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1. DRN structure - quantum dot (QD) surrounded by a
guantum ring (QR).

2. Relaxation times of spin qubits and memory devices built
on DRNSs.

3. Engineering of optical absorption of DRNS.

4. Conducting properties of arrays of DRNSs.

5. Summary.
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» 2D semiconductor nanostructure (DRN) in the form of quantum dot (QD)
surrounded by a quantum ring (QR).

©

V] =50 meV

Vor = 0 meV

Electron can tunnel from QD to QR via the barrier V,

Somaschini et al., Nanotechnology 22, 185602 (2011



*By changing the barrier parameters and/or potential well offset
one changes the shape and distribution of wave functions — wave
function engineering
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e Such manipulations can change:

e spin relaxation times of DRNs by orders of magnitude
e Cross section for optical intraband absorption from
strong to negligible

e conducting properties of a DRN and of an array of
DRNs from highly conducting to insulating



Basic theoretical formulas

» Single electron in a DRN in a static in-plane magnetic field B

2 eh
H=2_+ 2 5.B+V(r),

R 2m* 2m.

*The single electron energy spectra — set of discrete states —
E., n=0,1, ..., 0, x1.=

Ay = Enl— Ewo
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Spin relaxation time for dot-ring nanostructure

* Nanostructure with a single electron in magnetic field B — a natural two
level system — spin qubit or spin memory device

e InGaAs with Rpyg=80nm, m* = 0.067m,, |gs| =08 B = 1T

GS with Eyy - 0>

Y

Az = gsuBB,

kT << Ay << Am

 Modification of relaxation times in DRNs



Relaxation for spin qubit (B,=1T)

« At 0.5T<B<10T relaxation mainly due to one-phonon admixture
of orbital to spin state
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Amasha et al.,PRL100, 046803, (2008)

drastic reduction of spin relaxation rates due to strong quantum
confinement ;



e T, calculated by Khataetski and Nazarov for circularly symmetric
nanostructures with very strong confinement in the z direction
(A.V.Khaetskii ,Y.Nazarov, Phys.Rev. B 64, 125316,(2001)

* The most important mechanism is due to spin-orbit mediated
interaction with piezoelectric phonons

eh
H = Hr+ 5—6 - B+ Hso + Vpn (1)
2m*
where
Hso = B (—511)1 2 o 5\[7\) (2)

is the Dresselhaus SO interaction due to the bulk inversion
asymmetry.

1 2
Hr = (p+eA) + V(r), (3)

2m*

» For an electron occupying the nth orbital level

Tl_l = Cph (C'fgz + ﬂiy) &2

_ 2
gy = 252 Z |§1|$|m;| = Oy

m?éﬂ_ m T



e T, calculated by Khaetskii and Nazarov for circularly symmetric
nanostructures due to spin-orbit mediated interaction with
piezoelectric phonons is given by:
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Relaxation time in DRN with V, =0 ab
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e Pure QD: T, is entirely determined by excitations to the first orbital state
« Small T, because of large =,



Rellaxationltime In DRN
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By increasing the barrier height excitations to the second orbital state determine T,

0 0.807 3.91 5.87 0.45 0.05

5 1.48 3.61 3.74 1.45 0.9
10 2.29 4.30 1.47 2.34 18
15 2.85 5.26 0.53 2.30 74.2
20 3.26 6.12 0.20 2.16 151



Wave function engineering by changing the potential well offset

Vo=15meVand V; =50meV Vor = 0 meV
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Wave function engineering by changing the
potential well offset at Vv,=0
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The increase of T, by introducing a small disk shaped gate
below a central part of initial quantum dot



Presented results for InGaAs Rpry=80nm, m* = 0.067Tme,, |gs| = 0.8

T, strongly increases with decreasing the radius of DRN

e e.g. for InGaAs Rpry=40Nm
T,(Vy=0) =7.5ms (0.05ms), T,;(V,=20meV)=2.5s (151ms),

I
T, strongly increases with decreasing the g,

e.g. for GaAs/AlGaAs with g.= 0.4 Rpry=80nm,

T, (GaAs/AlGaAs) =32 T, (GaAs/InGaAs) 0.16s — 5s

 Important feature — not only the value of T, itself but the possibility
to change T, by electrostatic gating



Optical intraband absorption of DRNs

1672 Bhw=?
Oif = “L5(Ef — E; — hw)Fyp (E;. Ey)

9

where 3 = 1/137 is a line structure constant, [ = ;£1,

no 15 the refractive index. B=0

Resonant absorption at A,,; with T" =1meV

16726A,1 2
e — 7T J nl nl.' (71=0, 1)
1%,




Optical absorption of DRNs

for different V,
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Optical absorption of DRNs
for different Vqp
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One can engineer DRNs according to their
applications:

1. One can design DRNs to get strong effective absorption

2, One can design DRNs with negligible absorption.

3.By changing V,, one can move over from highly absorbing to
almost transparent DRNS.

4. The absorbed energy can be changed form infra-red to microwaves
by changing the material, the radius of the nanostructure and
the barrier parameters.



Conducting properties of arrays of DRNs

from insulating to conducting system

Periodic Anderson-like = ¥ (G- GQR%)CMCN-GQDZ L foo: (A1)
hamiltonian (ij)o

+V; (fheio+He)+ % > (i~ 1)



Conducting properties of arrays of DRNs

from insulating to conducting system

Controlled by V,

(position of the bottom
of the QD potential)

Controlled by V,

(height of the barrier)

Periodic Anderson-like  H R N (t;; — eqrdi;) cly¢jo —eQDZ e L)
hamiltonian i,j)o

+V; (fi‘:,c,-o. - H.c.) — %Z n;(n; — 1),



Array of DRNs in external electric field
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FIG. 10: (color online) Example of a spatial configuration of
QR and QD that allows for controlling Vor and Vgp by an
external electrostatic field.



Controlling individual DRNs
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FIG. 11: (color online) Schematic illustration of the setup al-
lowing for controlling individual DRNs. Stripes along the x
axis located above the DRNs are labelled with letters, whereas
the stripes along the y axis located below the DRNs are la-
belled with numbers. The full black circles indicate DRNs
where the difference eqp — eqr 1s largests when voltage is
applied to pairs of stripes A4 and C3



Single electron tunneling through DRN

pog

Current | flows through the nanostructure at low bias if:

UD < N < Us

un =U(N)—-U(N —1)
U(N) — total energy of nanostructure with N electrons including discreate
2

quantum states separated by A,; and charging energy E, = %

- otherwise Coulomb blockade



[ =—e - frp (un — 1) (Vs — Vp) (Kouwenhoven, Beenaker)
tspoy = 1 F |e|Vspy, I'=Ts+TIp T Wy )
fis o | N T
| depends on tunnel rates 1_’5? FD Py = 1)
Fig.2

In DRN additional possibility to control transport of single electrons by
changing T'g. I'p

a) GSin QR ' :
QR QD QR [ring

’[R Jdot

2 r
QR QD OR

One can change the magnitude of the current and the coupling strength
between DRN and S,D electrodes from large (Kondo regime) to weak
by electrostatic gating

= 500

b) GSin QD



Summary

« Systematic studies of the effect of the shape and the height of the barrier
and / or the potential well offset on measurable properties of DRNSs.

« By manipulating the confinement parameters one can alter the overlap of the
electron wave functions so that the transition probabilities will be enhanced
or suppresed on demand.

e Such modifications strongly influence the relaxation times, the optical
absorption spectra and the conducting properties of DRNSs.

» The wavelength range may be expanded from microwaves to infra-red
by utilizing DRNSs of different size and different material.

e The basic issues of guantum mechanics can be explored to optimize
the specific properties of nanostructures by means of sophisticated
design.
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T, as a function of the barrier height :

— from the first excited state (QR)
— = from the second excited state (QD)
from both states

For small V, excitations to the first orbital state determine T,

By increasing the barrier height excitations to the second orbital state determine T,



» 2D semiconductor nanostructure (DRN) in the form of quantum dot (QD)
surrounded by a quantum ring (QR).

©

v
Vi Vi =150 meV
Vo
1Vor  Vor =0 meV
d VQD

Electron can tunnel from QD to QR via the barrier V,



*By changing the barrier parameters and/or potential well offset
one changes the shape and distribution of wave functions — wave
function engineering
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e Such manipulations can change:

e spin relaxation times of DRNs by orders of magnitude
e Cross section for optical intraband absorption from
strong to negligible

« conducting properties of an array of DRNs from highly
conducting to insulating



Energy gaps to the first two excited states
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Kropki kwantowe
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e Question:
e Are quantum rings good for qubit implementations?

In(Ga)As

Self-assambled In(Ga)As quantum rings Benito Allen et al



Further increase of T, by decreasing =1 by changing the barrier shape from
rectangular to gaussian

0,15+ — g{ll V1 = 150 meV
— 11 ' 1
—- V() |

0.1F ! 7]

0,05 7]

FIG. 7: The distribution of the wave functions for the first
three lowest energy states for the gaussian-like confining po-
tential. The relaxation time T for DREN in this case is of the
same order as for a small (inner) quantum dot.

V,=30meV, T,=1.75s, (T, = 0.61s)
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Figure 3. Cross section of the confining potential for different voltage applied to the
electrodes.



I =—e*pfep (un — 1) (Vs — V)

)= ['sI'p
I'
a) GSin QR
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One can change the magnitude of the current and the coupling strength

between DRN and S,D electrodes from large (Kondo regime) to weak
by electrostatic gating
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Coherent manipulations of spin qubits .

e Initialization

 Measurement by spin to charge conversion and
detection by QPC

* Universal set of quantum logic gates :

X Single qubit rotations by ESR or electrical gates
X Quantum controlled CNOTgate:

 The value of T is negated if and only if C has the value 1.
* 0c07->0:07 Ocly->0c1;
* 1.0 ->1:1; 1.1;->1.0;

 E.g.—two coplanar rings with the tunable barrier

sSpl spmin.2 , spin. , spin.2
H - Jo,;pzn.l(.r;pzn +A810_zprn | +A320.2pfn )



Coherent manipulations of qubits

 The qubit hamiltonian
i ST o
HQ - —aAzaz — §Ax0m
where 7,,0, denote Pauli spin matrices.
For the orbital qubit
A, orp(¢)=En, s — En, s canbe tuned by varying the magnetic flux

A, = th',orb describes the anlplifude of tunneling through a barrier
and can be tuned by changing the barrier parameters.

For a spin qubit A, and A, are energy splittings in real magnetic
fields B, and B,

Both types of qubits can be driven by microwave pulses resonant with
the level separation



CNOT gate on spin qubits

El/'z. 1/2

h«".o‘l

El/:”r - 1/2

' E_]/-z‘ 1/-_)_

hu)o

E_l/r_)? _1/2

Microwave pulse of energy hw; realizes the CNOT gate



To work with qubits one must be able to

- Prepare qubit in an initial state

« Coherently manipulate the superposition states
» Couple qubits together

* Measure their state

e Decouple from the environment that leads to
decoherence

Any two state guantum system that can be addressed,
controlled, coupled to its neighbors and maintained in a
coherent state is potentially useful for quantum
communication



Dispersion relation of an electron on the ring of radius R

AAA(D
K2 '\ 2 m* d )
E, .= ('n.-f-a')) + 2q. SO
" 2m* R | a8 M,
R=20nm
n=0,+1,42... s=3.,-1 ¢ =2, ¢ =2,

Orbital and spin degrees of freedom to be used for quantum manipulations

1. N, ~200 electrons, n.>>1 orbital states occupied successively by spin-up

and spin —down electrons ;

e-e interaction well described by the constant interaction model which shifts energy
spectra by E_.=e?/C

E.Z. M.Kurpas, M.Szelag, J.Dajka, M.Szopa Phys. Rev. B 74, 125426 (2008),
M.Kurpas, J.Dajka, E.Z. Physica Status Solidi b244, 2470,(2007).
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QUANTUM COMPUTING

- Prepare qubit in an initial state

« Coherently manipulate the superposition states
e Couple qubits together

« Measure their state

e Decouple from the environment that leads to
decoherence

Any two state quantum system that can be addressed,
controlled, coupled to its neighbors and maintained in a
coherent state Is potentially useful for quantum
communication



Quantum dots and rings

Quantum dot (QD)- small semiconductor quasi 2D structure
(R~5-50nm) which can be filled with one or few electrons or holes.

QD with single electron in magnetic field B — a natural two level
system — spin qubit

' Az = gsuBB,
—
We change the geometry of QD to QR — the dispersion relation
changes - we get two additional (orbital — |) degrees of freedom to be
used for quantum manipulations

Applying the magnetic field B we can change the GS from I=0 to that
with higher |



Decoherence

Nano-systems are expected to behave according to
the laws of quantum mechanics if they are separated well
from the external degrees of freedom

The important constraints on the device are relaxation and
dephasing effects due to various decoherence sources.

We have assumed that:

KT < hwa s < A

system is put in a shield, that screens it from unwanted
radiation.



Decoherence

Main decoherence mechanism for electron spins is the interaction
with nuclear spins, T,~10 -100ys;

Several strategies to reduce randomness of the nuclear-spin system
(Hanson et al., 2007);

For qubit on a single hole spin T,~1000us due to the p-symmetry;

For semiconductors of group IV (e.g.Si, SiGe) and CN with zero
nuclear spin decoherence time should be longer ( of the order of the
relaxation time);

Time of coherent spin manipulations ~ ns

During T, more than 10% coherent operations can be performed
allowing for QEC beeing efficient
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Experimental setup for measurements on flux qubit.
(Caspar H.van der Wal et al, Eur.Phy&1,J111,(2003)
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Qg = Qlyy = 2e? —nl n=0,1, ..., 0,1 .=
Ani
1l
The formula for the relexation time: A = Eu— Eoo
1 4N 2
= z FOI —{-F“ ‘
T Y ( ) o
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=2 =2
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Agp ANY
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A, = 0.007  for GaAs based systems



Conclusions

*Quantum rings with one or few electrons can be effectively reduced
to a two- state system with two external control parameters.

 Orbital qubit:

» The two states carry opposite persistent currents and are coupled
by tunneling which leads to a quantum superposition of states.

e The qubit can be driven by microwave pulses .

*Flux state can be measured by a separate SQUID
magnetometer.

« Two or more qubits can be coupled by the flux the circulating
currents generate.



I =—e*pfep (un — 1) (Vs — V)

)= ['sI'p
I'
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One can change the magnitude of the current and the coupling strength

between DRN and S,D electrodes from large (Kondo regime) to weak
by electrostatic gating



fip (pn — 1) (Vs — Vo) (Kouwenhoven, Beenaker)

llS(D) = I-l :F |€|‘/'S(D)' F = FS + FD PN +1)
| depends on tunnel rates ['s. I'p ¥
I'sI'p Fig.2
via =
S

In DRN additional possibility to control transport of single electrons by

©

changing I's, I'p

I
PSZFD:§, I'<«T, A, Ec

We assume:

* Fig.2 withe.g. N=1, T~ 0.1K



Electrical control of optical,
coherent and conducting
properties of quantum
nanostructures
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