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3.1. TpaucnmopT HOCHTEAEH 3apsasa BAOXAD
NMOTEeHIHAABHELX 6aphepoB

3.1.1. HuTepd epeHHa DA KTPOHHBIX BOAH

Pas3oBaa HHTepdeperuusa (phase intexference of electron waves)
w, =A4,exp(ip))  y,=A,exp(ip,)
W=y, +y,|* =A°+A4,+24 *4,cos(p, - 9,)

OdbdbexTr AaponoBa-Boma (Aharonov-Bohm effect)

Ap =2m(D/D)
(I)O = h/e — the quantum of the magnetic

ﬂ ux http://www.physics.gatech.edu/davidovic/nano0_files/image002.jpg

Y. Aharonov, D. Bohm, Significance of electromagnetic potentials in the quantum theory, Phys. Rev.
115(3), 485-491 (1959).
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OKCnepHMeHTanbHOe HabnroaeHnHe 3cdpdexra AapoHoBa-Boma

magnetic
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electric
current

e

multiwall
nanotube

10 nm
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. | ®/2=hi2e
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Magnetic field (Tesla)

YHHBepcanbHasa (PAYKTYALHSI IPOBOAHMOCTH
(universal conductance fluctuations)
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3.1.2. BoabT-aMIIepHble XapaKTEePHCTHKH

HH3KOPa3MEePHBb1X CTPYKTYP

Popmanu3M Nanaayspa-Brorukepa (Landauer-Biittiker
formalism)

I.=2ev(dn/dE)Au,
Au.=p. - p, dn/dE =1/hv,
I.=(2e/h)4u,

2e
],- :7[(1_Ri)lui _ZTij.uj]

J#I
\\ | [
Iiuj [i:f[(Ni_Ri)aui_ZZ’j:uj]
#=eV
N, N,
Ri = ZRi,mnD Tij = ZY—;j,mn Ri T Z]—;] = Ni
mn mn 1#]

R. Landauer, Spatial variation of currents and fields due to localized scatters in metallic conduction, /BM J. Res. Dev. 1(6),
223-231 (1957); M. Biittiker, Four-terminal phase-coherent conductance, Phys. Rev. Lett. 57(14), 1761-1764 (1986).
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OTpHuuLaTenbHOE CONPOTHBACHHE H3rHb6a
(negative bend resistance)

(V)
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AdbdekxT Xonna (Hall effect)

MarHUTHoe N
TOK
none
B I R=V/I
nageHue f
HANDSKEHMS )
P V W RH— VH/I
. Xonnoeckoe | Ry =B/(en)
HanmeeHMe

/tt?l E. H. Hall, On a new action of the magnet on electric currents, Am. J. Math. 2, 287-292 (1879).




3.1.3. KeanToBn1H 3bdexT Xonna (quantum Hall effect)

CLASSICAL HALL EFFECT QUANTUM HALL EFFECT
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source
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Hall voltage
Hall voltage
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R, = hi(ic%)

i=1,2,3,...
integer quantum Hall effect

S i=pq p=1,2,...4=3,5,7, ...
’ fractional quantum Hall effect




Hall resistance p__and longitudinal resistance p__
of 2DEC at 80 K (by R. L. Willett)
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O6macuenHe XBaHTOBOrO 3 dhexra Xonna

Density of states

HACAADBDHAA
—A CTPYKTypa
8 n n+1 n+2
®
(74]
[ S5
o
Fin)
I P E Sl E
c
o
0
Energy
pa3ynopsasAodYyeHHas
CcT KT a
A PYKTYP extended states

The cyclotron frequency
o = eB/m

Landau levels
El. =i+ l/z)ha)c i=1,2,....

kBT << hwc



From the History of the Quantum Hall Effect

Klaus von Klitzing
(1943)

Max-Planck-Institut fiir Festkorperforschung
Stuttgart, Germany

The Nobel Prize in Physics, 1985

for the discovery of the quantized Hall effect

K. von Klitzing, G. Dorda, M. Pepper, New method for high-accuracy determination of the fine-structure constant based
on quantized Hall resistance, Phys. Rev. Lett. 45(6), 494-497 (1980) — the integer quantum Hall effect
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From the History of the Quantum Hall Effect

Robert B. Laughlin Horst L. Stormer Daniel C. Tsui
(1950) (1943) (1939)
Stanford University Columbia University Princeton University

Stanford, CA, USA New York, NY, USA Princeton, NJ, USA

The Nobel Prize in Physics, 1998

for their discovery of a new form of quantum fluid with

fractionally charged excitations

D. C. Tsui, H. L. Stormer, A. C. Gossard, Two-dimensional magnetotransport in the extreme quantum limit, Phys. Rev. Lett. 48(22),
1559-1562 (1982) and R. B. Laughlin, Anomalous quantum Hall effect: an incompressible quantum fluid with fractionally charged
excitations, Phys. Rev. Lett. 50(18), 1395-1398 (1983) — the fractional quantum Hall effect
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3.1.4. OneKTpoHHEBlE NPHO60OPEL HAa HHTepdEePEHIHOHHOM U
6annucrtnyeckom saddexrTax

KBaHTOBbLIN UHTEPdEPEHLUNOHHbLIN TPAH3UCTOP
(quantum interference transistor)

Gate

Source

single mode multi mode

VAN

(\°]
=

conductance, e?/h
[

conductance, e%/h
(\®)
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<
|
<=
<
< __
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MonekynsapHbIN KBaHTOBbIU MHTEePepPeHLUUOHHbLIN
TpaH3nUCTOp

Electrode 2
Electrode 1 L A B———] Metal/Semiconductor 2
Metal/Semiconductor 1
C——
Electrode 3
Metal/Semiconductor 3

S——9—NH,—s ]
A B, C=
M ’ J&QO]‘K}Q]—} gooe

D. M. Cardamone, C. A. Stafford, S. Mazumdar, Controlling quantum transport through a single
molecule, NanoLett. 6(11)2422-2426 (2006); C. A. Stafford, D. M. Cardamone, S. Mazumdar,
Quantum interference effect transistor (QUIET), United States Patent Application 2007/0215861
(09/20/2007).
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Bannucrtnyeckum BbINnpaMUTenb

(ballistic rectifier)

|
0.3 i i 2 i 5 1 i

-40 -30 -20 -10 O 10 20 30 40
Iy (MA)

A.M.Song, A.Lorke, A.Kriele, ].P.Kotthaus,
Nonlinear electron transport in an

asymmetric Microjunction: a ballistic
rectifier, Phys. Rev. Lett. 80(17) 3831-3834

A11998).

BannucTtnyeckumn TpaH3nCToOp
(ballistic deflection transistor)

Q.Diduck, M.Margala, M.].Feldman, A
terahertz transistor based on geometrical
deflection of ballistic current, Microwave
Symposium Digest (IEEE MTT-S International,
2006), pp. 345-347.

Q.Diduck, M.Margala, Ballistic deflection
transistor and logic circuits based on same,
US Patent T 576 353 B2 (Published August 18,
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3.2. TpaHCIIOPT HOCHTEAEH 3apsisa Yepes

IMOTeHIHAABHB1E 6aphephbl

3.2.1.05HODAEKTPOHHOE TYHHEAHPOBAHHE
H DAEeKTPOHHblE NPHO60OPHL Ha TOM 3 dexTe
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e
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electron

+

+
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&

U

C oL C

single electron tunneling

First theory:

K. K. Likharev, A. B. Zorin, Theory of Bloch-wave oscillations in small
Josephson junctions, J. Low Temp. Phys. 59(3/4), 347-382 (1985)

D. V. Averin, K. K. Likharev, Coulomb blockade of tunneling and coherent
oscillations in small tunnel junctions, J. Low. Temp. Phys. 62(2), 345-372
(1986)

First experiment:
T. A. Fulton, G. J. Dolan, Observation of single-electron charging effects in
small tunneling junctions, Phys. Rev. Lett. 59(1), 109-112 (1987)



OaHobaprepHasn crpykrypa (single barrier
structure)

®
l 7 l
RS
ICe
|
C=C+C AE<0
t e — —
V| =el2C f=1le
AE =&2C - eV
k,T<<é2C

e2/2C - Coulomb gap R > hle
t
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AByx6aprepHasn cTpykrypa (double barrier structure)

electrode electrode
L R
¢ Cr

tunnel
junctions

central island
(quantum dot)

C=C, +C,

| AVee

AE = 172[(e/C + AV )’C -
AVZ%)
° V> C(el2C+4V)/C,
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CoryHHenupoBaHHe (co-tunneling)

ynpyroe/

(elastic)

Heynupyroe
(inelastic)
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OAHODAEKTPOHHEIH TpaH3HCTOP (single-electron transistor

)
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XapaKTepHCTHKH OAHOSAEKTPOHHOIO TPAH3HCTOpA
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OaoHo3neKkTpoHHbIU Ti TpaH3nUCTOpP

Pt STM Tip
DC Bias
H,O 5 V_
TiOx

n-Si Sub.

E)

-12
e : 140712 510
L TiOx Barrier |
- 81071 L0 4 4102
_ i Vi.=2Y ]
2 -6:10" 3107 =
— 3 (3]
TiOx Barrie E : 1,8
e 2 - 5 _4X10-l3 f‘/‘l ; L ] 210 12 _§
= I =
‘= . 1 <
A - 2 /@ j : e
210" 7 11072
oV
K.Matsumoto, M.Ishii, K.Segawa,Y.Oka, B.].Vartanian, 0 et i
J.S.Harris, Room temperature operation of a single electron , 130mV| 150mV  130mV | 150mV |

tran51st9r rr}ade by the scanning tunngling microscope 0 -0.1-07.0304.-05 0607
nanooxidation process for the TiOx/Ti system, Appl. Phys. )
/tu?lLett. 68 (1), 34-36 (1996). Drain Voltage VD (V)




MNMepBbin Ge
OAHO3NeKTPOHHbIN InAAs TPAH3UCTOP [TPaH3WUCTO

20um EHT = 5.00 kV Signal A= RBSD Date :15 Feb 2005

Mag= 1.25K X : : WD= 12mm Photo No. = 5646 Time :16:37:18

www.ece.umd.edu/labs/ebl/
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OsHoBnexTpOHHasa AoByIUKa (single-electron trap)

W
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T

I_U

island trapping
source array island gate
E(i)A -0
S U<U
// nA
n=2
=0
0 2 3 4 > + n=1
\ n=90
\ V 0
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OAHODAEKTPOHHAA AYeHKA AHHAMHYECKOH NaMsATH
(single-electron dynamic memory cell)

S LI IE
-
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OsHODAEeKTPOHHBIH TYPHHKET (single-electron turnstile)

gate Uw)

OsHODAEKTPOHHEIH 'eHepaTop HakKaukH (single-electron generator)

(t) ‘ 2(0) ‘ 3(0) ‘ 0 ‘ Us(®
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Roruueckue sanemMmeHThl (logic elements)
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3.2.2. Pe30HaHCHOE TYHHEeAHPOBaAHHE
H DAEeKTPOHHblEe NPHO60OPHL HA TOM 3 dexTe

(resonant tunneling)

—_— @ ’)7%_-
' 2m*a] I A
E, E
\
\
E > —
F 1
\ e
V
E T
=] > > |
T

2F 1/e

J =

e R ., OE
o j dkdk, J kTS (B)= f(ENNG)

E'=F+eV




Pe30HaHCHO-TYHHEABHBIH AHOA (resonant tunneling diode)

o—Plg—o 1
| cw)
Zin
o— —o >
R < C
A Depletion
approximatio
(V)
>

The Nobel Prize in Physics, 19713
for his experimental discoveries regarding
tunneling phenomena in semiconductors

L. Esaki, R. Tsu, Superlattice and negative differential conductivity in
semiconductors, IBM J. Res. Dev. 14(1), 61-65 (1970)
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Pe30HaHCHO-TYHHEABHBIH TPAH3HCTOP
(resonant tunneling transistor (gated resonant tunneling diode))

I Emitter i-AlAs 1.5 nm

°_>|<_° _ i-GaAs 5 nm

Gate 1 -InGaAs (.. [i-AlAs 1.5 nm

n-GaAs

p+-regi0 p+—regi0n
- GaA Collector
. N
n-GaAs

S.I. GaAs substrate
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NoruyeckHH dReMEHT
(monostable-bistable transition logic element - MOBILE)

V.
bias IA VVP YZVP EA

out S

S1 S2 S1 S2

bias
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3.3. CnuHTpOoHHKA (spintronics)

00nacTb HayKuU N TeXHUKU, 3aHUMaKOLLLaACH
co3pgaHueMm, uccrnegoBaHueM U NPUMEHeHUeMm
3NEeKTPOHHbIX NPUOOPOB, B KOTOPbIX CMUH
3NeKTPOHa HapaBHe C ero 3apsaaom
ncnosnb3yetcsa Ana oopadoTkm nHpopmauumm



3.3.1.'uranTcKkoe MarHHTOCOIIPOTHBACHHE
(giant magnetoresistance effect)

IIporexanue TOKa
B IIAOCKOCTH

CTPYKTYPhl

(current-in-plane - CIP)

IIporexanue ToKa
NEePNEeHAHKYAIPHO

IIAOCKOCTH CTPYKTYPBEl
(current-perpendicular-

to-plane - CPP)
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From the History of the Giant Magnetoresistance Effect

Albert Fert Peter Griinberg
(1938) (1939)
Université Paris-Sud Forschungszentrum Jilich
Orsay, France Jilich, Germany

The Nobel Prize in Physics, 20017

for the discovery of Giant Magnetoresistance

M. N. Baibich, J. M. Broto, A. Fert, F. N. Van Dau, F. Petroff, Giant magnetoresistance of (001)Fe/(001)Cr

magnetic superlattices, Phys. Rev. Lett. 61(21), 2472-2475 (1988).
G. Binasch, P. Griinberg, F. Saurenbach, W. Zinn, Enhanced magnetoresistance in layered magnetic
Al structures with antiferromagnetic interlayer exchange, Phys. Rev. B 39(7), 4828-4830 (1989).



3.3.2. CHHH-KOHTPOAHPYEMOE TYHHEeAHPOBAHHE
(tunneling magnetoresistance effect)
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3.3.3. YnpaBAaeHHE CTHHAMH SA€KTPOHOB B
IIOAYIIPOBOAHHKAX

paciuenneHHe
COCTOSAHHH

HOCHTENEH 3apas,
II0 CHHHAM

IepeHoc
CIIHH-IIOAIPH30BAHHBLX
§, HOCHTeAeH 3apsaa

[}
HH)KeKIHS
HOCHTEAEH 3apsisa
C onIpeAeneHHbIM
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PacuienneHse COCTOAHHH
HOCHTEAEH 3apsajsa IO CIIHHaAM

Marsurunlie
MaTepHaAbl,
Dpdexr | PoMecH Sbdexr
3eeMaHa Pam6sl

(ZeZ?E\__a?”eggect) H = asmhlﬁa effe 291 = ask



MepeHoOC cNUH-NONAPU30OBaHHbIX HOCUTENEeNn 3apsiaa
/ (MexaHM3Mbl cNMH-penakcaumm B NonynpoBoAHNKaX)

u\ Mexauu3m bapa-ApoHoBa-

IIuxyca CnepcrBune oOMeHHOro
B3auMo4encTBuUA U peKoMonHauum
3NEeKTPOHOB U AbIpOoK. Huskue T,
p-nosnynpoBOAHUKMW.

\ Mexanu3zm dasuora-Agera

CnepncrtBue CnUH-opOUTaNbLHOroO

(Elliot-Yafet mechanism) pacceuBaHus, NPy CTONIKHOBEHUU
- - 3NeKTPoHOB ¢ POHOHaAMM UNU
1 ( A, j [Ekj 1 npumecamMu. Hu3Kkne n ymepeHHsoie T.
Ts(Ek) Eg+Aso Eg Tp(Ek)

Mexagusvm ApaKoHOBa-
Ilepena CneacreBue CNUH-pacLlienneHns 30Hbl
npoBoaANMOCTM. oBbIlWeHHbIe T.

\ ceepxXmoHKoe 83aumodelicmeaue CriuHO8 3/1IeKMPOHO8 U CMUHO8
sidep (hyperfine interaction of the electron spins and nuclear
spins)
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OnpeaseneHHe CIHHA HOCHTEAEH 3apsasa
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3.3.4. 9dbdexT Konuano (Kondo effect )

p=AT°-BInT+C

Resistanc

>

Kondo rise initial state virtual state final state
; / 2
super E
conductivit w
Y S +
0 T T,
Temperature 3
Density of states
KBanroBas Touka B pe>xxume Konao
T=25mK
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electron electron
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3.3.5. OneKTpPpOHHEBlE NPHO0OPEL Ha CIHHOBEIX 3d deKxTax

CnuHOBbLIE TPAH3UCTOPLI

criuHoeou nosieeou mpaH3ucmop (spin field-effect transistor)

—alll 33T50D _ >

%

X MAIraouTHOC — Zaam*E"L/hZ
I nose J =] cos®(¢/2)

o= 2 Lkl (B, ) 1B+ eV, £, )

S. Datta, B. Das, Electronic analog of the electrooptic modulator, Appl. Phys. Lett.
56(7),665-667 (1990).
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epeMs-rnposiemHbIlU CNUHOB8OU MPaH3uCmMop
(transit time spin transistor)

v
= v = v
E = BN T o
=< BPE = T
I e D) = —
~ © = ;
S = = Q S
E = = BN o =
Q = 5 e
T = 5
MArgumvTHOC
nojie B CID
Ve Vb I
]

I. Appelbaum, D. J. Monsma, Transit-time spin field-effect transistor, Appl. Phys. Lett.
90, 262501 (2007).
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Ma2HUMHbIU MYyHHEeJIbHbIU mMpaH3ucmop
(magnetic tunneling transistor)

CoFe GaAs
IMUTTEP KOJIJICKTOP

S. van Dijken, X. Jiang, S. S. P. Parkin, Nonmonotonic bias voltage dependence of the
magnetocurrent in GaAs-based magnetic tunnel transistors, Phys. Rev. Lett. 90,
n 197208 (2003).



CMUH-8eHMUJIbHbIU mpaH3ucmop (spin-valve transistor)

1,
8

n-Si

Vit

+], |

collector >
] <e emitter spitr:;\ézlve collector
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212 F
2
&
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=
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-40 -20 0 20 40
Magnetic field (Oe)

D. J. Monsma, J. C. Lodder,T. ]J. A. Popma, B. Dieny, Perpendicular hot electron
spin-valve effect in a new magnetic field sensor: the spin-valve transistor, Phys. Rev. Lett.
14(26), 5260-5263 (1995).
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CeHCcophl Ha THFAHTCKOM MAarHHTOCOINPOTHBACHHH
(GMR sensors)

5K GMR Resistors
(Sensing Elements)

o / T \

Flux Concentrators

Magnetic SKCGNIR Ros
Field (Referenc: lesetl:;snts)
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MarHutHaa ynTtarowas roroBka (magnetic read head)

magnetic
domain

AueHKa IaMATH Ha THTAHTCKOM MAarHHTOCOIIPOTHBACHHH

(GMR memory cell)

bit line

sense line

world line

Freescale GMR 4 Mb




SAueHKH NaMATH HA TYHHEABHOM MAarHHTOCOIPOTHBACHHH
(TMR memory cells)

cmpyKmypbl MemaJssn/ouasiekmpuk/memair
MagRAM Architecture —

isense

Comparator

read-out transistor:
ON for sense
OFF for program

iref

Writing ""
Writing "O" <

MTJ MagRAM promises
- density of DRAM
- speed of SRAM
- non-volatility

»)



Bottom
Electrode

Write Line 2

=

-

ON for
sensing,
OFF for

programming

Top Electrode

Free Sublayer 2

Ru

Free

Free Sublayer 1

AlOx

Fixed Layer

Ru

Pinned
SAF

Pinned Layer

AF Pinning Layer

Base Electrode

SAF

—_—

RA (kQ um?)

Top
. Electrode
1 sense
rite Line 1
iRet

105 35 Oe hard axis applied

6 |
-100-80-60-40-20 O 20 40 60 80 100
Easy Axis Field (Oe)

Fig. 9.14 (a) MRAM (magnetoresistive random-access memory) bit cell structure, showing the
sense path and programming lines. (b) Bit cell material stack of a magnetic tunnel junction (MTJ)
showing the synthetic antiferromagnetic (SAF) free layer [9.51]. (¢) Resistance (expressed as
resistance-area product RA of the MTJ material) versus field for a 0.6 pm x 1.2 jum bit with (red
curve) and without (blue curve) hard axis field applied. The parallel magnetization is low resistance
and the antiparallel state is high resistance with a ratio in this case of 58% [9.52]. (Reprinted with
permission from [9.51] (a) (b) and [9.52] (¢). © 2005 IEEE (a) (b) and © 2004 Materials Research

Societv (c¢))

Wirite
line 2

Write line 1 ___A

Hard ’zuz Easy
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Hard Easy

Wite line 2
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Write Write
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R
ts ts

Fig. 9.15 The pulse sequence for toggling a magnetic tunnel junction MRAM bit. The pulses
of the two write lines rotate the synthetic antiferromagnet (SAF) by 180° to switch between the
antiparallel (high resistance) and parallel (low resistance) orientation of the magnetization. Only
the bottom layer of the SAF, close to the insulating layer, determines the resistance of the bit. /
and I, are the programming currents in the lines 1 and 2, respectively, whereas H; and H, are
the corresponding magnetic fields. Timing intervals between pulses are indicated by f;. 15, 13, t4.
(Reprinted with permission from [9.52]. © 2004 Materials Research Society)
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