RAPID COMMUNICATIONS

Competing mechanisms for singlet-triplet transition in artificial molecules

PHYSICAL REVIEW B 69, 201308R) (2004

Devis Bellucci¥ Massimo Rontani, Filippo Troiani, Guido Goldoni, and Elisa Molinari
INFM—National Research Center on nano-Structures and bio-Systems at Sufgiyemd Dipartimento di Fisica,
Universitadegli Studi di Modena e Reggio Emilia, Via Campi 213/A, 41100 Modena, Italy
(Received 27 February 2004; published 20 May 2004

We study the magnetic field induced singlet/triplet transition for two electrons in vertically-coupled quantum
dots by exact diagonalization of the Coulomb interaction. We identify the different mechanisms occurring in
the transition, involving either in-plane correlations or localization in opposite dots, depending on the field
direction. Therefore, both spin and orbital degrees of freedom can be manipulated by field strength and
direction. The phase diagram of realistic devices is determined.
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Atomic-like phenomenology, ensuing from the discretesinglet and triplet configurations separated by a field-
density of states, has been predicted and demonstrated @ependentexchange-energygap J(B)=E;—Eg, which is
semiconductor quantum dot§QDs), such as shell positive at zero field> One convenient way to control inter-
structure®? fine structure due to exchange interactiondot tunneling, and, hence, effective spin-spin interaciicis
(Hund's rulg,® and Kondo physicé;hence QDs are often by applying a magnetic field with a finite component in the
termedartificial atoms Carriers can be injected one by one plane of the QDs, i.e., perpendicular to the tunneling direc-
into the system in single-electron transpast capacitance  tion By .***® Controlling tunneling byB| has the advantage
experiments, based on ti@oulomb blockadephenomenon, that other energy scales and, in particular, the Coulomb in-
and the energy required to add one electron can be measurtgfaction are practically unaffected. However, few studies are
if the electrostatic screening is poor and the thermal smeaglevoted to this field configuration, which lacks the cylindri-
ing is low. cal symmetry which can be exploited in the vertical field

Coupled QDs extend to the molecular realm the similarityarrangement. On the other hand, controlli{®) in AM is
between natural and artificial atoriéhere, inter-dot tunnel-  crucial for the proposed implementation of scalable quantum
ing introduces an energy scale which may be comparable tgates.’
other energy scales of the system, namely, single-particle In this paper we study the exchange energy for two elec-
confinement energy, carrier-carrier interaction, and magnetitfons confined in AMs in a magnetic field of arbitrary direc-
energy. In contrast to natural molecules, where inter-nucleafon. This is performed by a fully numerical, real-space ap-
coupling is fixed by the balance between nuclear repulsiofroach which allows one to account for the complexity of
and electrostatic attraction mediated by valence electrons, if¢alistic samples; the carrier-carrier Coulomb Hamiltonian is
suchartificial molecules(AM) all energy scales, including diagonalized exactly within a large single-particle basis. We
inter-dot coupling, as well as the charging state of the systershow that the field drives the system from an uncorrelated
can be controlled to a very high degree by device engineeregime, where the singlet state is stable, to a strongly corre-
ing and/or external fields. lated one, where triplet ordering is favored; however, the

A typical AM consists of a disc-like region obtained from transition occurs by different mechanisms, whether the field
coupled two-dimensional quantum systems, such as twis in the vertical or in the in-plane direction.
quantum wells(vertically coupled QDk As in single QDs, We consider two electrons in a general QD structure. Car-
electronic states can be easily manipulated by a magnetiters are described by the effective-mass Hamiltonian
field B, , perpendicular to the plane of the QDs, which

drives the system from a low-correlatiglow-field) regime N h? e 2

to a highly correlatedhigh-field regime by changing the H=i=l T Vit CAm) | +V(r)
single-particle splittingS. The study of electronic states of

few electrons in AM&'* has become a topic of increasing 1 N o2

interest, partially due to possible implications for the imple- += E —— +g* ugB-S (D)
mentation of scalable solid-state quantum gates, with the 2 iviJ':jl €*|ri—rj

guantum bit of information coded either in the electron
chargé? or spin degree of freedontDOF). with N=2. Herem*, ¢*, andg* are the effective mass,

It should be noted that in AMs carriers are not only elec-dielectric constant, ang-factor, respectively’ Equation(1)
trostatically coupled, but also have their spin interlaced whemeglects non-parabolicity effects, but otherwise includes the
tunneling is allowed? since electrons with opposite spin full three-dimensional3D) nature of the quantum states in
may tunnel into the same dot if the intra-dot Coulomb inter-realistic samples, such as layer width and finite band offsets,
action is not too large; the same process is obviously prohibby the effective potentiaV(r). Our numerical approach con-
ited for electrons with parallel spins. This two-electron sists in mapping the single-particle terms in a real-space grid,
dynamics may be described by an effective Heisenber¢eading to a large sparse matrix which is diagonalized by the
HamiltonianH =J(B)s, - s, between spins; ands,,** with Lanczos method. Single-particle spin-orbitals are then used
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FIG. 1. Single-particle energy levels for a GaAs AM in a mag-
netic field. Solid and dotted lines represent the FD statgsin-
duced by a strictly vertical field for S and AS levels, respectively.
and p shells(see Ref. 21 are indicated. Dots represent calculated
energy levels for a total field of 8 T, rotated from 0° to 40° with
respect to the AM vertical axis. Sample parameters are as follows:
Lw=10 nm,Lg=3 nm, Vy=300 meV, andi wy=10 meV.

to build a basis of Slater determinants for tNeparticle
problem, which is then used to represent the two-body term
in the familiar configuration interaction approacB.oulomb
matrix elements are calculated numerically. The ensuing ma-
trix, which can be very large, is again sparse and can be
diagonalized via the Lanczos method as Well.

In the following the potential/(r) describes two identical
vertically coupled disk-like QDs. As usual for this type of
samples which have very different confinement energies i
the growth and in-plane directions, we separate the potenti
as V(x,y)+V(z2), where V(z) represent two symmetric
quantum wells of width_,, separated by a barridrg and
conduction band mismatck/y. We perform the common
choice of a parabolic in-plane confinement (M2)w3(x?
+y?), as this has proved to be quantitatively accutate.
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FIG. 2. Energy levels vs in-plane field Bt =0 for the same
AM of Fig. 1. (a) Single-particle levels, with indication of the S/AS
character at low field(b) Two-electron levels. Insets: main compo-
nents of the wave functions in terms of(I8ft boxes and AS(right

=Agpas. Similar effects are much harder to achieve in single
QDs, due to the large single-particle gaps induced by the
single quantum well confinement.
As discussed in more detail in the following, the reduction

f the energy gap between thand thep shell$! (see Fig. 1

rongly reduces the single-particle energy of the triplet state
with respect to that of the singlet: the perpendicular field thus
promotes the singlet-triplet crossing. This transition results in
an enhancement of the in-plane correlation of the two-
electron ground state and in the spin-polarization of the
system:>??arising from the exchang@rbital) interaction?

Note, however, that our numerical approach does not assuniote that this mechanism only involves the in-plane DOFs,

any symmetry; in particular, the vector potenther) is not
limited to describez-directed field.

and is therefore present in both single and coupled QDs; in
order to observe some marked differences in the behavior of

In a QD with parabolic in-plane confinement and strictly the two systems, one needs to excite the motion along the
perpendicular magnetic field, single-particle states are givegrowth directionz.

by the Fock—Darwin(FD) states(see, e.g., Ref. 219 with
energies,,n=7Q(2n+|m|+1)— (Aw/2)m, nandm being

Figure 2a) shows the single-particle levels as a function
of the in-plane fieldB;. The energy levels come in shells

the principal and azimuthal quantum numbers, respectivelyyith S and AS character, but the degeneracies which are

The oscillator frequency €)= \/w02+ w02/4, with the cyclo-

present aB =0 are removed by a finite field, as the axial

tron frequencyw.=eB/m*c. In symmetric AMs we have symmetry of the system is lost. Therefore, the single-particle
two such ladders of energy levels, associated with the symyave functions do not have a well defined angular momen-
metric (S) and anti-symmetri¢AS) states arising from the tum, and are now S or AS only with respect to a 180° rota-
double-well potential in the growth direction, rigidly sepa- tion about the axis parallel t8. Besides, as the field is

rated by a splittingA g5 (see Fig. 1

increased, the S and AS levels approach each other, since the

We next consider the effect of a magnetic field with atunneling is progressively suppres§éd_

finite in-plane componer . As shown in Fig. 1, when the

In Fig. 2(b) we show the lowest two-particle levels, and

angle ¢ between a fixedB| and thez axis is increased, the schematically indicate the main components of the corre-
energy levels no longer correspond to the FD states at theponding wave functions in terms of S and AS single-particle
correspondingB, . Indeed, the splitting between S and AS states. At lowB the ground- and the first excited-state have
levels decreases with increasimg?® which shows that an a singlet and a triplet character, respectively. Bsis in-
in-plane component of the field suppresses the tunnelingireased, the energy gdds suppressed: indeed, singlet and
note that this effect is larger for higher levels. It is importanttriplet states have the same orbital energy, while the Zeeman
to stress that the in-plane field can meaningfully affect theerm favors the lattefin the field range of Fig. 2 the Zeeman

motion along the growth direction ifwl=el3ﬂ/m*c
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A closer inspection into our results shows that different
mechanisms are involved in the singlet/triplet transition, de-
pending on the field direction. At zero field the singlet state
mainly corresponds to both electrons occupying theS)
orbital, while a minor contribution from thes(AS) orbital
— gives rise to the spatial correlation in thelirection. On the
I contrary, all the dominant configurations in the triplet state

involve S stategsee the conditional probability in Fig(13).
B, leaves unaffected theDOF, while it energetically lowers
the p (m=1) state with respect to the one. The positive
"')l single-particle contribution td is therefore reduced, until it
is compensated by the negative contribution arising from the
Coulomb energy. To summarize, the singlet/triplet crossing
induced byB, is mainly connected with the in-plane dynam-

(a)

e i" :""“’ T ics, while it leaves unaffected the motion in the growth di-

) % | rection and the double-occupancy probability of each dot.

0 2 4 6 8 The main effect 0B (right inse}, instead, is that of sup-
B,(T) pressing the energy splitting resulting from the interdot tun-

neling. This clearly favors the occupation of the AS states,
~ FIG. 3. (a) Exchange energy vs in-plane field at selected ver- anq therefore vertical correlations for both the singlet and the
tical fields, for a GaAs AM. Sample parameters are as in Fig. 1, bufip|et states set in; in both cases, the two electrons tend to
for a weaker lateral confinemefitoy=4 meV. For clarity we show localize in opposite dots, and the importance of the spins’
the best fitting curves from a large number of calculated pomtsrelative orientation vanishes with the double occupancy

’c\]L:JrT::gill '?gffﬁéaﬁi'esegay (rgsgl;(i&feén;\é T:tllfttrifrlg?] rﬂie probability. Indeed the exponential vanishingJofepresents

) y forthe nighess, . g piet p . the clear fingerprint of the regime where the double-
diagram. The line is a guide to the eye through the calculated points bability i d. It should b ted that
(Ref. 26. Insets show the singldsolid line) and triplet (dashed occupancy probability IS Suppressed. It shou € note a

line) conditional probability near the transitions, defined asthls IS hot a single-particle effecF, since it does npt imply, nor
|¥(po.20.p:2)|%; W is the two-electron wave function, with the ~ '€quire, the complete suppression of the tunneling. _
in-plane coordinate with respect to the vertical axis of the cylindri- 11€ results reported in Fig. 3 show that these two differ-
cal QD. The reference electrotblack doj is fixed atz,= €Nt mechanisms interfere with each other in a non-trivial
—7.5nm, at an in-plane positiofpy|=4.4 nm; the conditional Manner. The presence of the perpendicular compoBent
probability is then plotted along an axis parallelzand crossing favors the single-triplet crossing and the ferromagnetic
the QD plane at a position diametrically opposed to the referenc@hase, while it opposes the suppression of the double occu-
electron. Left insetB, =4 T, Bj=0 T. Right inset:B, =0 T, B, pancy and the resulting singlet-triplet degener@part from
=9 T. the Zeeman terin Such interplay arises from the 3D nature
of quantum states in the AM: in fact, in the considered range
insets, the transition occurs with the maximal, Coulomb-of physical parametersiw,~ Asag), the magnetic field can
induced mixing of the S and AS states, which is favored bystrongly affect both the in-planéntra-doy and the vertical
the vanishing ofA s, at large fields. In other words, increas- (inter-doh) DOF.
ing B the singlet state evolves from a nearly pure S state to An adiabatic manipulation of by means of magnetic
a fully entangled state in the S/AS basis. Note also that(and electri¢ fields has been proposed in order to implement
contrary to the one occurring at large , here the transition the two-qubit gates in electron-spin based quantum
is associated to the correlation along the growth directioncomputers:* The rest condition within such scheme would
i.e., with the two electrons sitting on opposite QDs, as wecorrespond to the suppression bfand of the overlap be-
will show below. tween electrons localized in adjacent QDs, where both con-
The ability to control both the exchange eneysind the  ditions should be induced by a static magnetic field. In this
effective Hilbert-space structure is indeed pivotal to the QD-perspective, our findings suggest tliatthe B (rather than
based implementations of quantum-information proces¥ing; B, ) component of the field and the exponential suppression
besides,J is of direct experimental interest, for it can be (rather than the crossing point frod™>0 to J<0) are re-
probed by single-electron excitation spectroscipin Fig. quired; (i) the presence of a field component perpendicular
3(a) we show the calculated exchange energy as a function @b the static ongas required, e.g., for the single-spin rota-
the in-plane field at different values &f and for a weaker tions) should be simultaneously taken into account in order
parabolic confinementAsass#wg). The positive/negative to determine the suited range of physical parameters.
Jregion is the stability region for singlet/triplet states. Figure  To summarize, we have theoretically investigated the de-
3(a) shows that an increase By, monotonically(i) reduces pendence of the singlet and triplet states of two electrons in
the singlet stability range with respect By, and (i) en-  AMs on external magnetic fields of arbitrary direction. Our
hances the ferromagnetid<€<0) behavior in the considered computational approach allows one to fully account for the
range of B values. These features are summarized in thalifferent physical mechanisms underlying the singlet/triplet
phase diagram shown in Fig(l8. transitions which are due to the parallel and perpendicular
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components of the field, as well as for the non-trivial inter- We are grateful to S. Amaha, D. G. Austing, A. Bertoni,
play between the vertical and the in-plane correlation effect&). Hohenester, V. Pellegrini, S. Tarucha, and C. Tejedor for
that they induce. The perpendicular component of the fieldiseful discussions. This work was supported in part by
does indeed facilitate the transition from the anti-MIUR FIRB-RBAUO1ZEML Quantum phases of ultra-low
ferromagnetic to the ferromagnetic phase which is induce@lectron density semiconductor heterostructuresnd by

by the parallel component, but at the same time it opposeBNFM-IT Calcolo Parallelo With the contribution of the
the carrier localization and correlation properties that the latitalian Minister for Foreign Affairs, Direzione Generale per
ter tends to induce in the AM. la Promozione e la Cooperazione Culturale.
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