Control of Electronic and Optical
Properties of Coupled Quantum Dots by
Magnetic Field

N.E.Kaputkina® and Yu.E.Lozovik”

i'Ph},(s.Chem.Deapt, Moscow State Institute for
Steel and Alloys

*Institute of Spectroscopy,
Academy of Sciences of Russia

¢ Single QD and QD systems
» Horizontai QD molecules
» Vertical QD molecules

¢ Singulet-triplet transition in CQD
¢ Strong electron correlation
¢ Quantum ‘Crystallization’

¢ External magnetic field influence
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Horizontal QD molecule
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~ Ground state energy W of horizontal QD molecule
a) versus distance between QD centers d
b) versus the parameter of confining potential steepness a
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U = amin(ry,rg)? — confining potential

a) Molecular orbital approximation
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b)Variational method
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c)Heitler-London approximation
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- Ground state energy W of horizontal QD molecule in magnetic
field

a)versus cyclotronic frequency g ;

b)versus parameter of effective steepness of confining potential in
magnetic field
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Fig.2.The deperdencies of low-lying levels of electron relative mouorn
energy E; |

a)versus the confining potential steepness o
b) versus interlayer distance d
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Fig.3. Magnetic field Influence on Iow—lymg levels of electron relative
motion energy E,
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SINGULET-TRIPLET TRANSITION

Heitler-London approximation

Singulet state wave function

W = Alpa(re)¥n(ra) + wa(r2)ilu(r)]4(s), 59) (1)

with {4(sy, s2) being anti-symmetric spin function.

Ground state energy
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"Ii"iplet state wave function:
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Triplet state energy
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Triplet state occurs to be ground state if
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So singulet—triglet transition is possible in coupled
QDs even in the absence of maﬁnetic field !
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MAGNETIC FIELD INFLUENCE
T e T e e T S R ey

Parallel magnetic field controls spin state of QD sys-

tem by change of the barrier between QDs
Transverse magnetic field influence comes to in-
crease of confining potential steepness. Effective
steepness of confining potential in magnetic field is
%= a4+ (%)2
Unperturbated wave functions of single-electron iso-
lated QD in magnetic field

balr) = wy(r) = V282 ()

Q+.J
Wsing =40 + (1 N g—drédz)j (2)
| Q== J
th’pl =40+ (3)

(1~ &)
With growth of magnetic field triplet state becomes
the ground state of the QD system,
It is possible to control spin state of the QD sys-

tem by external transverse magnetic field as well as
“

by parallel magnetic field or by gate voltage.
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rCrystaHizatiun’uf 2D electron system
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#Classical regime: dimensionless parameter I — akgT’ @ = (rn)if2
(n is two-dimensional density, &; - Boltzman constant, T is temperature).
Critical value for crystallization: 'Tch“ ~ 130 corresponds to quasi-
long-order state in Coulomb system {p%’sical experiment for electron on He,
computer simulations). e
Even at T >> T, short-order survives. The last disappear at r s )
~ 7 {computer simulations by molecular dynamics). 2 "
P ———— - I’*quaﬂf: pi . =L =r,

Quantym regime: dimensionless parameter © Al immrl 0

fb. = ¥ ot is effective Bohr radius, r = (n)-1/2 is mean radius of circle

occupied by one electren). i

Critical value for crystallization: at T=10 Fg;uant_:__ Te= 37 corresponds to

long-order state in Coulomb system {ggantum Monte-Carlo). 9

Assume that short order appears at T ~3. Lindeman parameter is Y’ = G: }"fr T3f2,
< rt') 18 root-mean-squared electron deviation from wave function localization 7

center. Atr,~3Y,,~3"7~0.2.
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The schematic boundary (crossover) of electron quantum‘erystallization’
region.
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The parabolic lateral confining potential U(r) = ar’

Numerical calculations with basis

1) single-particle eigenfunctions in confining potential

s n! ﬁ |m]+1 ra Tim| —( 2)r2f2 Imi, P2 i
fnm_(w“m’—l—n)!(ﬂ) +) € % L (\/5”') (1)

2) harmonic oscillator eigenfunction with centers at centers of

localization of electron

X =r—ry ry is the mean distance between electrons,

Gm = ,@2 =+ ;EEL-F 6—:423 g = J&+ (wc/ﬁl)? is effective

steepness of confining potential in magnetic field.

fm = ; Cnﬂfnm (3}



POSSIBILITY TO CONTROL THE STATE OF
SINGLE AND COUPLED QUANTUM DOTS

INFLUENCE METHODS CHANGEABLE PARAMETERS

EXTERNAL ELECTRIC FIELD Ca)

GATE VOLTAGE

PARALLEL MAGNETIC FIELD &

TRANSVERSE MAGNETIC FIELD —

INTER-DUT DISTANCE | SYSTEM STATE
{quantitative and
qualitative changes)
PROPERTIES
{quantitative and
qualitative changes -
change of regime or
“phase transition”)

Quantitative changes of system state) QUALITAT/VE
-Strong correlation CHANGES:
-Merging and separation of individual QDs
-Spin states :singulet-triplet transition

-Tunneling through the inter-dot barrier, etc.



Conclusion
e c———

Single quantum dots and quantum dot systems (horizontally and
vertically coupled) was studied analytically and numerically taking

into account inter-particle interaction.

Magnetic field influence on these systems is investigated. It' s possible
to control system by normal and parallel magnetic field application
transforming strongly coupled quantum dots with common charge

carriers to separate ones.

We investigate also Bﬂssibiﬁu to control spin sfates for CQD by

external magnetic field as well as by steepness of confining potential.

We have studied singulet—triglet transition in CQD in the absence of

magnetic field controlled by inter-dot coupling

stallization™ of electron in QDs subjected to an external

magnetic field is considered.

Quantum dot spectrum evolution is followed from one-particle
spectrum in confining potential weakly perturbed by inter-electron
interaction to region of strong electron correlation.

Magnetic field effect on the crystal order in few-electron quantum
dots is not monotonous due to the competition of two mechanisms:
magnetic field localizing effect and compression of the whole system

due to increase of effective steepness of confining potential.



