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Canted ground state in artificial molecules at high magnetic fields
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We analyze the transitions that a magnetic field provokes in the ground state of an artificial homonuclear
diatomic molecule. For that purpose, we have performed numerical diagonalizations for a double quantum dot
around the regime of filling factor two. We present phase diagrams in terms of tunneling and Zeeman cou-
plings, and confinement strength. We identify a series of transitions from ferromagnetic to symmetric states
through a set of canted states with antiferromagnetic coupling between the two quantum dots.

It is well known,' that the ground statéGS) of homo-  presence of a two-dimensional parabolic potenti4r)
nuclear diatomic molecules, as ©, or Ny, suffers a series  =m* r?/2 (m* is the electron mass,is the in-plane dis-
of transitions when the distance between the nuclea is variegance and to a range of magnetic fields such that the DQD
Particularly interesting are the singlet-triplet transitions,has a filling factor close te@=2. This last restriction is mo-
which determine the magnetic properties of gases formedvated by the symmetric-ferromagnetic transitions found in
with those molecules. Since the intramolecule interatomidnfinite multicomponent quantum halQH) systems close to
distance is essentially constant, it is not easy to control thélling factor v=2°
physical mechanisms responsible for such a behavior. Re- We work in the symmetric gauge, with a set of states
cently, double quantum dot®QD), which can be thought of restricted to the lowest orbital Landau level, i.e., single-
as artificial homonuclear moleculé3 have opened up pos- particle wave functions without nodes in the radial direction.
sibilities, that should allow both a better understanding of thdn this basis set, the Hamiltonian of the DQD is
physics of these systems and the tailoring of their magnetic
properties, as some parameters, which are fixed in natural sas N N
molecules, can be continuously varied in DQD. For instance, H=aM—4,5,— — 2 (ChorCmost ChosCimoT)
it is possible to change potential barrier heights, thus varying me

the tunneling rate between the two artificial atoms, without AA'

altering the interdot distance, which determines the electron- ;3 MMMsMa t € Cmar A Con
electron interaction. Also, the interdot distance is a param- (mjea'An 2 My oA T Mo ATEMaaT AT Mg Ry
eter that can be externally controlled by appropriate design

of the nanostructure defining the DQD. @)

The use of an external magnetic fieBdto produce tran-
sitions in the GS is a particularly interesting tool to study

artificial molecules: apart from the effect of Zeeman energy ) .
S o lar momentum, respectivelyr and S, are the third compo-
the magnetic field introduces an additional length sctde . . . .
nents of single particle and total spins, respectively and

magnetic lengththat, even for moderate fields, can be of thea layer index, equal to T or BA,=gugB is the Zeeman

order of the molecular dimensions in these artificial systems. i itha being the Lander fact due the Boh
In this work we analyze the symmetric-ferromagnetictransi—cOuplng withg being the Landeg-factor andug the bonr

tion which occurs in DQD’s with N electrons as the mag_magneton.AsaS Is the s_ingle-part_icle energy gap hetween
netic field is increased. Some previous wérkbave dealt symmetric (s} and antisymmetric(ag combinations of

with DQD in magnetic fields, but in a totally different re- T and B_single-particle states/"=e?/(sr) and V**
gime: there, the spin degree of freedom was not included= €% (e\r?+d?) for A+ A’ are Coulomb interaction poten-
i.e., those works only considered magnetic fields hightials, e being the electron charge anrdthe dielectric con-
enough for the system to be always in the ferromagnetigtant. In all our results, the energies are given in units of
phase. e?/(elg) with 1g=[%/(M*[ w2+ 403]¥?)1"? being the mag-
We restrict ourselves thomopolarmolecules, i.e., DQD netic length. The eigenstates of the DQD are a function
with N even where the electrons are three-dimensionalld,A,,Ag,s, and «. The spectrum is separated in sub-
confined: in thez direction they can reside in either one of spaces labeled by the quantum numbévs §,,P,) where
two layers(top (T) or bottoniB)), separated by a distance P,=(—1)"? is the parity of the isospin =N;— N, with
d, while in the x—y plane electrons are confined by the Ng,N,5 being the number of electrons in symmetric and an-

where w.=eB/m* and a=#([ w2+ 4w03]Y?— w,)/2. mand

M are the third components of single particle and total angu-
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tisymmetric states, respectively. It should be noted that, for 0(=0.292/(8| )
d#0, interdot and intradot Coulomb interactions are differ- _— B

ent. In this case, electron-electron interaction mixes state:
with different isospin, and is not a good quantum number.
However, the parityP, is always a good quantum number
because it is related to a symmetry operation of the problem
the reflectionR with respect to the midplane between the
two layers. The application d® to any staténot necessarily

an eigenstatewith a well defined isospin would result in the 0.0 F’
same state multiplied by 1)Nas=(—1)(N=D2\which, apart
from the unessential constant ()2, is preciselyP, times
the state. This shows th@& applied to any state without a

(13)4’_1)

S’

(elg)]

well defined isospin would still produce the same state ~ F
cept for a sigh, provided the initial state had weight in dif- -% (3,10
ferent isospin subspaces with the same isospin parity. Ther < (1240

is another symmetry operation in the problem: the inversion s |
with respect to the midpoint between the centers of the two
guantum dot$QD). We do not pay special attention to it in
the discussion of our results, because it does not add an
information of relevance.
We have diagonalized numerically the Hamiltoniél)
for N=6 andN=8. As similar structure is found in both
cases, only results fad=8 are presented here. 0.00 ¢
The analysis of the results will be helped by the large 0.0 0.1 0.2
experience accumulated in the knowledge of the GS of a Asas/[ez/(ng)]
multicomponent QH systenfsWhen electrons are confined
in a double layefDL) in the regime of global filling factor FIG. 1. Phase diagram showing the subspades,,P,) con-
v=2, they have as degrees of freedert=1,|) and layer taining the GS fod=1g, a=0.2%/(slg) andN=8. Energies\ s
index A. Those degrees of freedom provoke a rich phas@ndA, are given in units 0% (slg).
diagram in terms of tunneling and Zeeman couplings. Obvi-
ously, when Zeeman splitting, is much larger than tunnel- tem, the DQD presents a transition between these two re-
ing splitting Ag,s, the system prefers a ferromagnetic GSgimes through a set of more complicated states.
|F) in which electrons occupy all the symmetric and anti- In order to identify a GS obtained from numerical diago-
symmetric states with spin. In the opposite limitA,,,  Nalizations as a canted state, a difficulty arises from the fact
>A,, the GS|S> corresponds to electrons fully occupying that the eigenstates of the DQD have a well defined third
the symmetric states with bothand | spins. The character component, of the spin while the mean-field wave function
of the transition between these two extreme situations is codC"") for the canted state is not an eigenstateSpf How-
trolled by electron-electron interaction effects in the four-ever, we can restore the broken symmetry of the mean
dimensional space of degrees of freedom. A very attractivéield states by projecting on subspaces with well defined
proposal was made® for a GS, labeled as canted, which S,=N/2—n:
connects continuously between thE) and |S) limiting
cases. The canted state is a ferromagnet in the field direction .
while, for the direction perpendiculargto the magnetic field, |Cr’\WAF>:f dge'?"CY( ), (2)
spins in different layers have antiferromagnetic correlations.
The properties of this state have been studied by a microahere n is an integer number. In Eq.2), ¢ is
scopic Hartree-Fock theory, a long wavelength field theorthe angle defining a particular canted std@“F(¢))
based on the quantum(® nonlinear sigma model and a =(®,_(¢),P,_(¢)) in which, for filling factor 2, the elec-
bosonic spin theory-** Moreover, exact numerical diago- trons are occupying two type of states
nalizations for a small number of electrons in a DL with
spherical shagé show that, in a translationally invariant sys- cog 6,/2) 0
tem, the canted phase survive quantum fluctuations; although

(12,0,1)

S

— @l%gj
the domain, in the4,,Aq,9) parameter space, in which it is D, (p)= e7sin(6,/2) D, (p)=|
the GS is much narrower than what Hartree-Fock approxi- 0 e'?cog 6,/2)
mation predicts. From the experimental side, such a phase is 0 —sin(6,/2)

consistent with the available information in DL by inelastic
light scattering® magnetoresistancé, and capacitance
spectroscopy® The notation is the one used by Das Sarenal® with the

In our calculations in DQD, we also find that, for larye  states(3) given in the basis ofg,1),(as,]),(s,]),(as,1).
and moderaté\;,, the DQD has 4F) GS while for large  The angless; depend on the Hamiltonian parameters being
Asas and moderaté\, the GS is|S). As in the infinite sys- 6,=6,=0 for the ferromagnetic statfs) and 6,=0 and
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FIG. 2. Phase diagram showing the subspadeS,,P,) con- _FIG. 3. Phase diagram ShOWir‘29 the subspades;,P,) con-
taining the GS fod=15, Ag,—0.16%(¢l5) andN=8. Energiesr  taining the GS fod=1g, Asaszzo-ze /(elg) andN=8. Energiesy
andA, are given in units o&%/(zlg). andA, are given in units oB%/(elg).

6,= for the symmetric statgS). After some algebra, one sponding to smallA,, the GS, labeled a$12,0,), is a

gets the projection§2) of the canted state written as symmetric state given by practicallynore than 98% one
Slater determinantS)=H§1:00L’S,T0vas,l. When the Zee-
MF\ _ + man coupling increases, there is a symmetric GS, labeled as
|Cn™)=Cn| O 61/2) o 02/2)% Cm.as| Cms.1 (13,1,, which is also practically given by|S')

] :H4m=0CTm,s,TH%=OCTm,s,¢h- 'rl;he inlcrease ﬁﬁz provokes an
; ; t edge reconstruction which involves a charge-spin excitation
sin(6,/2)sin 02/2)% Cms Cmast | [F), (4 giving a GS which essentially preserves the symmetric char-
acter.
C, being a normalization constant. The coefficients in @y. The most interesting part of the phase diagram corre-
are m-independent in the infinite system because all singlesponds to the narrow regions separating ferrolike regions
particle states are degenerate in the lowest Landau levetom symmetriclike regions. The regioii$2,3,-1, (12,2,1,
However, in a parabolic QD, translational invariance is bro-and (12,1,-) contain canted statgd<,) (corresponding to
ken, the single-particle energy dependsmrand the corre- n=12,3, respectively while the regions (13,3, and
sponding canted eigenstates of the DQD should have a struet3,2,-) contain canted state$C/) (corresponding to
ture similar to Eq.(4) although the coefficient8]’ and 6 =12 respectively This identification is made through the
could have a dependence on wave functions which turn out to have the functional form
Figure 1 contains our results in a phase diagram showin@iven by Eq.(4) with coefficientsé]" and 65 almost inde-
the quantum numbersM,S,,P;) of the GS ford=lg and  pendent orm at the center of each QD. Since these regions
N=8. In order to work in the regime=2, we chose are well described by statéd), they must be understood as
a=0.2¢°/(zlg). In the region to the left corresponding to the projection to well defined quantum numbers of canted
small Ag,s, the GS, labeled a6l2,4,) is a ferromagnetic  states with an antiferromagnetic tilting of the spins.
state given by a single Slater determinarif) Apart from the states shown in Fig. 1, some other GS, in
=Hﬁ1zoc:nvsjc;asﬁ. There is another large ferromagnetic particular with different edge reconstructions, could appear
region labeled as(13,4,-) with a GS which is prac- when the parameters are varied in the calculation. In fact this
tically (more than 98%) one Slater determinafff’) s the case: as shown in Figs. 2 and 3, showing phase dia-
= oCh 61115 0Ch a5 - This means that for an increasing grams ford=1g, N=8, whenA, and a are varied for fixed
tunneling, the ferromagnetic stdte) suffers an edge recon- A,=0.1e%/(elg) and A,,=0.28%/(elg), respectively. In
struction by a charge instability which preserves the ferrothe central part of Fig. 2, the sequend®,4,3, (12,3,-2,
magnetic character giving='). In the lower region corre- (12,2,9, (12,1,-3, and(12,0,1 corresponds to the already
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discussed transitionF)—|C,)—|S) with n=1,2,3. Con- numerical diagonalizations for a DQD for filing factors
tiguously to its left, for smaller values af, the sequence close tov=2. The resulting phase diagrams, are understood
(13,4,-2, (13,3,, (13,2,-1, and(13,1,) corresponds to the to the light of previous experience on the GS of an infinite
transition |[F')—|C/)—|S') with n=1,2. To the right of DL at the same regime. When the different parameters are
those regions, the increasednimplies a higher confinement Vvaried, a series of transitiori&)—|C,)—|S) from ferro-
and, consequently, a larger concentration of the electrons if'@gnetic to symmetric states are identified, through a set of
the center of the DQD which, in turns, implies a decrease o rojections(into subspaces with well defined quantum num-
M. Edge reconstruction occurs in the leftmost region, i.e er9 of canted states. Such canted states have ferromagnetic
: - - ' _.correlations in paralle{to magnetic field direction and an-
tsr?; ﬂlsrs’etgd"%hﬁﬁhi ;?3;?22%:;;2; ;ngg?ﬁ)rpnemepgg\r:?;efaferromagnetic correlations in the perpendicular components
Fig. 3 the tunneling is so large that the sequefi4.1, f spins in different QD. The electron-electron correlation

that leads to the canted states in infinite double layers for
(12,33, (12,2,, and(12,1,- does not appear and only the _ 5 g,ives; in this regime, to the presence of edges and is
symmetric statéS)=(12,0,1) is observed. Apart from this, present even when there is edge reconstruction.
the whole structure is similar to that shown in Fig. 2.
In summary, we have analyzed the transitions that a mag- This work was supported in part by the MEC of Spain
netic field provokes in the GS of an artificial homonuclearunder Contract No. PB96-0085, the Fundaci®amon
diatomic molecule. For that purpose, we have carried oufireces and the CAM under Contract No. 07N/0026/1998.
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