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Various spin-polarization states beyond the maximum-density droplet:
A quantum Monte Carlo study
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Using a variational quantum Monte Carlo method, the effect of Landau-level mixing on the lowest-energy—
state diagram of small quantum dots is studied in the magnetic-field range where the density of magnetic flux
guanta just exceeds the density of electrons. An accurate analytical many-body wave function is constructed for
various angular momentum and spin states in the lowest Landau level, and Landau-level mixing is then
introduced using a Jastrow factor. The effect of higher Landau levels is shown to be significant; the transition
lines are shifted considerably towards higher values of magnetic field and certain lowest-energy states vanish
altogether.
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Quantum dot4QD) are systems containing a number of where theN-particle—coordinate configuratior®, are dis-
charge carriers in a nanoscale volume. A two-dimensionafributed as|W|? and generated using the Metropolis algo-
semiconductor QO@Ref. 1) can be constructed, e.g., by su- rithm.
perimposing a confining potential on two-dimensional elec- The variational principle guarantees that the total energy
tron gas, which can be fabricated into the inversion layegiven by the VMC method, using any trial wave function, is
between two different semiconductor materials. In the inverzways an upper bound for the true total energy of the quan-

sion layer, the confinement perpendicular to the interface caf,m ‘state in question. The variance of the local energy
be made so strong that only the lowest-energy eigenstate iy -1y diminishes as the trial wave function approaches an
that direction has a nonnegligible probability of being 0CCU-aiganstate of the Hamiltonian, and as a result it can be used
lp'eg' This makeshthg S>|'St(fafm gen#mely twct))d|me_n5|r(])_nﬁl, ag ot only as a measure of the statistical erroEip, but also
eads to some physical effects that are absent in higher di- . '

mensions: in thermodynamical limit the integer and frac.2S & measure of the difference between calculated and true

tional quantum Hall effectsare perhaps the most famous energ|e£\l,—Eq,0.
examples. The variational parameters in the trial wave function are
Experimentally, QD’s are observed to have a series obptimized by minimizing the total energy. The minimization
different ground states as the magnetic field is incredsedprocess itself was done using the stochastic gradient mthod
While many properties of the states can be measured, undesith analytical expressions for derivative¥he method has
standing their nature is still one of the major theoretical goalgroven to be fast in finding a minimum of a function whose
in the field. In a large range of moderately high magneticvalues are not exact.
field the very stable and fully spin polarized maximum-  The QD in this study is am-electron system on a two-
density—droplet statgMDD) remains the ground state. This dimensional plane, in rotationally symmetric and parabolic
many_—partigle state has an extremely accurate analyticotential V(r)=2m* w2r2, and in perpendicular magnetic
description; and is here used as the starting point to study densityB=Bu,. An effective massn* is used to de-

phase diagrams of possible lowest-energy states in SWONQEL ipe the effects of the underlying crystal structure, agd

fields. determines the strength of the in-plane confinement. In the

The variational quantum Monte Carl/MC) (Ref. 5 . 1
method is used to study the QD system. In this method a triaﬁymmetnc gauge,ﬁ_\— Z.BX Fs the effect of the vector poten-
lal on the Hamiltonian is to enhance the confinement

many-body wave functionV with desired properties and P P a .
with free variational parameters; is first constructed, and SU€Ngth,wo— wot (0/2)"=w?, where w.=eB/m* is the
then the parameters are optimized to converge towards tiffective cyclotron frequency, and to introduce angular-

exact wave function? . Using the optimized wave function, momentum and spin-dependent terms. Switching to the ef-
the expectation value of an observablean be evaluated as fective harmonic oscillator uniteif* =#=w=e=1), the to-

the average of the corresponding local quantity lAw,  tal Hamiltonian operator can be written as

e.g., for the Hamiltonian operat6t:

1 X HUR, N
Ey= lim & > ﬁ#‘l’ml‘l’), 1) H=31> [-VZ+ri+odli+ 7y )]+ 2, < (2)
i i=1

MM =1 i<j Tij
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Herel,; ands,; are thezcomponents of angular-momentum other spin type electrons also. This is equivalent to the re-

and spin operators for thigh particle, y* is defined asy* quirement that any post-MDD state should contd#ifpp as

=g*m*/m,, whereg* is the effective Landg factor, andC  a factor:

is a dimensionless interaction strengttG?=Hartree

X m*/mye’fiw. In these unitsn,.=B<2. Vi =¥vopPam, (6)
Single-particle states of the noninteracting part of thewhereP,,, is a polynomial of proper symmetry and degree

Hamiltonian(2) can be solved analytically for arbitrary mag- AM. Under this assumption, constructing the LLL trial wave

netic flux densityB.® As B is increased the states separate tofunction is a matter of choosing the suitable polynomial

Landau levels with level spacing asymptotically proportionalp, . . It must have the correct symmetry, and its degkéé

to B, and intra-level energy spacing of states asymptoticallyyives the additional angular momentum with respect to the

proportional toB™1. In the limit of infinite magnetic flux MDD state.

density only the lowest Landau levélLL) remains occu- The polynomialP,y, is constructed as follows: One starts

pied. The single-particle wave functiogs,, that the LLLis  from the product

composed of, have a particularly simple form:

om(z)=2"exp(— 1|22, &) P2M=i[[1~zi : @)

with energies(in units of i w) _ -
where the coordinate transformatian=z—1/NX;z; has

En=1+(1—3w)m. (4) been applied to remove the center-of-mass motion. This fixes
the additional angular momentu&iM of the trial state. Cor-

In Eq. (3), z is a complex coordinate in the plane of the rect symmetry is now built in using the Young symmetriza-

elect_rons:z=x+|y, andm_= 01 ... sl lh. _ tion operatot! V,:
It is a common approximation to truncate the full Hilbert
space to the lowest Landau level only, and ignore the effects V=Y, (¥ vooPlu ) =YooV, Pv . (8)

of higher Landau levels altogether. For example, exact di-

agonalization calculatiodgre done within the LLL approxi- WhereY, P2 is Paw above. The parametgris the number
mation forN=4. The approximation improves with increas- of mverted spins with respect to a fully spin-polarized state,
ing B, since higher Landau levels move farther off in energy,and it determines the shape of the Young tableau correspond-

but as will be shown, Landau-level mixifgLM ) can quali- ing to)), . Because an antisymmetric fact¥t,pp was taken
tatively alter the behavior of the system even in such regionsut of ), the directions of symmetrization and antisymme-
of B, where the LLL approximation is frequently used. trization are interchanged 'lDY)’(- By fixing the spin and an-

In this study, the trial wave function® are of the gular momentum through parameteX$/ and y, the LLL
Jastrow-Slater form. The construction®f begins by creat- part of the trial wave function is determined completely, i.e.,
ing an LLL-many-particle wave functio®’,, , which de- it has no variational parameters. This family of trial wave
termines, e.g., the angular momentum and the spin of th&nctions covers most spin configurations in the reghdvi
state. The LLM is then introduced using two-body correla-=0, ... N. For example, for seven electrons there are only
tion functions of Jastrow typ¥.To construct the LLL part of three stategout of 23 nondegenerate statésat are unavail-
the wave function, the unnormalized maximum-density drop-able: S=1/2 at L=27, andS=3/2 andS=1/2 at L=28.
let stateW pp IS used as a starting point: These inaccessible configurations are not expected to be

\ lowest-energy states, based on exact diagonalization
) ) results'? For states with $=|N—2AM]|, the LLL construc-
‘I'MDD:L[ (zj—z)exp — EiZl |zi|* . (5 tion above results in wave functions that are very similar to
. - skyrmion stated®
In the thermodynamical limit this configuration corresponds After the lengthy construction of the LLL part, the LLM
to the very stable quantum-Hall statat filling factor v part is simply multiplied into the trial wave function as a
=N/Ng=1. For QD’s in the LLL approximation¥',,pp is  two-body correlation function of Jastrow type,
the lowest-energy state in a large region around
=Lwpop/L=1, whereL denotes the total angular momen- IAr o= H ex BijTij ) 9)
tum,L==1,;. The state is composed of consecutive single- <] 1+ ajjr;
particle states of the form of E¢3) with m=0, ... N—1, L
and it has the total angular momentuqpp=iN(N—1).  The total wave function is then
In this study only post-MDD states are considered, that is, V=W, ] (10)
. L. LLLY-

states that have non-negative additional angular momentum
AM=L—Lypp With respect to the MDD state. Since the This form of the correlation factor leaves the spin and
parabolic form of the external confinement allows one toangular-momentum properties ®f intact. The Jastrow fac-
perform the elimination of the center-of-mass motion, thetor has two adjustable parametedg;= «; for parallel spins
spin-up and spin-down degrees of freedom are not indeperand«;; = ;| for antiparallel spins. For each trial state, these
dent. Therefore it is assumed that it is favorable for an elecparameters are functions &, and have to be optimized
tron to put zeros of the wave function on the positions ofseparately for each magnetic-field value. Constahtsare
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FIG. 1. Phase diagrams for six electrons in the lowest Landau-level approxintkfopane) and with Landau-level mixingright
pane). The labeling of the states N, ,AM, whereN, is the number of spin-up electrons aad is the additional angular momentum
(Lmop= 15 for six electrons The vertical axis is the strength of the Zeeman coupling per &= |%,uBg* |, the value of which in GaAs
(12.7 ueVIT) is marked by dashed lines in the figures. Other parameters mehe,=0.067,.wy=5 meV, ande,=12.4. The relative
interaction strengttC varies from 1.23B=7 T) to 1.01 B=12T).

determined by cusp condition$.The form of Eq.(10) has

region. In the LLL approximation, this happens AE}

proven very efficient in capturing the Landau-level mixing; =26.5 xeV/T for N=6, and at 34.5ueV/T for N=7.
in small systems as much 98% of the correlation energy capowering the Zeeman coupling strength allows other total-
spin values, and witlAE,=0 the system goes through all

Results for two systemi=6 andN=7 are presented in possible spin configurations. The lowest-energy states are the
this paper. In order to test the accuracy of the LLL construcskyrmionic states as discussed above.

be recovered®

tion an exact diagonalization calculatidrvas performed for

The effect of the Landau-level mixing can be seen on the

seven electrons &=5 T. This showed that for all possible right-hand panels. Quantitatively, the transition lines are
LLL lowest-energy states the error in total energy is veryshifted towards higher fields and lower Zeeman couplings. In
small, at most 0.065%. In the case of the LLM wave func-the caseN=6, half of the |owest-energy states even vanish
completely when the LLM is taken into account.

tion, no such diagonalizations are currently available.
Figure 1 shows results for a six-electron QD, and corre-

The shift towards higheB means that in the LLM case

sponding data for seven electrons are shown in Fig. 2. Botkhe states are more stable against radial expansidd ias

systems use GaAs parametars,=0.067,g* = —0.44, and
6,=13.0 forN=7 as in Ref. 12, but 12.4 foN=6 as in

Ref. 16.

increases, and above some critical valE} the system
remains spin-polarized at all values Bfin the post-MDD
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vanishing of some lowest-energy states can be explained by
noting that the two-body correlation factor has strongest ef-

FIG. 2. Phase diagrams for
seven electrons. In this case
Lvop=21, and the valuee,
=13.0 was used to compare with
our exact diagonalization calcula-
tion. The relative interaction
strength C varies from 1.38 B
=3T)t01.17 8=7.0T).
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fect on the states that are most compaet, have the lowest energies, and provide an accurate estimate of Landau-level
angular momenja For the MDD state, the gain in energy is mixing.

largest, and it can completely block some neighboring states We demonstrate that the LLM, which is almost always

whose energy is only slightly lower in the LLL approxima- neglected in previous studies, is able to suppress the exis-
tion tence of certain lowest-energy states with small amount of

) . additional angular momenturficompared toN). Further-
The value of AE, (corresponding tog”* =—0.44) for  mqre, a strong shift of transition points towards higher mag-
GaAs is 12.7 ueVIT. This is a maximum valuéwithin ap-  netic fields due to the LLM is observed. Another important
proximations and assumptions ugebat can only be low- result is that despite the LLM, partially spin-polarized states
ered, using tilted field experiments. Since the value is mucig¢an exist in the post-MDD re_g_ion with realistic Zee_ma}n cou-
lower thanAE? , it should be possible to encounter partially Pling strengths. The most visible of these states is likely to
spin-polarized post-MDD states in experiments, even with"ave a single spin flipped and angular momentum equal to

out tilting the magnetic field. Lvpp +N—1.

In summary, simple trial wave functions for partially  This research has been supported by the Academy of Fin-
and fully spin-polarized QD systems have been constructedand through its Centers of Excellence Progrd@900—
The wave functions were shown to produce excellent totaR005.
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