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Canted phase in double quantum dots
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We perform a Hartree-Fock calculation in order to describe the ground state of a vertical double quantum dot
in the absence of magnetic fields parallel to the growth direction. Intradot and interdot exchange interactions
determine the singlet or triplet character of the system as the tunneling is tuned. At finite Zeeman splittings due
to in-plane magnetic fields, we observe a quantum phase transition from a ferromagnetic to a symmetric phase
through a canted antiferromagnetic state. The latter is obtained even at zero Zeeman energy for an odd number
of electrons.
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Interaction in two-dimensionaRD) electron gases leads a simple model that qualitatively explains our results, allow-
to new quantum phases when more degrees of fredgam ing to deal with more complex quantum-dot systems.
ternal fields, spin and layer indiceare supplied to the sys- The electron spatial coordinates are denoted rby
ical calcqlatloans have predictednd experimental evidence \ave function of thath electron may be expanded in terms
ha; confirme the existence of a partlcu'larly exotic canted of 2D harmonic-oscillator eigenstates,qbn,(ﬁ), n
antiferromagnetic(C) phase, which continuously connects —0,12 being the radial quantum number ahds the
the naively expected ferromagne(fe) and paramagnetic) o Loy

: o angular momentum obeyind=-n,—n+2,...n-2n.
ground state$GS’s) as the layer separation is tuned. Inter- Accordinaly. the Hamiltonian reads
esting predictions regarding C states in few-electron double g
guantum dots(DQD’s) in the QH regime have also been
reported® Thus high magnetic fields seem an unavoidable H:Z Sn.Cl.LU.a.Cn.l.a.a.—2t|x—AzSz
condition to observe this quantum transition given that for Porer e

vanishingly small magnetic fields; and C states in bilayer 1

systems would cost a good deal of kinetic energy. Our goal is + > > Vnla il Myl g mamC;ilioi aicﬁﬂj(,j g

to challenge this idea by lowering the system dimensionality

and benefitting from the atomiclike spectrum of a semicon- chklka'jakcnmlmo'iam’ )

ductor quantum ddt.In DQD’s (termed artificial molecules
as wel) Coulomb-blockade effecfsmagnetizatior?,and the  where the sums are extended to all indicesand « are the
formation of a delocalized molecular GRef. 7) are some of  spin and layer indices, ang,=Aw(n+1) (Ao is the con-
the exciting features observed. From the theoretical viewfinement strength The second and third terms describe the
point exact diagonalization methobis,Hubbard-based coupling of the isospin and the spin of the system with ex-
models] and spin-density-functional theori@shave been ternal perturbations, namely, the tunnelinand the Zeeman
developed to show the presence of magic-number, moleculgpiitting A,. The isospin points along-(—)z when the
type, and Hund's-rule-violating states in vertically coupledelectron is at the tofbotton) layer!* Notice that the tunnel-
dots. ing term only switches layer indices, thus conserving the rest
Here, we present a Hartree-FogF) theory for address-  of quantum numbers. In the followirtg>0 is chosen so that
ing many-body effects in two vertically coupled parabolic honding (antibonding states have the loweshighes} en-
quantum dots separated by a distanogith a total electron  grgy. S, is the third component of the total spin add,
numberN. We study this system in the absence of magnetic=q,, B, whereg is the Landefactor, ug the Bohr magne-
fields perpendicular to the dots. Still, in order to add spinygn, andB the applied magnetic field in thedirection.V is
symmetry breakings we allow for a parallel magnetic field he matrix element of the Coulomb potenthF— F'|)
whose coupling to the electronic orbital motion is neglectedt Because we seek to identify spin and particle-nurﬁber bro-
(ais a;sumed to be mu_ch smaller_ than the correspondlngen symmetries that are reflected in the interdot coherence,
magnetic length We are interested in quantum dots Whose, o - agyrict our study to radial-symmetry-conserving solu-
atomiclike character results in half-filled shells formed by "\ ihin an isolated dot despite the fact that spontane-
quasidege_nerate eigen_states, thus having '?‘fg?'SPi” expec ly radial-symmetry-breaking states might take pidce.
values acting as effective magnets. Our main findingg(iare For N>1 we expect the electronic distribution to be radial.

the existence of a robugt pha;e(enwsaged as tilted spin The resulting stateg can thus be labeled witindividual
vectorg at finite Zeeman energies for even values\dfnk-

ing theF (fully spin polarized or, equivalently, tripleandP ~ @ngular momenta:; (r) = 2q 4, ¢,dn.o,0; i1, (P) f o, (¥) X
(fully isospin polarized or singlgtGS’s via a second-order SO that the expected value of total angular momentum of the
phase transition(ii) the persistence of states forN odd,  system is simplyL)=3M ,1;. Hered are the coefficients of
even in theabsencef Zeeman gaps; an(i) the overture of the expansion to be self-consistently calculatedx) is the
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vertical component of the wave function, agd is the spin
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strictly zero owing to the Dirac-delta functionghe interdot

part. Hence the Hamiltonian is numerically diagonalized inexchange interaction isot zero* and cannot be disregarded
separatd subspacegthough the matrix elements do depend as it plays a crucial role in the final DQD magnetic order. In

on the total system configuratipn

fact, it is the competition between the intradot exchange part

We consider that only the lowest energy states in theand the interdot exchange interaction plus the tunneling term
vertical structure are populated, and approximate thend the Zeeman energy that drives the system from a GS

form of f(x) as follows:f ,_+=/8(x) for the top layer, and

f == V8(x—a) for the bottom layer. More precise expres-

dominated by intradot contributioritarge values of the in-
terdot distance or small tunneling paramgter a state in

sions forf(x) would involve accurate form factors entering which interdot effects prevailsmall values ofa or larget).

the final results® but qualitatively all would remain the
same. Then taking a close look at th@art of V,

vee [ ax [ a1, 008, V=D ., (9,

In between, nontrivial quantum phases can occur. Our allow-
ance of significant nonzero order paramete%té,TclB#O,
(C%CLT)#O, etc., eventually leads to spontaneous spin sym-
metry breakings, spin rotations, canted phases, and the fact
that the particle number at each dot is not a good quantum

we observe that the only terms different from zero are eithepymper.

@ = aj= ay= ap, (intradot interaction or a;= an# a;= ay
(interdot interaction since crossed term@.g., ;= oy # q;

At this point a small digression about the trustworthiness
of the HF model is needed. Having studied in detail the

= apy) would be null because top and bottom wave functionsyitferences betweeftunrestricted HF theories and exact di-

have zero overlap.

In the HF approach the electron-electron interaction par

of the Hamiltonian of Eq(1) can be arranged in two parts:
the Hartree operatod",

>

ninmlilmoia

o= Han 1

mirm

2

+
Cnilia'iacnml maja?

where

>

’
njnkljlkaja

Hn-n 1=

mirm

)

t
V<an|jgjafcnk|kaja’>

(the indices ofV are omitted for the sake of simplifying
notation and the exchange paft™,

>

ninklilka-ia'jaa’

F_ T
I = Xninklilkoiojaa’cnilio'iacnklkoja’1 (4)

where

| o a> . (5)

mm-i

— T
Xn-n il oo aa’ = Z V<Cn.|.a—.afcn
iK'k Y nn:l i'i%j
Jmm

Throughout our calculation, we mal(e[qj)m&h |, ac-
: :

agonalization methods in quantum dots, previous wdrks
Hemonstrate that HF are well suitable within a broad range of
N. It seems clear that a large number of electrons would
result in a negligible amount of quantum fluctuations that are
unlikely to destroy mean-field-based predictions. Further-
more, we can take advantage of large value§3¥ (highest
half-filled shells to ease the appearance @fphases. Inci-
dentally the existence of lower closed sheéhereafter des-
ignated asore) is a crucial difference between QH systems
and DQD’s in the absence of magnetic fields. In the former
case, only the lowest Landau level is occupied and the ki-
netic energy plays a minor role. In the latter, the dot fills its
levels following an Aufbau rule, thereby closing shellshas

is increased.

Now, large values ol tend to contract th&enormalized
energy level interspacing in order to build a semiclassical
radial density. This may involve the drop of valence elec-
trons below the core levels and a subsequent reduction of
(S,). A more favorable situation can be accomplished in part
by enhancing the confinement. Hence one should reach a
compromise between these competing factbrs.

The expansion of is enlarged enough, in such a way that
the highestn state contributes less than 0.01% to a typical
density. We present data fdf=32 (though similar results

cording to the aforementioned radial-symmetry approximaare found forN=18), settinghw=30 meV anda=1/2,
tion. In Eq.(3) @’ =« gives rise to intradot Hartree interac- 1y=%/(m* w) being the harmonic-oscillator typical length
tion. The effect of this term is to make electrons repel eacifm* is the GaAs effective magsAs a result, the single-
other within the parabolic well. The total energy of the dot isparticle value of theS, projection onto the layew is (S,,)
thus augmented. Interdot Hartree interaction is naturally in=2.

cluded fora’ # «, notwithstanding it does not have a strong

Figure Xa) depicts the total energy of the systefs,

influence in the final magnetic configurations, for it merely =(*), as a function of the tunneling parameter. At lowur
involves a rigid shift of the energy levels. However, we keepcalculations show for the parameters chosen above that the
it for having the same number of electrons within each doiGS is ferromagnetic witfL)=0 and(S,)=4. In this phase
whenN is even and for obtaining a more reliable value of thethe intradot interaction is more important than the interdot
total energy of the system. Intradot exchange interaction fasne plus the tunneling term. Because this is a fully spin-

vors spin alignment within each dot as expected. koOr

polarized state, its energy does not depend and remains

# a we are left with interdot exchange interaction. We stresgonstant until the system undergoes a continuous quantum
that although the barrier separating the double well inxhe phase transitiof to the C phase. In this case, the system
direction is wide enough and consequently the vertical parttowers its energy by increasing the tunneling contribution.

of ¢ have negligible overlagin our case the overlap is

This favors the formation of singlets as well as the increase
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FIG. 1. (@) Total energy of a DQD withn=32, Zw o
=30 meV,a=1y/2, andA,=0.017%w. Adasheddot-dashegline ~ FIG. 2. (8 Up-up and down-down spin interdot cohereriftél
shows the behavior of thE(P) state provided spontaneous spin ines for the top layer. Up-dowridashed lingand down-up(dot-
symmetry breaking had not been taken plat.Expectation val- dashed lingspin interdot coherence is also shown. They are differ-

ues of the total spin for each dat. (x) components are drawn in €Nt from zero only in theC phase.(b) x component of the total
full (dashed lines. isospin.{l,)=0 throughout the tunneling range.

of interdot coherencésee below. To make the loss of Zee- Fig. 2(g)]. Ast increases, the system acquires interdot coher-
man energy as small as possible the spin configuration ignce until it is completely coherent in the symmetric state
then canted. By further enhancement tpfthe numerical (for which A;,=A;,=0 andA;;,=A, ,#0). As C
simu_lation; prove that R phase fulfilling(L)=0 and(S,) phases involve a spin symmetry breaking, , =~ A, .

=0 is achieved and a linear dependenc&afn the tunnel- \joreover, sincgl,) yields half the difference between the
ing is obtalned._ The& phas_e is thu_s a linear comblnatlo_n of humber of electrons in symmetric states and those in anti-
the wave functions associated withand P states.. In F|g. symmetric states||,) is zero in theF case and reaches its
1(b) we have plottedS,,) for both dots. Its maximum is  ayimal value in thé case. As Fig. @) shows, theC phase
reached when the DQD i, then it is depressed while en- geye|ops intermediate quantities. Thésospin component
tering theC phase, and eventually we are left with the singlet,, ;|4 be different from zero, provided there is more charge

state_. Notice that the entire conversion hgs been.realized iNi& one of the wells, e.g., by applying an electric bias; but this
continuous manner. Indeed, thé$,) varies continuously s not the present case.

with tunneling is an artifact of thésemiclassicalmean-field In Fig. 3@ we draw the entire phase diagram that char-
approach. Exact diagonalizations sHowhat quantum-  acterizes the distinct GS's as a function of the Zeeman en-
mechanically(S,) changes in a discrete way, Sin€gis @  grgy and the tunneling. For large, and smallt the DQD is
good quantum number. However, for large valuesSpthe i, the spin-polarized phase. In the opposite limit, the singlet-
continuous variation is a reasonable approximation, as in thgite energy is lower. The phase lies between them. In the
thermodynamic limit the W) spin symmetry is spontane- case ofA, =0 we obtain a purely antiferromagnetic of éle
ously broken'. From Fig. 1b) we see tha{S,1)=—(S.e).-  GS with the spins pointing across from each other.

This is the key feature of the appearance @ phase—total A more striking feature is observed when a hole is intro-
spin components in the plane perpendicular to the field thaj,ced into the system. Fof odd the highest-lying shells are
are antiferromagnetically correlated. The governing physic$,ot closed and the remaining hole is shared by the two dots.
is analogous to what is commonly found in QH bilayers andgygm Fig. 3b) we see that the region covered by ghase
disks-3 bL_Jt the origin is quite dissimilar. Here the dots be- s reduced at large because the system takes advantage
have as tiny magnets due to the Hund's rddeature stem-  ore easily of the possibility of tunneling by forming sin-
ming uniquely from the atomiclike character of the dated  gjets. Likewise theF state is more energetically favored at
the role of the magnetic field applied in the plane of the dot§q\y transmissions. There is a range in the tunneling param-
is only to break the S(2) spin symmetry by marking a privi-  eter atA,=0, where the lack of charge spontaneously in-
leged direction for the spin. _ - duces ferromagnetism. But now tlestate is extended even

_ These conclusions may be reinforced by examining thgoy A =0 since a Nel phase cannot exist for an odd number
interdot coherence of the togbottom) quantum dot: ¢ glectrons.

Aot =En, 1,(ChioT®)Cnitio(m)- It can be showtf that A simple model may be aimed to shed light on this phe-
all the A, components are zero in the triplet phdsee  nomena. When the highest shell is occupied with an even

235304-3



DAVID SANCHEZ, L. BREY, AND GLORIA PLATERO PHYSICAL REVIEW B64 235304

T ' ' ' ‘ ' =0 [one curve analogous to Fig(dl]. As a result,J(t) is

T
0.0015% P roughly quadratic for small. Then the critical line marking
i the transition to the canted phase from Ehstate is achieved
2 0.0011 C by settinge”(#=0)=0 that yieldsA,(t) = —4J(t)S/2. This
§N / gives the piece of parabola shown in Figa3 The curve
< 0 0005_’ crosses the abscissa axist a0 proving that noF state can
: N exist withA,=0 at finitet and the DQD takes on[d phase.
I | (a) When an electron is removed from the DQD, the remain-
0 ing hole prefers to keep its spin parallel to the rest while
0.0015 hopping from dot to dot. Therefore, the system is sensitive to
the particular spin orientation of the hole and E6) must
3 0.001 p include a term accounting for this fadE—E—t cos(@/2)
§N C (this is as if we had done a unitary rotation and kept only the
<00005 diagonal termpresulting inA (t) =[t—4J(t) S?]/2S. Unlike
: theN=32 case, foN=31, #=0 is a minimum oft at small
(b) values oft (in the interval of physical interest, i.4.0,7])

and the system remains spin polariiede Fig. 8)]. Larger
t means thatd=0 corresponds to a relative maximum of
E(#) and one minimum a®+ 0 shows up, fulfilling that the
FIG. 3. (a) Phase diagram for 32 electrons. Full lines correspondC phase is now the lowest energy state. Despite the simplic-
to the numerical calculation. The dashed line is obtained from dty of the model, the curves agree remarkably well with the
simple model. The infinite slope of tf@-P boundary seems to be self-consistent numerical solutions.
correct in the thermodynamic limitRef. 1). (b) Same as@) for In summary, our analysis of the GS of a vertical DQD
N=31. based upon a mean-field framework predicts the existence of
a canted phase for intermediate tunneling and not too high
number of electrons, it is reasonable that a Heisenberg termeeman energies_ For a Sufficienﬂy h|gh even electron num-
accounts for the antiferromagnetic phase. In addition, the toper (for which quantum_corre|aﬂon effects are not expected
tal energy must include a contribution stemming from theto qualitatively alter the conclusionshe C phase continu-
Zeeman energy that favors a parallel spin alignment. Close tgusly connects numerically fourféland P states as the tun-
the F phase, we propose the following energy functional: neling parameter is varied. When a hole is created within the
highest half-filled shells, the kinetic energy of the remaining

P R N N B R
002 003 0.04 005 0.06 0.07
t/(he)

Eea,(60)= —J(t)Sr- Sg—gueB- (S;+Sp) electron promotes th& phase at smalt and theC phase
_ ) arises even arero (arbitrarily smal) Zeeman splitting. A
=—J(1)S"cosf—2A;Scog 0/2). (6)  simple model is addressed to interpret these phenomena.

Here, we consider the total spins as classical vectorial enti- Thanks are due to C. Tejedor for useful discussions. This
ties centered at each dot and ass¢§\¢=|§B|ES, 0 being  work was supported by the Spanish DGES through Grant
the angle spanned by both vectod§<<0) is a parameter Nos. PB96-0875 and PB96-0085 and by the European Union
fitted from the dependence of the total energytomt A,  TMR under Contract No. FMRX-CT98-0180.
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