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Abstract

The magnetic-field dependence of many-body states in quantum dots can be
tailored by controlling the mixing of various angular momenta. In lateral
quantum dots—defined electrostatically in a two-dimensional electron gas—
this mixing can be accomplished by introducing anisotropies in the confinement
potential, thereby explicitly breaking rotational symmetry. Mixing can be
severe enough to violate Hund’s rules, even at zero magnetic field. We illustrate
the principle through calculations of states and spectra of four-electron droplets
(p shell) with long-range Coulomb repulsions and confined in anisotropic
potentials. Our results show that the Hilbert space in these nanostructures
can be engineered to the particular application domain.

1. Introduction

In order for quantum nanoelectronics to become a demonstrably viable technology, the
particular nature of the discrete states of a finite system—a quantum dot, for example—must
be both known and controlled. This is also a natural prerequisite for controlling the coherent
time evolution of a nanoscopic quantum system.

In the present work, we study the specifics of particular quantum dots [1] defined
electrostatically within a two-dimensional electron system (lateral quantum dots). By adjusting
the shape of the confinement potential, individual many-body states within the quantum dots,
and within the leads, may be tailored to exhibit a desirable magnetic-field dependence. (See,
for example, [2].) Among similar lateral structures, the present dots have the distinguishing
feature that the number of electrons can be controlled down to a single electron [1], similar to
vertical devices [3, 4]. They differ from vertical devices in that the confinement potential can
be generally controlled to a greater degree; in the dots we study here, confinement is produced
by four different gates. Because of this, singlet—triplet transitions [S] and negative differential
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resistance [6], for example, can be tuned at a fixed magnetic field by adjusting the gate voltage
alone. Further, they differ from vertical devices in that the leads of lateral devices are the
edges of a high-mobility two-dimensional electron gas (2DEG). In such devices, spin-splitting
of the edge states, due primarily to exchange effects, results in a spatial separation of the spin
channels. Consequently, the tunnelling rates into and out of the quantum dot are measurably
different for each spin species. This additional diagnostic tool has been recently used [7] to
show how interactions force the collapse of the spin-singlet state at filling factor v = 2.

The present lateral dots have a relatively small confinement energy (wyp = 1 meV)
compared to, say, vertical devices. Because of this, the system is more strongly interacting
(Coulomb interactions ~ a)(l)/ ?, kinetic energy ~ wp). This enhanced interaction strength
largely drives the various phases we describe below. The dots are also anisotropic [8—10]
and, consequently, the many-body states of the system contain mixed angular momenta. By
studying the magnetic-field evolution of these states, their angular-momentum composition
can be deduced.

The dots are well isolated from the leads and we work in the Coulomb blockade regime;
transport proceeds via single-particle sequential tunnelling into and out of the quantum dot.
We thus assume an isolated dot and look at its intrinsic properties.

2. The isotropic regime

Insight can be gained by looking first at the simple case of parabolic confinement. We first
review the relevant spectra for dots containing four electrons. In these two-dimensional dots,
the s-shell has one orbital with angular momentum L, = 0 and the p-shell has two degenerate
orbitals with angular momentum L, = 1. Application of a magnetic field perpendicular to
the 2DEG breaks the orbital degeneracy.

The noninteracting Hamiltonian is

H =

¢ 2 L5,
e <p+ ;A(r)) +§m wor+gusB - S, (1)
where » = (x, y) is the two-dimensional position operator. The single-particle states are the
well known [11, 12] Fock—Darwin states, or alternatively [13], and more useful in the present
context, a set of two decoupled harmonic oscillators [mno):

Epno =0 (n+ 1) +hQ_ (m+ 1) + gupBo. (2)

In this notation, the z-component of angular momentum of the state |mnao’) is L, = h(n —m),
n is the Landau-level index, and

Q=1 <,/wg+4w§ :|:a)c> , 3)

with w, = eB/(m*c) the cyclotron frequency and wy the parabolic confinement frequency. We
also take the magnetic field B in (1), and throughout this paper, to be directed perpendicular
to the two-dimensional plane of the dot. The final term in (2) is the Zeeman energy.

When more than one electron is trapped in the dot, long-range Coulomb repulsion plays
a significant role, particularly for few-electron droplets, where screening is minimal and
the long-range nature of the interaction is manifest. We take the full Coulomb interaction
Ve = e?/(g|r; — 72]) and solve the problem numerically by exact diagonalization, exploiting
the spin and rotational invariance of the model. (See [14, 5] for details.)
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Figure 1. Ground-state transitions for 2D parabolic dots containing four electrons with confinement

wo = 1 meV. The figure shows those low-lying states which will be significantly mixed by
the anisotropy. (See the text.) The states shown all have S; = 0 and material parameters are
for GaAs.

(This figure is in colour only in the electronic version)

Figure 1 shows the successive ground states for four particles [8], for GaAs (material
parameters: dielectric constant & = 12.4; effective mass m* = 0.067; g-factor g = —0.44).
At zero field, the ground-state configuration is a spin triplet with zero angular momentum.
We label this state the ‘Hund’s-rule state’ because the dominant component, approximately
75%, of this correlated state is the Hund’s-rule state |00 J,00 4,10 |, 01 }).> The first
crossing occurs already below 0.1 T, and the new ground state is a spin singlet state with
angular momentum L, = —2. The dominant component of this state is the usual v = 2 state,
|00 |, 00 1, 10 |, 10 1). Hence, this transition involves both a spin and an orbital transition.
The second ground-state transition of relevance here, occurring at approximately 0.45 T, is to
an ‘edge triplet’ state. This is again a spin and orbital transition; the new ground state is a
spin triplet and has angular momentum L, = —3. The dominant contribution to this state is
the single Slater determinant [00 |, 00 1, 10 |,20 |). We term this state an ‘edge triplet’
since the triplet is formed between a p orbital and the L, = —2 d-shell orbital, unlike the
Hund’s-rule state whose triplet is formed by the two p orbitals. (The d-shell orbital, having
greater diameter, is closer to the edge of the droplet than the p shell.) Continuing the magnetic
field evolution would lead eventually to the v = 1 state, followed by fractional occupation of
the lowest-Landau-level orbitals.

Just below 0.2 T, there is a transition between two excited states (see figure 1), both of
which are triplets; one is the Hund’s-rule state, the other the edge triplet. Explicitly breaking
the rotational (spatial) symmetry allows mixing between different angular-momentum states,
but not different spin states. The edge triplet and Hund’s-rule triplet are both strongly mixed
near the transition.

2 Qur notation | - - -) denotes appropriately antisymmetrized and normalized states. Additionally, the one-body state
[10 |), for example, denotes the Fock—Darwin state with orbital quantum numbers m = 1 and n = 0, and spin
projection S; = —h/2.
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Figure 2. Main plot: energy difference 6 E between the lowest-energy singlet and triplet states.
Positive (negative) § E indicates a triplet (singlet) ground state. The Hund’s-rule ground state exists
only for §E > 0. Inset: sketch of the gate geometry producing anisotropic confinement, (4).

3. Anisotropy-induced mixing

The nature of the anisotropy in the confinement potential of the present dots has been explored
in [5], where the confinement potential has been found to fit very well the analytic form

2\ 2
Veon = lm*a)g (x2 + yz) +y <x - y_) . 4)
2 D
The gate geometry producing such confinement is sketched in the inset of figure 2. For the
four-electron droplet, we find y = 0.5 and D = S5ay, where ap = n? / (m*e?) is the effective
Bohr radius. The first term in parentheses is the usual parabolic confinement, and the second
term in parentheses is the explicit symmetry-breaking term which induces mixing in the angular
momentum states. Because the anisotropy is of quartic order, non-zero matrix elements exist
between states with angular momentum L, and L, & §R, where 6R = 0,1,2,3,4. The
respective Hilbert spaces of different spin angular momenta remain segregated.
It is useful to consider the Hamiltonian as two terms

H = Hy+ H,. (5)

Hj contains the full Coulomb interactions, the kinetic energy, and the isotropic (parabolic)
confinement potential, whereas H; contains only the anisotropic piece of the confining
potential—the term proportional to y in (4). We can label the eigenstates of Hy as |i, L., S),
which denotes the ith state with z-component of angular momentum L, and spin S:

Holi, L., S) = E”(L,, S)|i, L., S). (©6)

(In practise, we also use S, as a good quantum number.) Figure 1 shows the field dependence
of several Ei(o).

The eigenstates | j, S) of the full anisotropic Hamiltonian H in (5) do not preserve angular
momentum. These states can be constructed from the parabolic states |i, L, S):

7. 8) = afli. L. S). @)
i.L.
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The probability P(L;) that a given state |j, S) has angular momentum L, is then given by

Py =3 |ut]

, ®)

L,
a;

with the sumrule ), P(L.) = 1 conserving probability.

Our calculations of four interacting electrons in an anisotropic quantum dot, (5), and (4),
proceed through two successive exact-diagonalization procedures. In the first step, we compute
the energy levels and eigenstates of four interacting electrons in a parabolic potential, Hy in (5).
As a basis, we use antisymmetrized four-electron states of the 2D harmonic oscillator (Fock—
Darwin) states |mno). We use the full long-range Coulomb interaction, whose exact matrix
elements are given in [S]. We ensure the accuracy of our results by progressively increasing the
Hilbert space and monitoring the convergence of the energy levels. This yields the £ i(o) (L;,S)
and the |i, L,, S) of (6).

In the second step, we diagonalize the full anisotropic Hamiltonian. The basis in this step is
formed from the correlated eigenstates, |i, L., S), computed in the previous step. The notation
‘li, L., S) indicates the ith eigenstate of H, (which includes full Coulomb interactions) with
angular momentum L, and spin S. Using this technique, the size of the Hilbert space and the
degree of angular-momentum mixing can be independently controlled, and the convergence
of the resulting energies and states can be readily investigated. Total spin S and z-component
S, are good quantum numbers and are used to classify our states.

3.1. Ground-state spin transition

We first discuss the zero-field case. Figure 1 shows a triplet Hund’s-rule ground state. This
state has a filled s-shell and two singly occupied p orbitals. In contrast, the first excited state is a
singlet with a doubly occupied s orbital and one doubly occupied p orbital (L, = —1). At zero
field, the singlet is degenerate with its time-reversed partner—a doubly occupied p orbital with
L. = +1. Because the singlet state is degenerate and the triplet is not, we expect anisotropy
to mix the singlet state more strongly than the triplet. As a consequence, the singlet—triplet
gap should decrease as a function of anisotropy. (In other words, the lowest-energy triplet
should rise faster in energy with anisotropy than the lowest-energy singlet.) This is indeed the
case, as shown in figure 2. In essence, the anisotropy-induced p-shell hybridization is strong
enough to produce two states delocalized across the L, = %1 orbitals. The splitting between
these hybridized states is sufficient to overcome the exchange-energy savings associated with
the triplet state. Hund’s rules are thus mitigated and the spin of the ground state can be tuned
through the anisotropy.

3.2. Field-dependence and angular-momentum content

In addition to the ground-state spin, the entire field-dependence of the many-body states can
be tuned. The states analogous to those in figure 1 are shown in figure 3. The relatively weak
field dependence of these states is an indication of the angular-momentum mixing induced by
the anisotropy. (Compare with figure 1 which shows states with definite angular momentum
for the same energy interval (0.8 meV).)

The average angular momenta

(L) = {J, SILJ, S) (C))

of the states shown in figure 3 are not constants but are themselves dependent on the magnetic
field. This field dependence is shown in the inset of figure 3. At zero magnetic field, both
states have (L,) = 0. This is a reflection of time-reversal symmetry, whose consequence is
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Figure 3. Main plot: filled circles indicate the two lowest-energy singlet states for the four-electron
interacting and anisotropic droplet. Open circles are the same, but for triplet states. The figure is
for anisotropy parameters y = 0.5 and D = 5ap, and for wgp = 1 meV. All other parameters are
taken for GaAs. Inset: average angular momentum (L) for the lowest-energy singlet and triplet
states for the same set of parameters, as a function of magnetic field B [T].

that the energy of each angular-momentum state depends on the magnitude, not the sign, of the
angular momentum. Hence, +L, and — L, states are mixed equally. This degeneracy is lifted
when time-reversal symmetry is explicitly broken, in favour of the negative angular-momentum
states.

We focus first on the singlet. In the isotropic case, the lowest-energy singlet has L, = —2.
(See figure 1.) With the anisotropy present, the inset of figure 3 shows that (L) drops quickly
from its zero-field value of (L) = 0, and then, above 0.1 T, the field dependence is much
weaker, ranging from about (L;) = —2to —2.5. This indicates that the singlet state is primarily
composed of the isotropic (L, = —2) singlet state above a field of approximately 0.1 T. The
angular-momentum mixing is more severe below this field value. These results are born out
by further analysis. In figure 4, we plot the individual angular-momentum contribution (8)
for the singlet state. Only those angular momenta with P(L.) > 0.1 are shown’. Figure 4
shows that, above 0.1 T, the isotropic L, = —2 state is by far the dominant contribution; the
contribution of its time-reversed partner, L, = +2, dies out rapidly. Thus, the anisotropy does
not severely mix angular momenta for this state above 0.1 T.

Figure 3 shows that the situation is rather different for the triplet state. Here, (L) decreases
with magnetic field at a more uniform rate than does the singlet. In this case, significant mixing
occurs between the edge triplet and the Hund’s-rule state, also a triplet. (See figure 1.) In
figure 4, we show the dominant angular momentum contributions to this lowest-energy triplet
state, P(L;) > 0.1. We see that the makeup of this state changes as a function of magnetic
field, being composed primarily of the Hund’s-rule state at low fields, and the edge triplet at
fields above about 0.25 T. Another state, with L, = —4, emerges above the background for
fields greater than 0.3 T. Thus, the anisotropy induces significant angular-momentum mixing
for the triplet state, although not at zero field.

3 The calculations were performed by mixing 31 different angular-momentum sectors, L, = —20 to L, = +10.
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Figure 4. Top: dominant angular-momentum composition of the lowest-energy singlet state for
the four-electron droplet. The figure is for anisotropy parameters y = 0.5 and D = 5ay, and for
wo = 1 meV. The mixing occurs primarily at zero field. Many more angular-momentum states
contribute to this state, but these all have less than 10% contribution. Bottom: same plot, but for
the lowest-energy triplet. In this case, the mixing occurs primarily at moderate (0.25 T) fields.

4. Summary

Well isolated quantum dots containing a known and small number of interacting electrons
are simple enough to be amenable to a theoretical treatment through directly diagonalizing
the relevant many-body Hamiltonian. By employing the successive exact-diagonalization
procedures outlined above, calculations can be extended with reasonable efficiency to
anisotropic systems with lower symmetry. At the same time, these systems are amenable
to experimental analysis as well. With high-source—drain spectroscopy, excited states as well
as ground states can be directly imaged in experiment.

In the present work, we analysed ground and excited states in a four-electron lateral
quantum dot. We find that the (many-body) long-range Coulomb repulsion and the (single-
body) anisotropic confinement potential both play important roles and both must be included in
any analysis. By analysing the magnetic-field dependence of these many-body levels, we have
determined the average angular momentum of each level, which angular-momentum states are
mixed together, and how much they are mixed together, for both the ground and excited states
of the system.

The interplay between experiment and theory can be exploited to design gate geometries
which in turn produce confinement potentials whose magnetic field dependence can be
predetermined to be as desired—a flat field dependence, for example. These are the elements
necessary to achieve quantum-state engineering, and a necessary prerequisite for controlling,
in real time, the coherent time evolution of individual states that are robust toward decohering
influences.

Acknowledgments

The author acknowledges discussions with Pawel Hawrylak. He is also grateful for the
provision of unpublished experimental data from Andy Sachrajda. This work was supported
by NSERC of Canada and by the Nanoelectronics Program of the CIAR.



2722 J Kyriakidis

References

[1] Ciorga M, Sachrajda A S, Hawrylak P, Gould C, Zawadzki P, Jullian S, Feng Y and Wasilewski Z 2000 Phys.
Rev. B 61 R16315
[2] Fuhrer A, Liischer S, Heinzel T, Ensslin K, Wegscheider W and Bichler M 2001 Phys. Rev. B 63 125309
[3] Kouwenhoven L P, Austing D G and Tarucha S 2001 Rep. Prog. Phys. 64 701
[4] Matagne P and Leburton J 2002 Phys. Rev. B 65 155311
[5] Kyriakidis J, Pioro-Ladriere M, Ciorga M, Sachrajda A S and Hawrylak P 2002 Phys. Rev. B 66 035320
[6] Ciorga M, Pioro-Ladriere M, Zawadzki P, Hawrylak P and Sachrajda A S 2002 Appl. Phys. Lett. 80 2177
[7] Ciorga M, Wensauer A, Pioro-Ladriere M, Korkusinski M, Kyriakidis J, Sachrajda A S and Hawrylak P 2002
Phys. Rev. Lett. 88 256804
[8] Reimann S and Manninen M 2002 Rev. Mod. Phys. 74 1283
[9] Szafran B, Peeters F M, Bednarek S and Adamowski J 2004 Phys. Rev. B 69 125344
[10] Szafran B and Peeters F M 2004 Europhys. Lett. 66 701
[11] Fock V 1928 Z. Phys. 47 446
[12] Darwin C G 1930 Math. Proc. Camb. Phil. Soc. 27 86
[13] Jacak L, Hawrylak P and Wdjs A 1997 Quantum Dots (Berlin: Springer)
[14] Wensauer A, Korkusifiski M and Hawrylak P 2004 Solid State Commun. 130 115



