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IlepenyraHHBbIC€ COCTOAHUNA

[lepenyTaHHbIE COCTOAHUA — OAUH N3 PEHOMEHOB KBAHTOBOW PU3NKU

D. Loss, D. P. DiVincenzo, Phys. Rev. A57, 120 (1998)
G. Burkard, D. Loss, and D. P. DiVincenzo, Phys. Rev. B 59, 2070 (1999)

BonHoBas prHKLI,I/IFl nepenyrTaHHoro COCToAHNA KBAHTOBOW CUCTEMbI, COCTOSALLEN
N3 HECKOJIbKMX NOACNCTEM, HE MOXET ObITb npegcraBiieHa B Bnae rnpamoro
npoun3BeneHnAa BOJIHOBbIX beHKLI,I/Iﬁ Kaxxaon n3 noacucrtem. lNogcnucremsl HE
ABINAOTCA HE3AaBNCUMbIMN.

[lepenyTaHHbIE COCTOSAHUSA BaXKHbI ANS:
- KBaAHTOBOW Kpuntorpadum

- JTOrMYeCKnX yCTPOMNCTB
- YBENUYEHUS COOTHOLLEHWNS CUrHan/liymMm B KBAHTOBOM CNEKTPOCKOMUK

E. Knill, Nature 434, 39 (2005)
Z. Zhao, Y.-A. Chen, A.-N. Zhang, T. Yang, H. J. Briegel, J.-W. Pan, Nature 430, 54 (2004)

M. Hillery, V. Buzek, A. Berthiaume, Phys. Rev. A 59, 1829 (1999)



Tepmunoaorus

lNMepenyTaHHbIle, 3anyTaHHble, CNyTaHHbIE.....7

E. Schrodinger, Die gegenwartige Situation in der Quantenmechanik,
Naturwissenschaften, 23, 807 (1935). “Verschrankung”

[lepeBoq Ha PYyCCKNM A3bIK

CoBpeMeEHHOE COCTOSIHME KBAHTOBOW MexaHuKkn, Ycnexn Xummmn 5, 390-442 (1936)

BeeneH TepMuH “nepenytaHHble”.



CoctosaHna benna n HobGeneBckasa npemusa no cunsnke 2022 ropa 3a
nepenytaHHble COCTOSHUA



[Mpegnoxun maremaTmyeckoe JoKasaTenbCTBO
BO3MOXHOCTU HaeXHOW 3KCnepnMeHTanbHOW NPoBEpPKU
rMnoTesbl CyLLeCcTBOBaAHUA NepenyTaHHbIX COCTOSAHUN

J.C. Bell, On the Einstein Podolsky Rosen paradox,
Physics 1, 195 (1964)

JMxoH Benn (1928-1990)

icxogHble npennornoXeHus:
1. HeoTpuuyatenbHOCTbL BEPOATHOCTEN

2. JlokanbHOCTb (M3MepEHUs B yaaneHHbIX TOYKax He BAUSIOT ApYr Ha apyra)
3. CyuwecTBoBaHME COBMECTHbIX pacnpeneneHnin BEPOSTHOCTEN

[MpegnoxeHus:

1. cnonb3oBaTtb He ABa AeTeKTopa, a YeTbipe A
2. Pacnonoxuntb He napannensHo U opToroHarnbHO, a NoA NPou3BosSibHLIMA yriamu



B HepaBeHcTBax purypmpyet 4ymcrio cosnageHn oTooTCHETOB AETEKTOPOB,
N3MEPEHHbLIX NPU Pa3NINYHbLIX NOMOXEHNAX MONMAPU3ALNOHHBLIX NPU3M.

(AB)+(AB)+(AB)— (A B')‘ <2

Kaxkgas 3 BennumH npuHUMaeT 3HadeHune -1 unum +1, npyn ycpegHeHun no pesyrnsraram
N3MEPEHUN NONMy4YnuM PyHKUMIO, 3aBUCSLLYHO OT yria OpueHTauumn JETEKTOPOB.

HMazep

NI {} N2

Dl -q— ~4— Kpucrann f——p» — D'l
]

D2 D2

[TonapusaunoHHble NPU3Mbl NPOMNYyCKalT POTOHLI C onpeaesieHHON JIMHENHOW
nonsipusaunen n oTpaxarot POTOHbI C OPTOroHarbHOW Nonsipusauunen.

[Ans HenepenyTaHHbIX YacTUL, 3Ha4YeHUs1 3TON PYHKLMK ANst No6Oro pacnonoXeHus
[ETEKTOPOB MO MOAYNI0 BCceraa MeHblue ABYX. Ecnv yactuubl nepenytaHHble, TO
BbIMOMHEHNE HEPABEHCTBA He ABMNSAETCS rapaHTUPOBAaHHbIM.
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Hobenesckasi npemusa no ousunke 2022 ron

8 NOBELPRISET | FYSIK 2022 17\ ngBJFFNLéKAPS

¥ THE NOBEL PRIZE IN PHYSICS 2022 &Y/ AKADEMIEN

Alain Aspect John F. Clauser Anton Zeilinger

_Universite Paris-Saclay & J.F. Clauser & Assoc., University of Vienna,
Ecole Polytechnique, France USA Austria

"for experiment med sammanfléatade fotoner som pavisat brott mot Bell-olikheter och
banat véag foér kvantinformationsvetenskap”

“for experiments with entangled photons, establishing the violation of Bell inequalities and
: pioneering quantum information science”
#nobelprize

3a 9KcnepuMeHTbI ¢ nepenyTaHHbIMU OTOHaAMMK, MO YCTAaHOBMNEHMIO HAPYLLUEHUS
HepaBeHCTB benna v nuoHepckue pabomsi 8 obriacmu keaHMo8oU UHhopMayuu
8



Hobenesckast npemua no dpusunke 2022 roa

J.F. Clauser BbINOMHWI NepBble 3KCNEPUMEHTLI, B KOTOPbIX NOKa3an HapyLweHune
HepaBeHCTB benna.

A. Aspect ycoBepLLUEeHCTBOBAI 9KCNePUMEHTbI, yorpan “nasemnkn”, Kotopble
MCNonb30BannCb NPU MHTEPNPETALIMM SKCNEPUMEHTOB (Npeanarann oT KBaHTOBOM
dOM3UKM BEPHYTLCA K KITACCUYECKOW U TakuMm 06pa3omM 06bACHUTb
9KCnepuUMEHTarbHblEe pe3yrnbraThl).

Hanpumep, OeTeKkTop, KOTOPbIN PErmcTpupyeT OOTOHbI UMES HMU3KYHO KBAHTOBYHO
addeKkTMBHOCTL. Jlazenka npeanarana cnegyroLwyro MHTeEpNpeTaunio: ecnu
KBaHTOBasA 9p(PEKTUBHOCTb X MPOLEHTOB, TO X NPOLEHTOB BPEMEHN OETEKTOP
cpabaTbiBaeT N HEpPABEHCTBA HapyLlalTCA, a B OCTalnbHOE BPEMSA OH HE
cpabaTbIBaeT, He perncTpmpyet OOToHbI, Torga Ha DorbLUEM MPOMEXYTKE BPEMEHMU
paccMmaTtpuBaeM pesyrisTaTbl IKCNEPUMEHTA C TOYKU 3PEHUSA KITaCCUYECKON OU3UKN.

A. Zeilinger goBers aKCnepuMeHTbl 4O COBEPLUEHCTBA W MOMHOCTLIO yopan u3
9KCNEepPUMEHTOB BCE BO3MOXHbIE “Nasenkn”. 3aHnmMmarcs BonpocamMmn KBaHTOBOW
Tenenoptauuu.



OkcnepumMeHT Benna 6b11 MbICIIEHHBIM U HE TOAUIICA AN 9KCNepUMeHTarbHON
peanusauun.

J.F. Clauser, M. Horne, A. Shimony, R.A. Holt, 1969, Proposed experiment to test local
hidden-variable theories.

MNpennoxunn Bepcuio HepaBeHcTBa benna, koTopas gonyckana skcrepuMeHTanbHyo
MPOBEPKY.

VorLuMeE 28, NUMBER 14 PHYSICAL REVIEW LETTERS 3 ApriL 1972

Experimental Test of Local Hidden-Variable Theories*

Stuart J. Freedman and John F. Clauser
Department of Physics and Lawvence Bevkeley Labovatory, University of California, Bevkeley, California 94720
(Received 4 February 1972)

We have measured the linear polarization correlation of the photons emitted in an atom-
ic cascade of calcium. It has been shown by a generalization of Bell’s inequality that the
existence of local hidden variables imposes restrictions on this correlation in conflict
with the predictions of quantum mechanics. Our data, in agreement with quantum me-
chanies, violate these restrictions to high statistical aceuraey, thus providing strong evi-
dence against local hidden-variable theories.

Since quantum mechanics was first developed, features, then, arise because a quantum state
there have been repeated suggestions that its sta-  represents a statistical ensemble of “hidden-
tistical features possibly might be described by variable states.” Proofs by von Neumann and
an underlying deterministic substructure. Such others, demonstrating the impossibility of a hid-
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FIG. 1. Schematic diagram of apparatus and associat-
ed electronics. Scalers {not shown) monitored the out-
puts of the diseriminators and coincidence eirecuits dur-
ing each 100-sec count period. The contents of the

o 22z 45 673 90
ANGLE ¢ IN DEGREES

scalers and the experimental configuration were record-

ed on paper tape and analyzed on an TBM 162011 com- FIG. 3. Coincidence rate with angle ¢ between the

b polarizers, divided by the rate with both polarizers re-
moved, plotted versus the angle ¢. The solid line is

the prediction by quantum mechanics, calculated using
the measured efficiencies of the polarizers and solid
angles of the experiment.

QpZ'SO
Yncno coeBnageHnn PoTooTCHETOB B 3@aBUCMMOCTHU
OT CYMMbI YrNOB MNONspu3aTopoB
R(0)/Ry=4(e,r +€, )€, +€,2)+ (el - €,})
45215, X (€,% - €,2)F,(6) cos2¢, (1a)
FIG. 2. Level scheme of calecium. Dashed lines show 11

the route for excitation to the initial state 4p* ISU



VOLUME 49, NUMBER 25 PHYSICAL REVIEW LETTERS 20 DECEMBER 1982

Experimental Test of Bell’s Inequalities Using Time-Varying Analyzers

Alain Aspect, Jean Dalibard,®’ and Gérard Roger
Institut d’Optigue Théorique et Appliquée, F-91406 Ovsay Cédex, France

(Received 27 September 1982)

Correlations of linear polarizations of pairs of photons have been measured with
time-varying analyzers. The analyzer in each leg of the apparatus is an acousto-opti-
cal switch followed by two linear polarizers. The switches operate at incommensurate
frequencies near 50 MHz. Each analyzer amounts to a polarizer which jumps between
two orientations in a time short compared with the photon transit time. The results
are in good agreement with quantum mechanical predictions but violate Bell’s inequal-
ities by 5 standard deviations.

PACS numbers: 03.65.Bz, 35.80.+s

Bell’s inequalities apply to any correlated meas- v, ,
R )
urement on two correlated systems. For in- &) ‘ pi2
stance, in the optical version of the Einstein- 13 1)
Podolsky-Rosen-Bohm Gedankenexperiment a
source emits pairs of photons (Fig. 1). Measure- COINCIDENCE
ments of the correlations of linear polarizations MONITORING

are performed on two photons belonging to the

same pair. For pairs emitted in suitable states,
the correlations are strong. To account for these

FIG. 1. Optical version of the Einstein-Podolsky-
Rosen-Bohm Gedankenexperiment. The pair of photons
vy and vy is analyzed by linear polarizers I and II (in

correlations, Bell® considered theories which in- orientations i and ) and photomultipliers. The coin-
voke common properties of both members of the cidence rate :
-3 t
> L=
I02) Cy 9 v, Cy 1I{b) © 1982 The American Physical Soc _
| s : . ﬁ
PMI k1 (5} ‘1
- L ;
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FOURFOLD COINCIDENCE
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FIG. 2. Timing experiment with optical switches. 3@ =Y%} g

Each switching device (€, C;q) is followed by two po-

larizers in two different orientations.

two orientations.

Each combina-
tion is equivalent to a polarizer switched fast hetween

10 HC — CKOPOCTb NEPEKMNIOYEHNS OpUeHTaLun
nonspusatopos, Bpemsi nporneta 40 Hc

FIG. 4. Average normalized coincidence rate as a
function of the relative orientation of the polarizers,
Indicated errors are + 1 standard deviation,
curve is not a fit to the data but the predictions by quan-
tum mechanics for the actual experiment.

The dashed
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Violation of Bell’s Inequality under Strict Einstein Locality Conditions

Gregor Weihs, Thomas Jennewein, Christoph Simon, Harald Weinfurter, and Anton Zeilinger

Institut fiiv Experimentalplvsik, Universitit Dmshruck, Technikerstrafie 25, A-6020 Inusbruck, Austria
(Received 6 August 1998)

We observe strong violation of Bell's inequality in an Einstein-Podolsky-Rosen-type experiment with
independent observers. Our experiment definitely implements the ideas behind the well-known work
by Aspect ef ol. We for the first time fully enforce the condition of locality, a central assumption in
the derivation of Bell's theorem. The necessary spacelike separation of the observarions is achieved
by sufficient physical distance between the measurement stations. bv ultrafast and random setting of the
analyzers. and by completely independent data registration. [S0031-2007(98)07901-0]

OpVIeHTaLI,I/Iﬂ nosIApmn3aTopoB rnepeKkrnyanacb Crlty4YanHbiM 06p830M

Experimental quantum
teleportation

Dik Bouwmeester, Jian-Wei Pan, Klaus Mattle, Manfred Eibl, Harald Weinfurter & Anton Zeilinger

Institut fiir Experimentalphysik, Universitir Innsbruck, Technikerste. 25, A-6020 [nnsbruck, Austria

Quantum teleportation—the transmission and reconstruction over arbitrary distances of the state of a quantum
system—is demonstrated experimentally. During teleportation, an initial photon which carries the polarizationthatis to
bhe transferred and one of a pair of entangled photons are subjected to a measurement such that the second photon of
the entangled pair acquires the polarization of the initial photon. This latter photon can be arbitrarily far away from the
initial one. Quantum teleportation will be a critical ingredient for quantum computation networks.




OCHOBOMOMOXHNK COBPEMEHHOW KBAHTOBOM OMTUKU
[.H. Knbiwko, POTOHbI N HENNMHENHAA ONTUKA

[Mpenckasan adoeKkT CNOHTaHHOro NapamMmeTpu4ecKkoro
paccesHua cBeTa. PoxaeHue napbl OTOHOB npu
OCBELLEHNN CBETOM ONpeaeneHHbIX BELWECTB Mpu
BbINONMHEHNN ONpPeaeneHHbIX YCITOBUN.

POTOHbI POXOAKOTCSA B CTPOro onpeaeneHHbIX
HanpaeJieHNsSX CO CTPOro onpenesrieHHbIMM YyacTtoTamMmu
N nonapusaumnsimm.

HanpaBneHHoe n3ny4vyeHne, KOTOpPoe MOXHO

9O PEKTNBHO pPErMCTPUPOBATH.

Haeud Hukonaeesu4 Knbiwko
(1929-2000)

QddekT npeackasar B 1967 rogy, Habnoganu B 1968

3enbgosud b.A., Knbiwko O.H.. Ctatuctmnka nonsa npu napameTpmnyeckomn
nommHecueHumn // Nucbma B XKOTO, Tom 9, BbIn. 1, (1969)

XOpOLMMKN UCTOYHMKAMU SIBIISIKOTCA KBAHTOBbIE TOYKN — 3a CYET BO3OYXOEHUS U
NepensnyyeHus.



OcnoBHbIEe IIATHOPMBI AJisk peaau3anul KyOuToB

- CBepXxnpoBOAHUKOBbIE KyOuTbI

- YnbTpa-xonoAHble aTOMbl B ONTUYECKUX JTIOBYLUKaX
- MOHbI B ONTUYECKUX JTOBYLUKaX
- OnTU4yeckKne KyouTbl

- I'Ionyn poBOAHUKOBbLIE Ky6I/ITbI

teleported

15




KBaHTOBbLIE TOYKU N HOGeneBcKas npemus no xummn 2023 roaa 3a OTKpbITUE U
CUHTEe3 KBAHTOBbLIX TOYeEK

16



Moungi G. Bawendi Louis E. Brus Aleksey Yekimov

The Nobel Prize in Chemistry 2023 was awarded to
Moungi G. Bawendi, Louis E. Brus and Aleksey
Yekimov "for the discovery and synthesis of
quantum dots"



NMcecropust

OOHO 13 NepBbIX YNOMMUHAHNN O CUHTE3E KBAHTOBLIX TOYEK HA ocHoBe PbS oTHocuTcA
Ko BpeMeHu okono 2000 net Hasaa. ['pekn n pumnsaHe ncnosno3osanun PbS, Ca(OH)2 n
BOAOY OJ11 OKpacku Borioc. B pesynbsrate B Bonocax ob6pas3oBbiBaniicb HaHOKpUCTansbl.

P. Walter et.al., Nano Lett., 6, 2215, (2006)



NMcecropus

Hanunymne KBaHTOBbIX TOYEK pPa3fMYHOro pasMepa B CUSTMKATHbIX CTeKnax B cpegHue
BEKa Mo3BONAN0 U3MEHATL LIBET CTEKNa (BUTpaxn B cobopax).

CdS u CdSe pobaensinu B cUnmnkaTtHoOEe CTEKIO ANs NOfTy4YeHns XenTo-KpacHoro uBeTa.
B 1932 rogy — noaTBepxaeHue ¢ noMoLlbio Andpakumnm peHTreHOBCKUX JTy4en.

H.P. Walter Rocksby, J. Soc. Glass Technol., 16, 171, (1932)



B Hauane 1980-x ronos A.N. EkumoBy n A.A. OHyLLEHKO BnepBble

yaanocb 06HapyXUTb KBAHTOBO-pa3MepHbIn 3d@eEKT B cnekTpax NormnoLweHns

CuCl n CdS HaHokpucTannoB, ctabunmanpoBaHHbIX B cTeknax. [1poaeMoHcTpmpoBaH
ronybon caBur B onTu4eckom cnektpe HaHokpuctannos CuCl (casur nnHUn
nornoweHns akcntoHa Ha 0.1 aB ¢ nsmeHeHnem pasmepa HaHOCKpUcTanna).

B, opt. dens.
af [
T
g
FIG. 2. Absorption specitaat 7'=4.2 K of sam-
ples having microscopic CuCl crystals with dif-
ferent average radii. 1-a=310 A;2-3= 100 A;

Ig=25 A,

JEQ 1 440 J8F A, nm

A.WN. Eknmos, A.A. OHyuwleHko, Quiuka u xumusi cmekna, 6 (4), 511, (1980)
A.l. EKimov, A.A. Onushenko, JETP Letters, 34, 345, (1981)



B 1982 rogy An. J1. 3dpoc n A.Jl. Ddpoc nokasasnu, 4To OCUUNNALNN B CNEKTPE
MEXX30HHOro nornoweHnst HaHokpuctannoB CdS B TBepaon ANINEKTPUYECKON MaTpuLe
obycnoBneHbl pasmMepHbiM KBAHTOBAHMEM 3HEPTETUYECKNX COCTOSIHUI NTIEKTPOHOB U
ObIPOK MU3-3a OrpaHUYeHnss nx ABMKEHNS KOHEYHbIMU pa3MepamMn HaHoKpucTanna.

[TocTynat o BO3MOXXHOCTU MUCMNOMb30BaHNA KBAHTOBO-pa3MepHoro adodpekra ans
N3MEHEHUS LBETA CTeKNa, Bapbupya pasmep unmn coctaB CdSxSex-1.

An.Jl. 3dpoc, A.Jl. Ddpoc, @TT1, 16 (5), 1209, (1982)
[lepBble paboTbl NO CUHTE3Y KOSTOMAHbIX KBAHTOBbLIX TOYEK.

E. Matijevic, W.D. Murphy, J. Col. Interface Science, 86, 476, (1982)

D.M. Wilhelmi, E. Matijevic, J. Chem. Soc. Faraday Transactions 1: Phys. Chem. in
Cond. Phases, 80, 563, (1984)

R. Rosetti, et.al., J. Chem. Phys., 80, 4464, (1984)

Size of Quantum Dots

S @  ——
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Intensity

~1 nm to ~10 nm

v 400 450 500 550 600

Wavelength /nm




CuHaTe3 KBAaHTOBBIX TOYEK

MeToabl CMHTE3a KBAHTOBbLIX TOYEK:

AnNUTakcusa — POCT KpUCTarnsioB Ha NOASIOXKE:

- MonekynapHo-nydyeBas anuTakcus

- ONeKTpPOHHO-Ny4eBas nutorpadus

- PeaKkTuBHOE WOHHOE TpaBneHue

- XUMun4yeckoe TpaBrieHue

OCHOBHbIE HEQOCTATKU: HaNMM4ne NpMMecemn U CTPYKTYpHOE HECOBEPLLEHCTBO

A. Scherer, et.al., J. Vac. Sci. Technol. B, 5, 1599, (1987)

KonnougHbin CUHTE3:

- Xummndeckue metoabl (wet-chemical method): Mnkpoamynscum, 30nb renb, XMMUS
KOHKYPEHTHbIX peakunu, pasroXXeHne ropavyero pacraopa

OCHOBHble HeQOCTaTKN: BbICOKME TeMnepaTypbl, TOKCUYHOCTb MPEKYPCOPOB

D. Bera, et.al., J. Phys. D, 19, 285702, (2008)
C.B. Murray, et.al., J. Am. Chem. Soc., 115, 8706, (1993)



Tunbl KBAHTOBBIX TOYEK

AnUTakcuaribHble KBAHTOBbIE TOYKU

1. MNMnaHapHble KBAHTOBbLIE TOYKU

- E.A. Stinaff, et al., Science 311, 636 (2006)
- A.N. Vamivakas, et al., Nat. Lett. 467, 297 (2007)

2. BepTI/IKaJ'IbeIe KBAHTOBbIE TOYKU

- G. Munoz-Matutano, et al., Phys. Rev. B 84,
041308(R) (2011)
- J. Peng, G. Bester, Phys. Rev. B 82, 235314 (2010)

KonnongHblie KBaHTOBbIE TOYKMU

_- figpo - CdSe
. /f - Dbonouka Aagpa — Zn5

" [accHBHpPYHILLaA NOBEPXHOCT

HaBeaeHHble KBAHTOBbIE TOYKU

Quantum ot
Central gate

@ca @se Tz @5

E. Matijevic, et. al., J. Col. Interface Science, 86, 476, (1982)
R. Rosetti, et.al., J. Chem. Phys., 80, 4464, (1984)

C. Volk et. al., Nature Comm. 4,010753, (2013)



NMepenyTaHHbIe COCTOAHUA N UX XapPaKTEPUCTUKMU
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XapaKkTepuCTUKH MEePenyTaHHbIX COCTOAHUN

[MpenmyliecTBa KBaHTOBbIX TOYEK

1. OQWMHOYHBLIN CMUNH — 3TO KYOuT

2. Hanu4yne cunbHOro KysioHOBCKOro B3aMMo4encTBus NpmMBoauT K oopMuUpoBaHuio
nepenyTaHHOCTN A9 OCHOBHOIO COCTOSIHUA — Hanbonee nerko AOCTMXKMMOTO B
9KCNepuUMeHTe

3. MOXHO U3MeHATb CTeNEeHb NepenyTaHHOCTH

[NepenyTaHHOCTb — CBOWCTBO CUCTEM, COCTOSILLIMX U3 ABYX NMOACUCTEM.
MnNb6epToBO NPOCTPAHCTBO BCEWN CUCTEMbI ONPEeAENnseTcs, Kak TEH30pHOe
nponsseneHne rmnboepToBbIX NPOCTPAHCTB NOACUCTEM.

‘.H.z H_.; @ HH

C. H. Bennet, et.al., Phys. Rev. A 54, 3824 (1996)



XapaKkTepuCTUKH MEePenyTaHHbIX COCTOAHUN

[1r8 YNCTbIX COCTOAHUMN:
Uncrtoe coctossHMe ABNAETCS nepenyTaHHbIM Torda M TONbKO Torada, ecrn ero

BOJSTHOBYHO DYHKLIMIO HESMb34 MpeacTaBuUTb, Kak NpaMoe npousseneHmne BOSTHOBbIX
JOYHKLMIN YUCTbIX COCTOAHUN ero nogcucTem

XP',_I ® YH
Kaxxgoe nepenyTtaHHOe YNCTOe COCTOSIHME HapyllaeT HepaBeHcTBa benna.
N. Gisin, Phys. Lett. A 154, 201 (1991)

KonnyectBeHHO nepenyTaHHoOCTb YNCTOIro COCTOAHUA y,EI,O6HO N3MEPATb KakK

S(p)=—Trplogyp

peayunpoBaHHasa Mmatpuua rniioTHOCTHU

PA=T1'3|Y><Y|



XapaKkTepuCTUKH MEePenyTaHHbIX COCTOAHUN

BenunynHa E nameHsietcsa B npeaenax ot 0 (459 coCcToAHUA Y, ®Y B) OO
log,N 4N MakcMMarnbHO nepenyTaHHOro COCTOSIHMS ABYX YacTul,.

CBoucTBa nepenyTaHHOCTH:
1. lNepenyTaHHOCTb HE3ABMCUMbIX CUCTEM HOCUT agaANTUBHbBIN XapaKTep

2. [NepenyTaHHOCTb COXPaHAETCA NPU NOKanbHbIX YHUTAPHbIX onepauusx, T.e. npu
nboM yHUTapHOM npeobpasoBaHnn U, KOTOpoe MOXET ObiTb BbIPa)KeHO Kak
Npoun3BeAeHNe YHUTaAPHbIX ONepaTopoB B OTAENbHbLIX NOACUCTEMAX.

3. MaremaTtudeckoe oxmnaaHme nepenyTaHHOCTU HE MOXET ObITb YBENUYEHO
noKanbHbIMU HEYHUTaAPHbLIMW OnepaLnsaMn: eCrlv YACTOE COCTOsIHME
noaBepraeTcs NokanbHON HEeYHUTapPHOW onepauun (HanpuMep, U3AMEPEHUID), YTO
NPUBOANT K OCTATOYHbIM YNCTbIM COCTOSIHUSIM C COOTBETCTBYHOLLMMMU
BEPOSATHOCTAMU, TO OXMAaemas nepenyTaHHOCTb OCTaBLUMXCS COCTOSIHUN He
MOXET NpeBbIllaTh NepBOHaYanbHYy0 CTENEHb NepenyTaHHOCTH.

C. H. Bennet, et.al., Phys. Rev. A 54, 3824 (1996)



XapaKkTepuCTUKH MEePenyTaHHbIX COCTOAHUN

[1na cMelaHHbIX COCTOSIHUNA:

CMellaHHOe COCTOSIHNME MOXET NOABUTBLCS B CUCTEME, KOrda oAHa UIN HECKOSbKO
YacTen YNCTOro COCTOSAHUS UCTIbITbIBAET B3aUMOOENCTBUE C APYrmMn cteneHAaMm
cB0oOObI, BbI3blBalOLLEE HEYHUTAPHYIO 3BOJTOLNKO YNCTOIO COCTOAHNA B CMELLIaHHOeE.

FIG. 1. Typical scenario for creation of entangled quantum
states. At some early time and at location /, two quantum systems
A4 and B interact [ 18], then become spatially separated, one going to
Alice and the other to Bob. The joint system’s state lies in a Hilbert
space H="H ;®Hjy that 1s the tensor product of the spaces of the
subsystems, but the state itself is not expressible as a product of
states of the subsystems: Y#Y ;@Y. State Y, its pieces acted
upon separately by noise processes N, and N, evolves into mixed
state M.

C. H. Bennet, et.al., Phys. Rev. A 54, 3824 (1996)



XapaKkTepuCTUKH MEePenyTaHHbIX COCTOAHUN

Concurrence — cteneHb nepenytaHHocTu (degree of entanglement). lNepenytaHHoe
COCTOSIHUE XapaKTepU3yeTcsl HEHYNEBbIM 3HAYEHUEM concurrence.

W. K. Wootters, Phys. Rev. Lett. 80, 2245 (1998)

[1lns yncToro cocrtosiHug nepnyTaHHOCTb

E(y) = E(C¥))

rae concurrence

C(yp) = Ky | )l

dyHKkuMA E onpenensaeTca BblpaXKeHnem

1 + 41— CZ)
2
h(x) = —xlog, x — (1 — x)log,(1 — x)

2

F(C) = h(

BonHoBaga oyHKUUA

|J/> o U-yl’vb*>



XapaKkTepuCTUKH MEePenyTaHHbIX COCTOAHUN

,U,J'Iﬂ YNCTOIo CMeLaHHOIo COCToAHUA, Npwn onpeaereHnn cteneHn nepenyTaHHoCTn
HYXHO NCMOJIb30BaATb CbOpMaJ'II/I3M MaTpuubl NMIOTHOCTU

E(p) = E(C(p))

B CJlydae CMeLaHHOro COCTtoAHnA
C(,G] = max{(J,AI o flg — zjl.j', == ;L;}

rie A; COBCTBEHHbIEe 3Ha4YeHMss MaTpuLbl

R = Jpp P

p = (U'y ® G-y)p*(a-y ® G-y)

W. K. Wootters, Phys. Rev. Lett. 80, 2245 (1998)



XapaKkTepuCTUKH MEePenyTaHHbIX COCTOAHUN

[MpMepbl HenepenyTaHHbIX COCTOAHUN
U) = [11)
1
W) = (1) + 110+ 11 +1 1))

[TpmMepbl nepenyTaHHbIX COCTOAHUNA.

1
E(I th £ [)

[MprmepoM MakcumMmarnbHO nepenyTaHHbIX COCTOSHUN ABNAOTCA GennoBckue

er) = 211y + [UU)),
ex) = 2i(I11) — 1LY,
es) = 2i(11l) + 1)),
es) = 5 (1) — 111)),

Cyrlepr|03|/|u,|/|$| nepenytaHHbIX COCTOSIHUM He 0bsi3aTenbHO ABNAETCS

i =

o

COCTOAHUA

et

et

nepenyTtaHHoOu



SKcnepumeHTaanble nccriegoBaHusA nepenytTaHHbIX COCTOSIHUM B cuUcTemMax
KBAHTOBbIX TOYeK
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HepeHYTaHHBIe COCTOHHMA B KBAHTOBbLIX TOYKaX

P, By P;B, P,B P, B P, B, P, B b)

A.R. Mills, et.al. Nature Comm., 10, 1063

(2019) U. Mukhopadhyay, et.al. Appl. Phys. Lett., 112,

183505 (2018)
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(2021)

H. Qiao, et.al. Phys. Reuv. Lett., 126, 017701
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HepeHYTaHHble COCTOAHNUA B KBAHTOBbLIX TOYKAX

PHYSICAL REVIEW A VOLUME 57, NUMBER 1 JANUARY 1998

Quantum computation with quantum dots
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We propose an implementation of a universal set of one- and two-quantum-bit gates for quantum compu-
tation using the spin states of coupled single-electron quantum dots. Desired operations are effected by the
gating of the tunneling barrier between neighboring dots. Several measures of the gate quality are computed
within a recently derived spin master equation incorporating decoherence caused by a prototypical magnetic
environment. Dot-array experiments that would provide an initial demonstration of the desired nonequilibrium
spin dynamics are proposed. [S1050-2947{98)04501-6]

H{=J()5-8;
J()=415(6)/u

YcnoBus NMPUMEHMMOCTU ONMUNCAHUA.

BorblLOE PACCTOSIHUE MEXOY OAHO3MEKTPOHHbIMU ypoBHAMK  AE>ET,
OrpaHMYeHnst Mo CKOPOCTU NepekntoYeHns napaMmeTpoB bapbepa hIAE
CUIbHbIE KYNOHOBCKME Koppensiumm U= 1o(1)

bornbLIoe BpeEMS OEKOrEePEHTHOCTH 24



Ilepenyrannblie COCTOAHUA B KBAHTOBBIX TOYKAX

Kybum Ha criuHe oOHO20 3J/IeKMpPOHa
(Loss-DiVincenzo single spin qubit)
(a) Spin Qubit d®opmMmupoBaHue:

| - NHxeKkumns nonapmsoBaHHbIX
o 9 9JIEKTPOHOB B KBAHTOBYIO TOYKY U3
S doeppomarHeTuka

| B,(t) | Loss-DiVincenzo

- CTtatnyeckoe MarHUTHOE rnosie CHUMaET
BblpOXaOeHne, nornepeyvyHoe nepemeHHoe
MarHMTHoOE nosie oCyLllecTBIiAaAeT
1) nepeknyeHne Mmexay CoOCToAHNAMN

D. Loss and D.P. DiVincenzo, Phys. Rev. A57, 120 (1998)

CuuTtbiBaHue:

N3mepeHune 3apsna. TyHHernbHbIN 6apbep ¢ BO3MOXHOCTbLIO yrnpaBneHus
napamMeTpamu (CMMHOBBIN OUNBTP). ANEKTPOMETP C BbICOKMM paspeLleHnem

(108 3apsiga anekTpoHa).

M. Devoret, et.al., Nature 360, 547 (1992) 35
G. Burkard, et.al., Rev. Mod. Phys. 95, 025003 (2023)



HepeHYTaHHble COCTOAHNUA B KBAHTOBbLIX TOYKAX

PHYSICAL REVIEW B VOLUME 59, NUMBER 3 15 JANUARY 1999-1

Coupled quantum dots as quantum gates

Guido Burkard* and Daniel Loss’
Department of Physics and Asmronomy, University of Basel, Klingelbergstrasse 82, CH-4050 Basel, Switzerland

David P. DiVincenzo*
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(Recerved 3 August 1998)

In addition to a well-defined qubit. we also need a con-
trollable “‘source of entanglement.”” i.e.. a mechanism by
which two specified qubits at a time can be entangled”® so as
to produce the fundamental quantum XOR [or controlled-
NOT] QEITE operation. represented by a unitary operator
ona " This can be achieved by temporarily coupling two
spins.!! As we will show in detail below, due to the Coulomb
interaction and the Pauli exclusion principle the ground state
of two coupled electrons is a spin singlet. i.e.., a highly en-
tangled spin state. This physical picture translates into an
exchange coupling J(f) between the two spins S; and S,
described by a Heisenberg Hamiltonian

H(1)=J(1)S;-8,. (1)

- B.z -
Si y S, _quantum dot
/ b Al /;7(‘/ Ex
R e B U T -
— -a ] +a?
Vi)

FIG. 1. Two coupled quantum dots with one valence electron
per dot. Each electron 1s confined to the xy plane. The spins of the
electrons in dots 1 and 2 are denoted by S; and S>. The magnetic
field B 1s perpendicular to the plane, ie, along the z axis, and the
electric field E is in plane and along the x axis. The quartic poten-
tial 15 given in Eq. (3) and is used to model the coupling of two
harmonic wells centered at (*a,0,0). The exchange coupling J
between the spins 1s a function of B, E, and the mterdot distance
2a.

O6meHHOoe B3aMMOAENCTBME MOXHO BapbMpOBaTb 3@ CYET BHELLUHUX MOMen, NomKmumas
BOJTHOBYIO (PYHKLIMIO UM BBOASA PACCTPOMKY YPOBHEW 3Heprun. [ns nepekntoyeHnsa Kkyburta
Tpebyetcsa 20 ncek n 1Tn npu pacctosaHum mexay Todkamu B 30 HM.

Ons Habopa KBAaHTOBbLIX TOYEK MOXXHO 0BOMTUCH OOHUM MOfieM, MPOBOASA nepekntoyeHne3d
B onpeaesrieHHon obrnacTn NpoCcTpaHCTBa, NePEroHada Tyaa Kyour.



OcHoBHBbIE THIIBI KYOUTOB B KBAHTOBBIX TOYKAX

(a) Loss-DiVincenzo

(b) Donor (c) Singlet-triplet

J-Gates

| |
| |
3 : !}”i; “!é‘“i; !Ej! !! !E -
(] | ‘Barrler | \ “*
g‘ | el ) Si | qubitl i &)
a 1 i i 3P | “Substrate | i quolt2
| |
| |
g I I
S
E : :
w | 1
| |
g | |
: I !
T
| :
g | |
E 1 1

- KybuT Ha cnuHe ogHoro anekTpoHa (Loss-DiVincenzo single spin qubit)
- KybuT Ha cnuHe goHopa (Donor spin qubit)

- CUHIMMET-TPUNMETHLIN CNUHOBLIN KyouT (ST spin qubit)

- CMWHOBbLIN KYBUT Ha obMeHHOM B3anmogencteumn (EO spin qubit)

37
G. Burkard, et.al., Rev. Mod. Phys. 95, 025003 (2023)



Ilepenaya KyOUMTOB B HPOCTPAHCTBE

KBaHTOBas nepenayva nHdopmauum 6binna 4OCTUrHyTa B CNMHOBBLIX KyOMUTax nyTem
NepemMeLLEHNS 3NTIEKTPOHOB C UCMONb30BaHNEM 3ITEKTPUYECKUX MMMYNbCOB,
MOBEPXHOCTHbLIX aKyCTUYECKMX BOSIH, ornepaunin obMeHa cnnHamu.

T. Nakajima, et al., Nat. Commun. 9, 2133 (2018)

B. Bertrand, et al., Nat. Nanotechnol. 11, 672 (2016)
A.J. Sigillito, et.al., npj Quantum Inf. 5, 110 (2019)
T.A. Baart, et.al., Nat. Nanotechnol. 12, 26-30 (2017)
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A.R. Mills, et.al. Nature Comm., 10, 1063 (2019)
B. Bertrand, et.al. Nat. Nanotechnol. 11, 672 (2016)




AllbTepHATUBHBIE CUCTEMBI /i POPMUPOBAHUA KYOUTOB

1 OrPAHMYCHMS HA CYLeCTBOBAHUE KYOMTOB

- KBaHTOBbIE TOYKM B YrNepoaHbIX HAHOTpYbKax (OfTMHHbIE BpEMEHa CMNMHOBOM
OEeKOrepeHTHOCTWN 31EKTPOHOB)

F.S. Kuemmeth, et al., Nature 452, 448 (2008)

- CI'II/IH-Op6I/ITaJ'IbeIe Ky6I/ITbI (KOHTpOJ'Ib 3a CoCToAHMneM OANHOYHbIX CIMMTMHOB C
NMOMOLLbIO CI'II/IH-Op6I/ITaJ'IbHOFO B3aMMOOENCTBUS. AHI/I3OTpOI'II/IF| g—cbaKTopa )
BSaMMOﬂeﬂCTByDMMX KBAHTOBbIX TO‘-IeK)

S. Nadj-Perge, et al., Phys. Rev. Lett. 108, 166801 (2017)

- KyBuTbl Ha CMHOBBLIX COCTOSAHMAX AbIPoK B Si n Ge/GeSi (annHHble BpeMEHa
CMMHOBOW periakcauum, CUibHOEe CNNH-opbuTansHoOEe B3auMoaencTeme, ManeHbKne
9 dhEeKTMBHbLIE MACChI B NSIOCKOCTU, cnaboe CBEPXTOHKOE B3aUMOOENCTBUE)

G. Scappucci, et. al., Nat. Rev. Mater. 6, 926 (2021)

[Mpobnembi:

- edasunpoBKa 3a CHET CBEPXTOHKOIO B3anMoOeNCTBUA

- Wymbl (3apsgoBbiin)

- Penakcaums 3a cyeT B3aumoaencTaus ¢ oHoHaMm 39



OcHoBHBbIE THIIBI KYOUTOB B KBAHTOBBIX TOYKAX

A 1um B

g, (10% e?/h)

V(x)

® & |9 404 400 & =
X Vg (MV) b= gu By
Fig. 1. (A) Scanning electron micrograph of a sample identical to the one measured, consisting of Read-out  Projection Spin blockada  Initialization
electrostatic gates on the surface of a two-dimensional electron gas. Voltages on gates L and R | T g, 1 40,
control the number of electrons in the left and right dots. Gate T is used to adjust the interdot » <| L
tunnel coupling. The quantum point contact conductance g is sensitive primarily to the number of | ¥
electrons in the right dot. (B) g, measured as a function of V, and V,, reflects the double-dot charge =l i H=giB, ]| = =
stability diagram (a background slope has been subtracted). Charge states are labeled (m,n), where 4 |
m is the number of electrons in the left dot and n is the number of electrons in the right dot. Each n /
charge state gives a distinct reading of g_ {1,0) {2.0) e (.1} (1.0
J.R. Petta, et.al., Science 309, 2180 (2005) PET
8 [ T t Figure 1 Device and read-out scheme. a, Scanning electron micrograph of a
ol T : ' Alz\ device similar to the one used in the experiment. The Ti-Au gates (light grey) are
'- deposited on top of a GaAs—AlGads heterostructure containing a two-dimensional
S electron gas 90 nm below the surface. The 70-nm-thick cobalt micromagnet
'\ [SiGe 9 Igg) (artificially coboured in yellow) is isokated from the gate structure by an 80-nm-thick

calixarene Insulating layer. Gates covered by the cobalt are outlined for clarity. The
bamiers separating the dots from each other and the reservoirs are funed using the P
and T gates. Blue armows indicate the current flow through the two quantum dots

@%

SiGe quantum-dot Zeeman fields B, and By d, The sequential flow of electrons at spin
blockade. This cycle can be described via the occupations (N, . Ny) of the left and
aEle’y o2 Init. I = 1) ez Init. I = 1) d Quartum Contral right dots as (1, 0) — (1. 1) — &.0) — (1, 0). Starting from (1. 0), an electron
[I:I-*_—’ij jizb 2 |2 tunnels from the source to form the (1. 1)T. triplet state. The electron in the right
diot cannot tunnel to the left dot becawse of the Pauli exclusion principle and
. EIII:'IIE transport is blocked. With ESR, the electron on the right dot can tunnel to the left dot
\9 Maas. Righ 78 Empty Lot e LA f 10 form the (2, 0) state. One of the two electrons then tunnels out to the drain to
- - . complete the cycle, yielding a finite leakage current. e, Stability diagram measured

control sequence. (D) DQD energy level configuration at each point in the pulse M. Pior()-l_ad riere’ et. al . Nat. PhyS 4, 776 (2008)
sequence. Points a to ¢ are used to initizlize the system in || ]}. Single-qubit

and two-gubit gates are implemented at point d. Sequential single-shot spin 40
state readout is achieved by navigating from point e to point g.

D.M. Zajac, et.al., Science 359, 439 (2018)



YHpaBneHMe cTeneHbio nepenytTaHHOCTU B CBA3AdHHbLIX KBAHTOBbLIX TOYKax
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Moaeiib KOppeIMpPoOBAHHbBIX CBA3AHHBIX KBAHTOBbBIX TOYEK
HpU CUMMETPUYHOM NOAKINYCHUHU pe3epByapa

—_—

. Er
- § A E . S st .a a1 A
Hdr:at — My + Ulnlcrni—cr ks Tl:clcrci!cr T C?UCIU}
I=1.2.0 =120

fn =3 ¥ b7 W N
Hiun = Y (65,610 + 6/ ko) + Y tr2(&f é2e + &3 Cro '

ko pa
.Hrrgs = Z Ekéggékcr 2
ko
[TycTon pesepByap YacTn4HO 3anosfTHEHHbIN <_ e oo _>
pesepByap T
Eiy — & | €5a) — &F |
r I
v,
€s < O’ Eq = 0 Source %\ SiOp

MeToabl peLleHus:
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- YpaBHEHUA OBUXEHUA O514 nceBao4acTnUYHbIX YNCen 3aroriHeHnA



BoanoBblie QyHKIUM U JHEPrAH OAHOIICEKTPOHHBIX
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IlepenyranHbie COCTOAHUA B KOPPEIUPOBAHHBIX
KBaHTOBLIX TOUKaX (ILyCcTOl pe3epByap)
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Ilepenyranubie COCTOAHUA B KOPPEJIUPOBAHHBIX

Concurrence

Concurrence

KBAHTOBBIX TOYKAX (3an0.JIHeHHLIi71 pesepByap)
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BuIBOALI

- NpooemMoHcTprUpoBaHa BO3MOXHOCTbL YBENNYEHUA CTENEHN nepenyTaHHOCTU
OBYX-3J1IEKTPOHHbIX COCTOSHUW B KOPPENMPOBAHHbLIX KBAHTOBbLIX TOYKaX B npouecce
BPEMEHHOW 3BOSIIOLUN.

- CTteneHbio nepenytTaHHOCT MOXHO YrpaBJiIATb NSMEHAA BEJTUHNHY B3aUMOOENCTBUS
Mexay KBaHTOBbIMU TOYKaMW.

- [epenyTaHHbIE COCTOSAHUA MOXHO NepeaaBaTh B MPOCTPaHCTBE.

- [epenyTaHHble COCTOSIHUS UMEIOT Pa3Hy CTENEeHb YCTOMYNMBOCTU K PNyKTyaunsam.

Chnacu0o 3a BunuManue! -



