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@ Single quantum dot — gigantic artificial atoms
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@ Single quantum dot — gigantic artificial atoms

@ Coupled quantum dots — QD molecules
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@ Single quantum dot — gigantic artificial atoms
@ Coupled quantum dots — QD molecules

@ QD arrays can form artificial crystals and quasicrystals with
tunable properties.
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@ Single quantum dot — gigantic artificial atoms
@ Coupled quantum dots — QD molecules

@ QD arrays can form artificial crystals and quasicrystals with
tunable properties.

o External field control
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Single quantum dot — gigantic artificial atoms

Coupled quantum dots — QD molecules

QD arrays can form artificial crystals and quasicrystals with
tunable properties.

External field control

Spontaneous coherence effects
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Applications of QD systems

@ Optoelectronics
o Lasers on quantum wells and quantum dots
Optical modulators
Photodetector on quantum wells
Solar Cells
Waveguides

@ Nanoelectronics

Qubits

Gates

Quantum memory (with hierarchic access)
Quantum neural nets
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Quantum dots (QD) are "artificial atoms the quantum

analog of the Thomson atom.
They form the complexes - the "molecules"of QDs

The tunable parameters:

@ the number of charge
carriers and

@ their localization. Comparison between QDs and atoms
Exciton states participate in barameter | Atoms Q”Sé'ttﬁm
@ kinetic phenomena,
. Level spacing 1eVv 0.1 meV
o the luminescence, Tonization
i i 10 eV 0.1 meV
@ light absorption, e“‘Trg‘/
L Typical magnetic 4 ~
@ coherent radiation field 17T | 10T

generation,
@ chemisorption

@ heat conductivity etc.
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Methods of QD production

The quantum dot and quantum well structures can produced by different experimental technique:
W=3um
L=200-1300pm

*molecular beam epitaxy,

"lithography,
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*selective etching

" gate voltage application.
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Etching process for manufacturing quantum dot array from
the dopped AlGaAs/GaAs heteropair

AlGass




"Natural” QDs

Besides artificially produced quantum dots
the so-called "natural” quantum dots may
occur due to random fluctuations.

Self-
assembled
arrays

Ge-in-Si
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Effects of external fields

~ 1 e \2 5 1 e
i i#j

We use symmetric gauge of vector potential A = %[Br]

The influence of transversal magnetic field on the quantum dot
leads to the substitution of the steepness parameter o by effective
steepness of confining potential in magnetic field

B = [(wec/4)* + a]1/2
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Arbitrary units for energy, length, cyclotronic frequency and

magnetic field

Electronic Excitonic
systems systems
— _I2e — _h%
Length | ag = S 2 a0 = sppa2
2mie? 2m*e*
Energy | By = 5555 Ey = 553
Steepness of the potential | ag = f—é’ ag = f—g
. i om* 2.3 2 *\2 .3
Magnetic field | By = % B, = %
. _ Amiet _ 2m*e*
Cyclotronic frequency | we, = 555~ Wey = 273
* o4 We,
Larmore frequency Wiy = T = 5

r € — dielectric permeability; m? , — effective mass of electron (e)

and hole (h); m* = e

mi+my
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Horizontal QD molecule evolution

Different approximation applicability

5 Tl
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\M
u w4’ U U i U
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/u U\ u u

vrd YU 6 d \U

A B A B
E . ocp B I
' ' oty el

/u U\ / \

vy 4 Yy v dY U
with increase with increase of
of inter-dot effective steepness
distance in magnetic

field

d< Toc
MO, V

deroc

d> kr/oc
(k~3)
HL,V

HL - Heitler-London; MO - Molecular orbitals; V - variation
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Spin-rearrangement in quantum dots

Spin states as well as Coulomb interaction between electrons in
coupled QD can be used for quantum computation.

Spin states have substantially longer decoherence time.

Mechanism of temporal fluctuations in B, , which can occur due to
nuclear dipole-dipole interactions, lead to irreversible spin dephasing
and decoherence of electron spins. Such processes are referred to
as spectral diffusion, since the electron Zeeman levels split by B,
undergo random shifts.

Estimates of hyperfine-interaction spin dephasing in GaAs quantum
dots were given by de Sousa and Das Sarma (2005). That mechanism
of temporal fluctuations in B,,should dominate spin decoherence in
GaAs quantum dots of radius smaller than 100 nm. For instance, in
a 50-nm-wide quantum dot, the estimated spin decoherence time 7
is ~ 50us, large enough for quantum computing applications.

This is important for quantum calculations and more generally for
spintronics.
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With increase of the transverse magnetic field, the triplet state
becomes the ground state of the QD system.
There are two contributions connected with the magnetic field:
O rise of the effective steepness of the confining potential leading
to diminishing of the interdot coupling;
@ interaction of spins with the magnetic field.

Thus it is possible to control the spin state of a QD molecule by
normal and parallel magnetic fields.
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The possibility of controlling the ground state of a coupled QD
system can be used for quantum calculations.

@ One qubit can be determined by the spin of excess electrons in
QDs.
@ A two-qubit gate can be created using two coupled QDs.

The tunnel barrier between two adjacent QDs can be controlled by
the gate voltage or by the external magnetic field.
Kaputkina and Lozovik, J. Phys.: Cond. Mat. 18(2006)52169
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Means of control QDs and QD systems

Method of influence Control parameters

S Gate voltz =
e Quantitative change of the e volnge . "\:u_ )
—
state of the system —
o Qualitative Change Of the Parallel magnetic field _/"‘ ‘L
state of the system
° Strong electron Transverse magnetic field (‘/Bett\j
. pa—
correlation : . N
R . nterdot distance [ !System state
° M(.ergmg a.nd separation of |t changing
ne|ghbour|ng QD (|u::nt:|tively
A 4 and J
] Spln state: smglet - qualitatevely)
triplet transition v
. Properties
(4] Tunnellng (are changing

quanatively and
‘qualitatively;
phase
transitions etc.)

e etc
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Single and coupled quantum wells and quantum dots in

microcavity

External magnetic field influence on
e Direct and indirect excitons in coupled quantum wells

e quasi2D excitons
e 3D excitons

e Direct and indirect excitons in coupled quantum dots
e Exciton polaritons in CQWs and in CQDs in microcavities
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Spatially indirect exciton in coupled quantum wells
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- B o
0(7) = O(F— o) exp (”;h ):ﬁoze;z[H,P];ﬁ:F_

Relative motion of the electron and hole

A 0 _“ia., L +E|d(p)=0
— YWy — —— =
S R ey R L
=Y M me
L= ’y_m;‘,+m;f
rq = w%_

Numeric diagonalization of the Hamiltonian in different bases
Kaputkina, Lozovik. FTP 32(1998)1354

CuncTeMbl KBaHTOBbIX TOYEK

17 H.E.KanyTtkuna, M.B.AnTaiickunii



Indirect magnetoexciton with fixed layer widths in external

magnetic field

a2 0 i ! +E|(p) =0
— =YW= — — =
P 922 Y La@ 4 \/(p+po)2+d2+22 P

Eigensystem

2 wp 2 | wr \ M1\ 2
f, = e () e (e ()
nmk(pvz) € n 2 € 4 p 7T(n+ ‘m|)| 2

wk(z—d)
M —5p

D1/2
m|l—~ym+1 w2 k?
Fonmk = 2L (H‘ | ; ) (2D)?
n=0,1,2,....m=0,£1,£2,...; k=1,2,...

[KLOS5]
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Effective mass of magnetoexciton

Ground state (m = n =0)

exp (—25)
2 3( 8
[ enp (—gt) ) g,

for m = 0 effective mass of magnetoexciton is positive;
for m # 0 effective mass of magnetoexciton can be negative -

Mesr =

v

[KLO5] Kaputkina, N.E. and Lozovik, Yu.E. Physica E 26(2005)291
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The dependencies of effective mass of magnetoexciton Mg

Mef
vs. interlayer distance d, layer %% ¥ w ® % w =
width D =1 a.u. 1 — dotted line vs. H. 1 — dashed line —

-H=25 a-uud2—h$°c'iic:_ line d=1.2:D=0.6 2 - dotted line
H =3 a.u., 3— dashed line -D=d=0.9, 3-solid line -

—H=35au. d=055D=125

20 H.E.KanyTtkuHa, M.B.AnTaiicknii CuncTeMbl KBaHTOBbIX TOYEK



Indirect exciton in CQDs in magnetic field
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Indirect exciton in CQDs in magnetic field

Magnetic field
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Polariton scheme

Single (a) and coupled (b) QWs in 2 microcavity
A

IS _?“' ;

oW

=

_ Indirect exciton
Magnetic "
field H
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Polariton dispersion law

For excited levels with quantum number
m not equal to zero (including the 1st
excited level) effective mass of indirect Dispersion laws for exchon polariion:

ground state energy

magnetoexciton is negative for small
magnetic momentum region. Yu.E.Lozovik
N.E.Kaputkina, phys.stat.sol.(b) 207,
147 (1998); Yu.E.Lozovik, A.M.Ruvinsky,
Phys.Lett. A 227, 271 (1997); JETP 85,
983(1997); N. E. Kaputkina and Yu. E.
Lozovik, Physica E 26, 291 (2005)
Dispersion laws for excited exciton polariton [
are nonmonotonous for certain range of
parameters of coupled QWs, microcavity and
magnetic field. Magnetic field controls the — ==
appearance and depth of the 2nd minimum
and the relative depths of both minima.
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Effect of magnetic field on exciton polariton systems

Single and coupled QD in

: . Dependence of low-lying exciton relative
microcavity

motion energy levels on magnetic field

Single (a) and coupled (b) QDs in a micarocavity
U=or?

Viagnete o s ‘

field H

Magnetic field enhance the effective steepness of confining
potential. This results in rearrangement of exciton and exciton
polariton spectra. Kaputkina, Lozovik, Physica B. 403(2007)1537
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At low temperatures spontaneous coherence and Kosterlitz-Thouless
transition to superfluid state of exciton polaritons in the system of coupled
quantum wells in microcavity or Bose-Einstein condensation of exciton
polaritons in the system of coupled quantum dots in optical microcavity
can take place. Magnetic field influence on the critical temperature can be
non-monotonous for some region of control parameters for the competition
of two mechanisms Kaputkina, Lozovik Phys.Stat.Sol.(c) 6(2009)20:

@ growth of the effective mass of magnetoexciton which leads to
decreasing of critical temperature;

@ growth of effective parameter of confinement which increases the
critical temperature and favors condensate formation.

3aesrNs h
To=y/22= 1
2 Meff' kB’iT

kg is the Boltzman constant, s is spin degeneracy (s = 2 for bright
excitons in GaAs QWs).

Critical values T,
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Critical values T,

T — 3aeffNS h
< 2Meff kBﬂ'z’

kg is the Boltzman constant, s is spin degeneracy (s = 2 for bright
excitons in GaAs QWs). Kaputkina, Lozovik Phys.Stat.Sol.(c)
6(2009)20
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Influence of external magnetic field and confinement on

Bose-condensation, and Kosterlitz-Thouless transition

30 "”,r—

M
o

Te, a.u.
\

Growth of confining potential
steepness favors condensate
formation and increases the
critical temperature a', a.u.

0 50 100

The dependence of critical
temperature T, on parameter of
confinement steepness (') for
fixed magnetic field H =10 a.u.
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Influence of external magnetic field and confinement on

Bose-condensation, and Kosterlitz-Thouless transition

Magnetic field
influence on the
critical temperature
can be non-
monotonous for
some  region  of
control parameters

10
. 8 o
=
o 4 ——
F o3
4]
10 20
H,a.u.
15
3 10 [
E 5
0
10 20
H, a.u.

o =10

o’ =100

The dependence of critical temperature T, vs. magnetic field H, for
fixed (o’) Kaputkina, Lozovik Phys.Stat.Sol.(c) 6(2009)20
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The cause of the non-monotonous effect of magnetic field is

the competition of two mechanisms:

O growth of the effective mass of magnetoexciton which leads to
decreasing of critical temperature;

@ growth of effective parameter of confinement which leads to
increasing of critical temperature;
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Effects of external parameters on coupled QD in microcavity

o Magnetic field changes effective mass of magnetoexciton.

@ Magpnetic field increases effective steepness of confining
potential in quantum dots also. This leads to the
transformation of exciton energy spectrum in magnetic field.

o At low temperatures spontaneous coherence and
Berezinskii-Kosterlitz-Thouless transition to superfluid state of
exciton polaritons in the system of coupled quantum wells
embedded in microcavity or Bose-Einstein condensation of
exciton polaritons in the system of coupled quantum dots
embedded in optical microcavity can take place.

@ Growth of confining potential steepness favors condensate
formation and increases the critical temperature.

e Magpnetic field influence on the critical temperature can be
non-monotonous for some region of control parameters.
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Quantum dots for nanoelectronics

Using quantum dots for nanoelectronics
@ Qubits
o Gates
@ Quantum memory (with hierarchic access)
@ Quantum neural nets

benefits from quantum parallelism
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From Classical to Quantum Computation

o Classical information = sequence of bits — classical systems
with two allowed states (0,1)

@ Miniaturization = quantum effects, Heisenberg uncertainty
principle AxAp ~ h.
Localization of electron within Ax ~ 10'nm demands
momentum transfer of %, e.g. velocity v ~ 105m/s and
MeV energy.

@ Interaction of electron with environment at T ~ 300K implies
the energy transfer of kg T ~ 25 meV

@ Single electron access = the probability of a definite state of
logical bit P < 1, constrained by quantum effects.

Classical bits Quantum bits
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Qubits on quantum dots

Quantum dots — artificial atoms

Typical size ~ 10'nm
Qubits can be implemented on charge, electron spin states or
excitonic states in the pairs of coupled QD

Advantages of spin degrees of freedom

Spin relaxation time of the excess electron ~ 10~3s
Spin decoherence time ~ 1079 s

Quantum dots are prospective as qubits

New possibilities

— access to collective states of quantum dot groups, instead of
separate access to each spin
— hierarchic coding in quantum memory
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Qubit pair on QD

Two coupled one-electron
quantum dots separated
by the distance 2a form a
quantum gate. Magnetic
field B is applied along the
z direction. Electric field in
x direction

Hamiltonian of QD pair

H = Hkinetic + Hpotential + HZeeman + HS)

e
Hpotential = V(X, )/)‘Fm-i—e Z xE

Hs — Heisenberg Hamiltonian

2 ( 2 2)2
mw, X a
1% — 0 2
(xy) == [ 2 Y
X.Li et al. Science 301( ZILJ(EIB)S‘I)"{;‘

34 H.E. KanyTtkuHa, M.B.AnTaiicknii CuncTeMbl KBaHTOBbIX TOYEK



Decoherence

Long wave fluctuations of magnetic field does not affect the spin
coherence if their length is greater than QD magnetic length (~
10'nm) . Spin-orbital coupling may be neglected

2
“o

2mc2

Hso = L-§,
since Hso /hwg ~ 1077,
spin-spin interaction is proportional to 1/d°.
The interaction force may be tuned by making the sequence
aperiodic.

Dipole interaction between qubit spins and environment can be
estimated as: (gug)?/ay ~ 1072 meV for GaAs.

The hyperfine interaction with nuclear spins can be strongly
suppressed either by dynamically polarizing the nuclear spins, or by
applying magnetic field
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Addressing different spin states of the whole system, rather than
different quantum bits, can allow for a "flexible” memory elements
(say, on aperiodic sequences of quantum dots ). The price paid for
such flexibility is the spectroscopic problem to distinguish reliably
the spin states of quantum system containing 2, 4 and more 2
spins.

Since the size of the physical support of the group of spins,
manipulated spectroscopically, say a group of excess electrons in
quantum dots, is comparable to the size of single qubit of the same
nature, our method possibly provides a new way of miniaturization
of memory elements on nanoscale heterostructures.
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Quantum neural networks

@ Quantum neural networks are the nonunitary
alternative to unitary quantum computing
which benefits rather than suffers from
interaction with environment, exactly as il
human brain does.

@ Quantum neural networks are presently built ¥
on SQUIDs Johnson et al. Nature
473(2011)194 , but hypothetically can be
constructed on quantum dots Behrman et al.

Inf. Sci. 128(2000) 257.

@ Alternative to SQUID based quantum
Hopfield network might be one made of
quantum dots M.V Altaisky, N.E.Kaputkina,

V.A. Krylov PEPAN 45(2014) 1013-1032
Quantum dot controlled by magnetic field can be tried as artificial

neuron. Such neurons can be arranged as an array on e.g. GaAs

Y2

w7
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[§ N.E. Kaputkina and Yu.E. Lozovik, Dimensional effects and
magnetic field influence on excitons in coupled quantum dots
and coupled quantum wells, Physica E 26 (2005), no. 1,
291-296.
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[lpymeHeHne K KBAHTOBbIM HEiPOHHBIM CETAM

M.V.Altaisky, N.E.Kaputkina, V.A. Krylov PEPAN 45(2014) 1013-1032
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Historical notes

1943

1967

1970

1982

1992

1995

1997

McCulloch and Pitts proposed the mathematical
model of neuron [MP43]

Riccardi and Umezawa proposed the quantum model
of human memory

V.Chavchanidze proposed a model for quantum phase
calculations in human brain [Has70]

R.Feynman proposed the idea of quantum simulator
[Fey82]

F.Beck and J.Eccles emphasized the role of quantum
tunneling in activation of neuron [BE92]; Deutsch and
Josza presented the concept of quantum
computational network [DJ92]

S.Kak proposed the concept of quantum neural
network [Kak95]

T.Nitta proposed a complex-valued neural net
[Nit97]; A.Vlasov proposed quantum associative
memory [VIa97]
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Historical notes

2000 Kouda, Matsui, Nishimura proposed qubit network
[KMNOO]; E.Behrman et al. proposed QNN on
quantum dots [BNS*00]

2001 M.Altaisky proposed quantum perceptron [Alt01]

2006 China launched the program for QNN for space
technology [ZJD06, ZD07]

2010 D-wave systems Inc. put the first quantum computer
'Rainer’ (D-wave One, 128 qubit) on the market
[JAGT11] ($ 1.0 x 10%0)

2012 NASA launched the program for quantum network
artificial intellegence [Sal2]

2013 The 512 qubit Quantum network computer 'Vesuvius'
(D-wave Two) was tested ($ 1.6 x 1010)
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Mopgenb HelipoHa

X1 Wkl
O ’ 4"}’k— o(uk) Output
bk
N
Yk = Z WkjXj + bi, Yk = ¢(uk)
j=1

Choice of sigmoid function ¢(u) =

1

H(U), tanh(u), m
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Application of neural networks

Image recognition — technical vision
Associative memory

Artificial intellegence for autonomous missions
Technical safety systems

Classification problems

Complex optimization problems

Medical diagnostics

¢ © ¢ 6 ¢ ¢ ¢ ¢

Time series forecast
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@ Learning with teacher
Awjj = ny;d;.

d; is desired output of /-th neuron
@ Self-organized learning
Hebbian rule for biological neuron [Heb49]:
Awij = ny;jyi

@ Hopfield network:

H= Z J,'kS,'Sk - hkSk

The goal of the ANN learning with teacher is to minimize the "error
energy’

i=1
This can be done by gradient descend or by other methods



Quantum information

Classical information Quantum information
Qubit =quantum bit
Physical system that may be in
either of distinct physical states ) = col0) + ci|1),

“0” or “1”,"off" or “on”,] or 1
co, c1 € C, ‘C0|2+‘C1|2:1

Bloch sphere

_ 9 w6 0
0.6) = cos | 1) +e®sin o] 1),

0<0<m0< < 2.

0+0=00+1=1, 1+1=10
0x0=0,0«1=0, 1x1=1
-0=1 -1=0

Logical circuits

Bit Qbit__IW
10
> V

Oeo u

|States: O or1 af0> + BII>, Jof +[p|*=1
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Quantum annealing machines D-wave Systems Inc.

M.Johnson et al. Nature 473(2011)194

The first scalable quantum
computer was constructed by
D-Wave Systems Inc. It is capable
of solving exponentially difficult
minimization problems

Zha —l—ZJ,JUU

ij=1

in  polynomial  time. The
z

'spins’ of are implemented
in  Superconducting  Quantum
Interference Devices. The
connection matrix Jjj is
implemented by inductive

couplings. The superconducting

circuit technology is used.
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128 qublt SQUID processor.
From arxiv.org:1204.2821
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SQUID flux qubit

A o

g
Spin-dawn” circtlst™

It

» &,

Redrawn from M.Johnson et al.
Nature 473(2011)194
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Realization of quantum annealing

@ All 'spins’ are initialized in X direction at t =0

——F(t)zn:A,-( )oX 4+ N(t Zha +ZJ,,U

ij=1

@ The transverse magnetic field is adiabatically turned off
[(t) — 0 with simultaneous increase of A(t) — 1

\
Classcal

themmal =
anneaiing

Quantum

annealing

Redrawn from M.Johnson et al. Nature 473(2011)194
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Quantum neural nets on quantum dots

E.C.Behrman et al. Inf.5c¢i.128(2000)257

In 2000 E.C.Behrman et al. proposed a model of quantum
neural network where the nonlinearity is attained by means of
interaction of quantum dot array with the substrate phonons.
Each neuron was designed as a "molecule” of 5 quantum dots

I=+1 I=-1

HepocTaTtkun: ynpaBneHne Takoi CETbIO rMMNOTETUYECKN OCYLLECTBIISA-
eTCsl 3a CYET U3MEHNUS CMEeKTPa (POHOHOB, YTO MPAKTUYECKU Hepea-
n3yemo.
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Quantum dot network with dipole-dipole interaction

The Behrman network control is completely nonlocal and unstable
to thermal fluctuations. For this reason we propose a network made
of QD array with dipole-dipole interaction between neighboring
dots on the GaAs substrate controlled by plasmons.

A(t) = > KoF+ ) Ai(t)of + > A xa(t)of +

i i i
-2 2.2 7 .=t 7 .=
mx5(t) mw? x5 (t) dm - 0m®d;j- 0}
+ Ny ey ] __J
LT3 LT Tl R,
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Model Hamiltonian for two QDs with d-d interaction

2
i (i)
H= Zi’az +1)+Z 0+ ool
i=1 i#j
+ Zgaxa|xi> (Xi| + thonom

a,i

0;i = Aj — w is detuning, A; is the energy gap between the ground
and the first excited state of the i-th QD; K; is a coupling to an

external driving field, J;; is the dipole-dipole coupling, constructed
in analogy to the dipole-dipole interaction of atoms [CF78, JQ95].

= |X-><X-| —100)(0i],0%) = 10,) (X + [Xi) (04,
ol = 1X:)(0i],0) = J0:) (X

The phonon modes x, are assumed to interact only to the excited
states | Xj)
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Phonon bath parametrization

The free phonon Hamiltonian is

2 2
Hoo o MawsXs
Ph — )
2m, 2

The phonons in GaAs substrate are assumed to have the spectral
density

Jw) =237 8 5w — w,) ~ aw exp(—(w/we)?),

2 maws

This form for J(w) is the excellent agreement between experiment
and theory of the interaction of single quantum dot with phonon
bath [RFS*10, RGB*10, MDG*11, Datl2, DPW12, Dat13].

\/§Vs
d

De — Dy)?
0= Pe=Dn" 03002 for Gahs, we =
42 phv?
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Functional integral solution of von Neumann equation

Makarov and Makri J. Chem. Phys. 102 (1995) 4600

In our studies we used the quasi-adiabatic propagator path integral
(QUAPI) technique [MM95a, MM95b] for the solution of the von

Neumann equation for the density matrix p(t), which describes the
evolution of the above described pair of interacting quantum dots:

p = trpp (_%[Haptot]> ,

with the initial condition:
e_/BHPh

prot(0) = p(0) ® tr (e PFn)’
where for the particular case of two interacting QDs

p(0) = [¥(0))(¥(0)] , [¥(0)) = (\0X> +1X0))

S\
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Quasiadiabatic path integral

The time dependence of the reduced density matrix of the QD
system is given by the Feynman integral

N—-1
— _at _, At _
(sulo(®)lsy) = / (H<s$+1\e wHoas|sth (spale ”OQS|sm+1>> x
m=0
N—-1
x (s 100155 )1 ({53"; se) TT dsiadlsm:
m=0

where st (s,,) denotes the state of the OQS at t,, = mAt on the
time-forward (time-backward) propagation. The discretized bath
influence functional is equal to

/ <{S$}N; At) — o St 5550 5550,

with 7y being the discretized version of «(t) given in [Datl3]
according to quasi-adiabatic propagator path integral method
[MM94].



More than one qubit systems

In our simulations we used the representation of QUAPI method
given in Vagov,Croitoru,...,Kuhn. PRB83(2011) 094303][VCG11]
The total evolution time t is divided into N time slices

tp, = en,e = t/N. The final density matrix at time ty = t is given
by

N
Q -0 n
Pay.Bn = elt( onoy SaNen) Z H Mg;: 1/\/]5" 1 H e>nn’ PagBos
{O‘mﬁn} n=1 n'=1

where 0 = diag(0, A, A, 2A) is the diagonal part of the system
Hamiltonian without bath. The evaluation is performed using the
method of augmented density matrix evaluation [MM95a, MM95b]:
R, = ThoRn_1,Ro = p(0) where the augmented density matrix R,
coincides with the density matrix of the system R, for all discrete
time instants less or equal to the memory length n., or is truncated
by the last time instant n — n. — 1.
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Augmented density matrix evolution

Rn= ThRa—1,n < n.

Starting from n = n. + 1 all paths with coinciding states except for
the earliest time state at n — n. — 1 are summed up over that state
to keep the non-increasing record length of n. time instants. The
iteration operator has the form

n
T = MSn—t Mo

Bn_y EXP Z Sont

n’=max(1,n—nc)

The system rotation operator has the form
Mg:—l = (an‘e_“M(t")|an—l> = M(anaan—l) (1)

a, 8 = 0,3 are the indexes of the quantum state of the system. For
the two qubits these states are 00,0X, X0, XX.

MG = MT(Bn, Ba-1),
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"Action’ functional

aup, B are the time forward (backward) state variables.

v =1(0,1,1,2) is the coupling of the states (00,X0,0X,XX) to
phonons. The 'action’ S, is given by the equation (A34) of
[VCGH11]:

Snn’ = —Ka;]an — ngﬁn + KT;,Q,, =+ Kai,ﬁn (2)
For real-valued phonon coupling this gives

Snzn = (V(ap) + 7(B2)(7(Bn) = (an))K(n" — ),
Snn = (V(ﬁn) - 7(an))(7(an)K(0) - 7(ﬂn)K*(0))

where K*(—m) = K(m), m # 0 was used.
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Bath correlation function

(m+1)e €
Kmzo = / dT/ dr'lT(r —7') =

me

= / dw 1 — cos(we)]{cos(wem) coth 75 —1sin(wem)}

Km=0 = / dT/ dr'T(r —7') =
0

_ / do? ) (11 cos(we)] coth ( 2’3 > — sew + usin(ew)}

We introduce dimensionless variables:

Yy = wica elzewc’ /8/_ C

The integrals were evaluated anaIyticaIIy using the approximation
[JCS02, RE14]: coth(y) & 1+ 272 +2e™% + £
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Quantum dot parameters

Ramsay et al. Phys. Rev. Lett. 105(2010)177402;
McCutcheon et al. Phys. Rev. B 84(2011)081305;
Dattani N.S. Comp. Phys. Comm. 184(2013)2828

m, = 0.067me, pgans = 5.37g/cm>, v = 5.11 - 10%cm/s,
€ = 10.0,a9 = 3.94nm, Ey = 36.5meV

d =3.3nm, L =10nm d=33nm, L = 50nm

Dipole coupling J = 0.595ps ! Dipole coupling J = 0.476ps—!
Driving field K = 0.476ps~! Driving field K = 4.76ps 1
Energy gap Energy gap

A = 158ps~! ~ 104meV A =1.58ps~! ~ 1.04meV

1 1

Cutoff frequency we = 2.2ps™ Cutoff frequency we = 0.22ps™
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Evolution of the ground state

Evolution of the density matrix element p(0, 0) with the initial
condition 0X + X0

035

T ——
T —
T=300K

" T ——
T2

tho(0.0)

tho(0.0)

for d = 3.3nm In"E;As/GaAs QDs  for d = 33nm In“Gm:As/GaAs QDs

with L = 10nm . ., with L = 50nm ) )
Being written in the 'magic basis’ of Bell states the asymptotics of evolution

corresponds to the spread of the state e into the equally weighted triplet
(e1, €2, €3). The asymptotic density matrix p written in magic basis is

p(+00) = diag(1/3,1/3,1/3,0).
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Calculation of Entanglement
Magic basis

The basic vectors represent the phase modified Bell basis

le1) = —(IXX> +00)), le2) = —=(1XX) — [00)

g
4

(1X0) +10X)), (1X0) —[0X)).

le3) = % |e4) = %

The Werner state
Ws,g = —\e4>(e4| + = (|61><61\ + |e2){ea| + |es)(es])

is a mixed state, which is 5/8 singlet and 3/8 triplet.

Such states can be produced by using the equal ammounts of
singlets and uncorrelated spins [Wer89] Werner RF, PRA
40(1989)4277
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Entanglement of Formation

For a mixed state of a bipartite system the entanglement of
formation is defined as a minimal possible entanglement over all
quantum ensembles representing the mixed state [BDSW96]. The
entanglement of formation of the calculated density matrix is
evaluated in the Bell basis using the following procedure [BDSW96,
HWO97]. The four eigenvalues A\; > A\ > A3 > A4 of the auxiliary

matrix
R(p) = /PP /P,

where p* denotes the complex conjugation, are used to evaluate the
concurence C = max(0,\; — A2 — A3 — A\q). The entanglement of
formation is then given by

E(p) = H (% + % - c2> . H(x) = —xlogy x—(1—x) logy(1—x).
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evolution of entanglement

d=3.30m, L=10nm d=330m, L=50nm

§
£

Entanglement of Formation

Entanglement
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Conclusion

e QD systems can be controlled by external electric and magnetic
field. This allows to tune electronic spectra and transport.

e In certain domain of control parameters the magnetic field effect on
BEC of polaritons in trap occures to be nonmonotonous. Magnetic
field allows for control polariton splitting, polariton resonance,
polariton dispersion. It is prospective for optoelectronics.

e QDs are also promising for nanoelectronics, for qubits and for the
quantum gates. The hierarchic access to memory registers can be
built on spin degrees of freedom of QD arrays, proving an extra
reliability of information storage by virtue of controlling spin of the
whole array and its sub-blocks

e QD arrays controlled by magnetic field can be tried for quantum
neural networks. We present the results of the simulation on a
QNN based on QDs using the numerical path integral calculation.
In a proposed implementation of QNN using an array of single-
electron QDs with dipole-dipole interactions the coherences are
shown to survive up to nanosecond time and up to the liquid nitrogen
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Perspectives

® Low energy consuming QNN
@ Compatibility with optical devices

The research was supported in part by RFBR Project 13-07-00409
and Programme of Creation and Development of the National
University of Science and Technology "MISiS"

63 H.E.Kanytkunna, M.B.AnTaiickuii CuncTemMbl KBaHTOBbIX TOYeK



M.V. Altaisky, Quantum neural network, Tech. report,
arxiv.org:quant-ph /0107012, 2001.

C.H. Bennet, D.P. DiVincenzo, J.A. Smolin, and W .K.
Wooters, Mixed state entanglement and quantum error
correction, Phys. Rev. A 54 (1996), no. 5, 3824.

F. Beck and J. Eccles, Quantum aspects of brain activity and
the role of consciousness, PNAS 89 (1992), 11357-11361.

E.C. Behrman, L.R. Nash, J.E. Steck, V.G. Chandrashekar, and
S.R. Skinner, Quantum dot neural networks, Inf. Sci. 128
(2000), 257.

B. Coffey and R. Friedberg, Effect of short-range coulomb
interaction on cooperative spontaneous emission, Phys. Rev. A
17 (1978), 1033-1048.

N.S. Dattani, Numerical feynman integrals with physically
inspired interpolation: faster convergence and significant

63 H.E.Kanytkunna, M.B.AnTaiickuii CuncTemMbl KBaHTOBbIX TOYeK



E

[
E

reduction of computational cost., AIP Advances 2 (2012),
012121.

__, FeynDyn: A MATLAB program for fast numerical

Feynman integral calculations for open quantum system
dynamics on GPUs, Comp. Phys. Comm. 184 (2013),
2828-2833.

D. Deutsch and R. Jozsa, Rapid solution of problems by
quantum computation, Proc. Roy. Soc. Lond. A 439 (1992),
553.

N.S. Dattani, F.A. Pollock, and D.M. Wilkins, Analytic
influence functionals for numerical feynman integrals in most
open quantum systems., Quantum Physics Letters 1 (2012),
35-45.

R. Feynman, Simulating physics with computers, Int. J. Theor.
Phys. 21 (1982), 467-488.

S. Haykin, Neural networks, Pearson Education, 1999.
D.C. Hebb, Organization of behavior, Willey, N5, 1949.

63 H.E.Kanytkunna, M.B.AnTaiickuii CuncTemMbl KBaHTOBbIX TOYeK



B

B

S. Hill and W.K. Wootters, Entanglement of a pair of quantum
bits, Phys. Rev. Lett. 78 (1997), no. 26, 5022-5025.

Johnson M. W., Amin M. H. S., Gildert S., Lanting T., Hamze
F., Dickson N., Harris R., Berkley A. J., Johansson J., Bunyk
P., Chapple E. M., Enderud C., Hilton J. P., Karimi K.,
Ladizinsky E., Ladizinsky N., Oh T., Perminov I., Rich C,,
Thom M. C., Tolkacheva E., Truncik C. J. S., Uchaikin S.,
Wang J., Wilson B., and Rose G., Quantum annealing with
manufactured spins, Nature 473 (2011), no. 7346, 194-198.

S. Jang, J. Cao, and R.J. Silbey, Fourth order quantum master
equation and its Markovian bath limit, J. Chem. Phys. 116
(2002), 2705-2717.

S. John and T. Quang, Photon-hopping conduction and
collectively induced transparancy in a photonic band gap, Phys.
Rev. A 52 (1995), no. 5, 4083-4088.

63 H.E.Kanytkunna, M.B.AnTaiickuii CuncTemMbl KBaHTOBbIX TOYeK



[ S. Kak, On quantum neural computing, Inf. Sci. 83 (1995),
143-160.

@ N. Kouda, N. Matsui, and H. Nishimura, Learning performance
of neuron model based on quantum superposition, Proceedings
of the 2000 IEEE International Workshop on Robot and Human
Interactive Communication (Osaka), IEEE, 2000, pp. 112-117.

@ D.P.S. McCutcheon, N.S. Dattani, E.M. Gauger, B.W. Lovett,
and A. Nazir, A general approach to quantum dynamics using
variational master equation: Application to phonon-damped
rabi rotations in quantum dots, Phys. Rev. B 84 (2011),
081305(R).

@ D.E. Makarov and N. Makri, Path integrals for dissipative
systems by tensor multiplication. condensed phase quantum
dynamics for arbitrary long time, Chemical Physics Letters 221
(1994), 482-491.

@ Nancy Makri and Dmitrii Makarov, Tensor 1, Journal of
Chemical Physics 102 (1995), 4600-4610.

63 H.E.Kanytkunna, M.B.AnTaiickuii CuncTemMbl KBaHTOBbIX TOYeK



, Tensor 2, Journal of Chemical Physics 102 (1995),
4611-4618.

W.S. McCulloch and W. Pitts, A logical calculus of the ideas
immanent in nervous activity, Bulletin of Mathematical
Biophysics 5 (1943), 115-133.

T. Nitta, An extension of the back-propagation algorithm to
complex numbers, Neural Networks 10 (1997), no. 8,
1397-1415.

G. Ritschel and A. Eisfeld, Analytic representations of bath
correlation functions for ohmic and superohmic spectral
densities using simple poles, J. Chem. Phys. 141 (2014),
094101.

A.J. Ramsay, A.M. Fox, M.S. Skolnik, A.V. Gopal, E.M.
Gauger, B.W. Lovett, and A. Nazir, Damping of exciton rabi
rotations by acoustic phonons in optically excited InGaAs/GaAs
quantum dots, Phys. Rev. Lett. 104 (2010), 017402.

63 H.E.Kanytkunna, M.B.AnTaiickuii CuncTemMbl KBaHTOBbIX TOYeK



@ A.J. Ramsay, T. M. Godden, S. J. Boyle, E. M. Gauger,
A. Nazir, B. W. Lovett, A. M. Fox, and M. S. Skolnik,
Phonon-induced rabi-frequency renormalization of optically
driven single InGaAs/GaAs quantum dots, Phys. Rev. Lett.
105 (2010), 177402.

@ V.N. Smelianskiy and a.o., A near-term quantum computing
approach for hard computational problems in space exploration,
arxiv.org:1204.2821 (2012).

@ A. Vagov, M. D. Croitoru, M. Glassl, V. M. Axt, and T. Kuhn,
Real-time path integrals for quantum dots: Quantum
dissipative dynamics with superohmic environment coupling,
Phys. Rev. B 83 (2011), 094303.

@ A.Y. Vlasov, Quantum computations and images recognition,
arxiv.org:quant-ph/9703010 (1997).

63 H.E.Kanytkunna, M.B.AnTaiickuii CuncTemMbl KBaHTOBbIX TOYeK



Reinhard F. Werner, Quantum states with
einstein-podolsky-rosen correlations admitting a hidden-variable
model, Phys. Rev. A 40 (1989), 4277-4281.

Rigui Zhou and Qiulin Ding, Quantum m-p neural network,
International Journal of Theoretical Physics 46 (2007),
3209-3215.

R. Zhou, N. Jiang, and Q. Ding, Model and training QNN with
weight, Neural Process. Lett. 23 (2006), 261-269.

B.B. HasuaHupse, K Bonpocy o npocTpaHCTBEHHO-BPEMEHHbIX
KBaHTOBO-BOJIHOBbIX MPOLECcax B HepBHbix ceTsix, CoobuieHuns
AH T'pysunckoii CCP 59 (1970), no. 1, 37-40.

63 H.E.Kanytkunna, M.B.AnTaiickuii CuncTemMbl KBaHTOBbIX TOYeK



