliczenia dla dwuwarstwowego grafenu, gdzie rowniez zaobser-
wowano interferencje Aharonova-Bohma, a wyjasnienie zachodzacych procesow jest identyczne
jak w przypadku silicenu.

S1: Effective Landé factors for an electrostatically defined quantum po-
int contact in silicene

Motywacja do pracy nad badaniami efektywnego czynnika Landégo w silicenie [S1] stanowia
ostatnio opublikowane badania eksperymentalne kwantowego kontaktu punktowego (QPC z
ang. quantum point contact) dla struktury dwuwarstwowego grafenu [42, 43| (BLG z ang. bilayer
graphene), gdzie wykazano, ze czynnik SO typu Kane-Mele wzmacnia rozszczepienie Zeemana
dla jednej doliny, natomiast ostabia dla drugiej. W przeprowadzonych przez nas rachunkach
spisanych w pracy [S1| dla silicenu zaobserwowaliSmy ten sam efekt oraz wytlumaczylismy
zasade jego powstawania w oparciu o model ciasnego wiazania.

Zaprojektowany przez nas uklad sklada sie ze wstegi silicenu szerokosci 200 nm z dwoma
bramkami wprowadzajacymi potencjat £V, na podsieciach A /B ustawionymi w srodku dlugosci
systemu (Fig. 1 [S1]). Rozktad potencjatu bramek zamodelowano funkcja rozktadu Gaussa 2D
[44] o odchyleniu standardowym 40 nm w kierunku x oraz y. Wraz ze wzrostem napiecia na
bramkach zweza sie kanal przewodzenia posrodku wstegi formujac QPC, ktérego szerokoscia
mozemy dowolnie sterowa¢ dobierajac odpowiednie V.

W obliczeniach przeprowadzono standardowsa eksperymentalna procedure wyznaczania efek-
tywnego czynnika Landégo g*, polegajaca na: (1) wyznaczeniu wspotezynnika konwersji napiecia
bramki V, do zmiany energii stanéw przewodnictwa w $rodku wstegi, poprzez aplikacj¢ réznicy
napiec iVSTD na kontaktach brzegowych (S Zrodle i drenie D) i mierzac nachylenia krzywych

na mapach transkonduktancji % = 22(;/239) (Fig. 6 [S1]) dla poszczegolnych modow m wedltug
WZOTru LV
SD
= = —— 7
a nastepnie dokonujac pomiaru konduktancji w zewnetrznym polu magnetycznym B = (B,, By, B,)
. . . d(AVy(B)) Co . . o
wyznaczajac (2) nachylenie krzywej ==z£== odpowiadajace szybkosci rozszczepienia podpasm

spinowych na mapach transkonduktancji w funkcji amplitudy pola B. Na koncu wyznaczamy
wartos¢ g* ze wzoru

1 d(AVy(B))
KB dB

*

gdzie pp to magneton Bohra.

Wyznaczona zostala relacja dyspersji dla profilu potencjatu elektrycznego ze srodka uktadu
poprzez zastosowanie periodycznych warunkéw brzegowych. W przypadku wstegi zigzag doliny
K oraz K' sa rozroznialne, a oddziatywania SO typu Kane-Mele rozsuwaja podpasma o prze-
ciwych spinach w dwoch roznych kierunkach [9) [10] - stan spinu gora (dot) ma nizsza (wyzsza)
energie w dolinie K (K’). Wynik ten jest istotny i niezbedny w identyfikacji poszczegolnych
prazkow na mapach transkoduktancji celem wyznaczenia g*. Dla wstegi typu armchair relacja
dyspersji ze srodka wstegi nie pozwala wprost na identyfikacje dolin gdyz zachodzi ich pelne
mieszanie. Ponadto kierunek rozsuniecia podpasm spinowych jest odwrotny do tego zaobser-
wowanego w brzegach typu zigzag, co wynika z rozwazan symetrii uktadu i przeciwnego znaku
czynnika v;; opisanego w rownaniu (@
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Dla przypadku pol w plaszczyznie wstegi B, gdzie dodatkowo oddzialywanie SO jest cal-
kowicie pominiete w obliczeniach, odczytane z mapy transkoduktancji wspotczynniki dla trzech
pierwszych podpasm g7, g7 oraz g; wynosza odpowiednio 2.1, 2.2 oraz 2.1 i nieznacznie réznia
sie od g = 2 dla elektronu w silicenie. Dla B, i braku SO wykres transkonduktancji nie jest
odpowiednio doktadny by zarejestrowa¢ minimalne rozsuniecie prazkéw pochodzacych od pod-
pasm spinowych, ale postugujac sie relacja dyspersji srodka uktadu dla kilku wartosci B, mozna
wyliczy¢ g* = 2 co potwierdza zgodnos¢ wykorzystywanej metody obliczeniowej z badang fizyks.

W ostatnim etapie badan uwzgledniono pelny Hamiltonian ze wszystkimi oddziatywaniami
SO i rozpatrzono uktad dla pola Bj, oraz B, z osobna. Otrzymane wyniki sg zapisane w ta-
beli . Dla B) nastepuje ttumienie rozszczepienia Zeemana, a réznice miedzy armchair i zigzag
wynikaja z innego kierunku dziatania lokalnego pola magnetycznego pochodzacego z czynni-
ka Kane-Mele. Dla B r6znice miedzy armchair i zigzag mozna wyttumaczy¢ analogicznie jak
poprzednio, natomiast w tym przypadku nastepuje wzmocnienie Zeemanowskiego rozszczepie-
nia podpasm spinowych i zwiazane jest to ze znaczacym wkladem wprowadzonej fazy Peierlsa,
uwzgledniajacej oddziatywania pola skalarnego A ze struktura, opisanej rownaniem @

Tabela 1: Efektywne czynniki Landégo g* dla wstegi silicenu typu armchair oraz zigzag. Tabela
pochodzi z pracy [S1].

SOon | g | 95 | 43
Bll.. | 1.2 [0.78]0.45
Bll, | 1170927032
Bl,, | 5.8 [133] -
Bl, | 25 [ 140 -

4 Podsumowanie 1 wnioski

W cyklu prac tworzacych rozprawe, wykorzystujac model ciasnego wigzania, przedstawio-
no wplyw oddziatlywania spin-orbita typu Rashby i Kane-Mele na transport elektronowy, z
uwzglednieniem oddzialywania struktury silicenu z zewnetrznym polem magnetycznym i elek-
trycznym. Zaproponowano konkretne projekty uktadéw i pomiaréw eksperymentalnych, ktore
moga stuzyé¢ do badan przewidzianych efektow kwantowych lub by¢ wykorzystane jako elemen-
ty w dziedzinie spintroniki i obliczenn kwantowych. Wykonano takze obliczenia DFT warstwy
silicenu na podlozu selenku indu (Si/InSe) i dokonano oszacowania parametréw Hamiltonianu
dla orbitali p, w modelu ciasnego wiazania.

Przedstawiono teoretyczny model tranzystora spinowego z uktadem pomiarowym, wykorzy-
stujacy efekt blisko$ci namagnesowanego w ptaszczyznie wstegi ferromagnetyka do filtrowania
elektronow. Sterowanie predkosciag precesji spinu odbywa sie poprzez doboér odpowiedniego na-
piecia na bramce, zwickszajac przerwe energetyczna i przenoszac stany krawedziowe w pasmie
konduktancji do poziomu Fermiego, przez co kontrolujemy roéznice wartosci miedzy wektorami
falowymi modu wchodzacego i wychodzacego. Wykorzystujac efekty transportu krawedziowego,
pochodzacego od oddziatywan SO typu Kane-Mele, mozemy skonfigurowaé uktad do petlnego
obracania spinu w plaszczyznie wstegi na odlegtosciach rzedu kilku nanometrow.

Zaprojektowano interferometr Younga i Aharonova-Bohma stuzacy do detekcji fazy topo-
logicznego izolatora lub fazy trywialnego transportu poprzez pomiar konduktancji w funkcji
zewnetrznego prostopadiego pola magnetycznego. Ostre piki pojawiajace sie w charakterystyce
swiadcza o transporcie krawedziowym (stanie topologicznym), natomiast gtadkie oscylacje do-
pasowane do okresu interferencji Aharonova-Bohma $wiadczg o transporcie trywialnym, gdzie
gestosé rozproszeniowa obejmuje pelna szerokosé kanatu (wstegi).
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W dwoch pracach zbadano cechy pradéow chiralnych w zewnetrznym polu magnetycznym
uformowanych na krawedziach zmiany znaku pola elektrycznego pochodzgcego z obszarow
bramkowania silicenu. Przedstawiono eksperymentalny uktad czterokonicéwkowego pomiaru re-
zystancji do badania efektu Aharonova-Bohma bez rozpraszania. Mierzona konduktancja oscy-
luje z okresem charakterystycznym dla n-krotnosci ¢wiartek pola powierzchni pierscienia.

Ostatnie badania dotyczyly wyznaczenia efektywnego czynnika Landégo ¢g* dla silicenu w
polu magnetycznym zorientowanym rownolegle i prostopadle do wstegi, przy zastosowaniu stan-
dardowej procedury eksperymentalnej, opierajacej sie o pomiar transkonduktancji w kwanto-
wym kontakcie punktowym. Zaobserwowano ttumienie rozszczepienia Zeemanowskiego dla pol
rownoleglych, poniewaz czynnik Kane-Mele wprowadza silne lokalne pole magnetyczne usta-
wiajace spin elektronu wzdtuz osi z, przez co polaryzacja wzdtuz x/y jest utrudniona. Ten sam
czynnik Kane-Mele wprowadza state rozszczepienie podpasm spinowych na mapach transkon-
duktancji dla pola prostopadtego do wstegi, a ponadto wprowadza rozroéznienie podsieci A/B,
ktore maja przeciwne znaki we wstegach typu armchair/zigzag. Powoduje to znaczne (nieznacz-
ne) wzmocnienie czynnika ¢g* dla pierwszego podpasma wstegi zigzag (armchair). Glebsze pod-
pasma, dla ktorych oddzialywanie SO typu Kane-Mele nie jest juz tak silne wykazuja wieksze
wzmocnienie efektu rozszczepienia Zeemana.
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Electron spin inversion in gated silicene nanoribbons
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We study locally gated silicene nanoribbons as spin active devices and we solve the quantum scattering problem
in the atomistic tight-binding formalism. Particular attention is paid to the low energy range for which only four
subbands appear at the Fermi level. We find that the gated segments of zigzag nanoribbons can be used for spin
inversion. The strong intrinsic spin-orbit coupling in the presence of an external vertical electric field provides a
fast spin precession around the axis perpendicular to the silicene plane. The spin inversion length can be as small
as 10 nm. On the other hand, in the armchair nanoribbons the spin inversion occurs via the Rashba effect which
is weak and the spin inversion lengths are of the order of microns.

DOI: 10.1103/PhysRevB.98.075417

I. INTRODUCTION

Silicene is a two-dimensional (2D) material, an alternative
for graphene that provides a strong spin-orbit (SO) coupling
[1-4]. Silicene belongs to the 2D-Xenes group [5] that poten-
tially can be used in spintronic devices [6]. Other 2D-Xenes
materials, germanene [7,8] and stanene [9], have similar prop-
erties to silicene but differ in magnitude of spin-orbit coupling
parameters [10]. A germanene field-effect transistor at room
temperature has been presented recently [11]. Fabrication of
germanene on MoS, (transition metal dichalcogene TMDC)
[12] has also been reported. Strong SO coupling can also be
obtained for graphene by the proximity effect of TMDC as
a substrate for graphene monolayers. Another way to induce
SO in graphene is to adsorb atoms, i.e., fluorine [13-15] or
hydrogen [16—18]. Other 2D materials with strong SO coupling
include hexagonal boron nitrides (hBN) [19,20] and pristine
transition metal dichalcogenides (TMDs, such as MoS,) [21].
The advantage of the silicene is that it could be potentially
integrated with the well established silicon technology [10].

In silicene systems numerous quantum effects have been
predicted, including the quantum spin Hall effect [1] and
anomalous Hall effect [3] including its valley-polarized vari-
ant [22]. Also, an appearance of giant magnetoresistance is
expected [23,24]. Furthermore, in the presence of the external
perpendicular electric field topological phase transitions in
the edge states are predicted [25-27]. Spin-filtering appli-
cations are also possible for silicene [28-32] as well as
using ferromagnets to control spin transport along with giant
magnetoresistance [33—37]. In recent research the silicene field
effect transistor that operates at room temperature has been
demonstrated [38] with Al,O3 dielectric substrate that only
weakly modifies the free-standing silicene band structure near
the Dirac points [39] in contrast to Ag substrates [40—42].

In the present paper we study the electron spin inverter in
silicene that exploits the SO interactions. The Rashba spin-
orbit interaction due to the vertical electric field generates
an in-plane effective magnetic field [43] that in III-V two-
dimensional electron gas induces precession of the spin that is
injected perpendicular to the plane of confinement. However,
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we find that for zigzag silicene nanoribbon the precession in the
Rashba effective field is blocked by the intrinsic SO interaction
that generates a strong internal magnetic field along the z axis
[44] that stabilizes the spin and stops its precession. The effects
of the intrinsic SO coupling [44] are lifted for the armchair edge
that introduces the intervalley scattering. The spin precession
in armchair ribbons is observed, but since the Rashba SO
interaction in silicene is weak the spin inversion lengths are
of the order of 1 um which may not be attractive for practical
application.

We show that spin precession occurs very fast under
intrinsic SO coupling in zigzag silicene nanoribbons when
the spin is injected within the ribbon plane perpendicular
to the electron momentum. The difference in wave vectors
can be easily chosen by Fermi energy in the presence of the
external electric field. The spin precession length can be tuned
by the electric fields to values lower than 10 nm.

II. THEORY

In calculations we use the 7 band tight-binding Hamiltonian
[2] for the free-standing silicene which takes the form

Hy=—1 Z c}:acla +e Z Fzﬁkc}:‘ack,a
(k,l)o k,a

2. .-
—lg)»lfen' Z MlelQ(UXdkz)fx,ngﬁ
(k. ))e, B
. Aso v
+lm Z Vi Cro O, pCIB
((k,0))er, B
+iAHE) Y el (G x du)igep
(k.o B

+ 3 el JM-0)uperp. (1
k,o,B

where c,ia (cke) 1s the creation (annihilation) operator for an
electron on site k with spin «. Summation over (k,[) and

©2018 American Physical Society
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((k, 1)) stands for the nearest- and next-nearest-neighbor ions,
respectively. (i) The first term of the Hamiltonian describes
the hoppings between nearest-neighbor atoms with r = 1.6
eV [2,3]. (ii) The second term includes electrostatic potential
due to electric field F, perpendicular to the system with ¢; =

+2494 with + (—) sign for the ions of the A (B) sublattice.
(ii1) The third term describes the intrinsic Rashba interaction
with parameter )»i}i,“' = 0.7meV [2,3] due to the built-in electric
field that emerges from the vertical shift of the A and B
sublattices in silicene, where dy; = I:j:::: is the position of the
kthionandrx = (xi, yk, 2k ), With the lattice constanta = 3.86
A. The p = +1 (=1) for ((k,[)) ions within sublattice A
(B). (iv) The fourth term represents the effective SO coupling
with Aso = 3.9 meV in the Kane-Mele form [45,46] with
v = +1 (—1) for the counterclockwise (clockwise) next-
nearest-neighbor hopping. (v) The fifth term describes the
extrinsic Rashba effect which results from the external electric
field perpendicular to the silicene plane or broken mirror
symmetry by, e.g., the substrate. The parameter A%" varies
linearly with the external field and for F, = 17 meV/A the
A‘;‘é‘t'(FZ) = 10 peV [3]. (vi) The last term introduces the local
exchange field with magnetization described by exchange field
M = (M., M,, M;) that may arise due to proximity of an
insulating ferromagnetic substrate [10,33-37,47].

To solve the scattering problem for the atomistic system
described by Hamiltonian (1) we use the wave function
matching (WFM) technique as described in the Appendix of
Ref. [48]. The transmission probability from the input lead to
mode m (output lead) can be written as

Tm — Z|tmn|2’ (2)

where t"" is the probability amplitude for the transmission
from mode # in the input lead to mode m in the output lead.
We distinguish spin for each mode p by quantum expectation
values of the Pauli matrices (S,) = (7 |o,|¢¥?). The positive
(negative) (S,) values are labeled by u, 1 (d, |). With this
notation the spin-dependent conductance can be put in the
form

Guw = Go Y _ It"" P8 an8u.pom)» &)

where Gy = €2 / h is the conductance quantum, w (v) is the
expected input (output) orientation of the spin, while « and
correspond to determined signs of (S,) sign for a given mode.
For example, for the incident spin polarized along the z direc-
tion, the (S;) = (¥ ?|o,|¥?) is evaluated and the contribution
to conductance that corresponds to the spin flip from u« to d ori-
entation is calculated as G,q = Go )_,, , [t 1281 an)O— B(m)-
All other spin-dependent conductance components can be
calculated in the same way.

We consider the vertical orientation of the system in z = 0
plane where incident electron momentum is set in y direction
and the width of the ribbon is defined along the x axis (see
Fig. 1). External electric field is applied perpendicular to the
system (along z direction).

L

FIG. 1. Sketch of the device. The Fermi level electrons propagate
from the source (S) to the drain (D). The voltage Vi applied to
the top gate produces a perpendicular electric field F, on length L
[see Eq. (1)]. The role of the source (S) and drain (D) is played by
homogeneous semi-infinite silicene ribbons outside the gated area.

III. RESULTS AND DISCUSSION

A. Perpendicular spin polarization
1. Zigzag lead

In Fig. 2 we show the dispersion relation and the average
value of the spin for a zigzag silicene ribbon covered by an
infinite top gate (Fig. 1) that can produce a homogeneous
vertical electric field. The ribbon is 28 atoms wide, which
corresponds to a width of ~5 nm. Note that such narrow or
even narrower—down to 0.8 nm—silicene nanoribbons have
been grown [49].

In order to probe the spin properties of the system we
introduced a very small external magnetic field equal to 1 uT
oriented in the z [Figs. 2(a), 2(b) 2(e), and 2(f)] or x [Figs. 2(c),
2(d) 2(g), and 2(h)] direction. In Fig. 2 all the bands are nearly
twofold degenerate with respect to the spin. The lifting of the
spin degeneracy can only be observed on enlarged fragments
which are discussed in detail below in the text.

For B = (0, 0, b) with no external electric field the electron
spin is polarized in the £z direction for any Fermi energy
[Figs. 2(a) and 2(e)]. When the external electric field of F, =
100 mV/A is switched on, the external Rashba interaction
introduces an effective magnetic field B;e = &§(p x E) =
(6pyF;,0,0) [43] (¢ is a constant) that tends to set the
spins parallel or antiparallel to the x axis. On the other
hand, the intrinsic spin-orbit coupling of the Kane-Mele form
in the absence of the intervalley scattering tends to polarize
the spins in the direction perpendicular to the silicene plane
[44]. Figures 2(b) and 2(f) illustrate the competition between
the intrinsic spin-orbit coupling and the external Rashba
interaction. The latter prevails for high Fermi energy for which
the spins are polarized within silicene plane in the +-x direction.
For lower Fermi energy the spin-diagonal intrinsic SO coupling
keeps the spin polarized in £z direction [44].

Now, let us consider a device, i.e., a system with a finite
top gate (see Fig. 1) and the spin injected polarized in the z
direction. The scattering problem for the zigzag nanoribbon
has been solved for finite length of the external electric
field F, =1 V/A at Ex =0.258 eV in two cases: (i) For
Aso = 0 the splitting between the spin-polarized subbands
is Ak = 0.00288%. The Rashba SO interaction induces the
spin precession with respect to the x axis. The rotation of the
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FIG. 2. Band structure of a zigzag silicene nanoribbon with 28 atoms across its width. Color in the upper (a)—(d) [lower (e)—(h)] row denote
the spin S, (S,) component in 7 /2 units. An external magnetic field of by = 1 uT oriented in the z and x direction was applied: in (a), (b),
(e), and (f) B = (0, 0, by) and in (c), (d), (g), and (h) B = (by, 0, 0), respectively. Plots (a), (e), (c), and (g) represent band structures when no
external electric field is applied while on the (b), (f), (d), and (h) the F, = 100 mV/ A. (i) Zoom of a band structure marked by rectangle in

plot (d).

electron spin along the x axis upon transition along the length
of L; can be evaluated as [50]

Ap = AkL;. 4)
For L(7) = 842 nm the spin rotates from d to u orientation
[Fig. 3(a)]. (ii)) For Aso = 3.9 meV the intrinsic spin-orbit
coupling keeps the electron spin polarized along the z direction

with only weak oscillations due to Ak, = 0.036% and the
Ly(r) = 67.4 nm [Fig. 3(b)].

1000 1000

We conclude that the realization of a perpendicular spin
inverter in a zigzag nanoribbon at low Fermi energy is excluded
by the strong intrinsic SO which keeps the spin polarized along
the z axis.

2. Armchair lead

The effective magnetic field due to the intrinsic spin-orbit
interaction that prevents the spin precession along the Rashba
effective field is only present provided that the transport modes
have a definite valley [44,45]. The armchair edge of the ribbon
introduces maximal valley mixing and removes the intrinsic
spin-orbit effective magnetic field. In order to eliminate the
effects of the intrinsic spin-orbit interaction we considered an
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FIG. 3. Spin S, component maps for a zigzag nanoribbon 28
atoms wide for the intrinsic SO coupling constant Aso = 0 (a) and
Aso = 3.9 meV (b). In between dashed horizontal lines the external
electric field F, = 1 V/A is applied. The first propagating mode with
initial spin up has been chosen at Er = 258 meV.

k[(6as)™]  k[(6ag)]

FIG. 4. Band structure of an armchair silicene nanoribbon with 19
atoms width for electron with spin polarization in z direction. Colors
in upper (lower) row represent spin S, (S,) component in /i/2 units.
The left panels correspond to external electric field F, = 0 and the
right panels to F, = 1 V/A.
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FIG. 5. Total conductance G (blue) and the spin-flipping G4
contribution (red) for an armchair silicene nanoribbon with the
length of the gated area L = 842 nm and the external electric field
F, = 1 V/A. The basis of spin states perpendicular to the ribbon is
considered here. The black dots marked the peaks described in Table I.

armchair semiconducting ribbon 19 atoms wide (for a metallic
version precession occurs in the same manner). In the armchair
nanoribbon with no electric field the initial spin z is conserved
[Figs. 4(a) and 4(c)] but when a high electric field F, = 1V /A
is applied, the available states correspond to spins polarized
along x axis [Figs. 4(b) and 4(d)] due to the Rashba effective
magnetic field.

The conductance for L = 842 nm and F, =1 V/A was
calculated and presented in Fig. 5. Total conductance (blue
line) and spin-flipping conductance (red line) oscillates with
peaks for an integer number of wavelength halves within the
gated length L (see TableI). For F, # 0 a step potential appears
in silicene sublattices that allows transmission for resonant
modes only.

Figure 5 shows that for the armchair ribbon and the chosen
length of the gated area the resonant electron transfer is
accompanied by the spin flip. In a wide range around Ep =
276.49 meV the spin-subbands splitting remains almost the
same Ak = O.OOS%Si [where asi = % is the in-plane distance
between nearest-neighbors Si atoms, thus L,(7) ~ 842 nm]
and provides a perfect spin inverter. We can see that the spin
inversion length is very large even for an extreme value 1 V/ A
of the electric field applied here [51,52], which is not promising
in the context of practical applications.

B. In-plane spin polarization

Figures 2(c) and 2(g) show that for the electrons fed from the
silicene lead in which the external electric field is absent one
can polarize the spins in the x direction with an infinitesimal

TABLE I. Fermi wavelengths 1,, in resonances (see black dots
in Fig. 5). The results are obtained from the band structure for an
armchair ribbon (19 atoms width) with vertical electric field F, = 1
V/A. m; and m, stand for the two modes in the first conductive
subband at the Fermi level.

Ep (meV) k(1/6as) Ay =2 (m) N = i N

276.8 m 0.1172 71.71 11.75 12
my  0.1221 68.78 12.25

276.49 m 0.1121 74.93 11.25 11.5
my  0.1171 71.74 11.75

276.2 m 0.1072 78.37 10.75 11
my  0.1122 74.89 11.25

28 T
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26 - T 05
25 - Ep =24.2 meV .

2 F ”7 L, A
L — n
;g Ep =22 meV g v
~2A L
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FIG. 6. The lowest conduction subbands for zigzag nanoribbon
and F, = 100 mV/ A. The color scale denotes the spin S, component
in 71/2 units. The difference between two opposite-spin right-going
subbands at Fermi energy £ = 24.2meV ismarked as Ak = 1 .02%.
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magnetic field. For F, = 0, above energy Er = 10 meV, the
electron spin is oriented parallel or antiparallel to the x axis
by the field of 1 uT. Moreover, Fig. 2(d) indicates that in the
presence of nonzero F, for low Fermi energy the spins of the
transport modes are polarized along the z axis. One can use this
fact in order to arrange for a device which inverts the in-plane
polarized incident spins for the electrons that enter a gated
region. Furthermore, if we apply external electric field F, =
100 mV/A, the first subbands [see Fig. 2(i)] with specified
spin z states splits in a very wide Ak spectrum (zoom in Fig. 6)
between the two propagating modes.

Figure 7 shows the conductance for the zigzag nanoribbon
(28 atoms width) with external electric field F, = 100 mV /A
and L = 5.5 nm. We show the total conductance G and its
the spin-resolved contributions to conductance G = G4 +
Guu + Gay + Ggq. Gyg stands for the flip from 1 to —1 in

[%1/2] component, and G, for the transport with the spin
kept parallel to the x axis. Since the time-reversal symmetry is
conserved one has Gy, = G,y and Gy = G,

We find two peaks of G,y >~ G for Er = 22 and 24.2 meV.
For the first peak the difference of the Fermi wave vectors is
roughly twice larger than in the other (Fig. 6). For higher Er
the Ak values drastically drop and the precession is too slow to
invert spin on that short L path and G, in Fig. 7 drops to zero.

’ a
S L/ 2mY 949 mev Gug — -
&) /\ /\ Guu

0 \ \j\ \v\; | | |

20 22 24 26 28 30 32 34
F [meV]

FIG. 7. Total conductance G (blue), the spin flipping G, (red),
and spin conserving G,, (orange) contributions. Here G,, denotes
the flip from S, = 1to S, = —1in /i/2 units. The width of the zigzag
ribbon was set to 28 atoms, the length is L = 5.5 nm and F, = 100
mV/ A. The two peaks marked by black dots correspond to dashed
lines in band structure in Fig. 6.
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FIG. 8. Total conductance G (blue) and conductance with spin flip
G4 (in x direction) with variable length L on which external electric
field is applied. For (a) and (b) the F, = 100 mV/A and (c¢) and
(d) F, = 1000 mV /1&. In two cases (b) and (d) the Ao was increased
10 times to measure the contribution of the intrinsic spin-orbit
coupling to the offset arising. For black triangles in (a) the first
mark from the left corresponds to the system described in the text,
the middle and the last one to Figs. 9(a) and 9(b), respectively. The
applied Fermi energies: Er = 24.2 meV (a), Er = 38.386 meV (b),
Er =231.653 meV (c¢), and Er = 252.989 meV (d).

For the Er =24.2 meV the spacing of the right-going
wave vectors for opposite spin states is Ak = 1.02% which
according to Eq. (4) provides the spin precession length
Ly(m) = 6a =~ 2.32 nm. In Fig. 8 we plotted the spin-flipping
conductance as a function of the length of the gated region

30 1 1 -
16 | M
25 i
‘ 14 [0 A
20 [ 20 |
Eos|i tous|e fonfitssm| L
> s N
10 s 10 |& 10| i Y |
58 5%
S 8 .
0 _l 0 ‘[_1 L %
0 s 0 5 0 5
X [nm] X [nm] X [nm]

for varied values of the F, and Ago. For each subplot in
Fig. 8 the Fermi energy was tuned to maintain the same spin
precession rate: Ak = 1.02%, L,(7)~ 232 nm. We find
that the subsequent peaks of the spin-flipping conductance
G,q are separated by 2L, () = 4.64 nm, corresponding to
an additional full spin rotation from one peak to the other.
The offset between the nominal L, () and the actual L value
for which the first peak of G,; occurs is due to the finite
size of the top gate. Note that the band structure of Fig. 6
is calculated for an infinite L. We find that this offset depends
on the Fermi energy (the higher E, the lower wave sensitivity
to the step of F, potential) and on intrinsic SO interaction
strength. Increasing ten times the intrinsic SO factor Ao we
significantly shorten the offset lengths. At the start and at
the end of F, area the spin precession is unsettled which
extends the actual spin inversion length [Figs. 9(a) and 9(b)].
In the scattering spin density the local extrema of S, are
indeed spaced by 2L,(w) = 4.64 nm [Fig. 9(c)]. The fact
that the scattering density mostly occupies the left edge of the
nanoribbon [Fig. 9(d)] is consistent with the results obtained
for infinite L [Figs. 9(e) and 9(f)].

C. Spin-flip detection

Above we indicated the setup for the in-plane spin inversion.
Let us now discuss a possible experimental setup that could
detect the inversion. For that purpose we consider a system
with ferromagnetic insulators placed above the silicene. Due
to the proximity effect the exchange energy M appears in
Hamiltonian (1) and modifies the band structure. In Figs. 10(a)
and 10(e) we plotted the dispersion relation for M, = £7 meV
and F, = 100 mV/A that can be achieved in a proximity of
a ferromagnet magnetized along the x axis (see the sketch on
top of Fig. 10).

The configuration proposed in Fig. 10 filters the spins
polarized along the x axis by choosing the Fermi energy that
corresponds to only one conductive subband. Spin polarization
along the +x or —x direction for that propagation is allowed on
each lead and can be set by an adequate FM polarization. The

80

i

25 25

i

20 20

i

\ X
R
s

7

[p]* 15
[au]

b* 15
[a.u.]

bl

[a.u.]

<S X>
Y

il

10 10

Ul

k.
5
B
3
3
<
E
=
B
I
<
=
=
I
ko
=
<
5
I
=
=
X
B3
§
S
=

=l |,
0

ot
o
(23

X [nm] X [nm)| X [nm)|

FIG. 9. S, spin projection maps for L (a) 19.3 nm and (b) 21.6 nm [see the length marked by triangles in Fig. 8(a)] for the solution of
the scattering problem with spin-up electron incident from the side of negative y. (c) Zoom of the area where one period of the spin rotation
is visualized. (d) Scattering density for the system shown in plot (b). The horizontal dashed lines limit the area of the external electric field
F. = 100 mV/A. The electron density of the input lead with F, = 100 mV/A as above for two incoming modes m; (e) and m, (f).
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FIG. 10. Schematic view of a spin detector with FM placed above the left (a) and right (e) lead of silicene nanoribbon with gate voltage
F, =100 meV/ A. (b) and (d) Correspond to pristine silicene and (c) is a gated area where precession occurs (L = 5.5 nm). Below each section
(a)- (e) band structure of its infinite counterpart has been drawn. Horizontal line denotes the energy Er = 24.2 meV accordingly to the previous
spin-flip length. L is the spacer between the gated region and the leads.

length of the spacer Ly was setto 11 nm and the length of the top
gate [Fig. 10(c)] in the middle remains the same as in the system
without FM, L = 5.5 nm, for the band structure of Fig. 6.

The setup of Fig. 10 works in the following way: the total
conductance of the system is equal to 1 flux quantum only if
the full spin-flip occurs (Fig. 11) and the maxima of G coincide
with the maxima of G 4 that were obtained in Fig. 7 without the
ferromagnets. Figure 11 presents the results for varied length
of the spacer Lj. Although the conductance varies with L,
the total conductance stays at 1 G for the Fermi energies that
correspond to the spin flip under the gate of the fixed length L.
The proposed device should allow us to tune the Fermi energy
to obtain a perfect spin inverter.

Note that for the spin injection by the input lead alternatively
to the magnetic proximity effect one can use the procedure
for all-electrical generation of spin-polarized currents by an
energy-dependent phase difference for the electron spin pro-
posed recently [53].

D. Electrostatic disorder

In order to check the robustness of a spin-flipping conduc-
tance to a disorder we returned to the system without the FM

1 \ \ \ \
—= Gyq without FM ——
O, Ly = 11lnm
0 | ‘ 1.9Lg ‘
20 22 24 26 28 30 32 34
Ep [meV]

FIG. 11. Total conductance G (light colored lines) as a function
of the spacer length L, [see Figs. 10(b) and 10(d)] compared to the
G4 (dark blue) in nanoribbon without FM leads (see Fig. 7).

proximity effect and we introduced inhomogeneities to the
vertical electric field that produces Gaussian impurities in the
potential [54]

N
U. =Y Uiexp(—|rx — Ril*/2n%),

1

&)

where R; is the center of the ith impurity and 7 is set equal
to the lattice constant. U; € (—mF,, mF,) is a scale factor

y [nm]

10

012345

x [nm]|

(d) ¥,

20

y [nm]

10

012345
Eg [meV]

x [nm)]

FIG. 12. Conductance G with spin conserving G,, and spin-
flipping G, parts in disordered system for a random fluctuation of
the vertical field U, including the left edge (a), and with no fluctuation
on the left edge (c). Map of on-site energies that correspond to
V.| = e(F, + U,)|¢| has been presented for each case (b) and (d),
respectively. Magnitude of the fluctuating field U, in both cases is
comparable to F, and corresponds to energy ~20 meV.
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chosen randomly and multiplied by magnitude factor m equal
1 or 0.1. This fluctuations is introduced in our calculations
by modification of the vertical electric field Fj" x,y)=F, +
U.(x, y) in Hamiltonian Hy (1).

We considered N = 5 impurities in the gated area. When
the magnitude of U; was set to m = 0.1 we observe only a
slight difference in the spin-flipping conductance. The results
is still very similar to the case without the fluctuations (Fig. 7).
For magnitude m = 1 we can distinguish two cases: (i) when
one of the impurity center is localized at the left edge of the
nanoribbon then spin-flip conductance drastically falls down
[Figs. 12(a) and 12(b)] because most of the wave function
goes along the left edge and any fluctuation on this path just
blocks the electron propagation and (ii) when all impurities
centers are localized inside the top gate excluding the left
edge the one-inversion conductance is still available but spin-
flipping conductance with more than one inversion along path
is hampered [Figs. 12(c) and 12(d)].

IV. SUMMARY AND CONCLUSIONS

We considered a gated segment of a silicene nanoribbon
as a spin inverter via precession of the incident spin in the
effective magnetic field due to the SO interactions. The Rashba
interaction due to the external electric field fails to induce the
spin inversion in the zigzag ribbon for which the intrinsic SO
interaction keeps the incident electron spin polarized along the
z direction. The perpendicular polarization of the electron spin
is not present for the armchair ribbon that allows the Rashba

interaction to drive the spin precession. However, the resulting
spin precession length is large, of the order of microns. We
demonstrated that the gated zigzag nanoribbon can be used
as an inverter of in-plane polarized incident spins and that
spin precession length can be very short for low Fermi energy,
e.g., less than 10 nm for a reasonable value of the external
electric field F, = 100 meV/;\. That spin inversion length
strongly depends of the Ak chosen through the Er level that
can be tuned in a large range due to the spin splitting in the
band structure when the external electric field is applied. With
the local exchange field it is possible to prepare a spin-flip
detection device that is transparent for the spin-polarized
transport only for a perfect spin inversion in the gates area.
Electric field fluctuations can suppress the precession if the
center of impurity appears on the left edge of the nanoribbon
and its magnitude is comparable to an applied external electric
field. In other cases precession is hampered but spin flip is still
observed.
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We discuss devices for detection of the topological insulator phase based on the two-path electron interference.
For that purpose we consider buckled silicene, for which a local energy gap can be opened by a vertical
electric field to close one of the interference paths and for which the quantum spin Hall insulator conditions
are controlled by the Fermi energy. In quantum spin Hall phase the interference is absent due to the separation
of the spin currents, and the conductance of the devices include sharp features related to localized resonances. In
the normal transport conditions the two-path interference produces regular Aharonov-Bohm oscillations in the

external magnetic field.
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I. INTRODUCTION

Silicene [1-3], the two-dimensional material that forms
a honeycomb structure (similar to graphene), has recently
been strongly examined regarding its synthesis [4]. Significant
interest in this material mainly comes from two factors: (i)
the strong intrinsic spin-orbit coupling [1,2] that accompa-
nies the buckling and provides a wide variety of potential
implementations in spintronics [5—8] as well as topological
spintronics [9], and (ii) the potential of integration with
currently well-known silicon technology [10]. Topological
spintronics is a promising field where the electronic devices
based on topological insulators will generate less heat and
achieve higher performance [11] in comparison to silicon-
semiconductor electronics.

Quantum spin Hall (QSH) insulators [12—14] form a class
of two-dimensional topological insulators with bulk energy
gap and topologically protected currents of a fixed spin-
orbital helicity. The QSH phase [15] is discussed for bulk
nanostructures including HgTe quantum wells [16-19] and
InAs/GaSb interfaces [20,21]. In two-dimensional materials
it has been investigated for bilayer graphene with spin-orbit
coupling [22], twisted bilayer graphene [23,24], as well as
graphenelike monolayer Xenes materials [25,26], including
silicene [1-4,27]. The QSH conditions in silicene occur for
Fermi energies near the charge neutrality point [1-4,27]. The
Fermi energy in 2D monolayer materials can be controlled
by external gating. In the QSH phase the spin currents are
confined by opposite edges of the sample, which was used
for proposals of spin sources and spin filters in silicene
[5-8,28,29].

In this paper we propose electron interferometer devices
that can be used for detection of the QSH transport conditions.
The devices are based on the idea of two-path interference
and the spin separation by the split silicene ribbon [5]. We
consider a double-slit interference device as well as a quantum
ring and find that in the normal phase one observes smooth
Aharonov-Bohm conductance oscillations, while in the QSH
regime only sharp conductance features due to the local-
ized resonances with circular current loops are observed. In

2469-9950/2019/99(16)/165426(5)
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silicene both the localized resonances and the Aharonov-
Bohm oscillations can be intentionally switched off by apply-
ing a local electric field to one of the arms of the split chan-
nels, due to the buckling of the crystal lattice that translates
the electric field into a local energy gap [30,31] that stops the
current flow.

II. THEORY
A. Hamiltonian

We use the tight-binding Hamiltonian spanned on p, or-
bitals of Si atoms [3]:

H__tzczacja-i_lf

(i, j)a

Z VU i aﬂcjls

(i, ). p

k'“t Z u,jc (oxd,j)éﬂcj,g
(i, ). B

+ ZVziC;Cm, (1)
o

where c (cje) is the creation (annihilation) operator for an
electron on atom i with spin «. The calculation accounts for
a hexagonal lattice of Si atoms with constant a = 3.89 A and
a vertical shift of 0.46 A between the A and B sublattices.
Summations over (i, j) and ((i, j)) run over nearest- and
next-nearest-neighbor ions, respectively. In Eq. (1) we use
t = 1.6 eV for the hopping energy [1,3], Aso = 3.9 meV [3]
is the intrinsic spin-orbit coupling energy [15], where v;; =
—1 (+1) for the clockwise (counterclockwise) next-nearest
neighbor hopping, and Al = 0.7 meV is the intrinsic spin-
orbit coupling energy [1,3], where the unit vector from the
jth to ith ion d;; = ‘:’, :::‘. Within sublattice A (B) we apply
mij = +1 (=1). The last term in Eq. (2) introduces a local
vertical electric field (yellow gates in Fig. 1) at the entrance
to the slits to intentionally switch off the currents in the
channels. The gates introduce a vertical electric field of about
100 mV/A that produces the potential difference 425 meV
at the A and B sublattices of the buckled silicene lattice. The

©2019 American Physical Society
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FIG. 1. (a) Sketch of the split-channel system. The input lead and
the split channels are silicene ribbons of width 6.5 nm and zigzag
edges. In the quantum spin Hall effect (QSHE) phase, each channel
is fed by a different spin-state current from the input lead (the blue
and red lines at the edges of the channel). The length of the split part
is about 60 nm, and the vertical spacing between the split channels
is 7 nm. The horizontal distance between openings of the slits and
the detector is 32 nm. The detector is a ribbon 6.5 nm wide. External
gates marked in yellow can be used to locally open the energy gap
in silicene. (b) The spin-degenerate dispersion relation of the zigzag
6.5-nm-wide silicene ribbon at the conduction band side. The linear
energy range corresponds to the QSH insulator phase. For higher Ef
the spin for both spin orientations flows through the center of the
ribbon.

field opens the local energy gap for the Fermi energy range
considered here and closes the channel for the electron flow.

In the presence of an external perpendicular magnetic field
B., the Peierls phase is introduced to the hopping terms hyq jg
for the Hamiltonian, written in general form

, 2mi [N
H'= ) hajsexp [(TO/ A'dl]czacjﬁ’ ()
ij.e.p fi

where A is the vector potential, &y = &/e is the magnetic flux
quantum, and r; is the position of the ith ion.

B. Method

In our calculations we use the wave-function matching
(WFM) technique as described in Refs. [29,32]. The transmis-
sion probability from the input lead to mode k (output lead) is

T ="M, 3)
!

where ¥ is the probability amplitude for the transmission
from mode / in the input lead to mode & in the output lead. For
the mth mode with the wave function ¢, we distinguish spin
by calculating (S,) = (¥ |o.|¥™) as a quantum expectation
value of the Pauli matrix through each atom inside the lead.
The positive (negative) (S,) values are labeled by u, 1 (d, |).
In this notation the spin-dependent conductance can be
written as

Gab = Go Y _ 1" P8a.atS6 pc0)» @
k,l

where Gy = e?/h, and a (b) is expected input (output)
orientation of the spin, while @ and S correspond to the
signs of (S,) value for a given mode. For example the

spin-conserving up-oriented conductance is calculated as
Guu = GO Zk,l |tkl|28u,a(l)8u,/3(k) for (Sz> = (Wmlo—zlwm) All
other components of the spin-dependent conductance can be
calculated in the same manner.

In the tight-binding model the current flowing between i
and j ions along the 7 bonds is calculated as

I
Jiwjp = 7 Z[hiajﬁ‘ljfa‘l’j,ﬂ —hjpia¥igWial,  (5)
a,p

where W; g is the B spin component of the wave function at the
jth ion. Due to spin-orbit coupling included in Hamiltonian
(1), the formula (5) also describes the currents that flow
between different spin components.

III. RESULTS
A. Double-slit system

The schematics of the double-slit interferometer are de-
picted in [Fig. 1(a)]. The electrons are fed from the left by the
silicene ribbon of a zigzag edge of 6.5 nm width. The zigzag
ribbon supports the spin-polarized edge transport at the Fermi
energy Er € (—3,3) meV with respect to the charge neu-
trality point [see the dispersion relation in Fig. 1(b)]. In the
quantum spin Hall insulator phase the opposite spin currents
flow at the opposite edges of the ribbon [see Fig. 1(a)]. The
input lead splits into two channels of the same width. In the
topological phase this spindle-shaped connection separates
the opposite spin currents to the two channels [Fig. 1(a)].

The split channels are connected to a semi-infinite open
plane of silicene [Fig. 1(a)] with smoothed extensions that
prevent backscattering. At open half plane, the areas marked

B[T]
(c) 0.0001 T T T T T T T
— | -
5 2=0 g, —Gu— ¢
O
0 A )

FIG. 2. Conductance with both channels (a), the upper (b) and
lower (c) channel open for Er = 5 meV (outside the QSHE regime).
In (b) [(c)] the 100 meV/;\ vertical electric field is applied to the
lower [upper] channel.
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B[T]

FIG. 3. (a) Two-slit interference for Er = 1 meV (in the QSHE
regime) in comparison to the one-slit transmissions (b, c). In (b) the
upper slit is open (VZT =0 and Vj =100 meV/A), while in (c) the
lower slit is open (V,' = 100 meV/A and VZl =0).

by the gray color fading to white in Fig. 1(a), we attach wide
silicene ribbons that make the edges of the computational box
reflectionless. For Er > 3 meV [Fig. 1(b)] the current flows
through the bulk of the channel for both spin orientations,
and we refer to these conditions as the normal phase. In the
normal phase the current flows through both split channels
for both spin orientations. The Young interference of the
waves entering the open half plane by different slits can only
occur in the normal phase. In the topological phase each of
the slits feeds opposite spin. Thus, observation of the Young
interference should depend on the Fermi energy. In order to

60 I 1.8
50— o(l) -

230 -

10 7(a) | | | | |

J [a.u.]

60 I I I 7
50— o(1)

=30 'c> — — |

10~ —
(b) \ \ \ \ \ \ \ \
0 20 40 60 80 100 120 140 160

J [a.u.]

FIG. 4. The current map for Er = 1 meV and B = 6 T [marked
by dot in Fig. 3(c)]. Subplot (a) is for mode k; associated with spin
down [0 ({)] and (b) is for the spin up [0 (1)].

o(1) (a)
o(1)

(b)
==
() (c)
o)

— Vv

FIG. 5. Sketch of the quantum ring formed by reflection of the
fork channel of Fig. 1. The current distributions observed in the
QSH phase are given for off-resonant (a) and resonant (b) conditions
and for the entrance of the lower lead closed by a local electrostatic
potential.

monitor the interference in the model device [Fig. 1], at 32 nm
to the right of the slit opening a zigzag ribbon of width 6.5 nm
is connected as a detector [33]. In order to gain additional
control in the interference device, we introduce local gates
(yellow gates in Fig. 1) to switch off the currents.

Figure 2(a) shows the conductance in the absence of
the electric field in the gated area in the normal phase for
Er =5 meV. The conductance for both spin orientations and
the total conductance undergo periodic oscillations in the
external magnetic field with a period of about 4 T, which is
the Aharonov-Bohm period for the area of about 1000 nm?
enclosed between the electron paths passing through the split
channels to the detector. For the lower [Fig. 2(b)] or upper
[Fig. 2(c)] channel cut off by the vertical electric field, the
Aharonov-Bohm conductance oscillations disappear, which is
a signature of the switched-off two-slit interference.

In the QSH phase [Fig. 3(a)] we do not observe the regular
AB oscillations, even for both channels open. The wave
function for each spin passes through a single slit to the half
plane so no Young interference can occur. Instead, in Fig. 3(a)
we find sharp peaks of conductance which correspond to

E) 1? [ TE T T\(—f Y\ T I i
g : ,
o 0.5 T Gaa Gy Y I v N
0 Ep *+ 0.35meV ! \ ! ! !
(b) 3 \ \ \ \ \ T T T
—= 2.3 B Ep =5meV Gy Gaq G 7]
© 15 b
@) 1 2
0.5 ‘ Y
0
c 3
g
< 1.?
@)
0.5
0

B[T]

FIG. 6. Conductance of the quantum ring in the (a) QSH regime
Er =0.35 meV and in the normal conditions for Er =5 meV
(b) and 25 meV (c) in the absence of vertical electric field.
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FIG. 7. (a, b) Same as Figs. 6(a) and 6(b) but in the presence of
the local electric field in the entrance to the lower lead [Fig. 5(c)].

localized resonances with the current circulation around the
etched area [see Fig. 4(b) for the point marked by the dot in
Fig. 3(a)]. The local electric field which cuts off the upper or
lower channels excludes the current circulation, and the rapid
features of the conductance dependence on the external field
disappear [Figs. 3(b) and 3(c)]. For one of the closed channels
[Figs. 3(b) and 3(c)] the dominant spin in the detector is some-
what counterintuitive: when the lower channel—preferred by
the spin-down currents—is closed, the calculated G4, is much
larger than G,, [Fig. 3(b)] for a general B. The reason for
this is that for VZi # 0 the spin-down current is directed to
the upper channel where it flows near its lower edge and thus
is closer to the detector.

B. Ring geometry

Similar control of the two-path interference effects can be
obtained in a quantum ring [Fig. 5] formed by reflection of
the split channel of Fig. 1(a). The calculated conductance in
the QSH regime is given in Fig. 6(a) for Er = 0.35 meV.
For a general magnetic field the system is transparent for the
electron flow [Fig. 5(a)]. Sharp dips of conductance appear
[Fig. 6(a)] by interference with the localized loops of current
stabilized near the inner edge of the ring [Fig. 5(b)]. Note that
in the open system the conductance peaked by interference
with localized states, because the signal received by the de-
tector came from leakage [Fig. 3(a)] of the resonant current
loop. The localized resonances are only weakly coupled to

the leads, hence their long lifetime, which is translated to
narrow resonance widths. Under normal transport conditions
[Figs. 6(b) and 6(c)], no sharp resonances appear and smooth
AB oscillations appear with the period independent of the
energy. For higher energy [Fig. 6(c)] the contribution of
opposite spins to conductance becomes equal.

For the gate that cuts off the current flow across the lower
channel [Fig. 5(c)], the dips due to the localized states disap-
pear in the QSH regime [Fig. 7(a)] and the AB oscillations
are removed in the normal conditions [Fig. 7(b)]. For the
normal conditions at B = 0, the closed lower channel reduces
the conductance significantly. In the QSH conditions, both
spin currents find their way to the exit of the ring, although
the path for the spin-down current becomes quite complex

[Fig. 5(c)].

IV. SUMMARY

We have demonstrated that gated interference devices can
be defined in silicene to allow for detection of the quantum
spin Hall transport conditions by reaction of the conductance
to the local electric fields closing one of the paths for the
electron flow.

Considering double-slit geometry, the topological transport
can be distinguished by sharp peaks in conductance—without
any oscillations—in dependence of increasing external mag-
netic field amplitude. Conductance peaks are caused by local-
ized resonances that occur as current flow around etched area.
However, the normal transport is characterized by smooth
Aharonov-Bohm oscillations.

In the system with ring geometry, the topological state is
observed by sharp dips in conductance (in contrast to peaks in
double slit), but the explanation of an effect remains the same,
as well as for the normal transport recognition with Aharonov-
Bohm oscillations.
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Topologically protected wave packets and quantum rings in silicene
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We study chiral wave packets moving along the zero line of a symmetry-breaking potential of vertical electric
field in buckled silicene using an atomistic tight-binding approach with initial conditions set by an analytical
solution of the Dirac equation. We demonstrate that the wave packet moves with a constant untrembling velocity
and with a preserved shape along the zero line. Backscattering by the edge of the crystal is observed that appears
with the transition of the packet from K to K’ valley or vice versa. We propose a potential profile that splits
the wave packet and next produces interference of the split parts that acts as a quantum ring. The transition time
exhibits Aharonov-Bohm oscillations in the external magnetic field that are translated to conductance oscillations
when the intervalley scattering is present within the ring. We study wave packet dynamics as function of the width
of the packet up to the limit of plane waves. In the stationary transport limit the conductance oscillation period
is doubled and the scattering density oscillates between the left and right arms of the ring as function of the
magnetic field. We demonstrate that this effect is also found in a quantum ring defined by the zero lines of the

symmetry-breaking potential in bilayer graphene.

DOI: 10.1103/PhysRevB.100.085306

I. INTRODUCTION

In monolayer honeycomb materials, including graphene
[1], Xenes [2] (silicene [3,4], germanene [4,5], stanene [6]),
transition metal dichalcogenides [7], or bismuthene [8], the
Fermi level appears in two nonequivalent valleys of the Bril-
louin zone. In graphene ribbons [9] with zigzag edges there
is a strict correspondence between the valley state and the
direction of the current flow [10—12]. The valley protects the
chiral [13] electron transport from backscattering by long-
range potential disorder, which led to the valley electronics
[14,15] or application of the valley degree of freedom to
information processing [15-17].

In bilayer [18] and staggered monolayer graphene [19]
a topological confinement inside the sample, far from the
edges, was found [18,19] along a zero line of inversion-
symmetry-breaking potential. For bilayer graphene [20] this
potential is introduced by an electric field perpendicular to
the layers [18]. The bias opens the energy gap in the band
structure [20,21]. For an inhomogeneous electric field that
is inverted at the zero line in space, topologically protected
chiral currents have been found [18] confined in space to
a region of the electric field flip. The flip line provides a
one-dimensional confinement or quantum-wire-type channels
[22-25]. The one-dimensional confinement of currents is also
found in the quantum Hall conditions at the n-p junctions [26]
induced by electric fields. In contrast to the currents localized
at the n-p interface [27-29], the confinement in zero-line
channels does not require external magnetic field [18]. Note
that formation of an energy gap was also found in epitaxial
monolayer graphene due to the sublattice symmetry breaking
by the substrate [30]. However, the gap of this origin cannot
be easily inverted for the topological confinement.

A perpendicular electric field opens the energy gap for the
buckled Xenes monolayers [2,31,32], and an inversion of the
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field induces topological confinement similarly as in bilayer
graphene [33]. In contrast to bilayer graphene, (i) in Xenes
the chiral energy level that passes from the valence to the con-
duction band is a linear function of the wave vector. In Xenes
a (ii) single topological state per current direction is present
instead of two as in bilayer graphene. As a consequence of (i)
and (ii) the wave packet formed at zero line in Xenes should
be stable against excitations and should travel with a constant
shape due to independence of the velocity on the wave vector.

In this paper we study the dynamics of the chiral wave
packets along the zero lines of the electric field in silicene
[2,34-39], the Xenes material for which the gating technol-
ogy is the most advanced, with a successful application for
the field effect transistor [40]. We find that the chiral wave
packets move with the Fermi velocity and the motion of
the topological packets is free from Zitterbewegung [41-44],
which is characteristic to the solution of the Dirac equation
and is found also for Weyl fermions in graphene [42,43,45].
Moreover, the topological electron packets move with a con-
stant shape, similarly to solitons, that in other conditions
require interaction with the environment—see the electron
solitons self-focused with interaction to the metal gates in
heterostructures [46] or the Trojan wave packets formed by
carefully prepared electromagnetic field [47,48].

We show that the chiral electron packets can be transferred
from one valley to the other by backscattering from the edge
of the crystal and we find that the packet appears in the
opposite valley in a restored shape. Potential profiles that act
as beam splitters and quantum rings [49] are proposed. An
interference of the split parts of the wave packet can be con-
trolled by external magnetic field threading the quantum ring.
The ring stores the wave packet for a time that is a periodic
function with the period the flux quantum. The Aharonov-
Bohm [50] conductance oscillations are also demonstrated
for the system with an intervalley scattering present. The

©2019 American Physical Society
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topological rings are a new form of quantum rings for Dirac
electrons, with respect to previously considered systems with
structural confinement [51-55], mass confinement [56-58] or
the confinement at circular n-p junctions in the quantum Hall
conditions [59].

In the long wave packet limit, i.e., when the width of
the packet is comparable with the diameter of the ring, the
interference within the ring is translated into an imbalance of
the scattering density in the left and right arms of the ring that
becomes a periodic function with doubled Aharonov-Bohm
period. The result is also found in the stationary transport for
silicene and bilayer graphene.

This paper is organized as follows. In Sec. II we provide
an analytic solution to the Dirac equation for the topologi-
cally protected currents at the inversion of the electric field
(Sec. IT A). In Sec. II B the solution of the continuum ap-
proximation (Sec. I A) is translated to atomistic tight-binding
description which naturally accounts for the intervalley scat-
tering, and the time stepping procedure is explained. In the
Sec. III we test the stability of the wave packet against the
intervalley transition (Sec. III A) and describe the Aharonov-
Bohm [50] oscillations of the electron storage time by the
ring (Sec. III B). Section III C describes the conductance
oscillations for intervalley scattering within the ring. The
long wave packet limit is discussed in Sec. III D, and the
limit is confronted with the standard calculation based on
the stationary electron scattering in Sec. III E. Section III F
shows the results of the Landauer approach for quantum rings
defined by the zero lines in bilayer graphene. Section IV
contains the summary.

II. THEORY

A. Chiral currents confined by the energy gap inversion

The chiral currents at the band inversion in silicene similar
to the ones in bilayer graphene [18] were found in Ref. [33].
For buckled monolayers as well as for bilayer systems the
energy gap can be tailored in space using multiple split gates
with inverted polarization. The idea of the local manipulation
of the energy gap by dual split gates was proposed for topo-
logical confinement [18] and pseudospin electronics in bilayer
systems [60-62].

Here, we consider a buckled silicene monolayer sand-
wiched in between top and bottom gates [Figs. 1(a) and 1(b)].
The gates are split, so that the electric field changes orientation
along the y axis (i.e., for x = 0). We model the potential at the
A sublattice using an arctangent function,

2V, arctan(x/A)
- .

Valx) = ey
We assume that the silicene is embedded symmetrically be-
tween the gates, so that on the B sublattice we have Vz(x) =
—Va(x) [Fig. 1(c)]. The potential bias between the sublattices
opens an energy gap in the band structure [31,32]. For poten-
tial of Eq. (1) the energy gap is inverted at x = 0 by the flip of
the electric field orientation.

For the wave function components defined on sublattices
¥ = (Yu, ¥p)T the low-energy approximation to the atom-
istic tight-binding Hamiltonian reads [33]

Hr] = hvp (keT, — nkyty) + V(r)t; — nt;0.050, (2)

o6 10 205 0 05
(c) x[nm] (d) ky [1/nm]

FIG. 1. (a) Schematic side view of a silicene monolayer embed-
ded in a dielectric sandwiched between top and bottom gates with
the A sublattice on top (red dots in the inset) closer to a positively
Ve > 0 biased top gate (red color) gated inducing a negative potential
energy for x < 0. (b) Top view of the system. The K’ (K) valley
current flows leaving the negative (positive) potential energy on the
A sublattice on the left hand side. The flake has a zigzag (armchair)
termination at the edges with constant y (x). (c) The potential profile
on the A and B sublattices (right axis) and the wave function on the
A sublattice as calculated in the continuum approximation [Eq. (6)].
The blue solid (red dashed) lines show the wave functions with
the positive (negative) product of the valley index 1 and the spin o,
eigenvalue for A = 4 nm and V, = 0.2 eV. (d) The dispersion relation
calculated numerically.

where 7 is the valley index (n = 1 for the K valley and —1 for
the K’ valley), 7., 7y, and 7, are the Pauli matrices in the sub-
lattice space, k = —iV, the Fermi velocity vg is determined
by the nearest distance between Si atoms d = 2.25 A and
the tight-binding hopping parameter t = 1.6 eV [4,36], vr =
3dt/2h. In Eq. (2) tso = 3.9 meV is the intrinsic spin-orbit
coupling constant [4,36]. The intrinsic spin-orbit coupling is
diagonal in the basis of eigenstates of the z component of the
spin and o, = %1 is treated as a quantum number.

With potential Bgiven by Eq. (1) the Hamiltonian com-

mutes with the 3, operator. The common eigenfunctions

of the energy and y momentum component can be put in

. , ! T .
form % (x, y) = exp(lkyy)[l//j‘ (x) 1//2‘ (x)] . The Hamilto-
nian eigenfunctions fulfill the system of equations

[Va(x) — E — no tso]Wa(x)
iFlUF
[=Vax) — E + no tso]Wa(x)
ihvp

= (V3 —nk,¥p), )

= (V) +nkWa), (D)

where the prime stands for x derivative. We plug in Egs. (3)
and (4) arelation Wg = iWy, i.e., a guess based on a numerical
solution that allows us to derive an analytical solution for
states localized near the zero-line area. A sum of the resulting
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equations relates the potential and the wave function
a
Va(x) — no:tso = —tha In Wy (x). Q)

For the specific form of potential given by Eq. (1) the (un-
normalized) wave function is found by a standard integration
technique
Wy = (A2 4 x2) s (g aretan S0, ©)
The term x arctan(x/A) in the exponent for low x introduces
a Gaussian-like dependence to the wave function and keeps it
localized near the band inversion area [Fig. 1(c)]. The average
value of (x%)!/2 for A =1, 2, 4, 12, and 20 nm is 2.45,
2.87, 3.55, 5.45, and 6.83 nm, respectively. In presence of the
spin-orbit coupling the wave function is not ideally symmetric
with respect to the center of the gap inversion line: the term
including the spin-orbit coupling shifts the wave function at
left (right) of the inversion line for negative (positive) product
of valley index 1 and the o, eigenvalue. For the applied
parameters these shifts are not very strong — see the blue and
red lines in Fig. 1(c). In the calculations below we set o, = 1.
The energy of the states localized at the gap inversion can
be calculated by adding Eqgs. (3) and (4) still with the relation
Wp = Wy, which gives

E = —nlkyvr. @)

The entire dispersion relation calculated numerically with a
finite difference approach [63] is given in Fig. 1(d). The linear
band energy is independent of the V, or A which only affect
the transverse wave function localization at the energy gap
inversion line. Above the energy gap a continuous spectrum
is found with a parabolic in k,. Near the zero energy only the
localized reflectionless currents flow, and for V, = 200 meV,
the gap is wide enough to make the currents stable at room
temperature. For the Fermi wave vector kp ~ 0.25 nm™'
(Er >~ 100 meV) the continuum appears still 100 meV above
the linear band.

The sign of the electron velocity within the linear band
v(ky) = %dE /dk, = —nvp depends on the valley index.
Hence, the transport at the inversion line is chiral, i.e., the
electron states of the valley K’ (K) go up (down) along the
electric field flip line [Fig. 1(b)]. Generally, in the states
localized along the field flip the current in the K’ (K) valley
flows with the negative (positive) potential at the A sublattice
at the left-hand side.

B. Chiral wave packets in the atomistic tight-binding approach
1. Atomistic Hamiltonian

Since the electron velocity in the linear chiral band is
independent of k, the wave packet localized at the flip of the
electric field should move with an unchanged shape along
the x = O line. The description of the electron wave packets
stabilized by the valley degree of freedom calls for an ap-
proach that takes into account the intervalley scattering. A
natural choice is the atomistic tight-binding approach. The
positions of the ions of the A sublattice rfn = ma; +mpa,

are generated with the crystal lattice vectors a; = a(%, ? 0)

and a, = a(1, 0, 0), where a = 3.89 A is the silicene lattice

constant, and m;, m, are integers. The B sublattice ions are
generated by rﬁ = rfn + (0, d, 8), with the vertical shift of
the sublattices 8 = 0.46 A. The coordinates of the center of
the valleys in the reciprocal space are K, = (‘%, 0) [35]. The
valleys for n = 1 (—1) are referred to as K (K’).

We use the Hamiltonian [34,36,64]

Hrp = —t Z Pmicher + itsoor Z Pl VmiChCl
(m.1) ((m.1))

B
+ 3 Ve en + 2

G ®)

where (m,[) stands for the nearest-neighbor ions, ({m,I))
for the next-nearest-neighbor ions. For the potential V (r,,)
we take Vj(r,) or Vg(r,,). The sign v,; = £1 is plus (mi-
nus) for the next-nearest-neighbor hopping path via the com-
mon neighbor ion that turns counterclockwise (clockwise).

In Eq. (8) p,; is the Peierls phase p,; = ei%frgt Adl \where
A= (0, Bx, 0) is the vector potential, and B is the value of
the magnetic field that is oriented perpendicular to the silicene
plane. The last term in Eq. (8) is the spin Zeeman term with
the Landé factor g = 2, and Bohr magneton up.

2. Initial condition and the time-stepping

In the calculations to follow for the initial condition we
use the solution of the continuum Hamiltonian [Eq. (2)] and
localize the packet along the band inversion using an envelope
of form W, with D = 80 nm and y, that sets the center

D4

of the packet. We set the valley momentum with a plane wave
and the K or K’ coordinates. Accordingly, for the atoms of the
A sublattice we set as the initial condition

¥ (r,. 1 = 0) = exp [i(K, +k)) - 17, ]x (). ®

where k,, = (0, ky, 0) is the wave vector of the packet calcu-
lated with respect to the valley center, and W, is given by
Eq. (6). For the atoms on the B sublattice we take

Y(rh.t =0) =inexp[i(K, + k) - r2]x (v2). (10)
Wy (y)

O=yo *
L 008

where x (y) = . We set k, = O unless stated otherwise.

‘We solve the Sghrddinger equation on the atomic lattice
ih% = H1r, using the time step of dt = 10 atomic units or
dt = 2.418 x 10~* ps. The wave function at the first step is
calculated with the implicit Crank-Nicolson scheme ¥ (dt) =
¥(0) + ;—.;HTB[w(O) + ¥ (dt)]. The subsequent time steps
are calculated with the explicit Askar-Cakmack scheme v (t +
dt)y =yt —dt)+ %HTBI//(I). In presence of the external
magnetic field the eigenstates of (3,4) need to be calculated
numerically [63]. However, for the discussed range of the
magnetic field (B <1 T) and the applied narrow flip area
(A = 4 nm) no significant difference between the numerical
eigenstates and formula of Eq. (6) used for the initial condition
were found in the wave packet evolution.

III. RESULTS

A. Wave packet motion

We first consider a square flake (x,y) €
[—300 nm, 300 nm] x [—300 nm, 300 nm] with a zigzag
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FIG. 2. Time evolution of the absolute value of the electron
packet (|¢|) backscattered by the zigzag (a) and armchair (b) edge of
the flake. The square flake has a zigzag edge at y = 300 nm (a) and
an armchair edge at x = 300 nm (b). The plots show the absolute
value of the wave function at the inversion of the energy band that
is introduced at x = 0 (a) and at y = O (b). For the zigzag edge the
wave packet is temporarily localized at the edge. The vertical fringes
observed at the backscattering result from the superposition of the
incoming and outgoing waves from the opposite valleys K and K'.

edge at y = £300 nm and and armchair edge at x = £300
nm. The packet is set in the K’ valley (n = —1) to make
it move upwards [to increasing y values—see Fig. 1(b)].
Figure 2(a) shows the cross section of the packet along the
x = 0 line. The packet indeed moves up in a stable form until
it reaches the zigzag edge of the flake.

The same result—as long as the packets does not reach
the edge—is obtained for the solution of the time dynamics
with the continuum Hamiltonian [by Eq. (2)]. The absence of
Zitterbewegung [41-44] for the wave packet that follows the
Dirac equation calls for a comment. The velocity operator is
obtained as D, = %%

this operator does not commute with the Hamiltonian

= —ntyvy [42]. For the Dirac equation

0.2

<y>[nm],4Ay[nm]
o
<x>[nm]

0.2

coo

|W(k)|2 [arb.un.]

oocoo
o000l khkrpr

ONPOOHRENPO

o

1 2 3
(b) t[ps]

FIG. 3. (a) The average position in the y (black line, left axis)
direction for the wave packet scattered by the armchair edge of the
flake. The spread of the wave packet /((y — (v))?) multiplied by 4
(blue line, left axis), and the average position at the x axis (right axis,
red line). The variation of (x) are due to the spin-orbit coupling and
the valley transitions that follow the backscattering by the edge [see.
Eq.(6)]. The electron spin is set at o, = +1. The parameters of the
system are the same as in Fig. 2(a), only the packet is started with the
initial average position at yo = 100 nm. (b) The Fourier transform of
the packet calculated for the K’ (red) and K valley (black).

[H,, vy] # 0 which is usually invoked in the interpretation
of the trembling motion [42]. However, the wave function
localized at the zero line that follows the specific form used
in Sec. 1 A W = (Wy, iv,)T happens to be an eigenfunction
of the ®, operator, with the eigenvalue v, = —nuvy.
By, the Ehrenfest theorem for we have %(\Illf)yhll) =
LW, H — Ho,|0) = L(HGWW) — (U[HGY)) = &
(—nvp(HW|W) +nus(W|HW¥)) =0, hence the constant
velocity of the packet.

B. Backscattering by the flake edge

The zigzag edge of the crystal supports edge localized
states. The incident packet couples to these states and in
Fig. 2(a) we find formation of a high peak of the absolute
value of the wave function (see the red region at the right edge
of the plot for + >~ 0.4 ps). The packet is backscattered and
moves to the left with a shape restored to its original form,
only in the opposite direction.

The average position (y), (x), and the size of the packet
along the junction Ay = /{(y — (y))?) is plotted in Fig. 3(a).
The system is the same as in Fig. 2(a) only the packet is started
at ygp = 100 nm. In Fig. 3(b) we additionally plot the square of
the absolute value of the Fourier transform of the wave packet
calculated for K and K’ valleys,

vk, t)= L/w(x,y,t)exp(—ik~r)dr, (11D
2
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FIG. 4. The potential at the A sublattice for a quantum ring of
radius 100 nm. The potential at the B sublattice is assumed opposite.
The arrows indicate the orientation of the K’ currents. The currents
in the K valley flow in the opposite direction.

for k =K_; (i.e., the K’ valley) and k = K; (K valley).
We find that as the packet reaches the edge of the flake it
is scattered to the other valley that makes it travel in the
opposite direction. In Fig. 3(a) we can also see that the average
(x) oscillates with a small magnitude which results from the
valley flips at the backscattering by the edge which changes
the sign of the exponent with 5o in the wave function (o, is
setto 1).

We find that the restoration of the chiral packet upon
scattering is observed for both the armchair and the zigzag
termination of the flake. For backscattering by the armchair
edge we rotated the potential within the flake by —m /2 angle.
The packet which is still started in the K’ valley moves toward
larger x values until it reaches the edge [Fig. 2(b)]. Here
no peak of the wave function at the edge is observed since
the armchair termination does not support the edge localized
states [65].

C. Quantum ring

A form of a quantum ring with the chiral wave guides for
the electron flow can be defined with an engineering of the
electric field. For that purpose one needs a local inversion
of the electric field which requires additional top and bottom
gates in the system. Here we consider a circular area of radius
R, and set the model potential at the A sublattice to

R) arctan (;), (12)

where R = 100 nm is the circle radius with the center at the
origin and r = \/x2 + y? is the distance from the origin. The
potential at the A sublattice is plotted in Fig. 4. As above
we take Vp(r) = —V,(r). Figure 4 shows also the direction
of the flow for currents in the K’ valley—with the negative

v 4v, ¢ r—
= —= arctan
AT A

(positive) potential at left (right) side of the current flow.
When the line of V4 =0 meets the ring at y = —100 nm
the K’ current can go to either the left or the right arm
of the ring. This potential profile introduces a beam splitter
for the electron wave packet in this way. The central bar of the
ring is inaccessible for the K’ current going up.

In quantum rings [49] Aharonov-Bohm [50] oscillations
of coherent conductance are observed that in the Landauer-
Biittiker [66] approach are explained as due to variation of the
electron transfer probability across the ring with phase shifts
accumulated from the vector potential of the magnetic field. In
the present system the electron backscattering from the ring is
prohibited by the topological protection of the valley current,
so the transfer probability of the chiral wave packet is 1 for
any magnetic field. However, we find that the time that the
electron spends within the ring changes due to the phase shifts
introduced by the vector potential.

In this section and in the rest of the paper we neglect the
intrinsic spin-orbit coupling (fso = 0) that introduces a weak
asymmetry in the electron injection to the ring due to the
spin-valley dependent shift off the zero line [cf. Fig. 3(a) and
Eq. (6)]. The calculations for the quantum ring require long
leads to prevent return of the packet to the scattering area
upon reflection from the edge of the crystal. For long wave
packets the entire computational box is taken long up to 6 um.
Systems these long are treated with the scaling method of
Ref. [67] for which the crystal constant is scaled as a; = asy
with the hopping parameter #; = ¢ /s ;. In Hamiltonian Eq. (8)
t; replaces t, and a, replaces a while the Si ions are generated
in the computational box. We use the scaling factor sy = 3 or
4 in the calculations for silicene below.

Figure 5(a) shows the snapshots of the simulation of the
packet transfer across the ring for B = 0. For t = 0 the packet
is started 350 nm below the center of the ring of radius
100 nm. The snapshots taken at 0.204 and 0.325 ps show that
the packet is split into two parts at the entrance to the ring. In
both the left and right arms of the ring the K’ current moves
up leaving the negative potential at the A sublattice at the
left-hand side [see Fig. 4]. The split packets meet at the exit of
the ring [r = 0.568 ps and t = 0.689 ps] with the same phase
and the packet of its original size is restored [r = 0.810 ps].

Figure 6(a) shows the parts of the packet before (“b4,”
black lines) the ring, within (“in,” blue lines), as well as the
transferred part (“passed,” red lines) as a function of time. The
results for B = 0 that correspond to Fig. 5(a) are plotted with
the solid lines. For ¢ = 0.75 ps the entire packet is transferred
above the ring.

Below we denote the magnetic field flux threading the
ring by ® = BrR%. For R = 100 nm the flux is equal to
the flux quantum @&y = g when B = 0.13167 T. In Fig. 5(b)
we plotted the snapshots of the simulation for B = 0.066 T,
which corresponds to ® = & /2. The parts of the packet that
meet at the exit (f = 0.6 ps) acquire a relative 7 phase due
to the Aharonov-Bohm effect. A node of the wave function
is formed at the exit to the upper channel. A nondestructive
interference is observed within the area below the exit from
the ring, which directs the packet to the internal bar within
the ring (t = 0.72 ps), i.e., to the only path where the K’
current can go for the exit to the upper channel blocked by
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FIG. 5. The snapshots of the time evolution of the wave packet for B = 0 (a) and B = 0.066 T (b), which corresponds to the magnetic
field flux across the ring of radius R = 100 nm ® = B R? equal to half the flux quantum &y = h/e, ® = ®,/2. The time from the start of the

simulation is given in picoseconds in the frames.
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FIG. 6. (a) The part of the wave packet before the ring (black
lines), inside the ring (blue lines), and above the ring (red lines)
for zero magnetic field (solid lines), half of the flux quantum (B =
0.066 T), and the magnetic field corresponding to the flux equal to
®y/8.5 (B =0.0155 T). (b) The time at which less than 10% (blue
line), 50% (red line), and less than 75% of the electron density stays
within the ring as a function of the magnetic field flux through the
ring of radius R = 100 nm. Local extrema of the times are found
even and odd multiples of ®,/2. (c) The part of the wave packet
inside the ring for the selected moments in time from the start of the
simulation.

the Aharonov-Bohm effect. The bar is transparent for the
K’ current going down [Fig. 4]. The packet is split again
to the left and right arms of the ring at 0.924 ps. After the
second round the parts of the packet meet in phase 27 at the
exit and the packet smoothly leaves the ring [f = 1.176 ps,
t = 1.296 ps].

In Fig. 6(a) the results for half the flux quantum are plotted
with the dotted line. The packet is transferred to the exit with a
delay but completely and in a single move. For comparison in
Fig. 6(a) the results for the magnetic field of 0.0155 T which
corresponds to ®(/8.5 are plotted with the dashed lines. Here
a part of the packet passes to the exit as fast as for B = 0, but
due to a phase difference at the exit a part of the packet stays
inside the ring and leaves it in portions at subsequent rounds,
which produces the steps in the dashed lines in Fig. 6(a).

In Fig. 6(b) we plotted the moments in time for which less
than 75%, less than 50% and less than 10% stays within the
ring as a function of the external magnetic field. The plot is
periodic with ®. The ring is emptied the fastest for the integer
and half quanta. The result of Fig. 6(a) for & = ®,/8.5 (or
B = 0.0155 T) corresponds to a local maximum of the time
for which more than 10% of the packet stays within the ring.
Finally, Fig. 6(c) shows the part of the packet contained within
the ring for a fixed moment in time as a function of the
magnetic field. For¢# = 1 ps and 1.25 ps the ring-confined part
is locally maximal for the magnetic field corresponding to odd
multiples of half the flux quantum. For longer times these
maxima are turned into minima due to compensation of the
phase difference after the second round of electron circulation
[Fig. 5(b)] within the ring.

D. Intervalley scattering and conductance oscillations

For the potential profile plotted in Fig. 4 the transfer
probability can fall below 1 only provided that a intervalley
transition is present within the ring. The intervalley scattering
is introduced by potential variation that is short on the atom-
istic scale. For the modeling we introduced a point potential
defect of a Lorentzian form

Ve

R e,

(13)
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FIG. 7. The backscattering probability for a sharp perturbation to
the potential given by Eq. (13) as a function of the magnetic field flux
threading the ring of radius R = 100 nm. The red, green, and blue
lines correspond to k, = 0, 0.1/nm, and 0.15/nm, respectively. For
each value of k, two lines are plotted: the lower and upper bound to
the backscattering probability. The spacing between these two lines
is given by the probability density localized within the ring at the end
of the simulation (6.1 ps from the start).

wherer;=(R, 0, 0), and Vg=7.2/sfc eVand!=12a=4.7 nm.
In the scaling approach [67] the smooth potential that changes
slowly on the atomic scale, in particular, the one given by
Egs. (1) and (12) stays invariant with s;. For the abrupt
short-range defect potential we found that scaling of V, with s ¢
is necessary to keep the same effectiveness of the intervalley
scattering. The defect potential V; enters with the same sign to
potential on both sublattices, as V4 + V; on sublattice A and
Vg +V; = —V4 + V; on sublattice B.

In presence of the defect, the results start to change signifi-
cantly with k. The backscattering probability R as a function
of the external field is given in Fig. 7 for k, = 0, 0.1/nm, and
0.15/nm. For each value of k, two lines are plotted, which
are the minimal and maximal bound for the backscattering
probability. The difference between the two is determined by
the part of the electron packet that stays within the ring at the
end of the simulation (6.1 ps). R as a function of B is approx-
imately periodic with the period of flux quantum threading

0.145ps 0.266ps 0.386
N7
i W K’
0.870 1 0.991ps N 1.11ps
| 70
- IR i

the ring. The behavior of the electron packet is displayed in
Fig. 8 for B =0 and k, = 0.1/nm. The packet is incident in
the K’ valley. For t = 0.508 ps we spot the scattering center
near r,. A part of the packet passes across the defect moving
still in K’ valley, and a larger part is backscattered and move
in the direction which is only allowed for the K valley. For t =
0.628 ps the K current reaches the entrance to the ring, a part
of it is backscattered to the input channel, and another goes
up along the bar. The electron packets of opposite valley meet
within the bar for t = 0.749 ps and 0.87 ps. For t = 0.991 ps
we can see recycling of currents for both the valleys: the K
valley current cannot pass to the output channel and the K’
one to the input channel. The opposite valley currents meet
again, this time in the arms of the ring for r = 1.11 ps. For
t = 1.47 ps the packet distribution is similar to = 0.87 ps,
only a smaller portion of the electron packet is still present
within the ring.

E. The limit of long wave packets

The wave packet dynamics in the limit of a large size of
the packet should approach the conditions of the stationary
electron flow. To study the limit of a plane incident wave we
consider a Gaussian envelope of the packet, i.e., in the initial
condition given by Egs. (9) and (10) we set x = exp[—(y —
y0)?/46%]/(2wa?)!/*. The Fourier transform of the packet
produces the probability density with the standard deviation
of oy, = % in the wave vector space.

We solve the time evolution and integrate the parts of the
packet in the left and right arms of the ring and in the center
bar over time as the packet transfers the ring. In Fig. 9 we
plot the results for increasing length of the packet in the
initial condition. The results for 0 = 30 nm and o = 60 nm
are nearly identical. The packet passes equally through the
left and right arms of the ring. The integrals in Figs. 9(a)
and 9(b) are periodic functions of the magnetic field with the
quantum of the flux threading the ring of radius R = 100 nm,
as above. An asymmetry of the electron transfer across the
arms appears for o = 120 nm [Fig. 9(c)] and becomes very
strong for o = 240 nm [Fig. 9(d)]. Moreover, as the result
of this asymmetry, the period of the integrals as functions
of the magnetic flux threading the ring of radius R doubles
and becomes equal to 2&,. For explanation of this effect
the solution of the stationary scattering problem of the next
subsection is helpful.

0.508 0.628 | 0.749 T
N //1 \ !
( |
1 t ? -
K\ 1 A
K | K e
123 1 135 1 147 1
LA RN |
E ] £ T L3
A N\
1 l 4

FIG. 8. Snapshots of the electron density for B = 0, k, = 0.1/nm [the green lines in Fig. 7(a)]. The blue (green) arrows indicate the motion
of the parts of the packet moving in the K(K’) valley. The time from the start of the simulation is given in picoseconds in the frames.
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FIG. 9. Probability density in the left (red dashed line) and right
(black line) arms of the ring and in the central bar (blue line)
integrated over time, for a Gaussian envelope of the wave packet in
the initial condition exp[—(y — yo)?/40%], with o given in the figure.
The wave vector applied in the initial condition is k, = 0.01/nm.

F. Stationary electron flow

We solve the standard stationary quantum scattering prob-
lem for the Fermi level electron using the wave function
matching technique [68] for the atomistic tight binding Hamil-
tonian. We set Er = 6.4 meV for which the Fermi wave vector
is displaced by k, = 0.01/nm from the K’ Dirac point at
B = 0. The integral over the scattering density in space is
plotted in Fig. 10(a). The result corresponds very well with
Fig. 9(d), only the features are more abrupt in the stationary
case, which is due to the presence of a finite range of k, in the
wave packet dynamics. The period of integrals is 2®y.

Figures 10(b)-10(d) show the scattering density for & =
0.91®y, 0.999,, and 1.06®P,, respectively. For 0.99d,
[Fig. 10(c)] the parts of the electron density passing through
both the arms of the ring meet in phase at the exit to the
ring, and the electron wave function does not enter the central
bar. However, for slightly different magnetic field [Figs. 10(b)
and 10(d)] a phase difference appears, the part of the wave

(a)

0.6
0.5F
0.4
0.3+
0.2+
0.11

0

()

0 1 2 3
/0y

FIG. 10. Solutions of the stationary scattering problem for Er =
6.4 meV, which corresponds to the wave vector k, = 0.01/nm as cal-
culated with respect to the K’ valley. (a) Scattering density integrated
over the left (red dashed line), the right (black line) arm of the ring,
and in the central bar (blue line). (b—d) The scattering density for
B =0.12, 0.13, 0.14 T, that correspond to the flux of the magnetic
field threading the ring of radius 100 nm ® = 0.91®,, 0.999,, and
1.06®,, respectively. (e) Same as (a) only as a function of k, for
B =0.075T (® = 0.579dy). The horizontal bars show the segments
[k, — o, ky + oy ] with the standard deviation of the Gaussian packet
oy = i for o = 30, 60, 120, and 240 nm, from top to bottom. (f)
Backscattering probability obtained for the defect potential given by
Eq. (13).

function is injected to the central bar from above, and the
interference within the ring promotes right or left arm of
the ring. In the extreme conditions of Figs. 10(b) and 10(d)
the electron circulates around a half of the entire ring, which
is the origin of the period doubling of the period on the flux
scale, as now the area for the magnetic field flux is halved.

In the time-dependent dynamics for short packets the injec-
tion to both the arms of the ring is nearly ideally symmetric.
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Figure 10(e) gives the integrals for the stationary flow for
® =0.579y (i.e., B=0.075 T) as a function of k,. The
scattering density switches very fast from the left to the right
arms of the ring. The horizontal bars at the top of the Figure
show the segments of k, from 0.0lﬁ *op = 0.0lﬁ + %
for o = 30, 60, 120, and 240 nm (from top to bottom). Only
for large o the asymmetry survives averaging over k, range
contained within the packet, hence the symmetric transfer for
shorter packets.

Figure 10(f) shows the backscattering probability R for the
ring with the defect given by Eq. (13). The conductance G =
(11— R)% has a period of 2® in terms of the flux threading
the entire ring, or the period of the oscillations corresponds to
the flux quantum threading half of the ring in consistence with
the period of the scattering density integrals of Fig. 10(a).

G. Quantum rings defined by zero lines in bilayer graphene

Qualitatively similar results for the transfer across the
quantum rings defined by the zero lines of the symmetry-
breaking electric field are found for the bilayer graphene.

For bilayer graphene we use the atomistic tight-binding
Hamiltonian spanned by p, orbitals,

H =Y (jclc; +He)+ Y Vrc|e, (14)

(i.J) i

where V (r;) is the external potential at the ith site at position
r;, and in the first term we sum over the nearest neighbors.
We use the tight-binding parametrization of Bernal stacked
layers [69], with f;; = —3.12 eV for the nearest neighbors
within the same layer. For the interlayer coupling, we take
tij = —0.377 eV for the A-B dimers, 7;; = —0.29 eV for skew
interlayer hoppings [69] between atoms of the same sublattice
(A-A or B-B type), and 1;; = 0.12 eV for skew interlayer
hopping between atoms of different sublattices. The orbital
effects of the magnetic field are introduced by Peierls phase,
asin Sec. [IB 1.

For simulation of the ring, we assume potential of the form
given by Eq. (12) on the upper sublattice and an opposite
potential on the lower sublattice [see Fig. 11(a)]. We set V, =
0.2 eV, A = 4 nm as above, but the radius of the ring is taken
equal to R = 50 nm. The magnetic field period corresponding
to the flux quantum threading the circle of this radius is 0.53 T.

The dispersion relation for armchair nanoribbon is dis-
played in Fig. 11(b). For calculations we take the the Fermi
energy is Er = 0.1 eV. For bilayer graphene we have two
energy bands instead of the single one moving up the ribbon
towards the ring. The integrals of the scattering density are
plotted in Fig. 11(c) and display the periodicity with & period
of 2®,, as found above for silicene.

To produce the backscattering we removed an atom of the
upper graphene layer from the center of the right arm. We
selected an atom that does not form a vertical dimer with
the lower layer. The backscattering probability—the sum of
probabilities for each of the incident subbands—is given in
Fig. 11(d) and display the periodicity corresponding to the
flux through half the ring, as found above for silicene.
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FIG. 11. (a) Schematics of the potential on the upper and lower
layers of bilayer Bernal stacked graphene. Blue and red colors
correspond to opposite sign of the potential. We consider an arm-
chair nanoribbon of width W = 49.2 nm, with 1604 atoms in the
elementary cell (on both layers). The zero line forms the ring of
radius R = 50 nm. The computational box in the ring area covers an
area of radius 74.5 nm. (b) The dispersion relation for the amrchair
nanoribbon feeding the current to the ring at B = 0. The dots indicate
the Fermi wave vectors at the bands with positive velocity for Er =
0.1 eV. a, is the nearest-neighbor distance for graphene. (c) Integral
of the scattering density in the left and right arms of the ring and
in the bar for Er = 0.1 eV. (d) Backscattering probability for a
vacancy: a carbon atom removed from the center of the right arm
from a position that does not form a vertical dimer with the bottom
layer.

IV. SUMMARY

We studied the dynamics of electron wave packets in
buckled silicene in inhomogeneous vertical electric field
that breaks the symmetry between the sublattices using an
atomistic tight-binding approach. We have demonstrated that
the line of the electric field flip in silicene supports a smooth
untrembling motion of unspreading wave packets that are
topologically protected from backscattering. We proposed a
form of a quantum ring that uses branching of the zero line to
split the wave packets and to make them interfere again. The
ring stores the packet for a finite time that can be controlled
with the external magnetic field. For short wave packets the
time spent by the electron in the left and right arms of the ring
is a periodic function of the flux with the period of the flux
quantum threading the ring. We found that for long packets,
close to the plane waves, the electron transport across the
rings becomes asymmetrical with an imbalance of the electron
transfer across the left and right halves of the ring. In conse-
quence the period of oscillations in terms of the magnetic field
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flux across the ring is doubled. This result is reproduced by
stationary scattering calculations. We demonstrated that the
same effect is found for rings defined in bilayer graphene. The
point defects produce backscattering probability that has a
period of the flux quantum threading the ring for short packets.
For long packets and in the stationary transport the period of
the backscattering probability is doubled.
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Aharonov-Bohm oscillations of four-probe resistance in topological quantum rings
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We consider observation of Aharonov-Bohm oscillations in clean systems based on the flow of topologically
protected currents in silicene and bilayer graphene. The chiral channels in these materials are defined by the
flips of the vertical electric field. The line of the flip confines chiral currents flowing along it in the direction
determined by the valley. We present an electric field profile that forms a crossed ring to which four terminals
can be attached, and find that the conductance matrix elements oscillate in the perpendicular magnetic field in
spite of the absence of backscattering. We propose a four-probe resistance measurement setup, and demonstrate
that the resistance oscillations have large visibility provided that the system is prepared in such a way that a
direct transfer of the chiral carriers between the current probes is forbidden.

DOI: 10.1103/PhysRevB.101.115308

I. INTRODUCTION

In OI-V systems with two-dimensional (2D) electron gas,
the Aharonov-Bohm interferometers are formed by definition
of gated channels forming ringlike structures by etching [1]
or surface oxidation [2]. Quantum rings are also defined in
graphene by etching [3]. In the etched systems disorder and re-
sulting electron backscattering within the arms of the ring are
usually present which lowers the visibility of the Aharonov-
Bohm conductance oscillations [4]. In the present work we
consider Aharonov-Bohm interferometers with arms formed
by chiral [5] channels that are protected against backscattering
by symmetry constraints.

Graphene [6] nanoribbon [7] with zigzag edges forms a
perfect chiral channel for low Fermi energy. The Fermi wave
vectors corresponding to the current flow in one direction or
the other appear in opposite valley states [8—10]. The chiral
[5] valley current within a quasi-one-dimensional channel is
protected against backscattering by a smooth potential varia-
tion. Only potential defects that are short range on the scale
of the lattice constant can induce an intervalley transition that
implies backscattering [8—10]. However, formation of a quan-
tum ring of purely zigzag edges is unlikely. For that reason
we consider chiral channels defined within the bulk of the
sample by gating. In staggered monolayer graphene [11,12],
in buckled silicene lattice [13—16], or other 2D Xene materials
[17-19], the chiral channels for the electron flow can be
tailored by a symmetry breaking potential along its zero lines
[11,20,21]. For buckled silicene [13—16]- a hexagonal crystal
with the two sublattices placed on two parallel planes, the
symmetry breaking potential is introduced by perpendicular
electric field [20,21]. Similar chiral channels appear in bilayer
graphene [12,22-26] along the flip of the vertical electric field
or in bilayer graphene at the AB/BA stacking interface induced
by a dislocation [25,27] or twist of the layers [28,29]. The
AB/BA interfaces in twisted bilayer graphene form a triangular
lattice with the direction of the current flow opposite for both
valleys [29-31].
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Recently, a ringlike system with splittings of the chiral
zero-line channels was proposed for both silicene and bilayer
graphene [21]. The electron passage time across this system
is a periodic function of the external magnetic field due to
the Aharonov-Bohm phase difference accumulated from the
vector potential [21]. However, the two-terminal Landauer
conductance of these systems is independent of the external
magnetic field, since the backscattering is absent due to the
valley protection. In order to observe the Aharonov-Bohm
oscillations in two-terminal conductance one should rely on
atomic-scale disorder. The atomic disorder is hard to control
and electron interferometers should be difficult to construct in
this way.

The message of this paper is that one can design a four-
terminal interferometer device for the observation of the
Aharonov-Bohm oscillations of conductance for clean chiral
channels defined in both silicene and bilayer graphene that
works in the absence of electron backscattering. We study
the chiral current flow in the channels formed by the electric
potential flips that define the four-terminal crossed-quantum
ring in silicene and bilayer graphene. A simulation of two
nonequivalent four-point resistance measurement setups is
perfomed. We find a distinct Aharonov-Bohm periodicity in
the resistance amplitude that is associated with the interfer-
ence on 1/4 of the ring area. We discuss the interference paths
that are behind this periodicity.

II. THEORY
A. Silicene

In this work we use the atomistic tight-binding Hamiltio-
nian spanned by p, orbitals [15,16,32]

H=—=1tY (pucicn +He)+ Y Vrdcle, (1)

(n,m) n

©2020 American Physical Society
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e
Al,O3 Vg

silicene

FIG. 1. (a) Sketch of the silicene monolayer between top and
bottom gates. Positive potential Vi is put on the blue gates, and
negative —V;; on the red gates. (b) Top view of the system with leads
numeration. Black (white) arrows denote for the directions of K’ (K)
valley protected charge currents within each channel defined by gate
interfaces.

where (n, m) stands for the nearest neighbor ions. The cz
(cy) is the creation (annihilation) operator for an electron
on site n, and t = 1.6 eV is the hopping parameter [15,32].
We introduce the magnetic field via the Peierls phase in the
Pnm term, where pp, = i Ji Al with the vector potential
A = (0, Bx, 0). The crystal lattice vectors a; = a(%, ‘/75, 0)
and a; = a(1, 0, 0) define the positions rﬁ = nja; + mpa, of
the ions of the A subblatice, where the silicene lattice constant
a = 3.89 A, and nj, ny are integers, and the ions of the
B sublattice are shifted by the basis vector (0, d, t), where
d =2.248 A is the nearest neighbor in-plane distance and
T = 0.46 A is the vertical shift between the sublattice planes.

The quantum ring with the chiral channels is formed by
the electric field induced by the split top and bottom gates
[Fig. 1(a)]. The systems of multiple dual gates below and
above the 2D crystals are used to modify the local electron
structure [31,33-35]. The inversion of the field creates a
topologically protected conducting channel. We consider a
ring of radius R with the center at the origin formed by the
model potential

8V, R-
Vi = —< arctan (f) arctan <X> arctan - , @
3 A A A

where r = \/x2 + y? is the distance from the origin, V; is
the gate potential, and A is the parameter responsible for the
inversion length. For symmetric gating the potential on the B
sublattice is opposite Vz(r) = —V,(r).

In Fig. 1(b) we plot the direction of the current channels
that are open for the K and K’ valley electron flow. The K’
valley electrons move along the zero line of the potential given
by Eq. (2) leaving the region of negative potential on the A
sublattice on the left hand-side. Note that the current injected
from terminal zero-line 1 can be directed to either terminal
2 or terminal 4. In terminal 3 there is no K’ valley state that
carries the electron flow up, away from the ring (Fig. 2). In
every channel the direction of the current flow for the K valley
(with respect to the K') is opposite.

The wave function of the states confined laterally at the
zero line near x = 0 is plotted in Fig. 3(a). The confined states
correspond to linear bands that appear within the energy gap
[Fig. 3(b)].

elementary cell

armchair

zigzag

FIG. 2. Schematic view of four-terminal crossing channels de-
fined by flips of the electric potential. Negative potential -V is
shown by red color (”—" symbol) and positive V; by blue color
(”+” symbol), for both the A (upper) and B (lower) sublattice. Green
(orange) arrows indicate the orientation of the K’ (K) currents in the
channel that are associated with a specific valley marked in the band
structures for each lead. In the zigzag ribbon the potential at the edge
changes its sign and shifts the flat subbands (edge states) to different
Fermi levels, Er = +V; and Er = —Vj;, respectively.

B. Bilayer graphene

For bilayer graphene the inversion-symmetry-breaking po-
tential can be introduced by an electric field perpendicular
to the sheet. We consider a bilayer-graphene-based system
analogous to the one described in Sec. II A, with the difference
that due to the presence of two layers, two topological states
occur instead of one as in silicene. We consider the tight-
binding Hamiltonian similar to Eq. (1)

H == (tmPmcicn +He)+ Y VEr)clen, (3

(n,m) n

with graphene lattice constant acc = 1.42 A, the interlayer
distance of d = 3.35 A and the tight-binding parameters of
bilayer graphene with Bernal stacking [36], where t,, =
—3.12 eV for the nearest neighbors within the same layer,
and for the interlayer coupling, #,,, = —0.377 eV for the A — B
dimers, t,,, = —0.29 eV for the skew hoppings between atoms

(a) (b)
3 %
— 25 s
s 9 :'.. 1’5
=15t I
U
= 05
i
-50 25 0 25 50
k [1/(ax)]
x [nm]

FIG. 3. (a) Probability density |¥|? of the states confined along
the zero lines and (b) band structure for the input lead 1 with zigzag
edges and electric potential defined as described in Fig. 1. The flat
horizontal band corresponds to the edge state. The translation vector
of the supercell of the zigzag nanoribbon has the length of two lattice
constants a; = 2a.
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of the same sublattice, and #,,,, = 0.12 eV — between the atoms
of different sublattices.

The model potential in the lower layer is described by a
formula analogous to Eq. (2), and in the upper layer it has
the opposite polarization, but the sign is the same in both
sublattices within the same layer. We use A =4 nm, R =
100 nm, and V5 = 200 meV.

C. Landauer approach

We solve the electron scattering problem formed in
the tight binding model with the wave-function match-
ing technique. The details of the method were described
in Refs. [37,38]. The electron transfer probability is
calculated as

Ty =2l @
v
where 7}" denote the probability amplitude for the transfer
from incoming mode v in the input lead 7, to outgoing mode w
in the output lead &. Thus, the Landauer conductance formula
for the transfer from lead 1 to & can be written as

Gey=Go Y T, )

where Gy = ¢?/h is the conductance quantum.

We focus our attention on the Fermi level Er €
{0: 0.1} eV and take into account the spin degree of freedom
so that all the assumptions provide G = max(Gg,) = 2G for
silicene, and G = max(G¢,) = 4Gy for bilayer graphene.

D. Conductance matrix

The scattering problem for the four-terminal system was
solved for each lead as an input channel and the results were
collected in the conductance matrix G with the general form

g1 -Gz —Giz —Gu
-Gy & -Gy  —Gu
G= , 6
—Gs1 —Gn g —Gxu ©)
-Gy —Gypn —Gu  gu

with g; = Zi £ Gij. Due to the rotational symmetry (Cy4 in
terms of channel shape) the conductance matrix G can be put
in the form

G -B 0 -A
~-A G -B 0

0 -A ¢ -BJ ™
B 0 -A ¢

where the coefficients

A =Gy =Gy =G = Gy, (8)

B = G4 = Gi2 = Gz = G4, &)

0 = G13 = Gy = G31 = Gy, (10)
and B=G — A.

Assuming that V3 =0 we can truncate the 3rd column
[39] and calculate the resistance matrix R = G~! that can be

(a) (b) 4 14 2

]ﬁ R
T N

-/
1

1IN
1/

FIG. 4. Schemes for experimental resistance measurement con-
figuration: for the current flow between neighbor (a) and opposite
(b) leads. In both configurations the voltage V3 associated to the third
lead is set to 0.

written as follows:

Rii Riz Ry 1 g? BG AG

R=|Ry Rn Ru|=—|AG G*-AB A?
Ry Ro Ru) W\BG B ¢ -aB
(11)

with matrix determinant W = G(B? + A?) that is always
positive.

E. 4-point resistance measurement

We consider two configurations of resistance measure-
ment (Fig. 4) in the system with varied voltage and current
terminals.

For the first configuration from Fig. 4(a) the resistance is
calculated as

Vv’ 1%} AB
R=—=|=2 =Ry — Ry = —, 12
iz [11]1220 21— Ray = 27 (12)
I = —1I4
and for the other [Fig. 4(b)],

74 Vi — V. B—A
R=—=|:4 21| =R41—R21=M-
I I L=1I=0 w

(13)

III. RESULTS AND DISCUSSION
A. Small ring R = 100 nm

In this subsection for the silicene system we use Vg =
200 meV and A =4 nm. In Fig. 5 and 6 we plotted the
results for the conductance matrix elements (upper plots) and
the resistances R and R’ (lower plots) for Er = 20 meV and
Er = 6.43 meV, respectively. The oscillations of the matrix
elements that have nearly maximal amplitude are translated
to oscillations of resistance that have high (R) or low (R')
visibility.

The current probe terminals for configuration R’ corre-
spond to an open direct current path. The R’ resistance has
a constant sign since the numerator in Eq. (12) is always
nonnegative AB > 0.

For configuration R the current from terminal 1 can reach
terminal 3 only via the voltage terminals 2 and 4, which absorb
the current and send an equal current back in the opposite
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0 02 04 06 08 1 12 14 16 18 2
B [T]

B [T]

FIG. 5. (a) Conductance plot for simplified conductance matrix
elements [Eq. (7)] for the system in external magnetic field at
fixed Fermi level Er = 20 meV. (b) Resistance R’ for the case
in Fig. 4(a) and R [case in Fig. 4(b)] in units of von Klitzing
constant Rg.

valley, which is necessary to keep the net current at the voltage
probes equal to zero. The resistance R changes sign [Figs. 5(b)
and 6(b)] as the magnetic field is varied. From Eq. (13), since
the determinant W is positive, the sign change needs to be
accompanied by the sign change of the difference V4 — V; (or
the matrix elements B — A = G4; — G14). Hence, the changes
of sign of R appear when the electron transfer probability from
terminal 1 to 4 crosses the electron transfer probability in the
opposite direction. The directions become nonequivalent from
the point of view of the electron transfer when the external
magnetic field is introduced.

The current circulation paths for Er = 20 meV are pre-
sented in Fig. 7. For magnetic fields such that A = B Fig. 5(a),
the current is evenly distributed from terminal 1 to the left and
the right leads [Figs. 7(a) and 7(c)], while for stationary points
0= % = % [Figs. 7(b)-7(f)], one can distinguish current
loops around quarters of the ring.

By taking the Fourier transform of the resistance
R and R’ [from Figs. 5(b) and 6(b), respectively]
for magnetic field B range from 0 to 40 T we

0 02 04 06 08 1 12 14 16 18 2
B [T]

FIG. 6. (a) Conductance and (b) resistance plots same as Fig. 5
but for Er = 6.43 meV.

200 200 3.5
100 100 r
El ERE] El
S 0r & & 0 =3
> — > —
2100 -100
-200 - . - 0 -200 - L . 0
-200 -10 0 100 200 -200 -100 0 100 200
200
100 r
El
= 0
>
100
200
-200
200
100
El
= 0
)
-100
-200 . : : 0 -200 : a - 0
-200 -101 0 100 200 -200 -100 0 100 200
X [nm)| X [nm)|

FIG. 7. Current distribution maps for different magnetic field
magnitudes: (a) 0 mT, (b) 138 mT, (c) 174 mT, (d) 200 mT, (e)
324 mT, and (f) 386 mT for Er = 20 meV (see Fig. 5 for conductance
matrix element and resistance). For each map the color indicates the
averaged current amplitude /, while the arrows indicate the direction
of this current.

can distinguish four characteristic peaks (Fig. 8)
fs ={11.9,23.8, 35.7, 47.6}% associated to  periods
(AB =2r/fp) AB = {528 mT, 264 mT, 176 mT, 132 mT},
respectively. For each period the area A can be calculated as
A = 7R?, and using the Aharonov-Bohm formula for period
AB = % we obtain
h
A= . 14
eAB a4
In our calculations the channel ring has radius R = 100 nm
and area Ay = 7w R?, hence
A h
A=—=—— 15
A() eABrR? ( )
is the fraction of the ring area responsible for the Aharonov-
Bohm interference. Thus, taking the {AB} list from the
Fourier transform we obtain

113
A: _7_5_71a
4723

for peaks 1 — 4 from left to right in Fig. 8, respectively. The
leftmost peak that corresponds to the interference paths that
encircle a quarter of the ring is the most pronounced. In the
current distribution in Fig. 7 one can indicate the paths that

115308-4



AHARONOV-BOHM OSCILLATIONS OF FOUR-PROBE ...

PHYSICAL REVIEW B 101, 115308 (2020)

10 : T 4 . : .
FT(R) g Y 20 meV —— FT(R") 20 meV ——
El
< 5 1 27 1
'
< D @ i
0 A JL o b A
0 10 20 30 40 50 0 10 20 30 40 50
4 T T T T 1 T T T T
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FIG. 8. Fourier transform of R(B) and R'(B) data for Er 20
and 6.43 meV. Input magnetic field range B was set to [0:40] T.
Inset icons indicate the area encircled by the currents to produce
Aharonov-Bohm periodicity corresponding to the peak with 7, =
132 mT for the entire ring area, % ring with 7, = 176 mT, half of the
ring with 7, = 264 mT, and quarter of the ring with 7, = 528 mT.

encircle a few quarters of the ring, but the fundamental period
corresponds to 1/4 of the ring.

B. Larger ring, nonchiral bands, weaker vertical field

The clear Aharonov-Bohm oscillations of the resistance
presented above were obtained for a system with a relatively
small radius, narrow flip length and a very strong vertical
electric field with only chiral bands at the Fermi level.

Let us consider a system with larger field inversion length
increased from A =4 nm to 12 nm and Er = 100 meV, for
which nonchiral modes appear at the Fermi level (Fig. 9). The
results for the conductance matrix elements and the resistance
are plotted in Fig. 10(a). The nonchiral currents transfer across
the ring from lead 1 to 3, see G3; # O [Fig. 10(a)], which is
forbidden for the chiral bands. In the presence of the nonchiral
bands the conductance matrix has no longer the form given

NS Y
0.15 ¢ 1 0.15 §
0.1 0.1

Z Z
H.0.05 FL0.05
-0.1 -0.1 m
I T
3210 1 2 3 321 0 1 2 3
k [1/ag] k [1/a]

FIG. 9. (a) Band structure for the armchair-type lead number
1 and (b) for the zigzag-type lead number 2 with Vg = 200 meV
and A = 12 nm. Red line denotes Er = 100 meV that includes one
chiral and one (two) nonchiral subbands in armchair (zigzag) lead.
a, = 24/3a is the translation vector of the supercell of the armchair
nanoribbon.

0 02 04 06 08 1 1.2 14 16 1.8 2
B [T]

FIG. 10. (a) Conductance matrix elements G,;, G31, G4; and
(b) resistances R, R’ calculated from the inverted conductance matrix
Eq. (6) for Er = 100 meV and parameters Vs = 200 meV and A =
12 nm.

by Eq. (7) and a general formula needs to be applied to
calculate the resistances R and R’ by inverting the conductance
matrix. The results of R and R’ calculations are presented in
Fig. 10(b). Matching peaks (dips) to a periodic pattern, we
observe periodicity of the R(3) plot with mean spacing AB
of 66 and 131 mT, which for R = 200 nm correspond to flux
quantum threading 1/2 and 1/4 of the ring area, respectively.
In the presence of the nonchiral bands, the amplitude of the R’
oscillations becomes comparable to the ones of R.

For the same parameters R = 200 nm and A = 12 nm but
a lower Fermi level Er = 20 meV (see Fig. 9), we reproduce
the regular oscillations (Fig. 11) of the purely chiral case
presented above for R = 100 nm and A = 4 nm.

The assumed potential of 0.2 eV at each sublattice of the
buckled silicene requires a giant vertical field of the order of
10 V/nm. The vertical field applied for two-dimensional crys-
tals can be very large without inducing the breakdown due to
the atomic width of the system. However, the fields considered
for the silicene [40] and the ones applied to bilayer-graphene
[31,41] are of the order of 1 V/nm only. In order to verify
that the effects described above can be observed for similar
electric fields we performed calculations for 10 times weaker
gate potential Vo = 20 meV at Er = 2 meV for R = 200 nm
and A = 4 nm with only the single linear chiral mode at the
Fermi level. The Aharonov-Bohm oscillations can be resolved
in R and R’ dependence on the magnetic field (Fig. 12), with
the larger visibility of the R oscillations as above.

IV. BILAYER-GRAPHENE-BASED SYSTEM

For the bilayer graphene system the results are qualitatively
similar as for silicene, with the difference that for the Fermi
energy within the energy gap we have max(Gg,) = 4Gy, as

R

>

02 04 06 08 1 12 14 16 18 2
B [T]

FIG. 11. Resistances R, R’ for V; =200 meV and inversion
length A = 12 nm at Er = 20 meV.
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06 08 1 12 14 16 18 2
B [T]

FIG. 12. R and R’ resistances for 10 times weaker gate potential
Vg =20 meV with A =4 nm at Er = 2 meV.

the number of topological states is doubled due to the presence
of two layers. This can be seen in the band structure of
the armchair input leads in Fig. 13(d). For the zigzag leads,
Figs. 13(a)-13(c), within the energy gap the edge states occur
that, however, do not contribute to the interlead conductance.
G and G33 is always equal to 2, with the edge modes being
completely backscattered, and only the flip modes leaving the
zigzag leads.

Figure 14 shows the current distribution in the bilayer
graphene system for Er = 50 meV for the electron incident
from the lower lead. As in silicene, the current cannot pass to
the upper lead. Instead, we observe only the transfer to one
of the two nearest leads. For A = B [Figs. 14(a) and 14(b)]
the current is evenly distributed within the system, while at
the extrema of A and B [Figs. 14(c) and 14(d)] the current
distribution is asymmetric, and loops around quarters of the
ring are more pronounced.

The conductance matrix elements in Fig. 15(a), and the
resistance in Fig. 15(b) manifest oscillations of the periodicity
corresponding to a single or several quarters of the ring as
for silicene. In the Fourier transform of the resistance in
Figs. 16(a) and 16(b) we find peaks at the frequencies fg =
{12.7,23.8, 36.4,49}% associated with the periods (AB =

e\

o\
72\
2 2.2 -2.2 -2 -0.3 0 0.3
k [1/ay] k [1/ay] k [1/ay]

FIG. 13. (a) Band structure for lead 1 (with zigzag edges) (b) and
its zoom in the vicinity of K’ valley, and (c) in the vicinity of K valley,
and (d) for lead 2 (with armchair edges) with electric field defined as
described in Fig. 1. The green circles in (b) and (c) indicate the modes
outgoing from lead 1.

0.25 0.25
(b)
100
:E o i
— = —
-100
0 0
0.3 0.3
(c) (d)
100 100
£ o i E o Z
- = = =
-100 -100 ,
] 0
-100 0 100 -100 0 100

x [nm]

FIG. 14. Current distribution maps in bilayer graphene ring at
Er =50 meV for different magnetic field magnitudes: (a) 0 mT,
(b) 155 mT, (c) 230 mT, and (d) 300 mT. For each map the color
indicates the averaged current amplitude /, and black arrows present
the direction of this current.

21 /fg) AB = {495 mT, 263 mT, 173 mT, 128 mT}, respec-
tively. These correspond roughly to the area of one, two, three,
or four quarters of the ring, respectively.

V. SUMMARY AND CONCLUSIONS

We have studied Aharonov-Bohm interferometers with
chiral channels defined by inversion of the vertical electric
field in silicene and bilayer graphene. The valley protected
channels induced by inhomogeneous electric field in silicene
and bilayer graphene in clean conditions, i.e., without the
backscattering (due to the intervalley transitions) can serve
for the observation of the Aharonov-Bohm oscillations pro-
vided that four (instead of two) terminals are attached to
the system. The Aharonov-Bohm oscillations of four-probe

(a) 1.5

090 05 10 15 20 25 30 35 4.0
BIT]

FIG. 15. (a) Conductance plot for simplified conductance matrix
elements (Eq. 7) for the bilayer graphene system in external magnetic
field at fixed Fermi level Er = 50 meV. (b) Resistance R’ for the
case in Fig. 4(a) and R [case Fig. 4(b)] in units of the von Klitzing
constant Rg.
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(a) (b)
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5
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FIG. 16. Fourier transform of (a) the R and (b) the R' signal of
Fig. 15 in the bilayer graphene system.

resistance with large visibility are observed when a direct
electron transfer between terminals (chosen as the current

probes) is forbidden. The fundamental period of the resis-
tance oscillations corresponds to a quarter of the ring, or to
the smallest loop that a chiral current encircles within the
structure.
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The transconductance and effective Landé g* factors for a quantum point contact defined in
silicene by the electric field of a split gate is investigated. The strong spin-orbit coupling in buckled
silicene reduces the g* factor for in-plane magnetic field from the nominal value 2 to around 1.2 for
the first- to 0.45 for the third conduction subband. However, for perpendicular magnetic field we
observe an enhancement of g* factors for the first subband to 5.8 in nanoribbon with zigzag and to
2.5 with armchair edge. The main contribution to the Zeeman splitting comes from the intrinsic
spin-orbit coupling defined by the Kane-Mele form of interaction.

I. INTRODUCTION

Quantum point contacts (QPC) in spin-orbit-coupled
semiconductors are elementary elements in the construc-
tion of spin-active devices due to their ability to enchance
the effective Lande factor g* [I]. In the absence of ex-
ternal magnetic field QPC system with strong spin-orbit
interaction can work as a spin filter [2H6]. Spin orbit in-
teractions due to the crystal lattice asymmetry and exter-
nal electric fields introduce effective magnetic fields [7H9]
for the flowing electrons. The orientation of an external
magnetic field (in-plane or out-of-plane) has a strong im-
pact on conductance due to the spin spatial anisotropy
of the spin-orbit field [I0HI2] whichd has been observed
experimentally [I3] [14] by splitting the transconductance
lines. In systems with strong spin orbit interaction the
anisotropy is very strong, e.g. in InSb QPCs [I5] the
in-plane |g*| = 26 and out-of-plane is two times higher,
lg*| = 52 for the lowest conducting subband. On the
other hand in materials with low intrinsic spin-orbit cou-
pling such as pristine graphene, the g* value is ~ 2 as for
free electrons [I6HIS]. In bilayer graphene (BLG) struc-
tures quantum point contacts can be formed electrostati-
cally [T9H23] due to the opening of a band gap that can be
tuned by a perpendicular electric field [24H28]. The spin
g* is still ~ 2 in bilayer graphene QPC [22], however the
valley g factor can be tuned and used as an additional
degree of freedom. In the silicene [29H32], a graphene-
like honeycomb structure, two sublattices displaced in z
direction introduce strong intrinsic spin orbit interaction
[33]. Additionaly, the band gap in silicene can be electro-
statically modified by external gates [34H37] that makes
it a good candidate for a spin-active device.

In this paper we present a numerical calculation of the
effective Landé g* factors for silicene using the transcon-
ductance lines according to a standard experimental pro-
cedure of determining the ¢g* values [13], 14, B8-H40]. We
test the g* anisotropy by dependence on the orientation
of the external magnetic field. We discuss impact of the
SO interaction on g* value for in-plane and out-of-plane
magnetic field.

II. THEORY

We consider a device with a quantum point contact
defined in silicene nanoribbon [Fig. . The QPC profile
is defined by external split gates at voltages £V, /(—e)
which induce a potential V., at both sublattices equally
forming QPC profile. In our calculations we assume a
model potential profile given by a Gaussian [41]

—(z—z)?  —(y—yg)?

VGauss (xa Y:Zo, Yo, A.’ﬂ, Ay) = Vge 2an? ¢ (2ay? (1)

and model the QPC with

Ver = Voauss(x, y; 165 nm, 0 nm, 40 nm, 40 nm)
+ Vaauss (2, y; 165 nm, 200 nm, 40 nm, 40 nm).
(2)

The higher the applied gate voltage, the narrower the
conductive channel in the center of the QPC. Figure
presents example of gate energy distribution within sil-
icene for the specific case where V;, = 0.5 eV [Fig. a)],
and the profile of the potential [Fig. [2[b)].

silicene

FIG. 1. Schematic view of the system. A silicene nanoribbon
is sandwiched between dielectric layers. Two pairs of external
gates provides electric potential V, equalizing the effective
energy on both sublattices
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FIG. 2. (a) Map of the external electric potential for V; = 0.5
eV, in the system of size 200 nm by 330 nm. Two Gaussian
2D potentials are used to form the quantum point contact in
the middle of the silicene nanoribbon. (b) Profile of the QPC.
The occupied states below chemical potential (+Vsp/2) are
marked on both sides by rectangles with the assumption of a
symmetric drop along the device.

A. Hamiltonian

We use the tight-binding Hamiltonian [42]:

=—t Z CZXC]‘X + eE, Z%CL,XCM«
(k,5)x k,x
1
+ 99HB kz cLchk,g(B +0)yo + Hso, (3)
X0

Heyy

where we use creation (c,zx) and annihilation (cgy) op-

erators for an electron on site k with spin y. Ions in
the nearest neighborhood are specified by (k,j). ¢ = 1.6
€V is the hopping parameter [33] 42] and e is the ele-
mentary electric charge. The E, term describes external
perpendicular electric field with a factor ~;, = % - 0.46
A that determines the offset in the sublattices. The
penultimate term introduces the external magnetic field
B = [b,, by, b,] to the system, where ¢ = [0,,0,,0,] is a
vector of Pauli matrices. We use the Landé factor g = 2
for electrons in silicene along with Bohr magneton con-
stant pp. The last term describes the spin-orbit part of
the effective Hamiltonian H¢y:

HSO = tKM Z ijCLXO';ngg
((k.3))x,0
> MijLX (0 xdkj)5,Cios  (4)
(k.3)) x50

where the first part describes the intrinsic spin-orbit cou-
pling in Kane-Mele (KM) form [8, 3] with ¢, = 1252

3V3
and Ago = 3.9 meV, while the second term is an intrinsic
Rashba spin-orbit interaction tg = —z%/\ r With Agp = 0.7

meV [33, 42]. The summation in both cases runs over
next-nearest neighbor ions ((k, 7)), where p; is +1 or -1

for sublattice A and B, respectively. The v; = +1 (—1)
for the counterclockwise (clockwise) hopping from j to k
ion, where dy; is a vector pointing from ion £ to ion j.
The lattice constant a = 3.86 A. To calculate the total
conductance we use the Landauer formalism

2 N
e
G = 5 —Total(EF) = . ; (5)

no

where N is the total number of propagating modes and
T, is the transmission probability of the mth mode from
the input to the output lead. We use quantum transmit-
ting boundary method to solve the scattering problem
[40]. For finite potentials of source and drain the current
is calculated as follows:

e [Te72
I(Vsp; T =0) = 7/ ven Tiotat(Er + E)dE, (6)
_eYsp

h

with the assumption of a drop of the potential along the
device for nonequivalent chemical potential of the leads
[Fig. 2[(b)]. With a nonzero bias, we use the formula for
the conductance

dI(Vsp)

G =
dVSD

(7)
and we define the transconductance dG/dV; as a second
mixed derivative of the current,

dG  dI(Vsp)

dv,  dVspdV, ®

The classical procedure of calculating the effective
Landé g* factors from transconductance is based on
compensation of the Zeeman splitting by application of
source-drain bias into the system along with energy mod-
ulation from the gate potential [13] 14} 38|, [39]. The gate-
to-energy conversion factor can be determined for each
subband from the slope of the transconductance lines in
B = 0 according to the formula:

1dVsp

fm = 5 dVg (9)

where the 1/2 factor results of source-drain potential shift
that is equal to half of the applied bias: 1/2 Vsp. The
final step in the procedure of finding g* factors is to eval-
uate the transconductance as a function of magnetic field
B, and for each subband to find the susceptibility as the
derivative %. Then the effective Landé factor for
mth subband is given by

7M§m' (10)



III. RESULTS

To reduce the numerical cost of the calculations we
use the scaling method [30] with a scaling factor sy =4,
that gives new crystal lattice constant a, = a - sy along

with new hopping parameter t, = é We replace a to

as and t to ts in Hamiltonian . All the results below
are presented for the Fermi energy Er = 0.07 eV, if not
stated otherwise.

A. Band structure

For the constriction center of the QPC we calculate
the band structure for two different edge types: armchair
and zigzag. In the zigzag case when spin-orbit interac-
tions are omitted (Hso = 0) we observe spin-degenerate
subbands at B = 0 [Fig. [3|(a)] for both valleys K’ and K,
while this degeneracy is lifted upon applying an external
magnetic field perpendicular to the sample [Fig. c) for
B, = 2 T] that slightly splits the spin-states and shifts
the subbands higher for K and lower for K’. When all
spin-orbital interactions are included (Hgo # 0) then de-
generacy is lifted even at B = 0, since the Zeeman-like
SO interaction in KM interaction [8,[43] introduces an ef-
fective magnetic field with an amplitude along the z axis
that splits the spin-states in the subbands [Fig. [3|(b)].
Up (1) spin states decrease their energy in the K valley
and increase in the K’ valley, while down ({) spin states
shift in an opposite way. Applying an external perpen-
dicular magnetic field in the case with SO interactions
taken into account changes the energy gap in the same
manner as with SO interactions omitted [Fig. B[(d)]. We
observe an analogous behavior for the armchair type of

edges [Fig. [4].

B. Conversion factors

We calculate the transconductance with a bias Vgp ap-
plied using Egs. (6H8). Fig. |§| presents maps of transcon-
ductance for armchair and zigzag edges for the cases —
with spin-orbit interactions included or neglected in the
Hamiltonian. The dependence of the compensation of
the Zeeman splitting by source-drain bias Vgp on the
gate voltage Vi are marked by straight dashed lines for
each subband with Hgo = 0 [Fig. [6{(c,d)]. For each sub-
band we calculate the conversion factors (Eq. E[) from
the slope of the corresponding line du‘l/‘if for both types
of nanoribbons: armchair and zigzag. Results are pre-
sented in Tab. [l

In the case with spin-orbit interactions taken into con-
sideration [Fig. [6[a,b)] we observe twice more subbands
that emerge from splitting caused by the Zeeman-like
part of the intrinsic SO coupling.
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FIG. 3. Band structure of silicene nanoribbon with zigzag
edges calculated for the center of the QPC constriction with
Vy = 0.15 eV, with spin-orbit interactions neglected (a,c) and
included (b,d). Magnetic field is equal to B, = 0 (a,b) and
B, =2 T (c,d). Black dashed line denotes the Fermi energy
FEr = 0.07 eV. The color bar indicates the mean value of the
spin projection along z axis. The a.. = 3as is the zigzag
lattice constant.
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FIG. 4. Same as Fig. [3]but for a nanoribbon with armchair

edges. Armchair lattice period is equal to agrm = 61;;.

C. Effective Landé factors

We calculate the transconductance by taking the
derivative of the G maps with respect to V. First we con-
sider perpendicular magnetic field By = B = (0,0, B,).
We present results for Hgo = 0 [Fig. Eﬂ only for the
zigzag nanoribbon since for the armchair system similar
results are obtained. The two separate spin-states cannot
be distinguished from the transconductance map so the
calculation of the effective Landé factor is not possible in
the standard way. However, we are able to identify val-
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FIG. 5. Schematic view of the vz; (Eq. sign for two
different edge types of silicene. For the same considered atom
j paths to the next-nearest neighbor k differ in zigzag and
armchair configuration and produce opposite sign of the local
effective magnetic field resulting from KM term. This will
produce mirrored image of spin signs in subband structures
for armchair and zigzag.

TABLE I. Conversion factors for the first three subbands cal-
culated from the transconductance (Fig. @) without spin-orbit
interaction.

& | & | &
armchair|0.40(0.42(0.47
zigzag |0.41]0.44]0.49

ley and spin-state from the band structure in Fig. b).
Upon subtraction of the energies at different B, /V; val-
ues we find ¢g* = 2.0, which agrees with the expected
value g = 2 for electrons in silicene.

For nonzero Hgo in the Hamiltonian the intrinsic
SO interaction in the Zeeman-like form separates the

armchair zigzag
30
=
220
a
=10
0
30
=
£ 20
a
=10
0
0.09 0.11 0.13 0.09 0.11 0.13
Vg [eV] Vg [eV]
FIG. 6. The transconductance dQI/dVSDdV = % for
g

armchair (left column) and zigzag (right column) nanorib-
bons with SO interactions (top row) and without (SO interac-
tions neglected). Dashed lines denote the conductance levels
(marked by numbers) and are used to calculate gate-voltage
to energy conversion factors.
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FIG. 7. (a) Transconductance for the perpendicular B_L ori-

entation of the magnetic field with SO interactions neglected
(Hso = 0). Smooth transconductance peaks correspond to
new conductive states in the subbands (two first marked as
k] and k7). Each subband includes two opposite spin states
which are close enough not to be seen as separate peak [see
zoom in plot (b)]. Results are for zigzag edges.

spin states and now they can be easily distinguished
in the transconductance map [Fig. when external
magnetic field B, is applied. Identification of the
subband and valley number comes from the band
structure of the zigzag nanoribbon [Fig. . Calculating
the slope of d(AV,(B))/dB (marked by dashed lines)
and using Eq. with conversion factors [Tab. [
we obtain g7 = 5.8, ¢g5 = 13.3 for the case with
zigzag edges and ¢g7 = 2.5, g5 = 14.0 for armchair
edges [Tab. . The difference comes directly from the
geometry (Fig. where vg; in KM term defines the
sign of an additional energy to spin states. Apply-
ing external magnetic field compensates this energy
if its direction agrees with the emerged local mag-

netic  field % > 0 for K’ (k > 0) in zigzag },
or forfeit for the opposite directions
[% < 0 for K (k < 0) in zigzag |. We ob-

tain mirrored behavior in armchair nanoribbons due to
the vy; sign. In Fig. (c,d) we see that the slope for
the first subband () is positive in the zigzag structure
and negative in the armchair. Small difference in g3
(slopes Ny in Fig. [10[c,d)) for armchair and zigzag
comes from the fact that deeper conductive bands have
higher energy and additional fraction that comes from
KM term is less significant in this scenario.

The second case concerns an in-plane magnetic field
B).  We present the transconductance for the zigzag
nanoribbon for B = [0, By, 0] [Fig. [9(a,b)] and we ob-
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FIG. 8. Transconductance for perpendicular B = [0, 0, B.]
orientation of external magnetic field applied to the system
with active SO (nonzero terms in Hamiltonian). Numbers
denote the subband index in k£ > 0 valley (4) and k& < 0 (-)
with spin 1 (J) marked by white dotted lines. The AV, term
is calculated between two spin-correlated subbands within the
same valley band.

tain similar results for B = [B,,, 0, 0] fields (not shown).
For the armchair structure in B) transconductance plots
looks similar (not shown) and g* were calculated sep-
arately. The new states that enhance the conductance
at Er come in pairs of the same spin-type for B, > 0
[Fig. @(c—f)]. Again, the splitting at B, = 0 is an effect
of SO in KM form, but contrary to Fig.a) this time we
can calculate ¢g* from transconductance even if double-
states are visible — the valley number in this case is not
important. Slope of AV, over B, is calculated from the
fit (Fig. to the dashed lines in Fig. @(a,b). Results
are presented in Tab. [Tl Spin of an electron is strongly
aligned along the z axis when SO interaction is taken
into account, hence the impact of external in-plane mag-
netic field is suppressed and we observe decreased g* < 2
values.

TABLE II. Effective Landé factors g*.
SOon| gi | 95 | g3
SO off| g1 [ g3 | g3 || By.. | 1.2 ]0.78]0.45
B, [21]2.2]2.1]] By, [1.17]0.92]0.32
B, |2.0|12.0|2.0(| B,., | 5.8 |13.3] -
Bi, |25 (14.0] -
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FIG. 9. (a,b) Transconductance for the in-plane B =

[0, By, 0] orientation of the magnetic field for zigzag edges.
Double-spin states (of the same sign from both valleys) at Er
that enhance the conductance are marked by white dashed
lines along the peaks. (c-f) Band structure for the center
of the constriction. Colorbar indicates expected value of the
spin projected to the y axis. Left column (a,c,e) corresponds
to calculations with neglected SO part of the Hamiltonian,
while right column (b,d,f) are with included SO part, respec-
tively.

IV. SUMMARY AND CONCLUSIONS

We studied the effective g* factors in electrostatic
quantum point contacts defined in silicene using the
tight-binding Hamiltonian by solving the scattering prob-
lem using the quantum transmitting boundary method.
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FIG. 10. The splitting of the transconductance for parallel

magnetic field B (a) without SO and (b) with SO term ac-
tive. For perpendicular B, (c) in zigzag and (d) in armchair
nanoribbon. The slope of the fitted line for each split in the
transconductance [see Fig. [[a,b)] is equal to d(AV,(B))/dB.

The spin-orbit coupling radically changes the values of
the Landé factors. We showed that Zeeman splitting in
magnetic field oriented parallel to the plane of the silicene
lattice is isotropic and does not depend strongly on the
edge type. Zeeman splitting from an external magnetic
field is strongly suppressed by the intrinsic SO interaction
in Kane-Mele form that introduces a Zeeman-like effec-

tive magnetic field perpendicular to the silicene plane.
The spin-orbit interaction for the in-plane magnetic field
decreases the effective g* factor to g7 = 1.2 in the first
subband, and g5 = 0.78, g5 = 0.48 for the next two in
the zigzag structure, respectively. In armchair nanorib-
bon we obtain similar results for ¢*: ¢ = 1.17, moved
slightly down/up/down (-0.02,+0.14,-0.13) compared to
zigzag for the 3 first subbands, due to the mirrored vy
sign that adds a local magnetic field energy in KM form.

For the perpendicular orientation of the magnetic field
we obtain effective Landé factor g7 = 5.8 for the first sub-
band and ¢g; = 13.3 for the second in a zigzag nanorib-
bon, and ¢gf = 2.5, g5 = 14.0 for the armchair edge type.
Reasoning remains the same as in parallel case but now
the interaction of SO coupling is more visible in the g*
factor for the first subbands, where local magnetic field
significantly changes its value.
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