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Current-density-functional approach to large quantum dots in intense magnetic fields
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Within current-density-functional theory, we have studied a quantum dot made of 210 electrons confined in
a disk geometry. The ground state of this large dot exhibits some features as a function of the magnetic field
(B) that can be attributed in a clear way to the formation of compressible and incompressible states of the
system. The orbital and spin angular momenta, the total energy, ionization and electron chemical potentials of
the ground state, as well as the frequencies of far-infrared edge modes are calculated as a fuBgtadof
compared with available experimental and theoretical results.
[S0163-182698)01923-1

I. INTRODUCTION accurately the exact results, thus providing convincing evi-
dence that it is a powerful tool to quantitatively describe the
The study of the formation of compressible and incom-9-s. properties of quantum dots in magnetic fields. CDFT has
pressible states of quantum dots has attracted enormous iAlso been used to study far-infrared edge magnetoplasmon
terest in the last few years. It has been arduéthat for a ~ Modes in medium size quantum dots by means of an equa-
sufficiently smooth confining potential, the edge of the dottion of motion method: .
exhibits fo a certain degree narrow incompressible regions. In the present work, we extend the CDFT calculations to

where the electronic density is determined by the filling fac- € case C_’f a large do_t of radille:_lBOO A containing 210
tor v asp=v/(27L2), whereL = (fic/eB)2is the magnetic electrons in a magnetic field ranging froB+=0 to ~15 T.

length, and compressible regions wherenay vary with the The far-infrared spectrum of this dot has been experimentally

radial distance. These states are at the origin of phenomenac‘tUdlecj in Ref. 22. The large number of electrons makes this

such as, e.g., “magic” angular momentum quantum num_do'[ closer to the two-dimensioné&D) conditions than any

bers, composite droplets and edge reconstruétfoSome other system previously considered in a calculation of this
evidence for the formation of these states has been found ilﬂnd,' I\:Ir?r?over, the h.'gth ds _here a|1tta|ned a”O.tV\;]us tli gtudy
the magnetic field B) dependence of the addition energies,g's' s that are associated in a ¢ ear2 way Wi uik incom-
i.e., the energies to add one more electron to thé'fland  Pressible states with filling factors= 3, and fromv=1 to
more recently, in the oscillations of the resonance frequenl_o’ and to several mcompres&blg states in betwgen. S.UCh a
cies of edge magnetoplasmon modes of dots and anﬂdots.“Ch structure has not t_)een prewoysly disclosed in a single
Exact diagonalizations of the electronic Hamiltonian Cor_large dot, where genuine magnetic effe_ct_s, ceven at rather
responding to dots with a small number of electrohgN small B, are not masked by surface nor finite-size effects.
<8) (Refs. 10-13 have shown that these systems have The density functional we are using does not incorporate
strongly cc;rrelated ground statég.s), especially at high one of the key features to describe the occurrence in a single

magnetic fields. Rigorous results have been obtained in thgot of several incompressible strip regions in the fractional

high-density limit; see Ref. 14. Approximate schemes sucffluantum Hall regime, _namely, cusps 1n the exchange-
as the constant interaction model of Ref. 15 the Self_correlat|on scalar potential at certain filling factgsee, for

consistent model of Ref. 16, the Hartree-Fock method O]example, Refs. 4 and 23However, it is able to describe the

Refs. 6 and 17, or other mean field approximatinghich appearance of bulk regions with a fractional filling factor.
. y 2
have been used to carry out calculations in larger dots, do ndt

his is illustrated in the case of the=% incompressible
take into account these correlations, so they may fail in re-St":l_T_e‘f IIv displav th ic field eff h
producing a number of g.s. features that appear as a function | © Tu'ly display these magnetic field eflects, we have per-

of B.23 It is worth mentioning that all these approaches have0'Med the calculations at a very small temperatdrg, 0.1
been only applied to the description of medium si2¢ ( K. The use of such temperatures in the calculations is a chal-
<100) dots and relatively small values Bfdue to the tech- Ienge for large dots a'nd e magnetic fields. 50”.‘6 resuilts
nical difficulties one has to face otherwise because of th thigherT are also discussed. Finally, we have obtained the

high density of single particlés.p) states. ar-infrared spectrum of the dot.
Recently, current density-functional thebtyCDFT) has
been used to study g.s. properties of small quantumdots.
The accuracy of the method has been tested in the case of
two and three electron systems, for which exact calculations Current-density-functional theory is comprehensively de-
are availablé?! It has been showfi that CDFT reproduces scribed in Ref. 19 and has been already applied to quantum

Il. CURRENT-DENSITY-FUNCTIONAL DESCRIPTION
OF QUANTUM DOTS
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dots?®?! In the present work, we shall be considerifNg level i is nondegenerate, and in the above expressions we
electrons moving in the=0 plane where they are confined have used the short notatior{n,l,c}. V_(r) is the Cou-
by the dot potential/, (r) with r=/x>+y?2. On this system lomb potential generated by a jellium disk of radi@sand
it may act a constant magnetic field in thedirection de- areal densityp , = p,®(R—r),?® and thep,, value has been
scribed by the vector potentidi=4(—y,x,0)B. Introducing ~ fixed by charge neutrality, i.e7p,R*=N. =N. For theR
the cyclotron frequency,.=eB/mc, we can write the CDFT = 1600 A andN =210 system that corresponds to one of the
total grand potentiall=E —TS— N adding to the total en- GaAs dots studied in Ref. 22, one has=0.23%3 2. The
ergy use of a step function to model the positive neutralizing
background, i.e., a sharp confining potentfalpgether with
1 - . wg I v a smooth exchange-correlation potential, implies that no
= §J dr T“”?J drrj p(r)+§‘”cJ drrep(r) strips of filling factor smaller than the one at the center of the
droplet are expected to appear at the edge of the dot. That

- - - will be confirmed by the calculations presented in the next
+g*MBBz fiszi+ f drV.(r)p(r) section Y P
, .
The exchange-correlation enerdy (p,&,V) in Eq. (1)
didr p(Np(r") pp(r) o 3 ! has been taken from Ref. 20. It is a functional of the particle
2 |r— | xe(p:&.V), (1) densityp, the local spin polarizatios,
the temperature times the total entropygiven by 1P|
{= b @
PT Pl
_Ei [filnfi+(1=1)In(1=f)], 2) wherep;(p,) is the particle density of spin (gown) elec-
_ _ o trons, and of the local vorticity(r):
and the electronic chemical potential times the electron
numberN=3;f;. R R c i
To simplify the formulas, we have used effective atomic V(r)y=V(r)e,=— or 5( r: e,. (8)

units, defined by’z=e2/e=m=kB=1, wherekg is the Bolt-
zmann's constant anth=m*m; is the electron effective For further reference, we also define the local spin magneti-
mass. In this system of units, the length unit is the Bohrzationm(r) asm(r)=p(r)&(r).

radius ay times e/m*, and the energy unit is the Hartree To obtain the s.p. wave functions(r) and occupation

timesm* /€2, which we call, respectivehgy andE}, . m* is
the electron effective mass in units of the bare one, whmhnumberSf" one has to minimizeA=A- ZiNi{ il 1)

together with a dielectric constaatand a gyromagnetic fac- Minimizing .4 with respect to the wave functions one obtains
tor g* are characteristics of the semicondudfor example, ~ the following Kohn-ShamiKs) equations:
g*=-0.44, €=12.4, andm* =0.067 in GaA% and ug
=#e/(2m) is the Bohr magnetoff. For GaAs we have
ag~97.94 A andE},~11.86 meV.

In Egs.(1) and(2), s, is thez component of the spin, and

f; is the occupation number of thes.p. level. The particle +f d4" p(r’) EI Axc(r)

# 14 1?2 | 1 v
—+-—— = |- =+ s wir?+
g2 roar 2 w +(r)

1
2

- - — Vyeo(r

p(r), kinetic energyr(r), and paramagnetic current densities [r—r’| ¢ r xeo(r)

fp(F) are defined in terms of the occupation numbers and s.p. L

wave functionsg; as follows: + Eg* 26B [Unio= €nolUnie s 9)
P(F)ZZ fil i(r)]%, (3)  with ¢=A,/f; and where

SE,o(p,&,V) e. i
(= HVei(n)2, (4) vxc(,<r>=*°T —EAxc<r>~;", (10)
i g

p_g.V

- ) - 1 - where,&xC is the exchange-correlation vector potential
Jp(N=jp(ne,=—=2 fililgi(r)[%e, (5
' e. e . ¢ J

~A L . . . —Ayc(r)==Ay o=
wheree, is the azimuthal unit vector. Due to the axial sym- c el c X0 ep ar

metry, the electronic wave functions can be factorized as B
Minimizing A with respect tof; and making use of the KS

OB,
oV
p

)éﬁ. (12)
T3

¢(F):e7||0un|(r(r)a (6) eguations, one obtains the occupation numbers
where o=*1, n=1,23..., and |=0,+x1,=2,+3 ... . 1
These wave functions are eigenstates of the angular momen- fi=——— (12)

tum around the axis with eigenvalue-1. At B#0, the s.p. 1+els— /T’
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FIG. 1. Top panel: s.p. energies as a function of orbital angular . !

momentuml at B=0. The full, upright triangles represent spin-up
states, and the empty, downright triangles, spin-down states. The FIG. 2. Single-particle energies as a function of orbital angular
horizontal solid line represents the electron chemical potential. Botmomentuml for v=1, 2, 3, 4, 6, and 8. The horizontal solid lines
tom panel: the corresponding electron density as a function, of represent the electron chemical potential. The full, upright triangles
both in effective atomic units. The dotted line represents the jelliumrepresent If1,7) bands, and the empty, downright trianglest, ()
density. bands. In panefa), only M =1 bands appear, whereas in patfg|
bands withM =1 to 5 are visible.
The electron chemical potential is fixed from the normaliza-
tion condition distributed along paraboliclike curves as a functioh,afach
curve being characterized by a different valuenofThe fig-
1 ure shows the well-known fourfold degeneracy of each
13 single-particle level, corresponding to the possibilities,
(T1). Itis remarkable that even for such a large system, the

The KS differential equations and the normalization con-density still displays many oscillations in the bulk that have
dition Eq. (13) have been solved self-consistently, without to be gradually washed out as the dot evolves towards the 2D
expanding the s.p. wave functions in a necessarily truncatetyStem.
basis of Fock-Darwin or Landau orbitals. Our iterative Figure 2 shows the CDFT s.p. energy spectra for
method works for weak and strong fields as well, for ~—10-28,5.14,3.43,2.57, 1.71, and 1.29 T as a functiom of
which the effective potential is very different. It has the ad-and!. Observe that due to the sign of the linéaerm in Eg.

vantage of avoiding the study of how the results depend ok Most occupied levels have now a positivealue, i.e., a
the size of the basis. negative orbital angular momentum, and that thé,{)

band lies below theNl, | ) one because of the negative value
of g*. Figure 3 shows the corresponding g.s. partjc{e)

and local spin magnetization(r) densities together with the
predicted values of total orbital and spin angular momentum

Ill. GROUND-STATE RESULTS

We have studied the g.s. of ti=210 electrons dot at
T=0.1 K varying the magnetic field from 0 t¢ 15.5 T in  (L,,2S,).
order to explore states with filling factors=3 and above. From these figures, one can see that these states are the
We recall that integer’s also represent the number of oc- finite-size analog of the 2D Landau incompressible states
cupied Landau bands, which we label a4,() or (M,|), with v=1-4, 6, and 8, which, for an electronic densjty
depending on the spin of the s.p. states in the bahe.n =pp=0.23%¢ ~2, would be precisely realized at the above
+(|l]=1)/2 is the Landau-level index. B values. Indeed, the densities in Fig. 3 exhibit a steplike

The density and single-particle energies corresponding tshape whose plateau has a density determined by an integer
theB=0 case are represented in Fig. 1. The s.p. energies af#ling factor v asp=wveB/2mwc. To help follow the discus-
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=01t - FIG. 4. L, (circles, left scaleand 25, (triangles, right scajeas
_______ \ a function ofB. The values corresponding to integer filling factors
(7409, 54) 1 to 11 are denoted by solid symbols, and the line connecting the
0 0 10 2S, points is to guide the eye. The dashed line represent$1&y.
0.3 0.3 and the spin is approximately given by
0.2 i 02 0, v even,
e B=120T 2S,={ N (15)
© = J—
< o B=171T 1 o1 o odd,
(3659, 2) (2748, 2)
e f . - T
0 pt ‘( ) 0 . 1() expressions that are valid in the Higtimit for the Landau
0 10 20 0 10 20 bands. This is explicitly shown in Fig. 4, where we have

r(ay)

FIG. 3. Electronp(r) (solid lineg and local spin magnetization
m(r) (dot-dashed lingsdensities corresponding to the configura-
tions displayed in Fig. 2. The dashed curve in pa@aglrepresents
the density of the MDD state. All densities are in effective atomic

r(@)

units. Also shown are the values df £2S,).

plotted the calculated orbital and spin angular momenta as a
function of B. The small plateaus along thg(B) curve at
integerv, also visible in the 3,(B) curve, show the robust-
ness of these states against changdd, iand their tendency
to not to change theirl(,,S,) values.

In panel(a) of Fig. 3 we have plotted the density of the
maximum density dropletMDD) state?’

sion of the results we present, we have collected in Table |

the values oB and L that correspond te=1 to 10. Notice 1 N1qf o )\2

that even forv=10, R is much larger tharC, so that the — 2 - —r2/2c? (16)
- . . pmpp(T) 3 T e .

filling factor v can be safely used to describe the occupation 2mL2i=o0 I\ 22

of the Landau bands in the interior of the droplet.
The g.s. values of the orbital angular momentum agre®©ne can see that both densities are very similar, the only

well with the law

L,=v

TABLE |. Values of B and £ corresponding to integer filling

factorsy=1 to 10.

2

_ N(N—-1)

’

14

difference appears in the edge region. The lump in the CDFT
density at the edge is due to the rather sharp confining po-
tential, on the one hand, and on the other hand to the
exchange-correlation energy, which is changing rapidly in
the surface region of the droplet, see Ed€) and(11), and
Ref. 23.

It is also interesting to look at the energy difference be-

v B (T) £ (a%) tween the M,7) and M, ) Landau bands shown, for ex-
ample, in Fig. 2. It is very small for even's, which corre-

1 10.28 0.82 spond to g.s.’s havin®,=0, because the Zeeman term in

2 5.14 1.15 Eqg. (1) is also smal(0.127 meV aB=5 T, for instancg On

3 3.43 1.41 the contrary, that separation is sizable for the 1 and 3

4 2.57 1.63 cases, in the 2—4-meV range. These g.s. states a8 .

5 2.06 1.82 One should have in mind that,, which gives the difference

6 1.71 2.00 of frequencies between Landau levels when spin and inter-

7 1.47 2.16 action effects are neglected, is around 18 meVHEer10 T.

8 1.29 2.31 V... IS the origin of the large spin splittings. The importance

9 1.14 2.45 of the exchange energy in the spin splitting of the Landau

10 1.03 2.58 bands was already pointed out in Ref. 17. The similarity of

the g.s. corresponding te=1 and the MDD state is due to
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FIG. 5. Single particle energies as a function of orbital angular  FIG. 6. Electrornp(r) (solid lineg and local spin magnetization
momentuml for B=1.9, 3, 4, 7, 9, and 11 T, respectively. The m(r) (dot-dashed lineésdensities in effective atomic units corre-
horizontal solid lines represent the electron chemical potentialsponding to the configurations displayed in Fig. 5. Also shown are
Same notation as in Fig. 2. the values of [,,2S,).

Vyeo» @S it prevents the (1) and (1)) Landau bands from s p. levels are at an energy slightly abqueThis is precisely
being close aB=10.28 T and, thus, to contribute both to the the evolution of the MDD state wheBis increased and edge
building of the g.s. reconstruction occurd:3!

We have not attempted to disentangle which part of the A different behavior is shown in the other panels of Fig.
splitting we have found is due to the exchange energy, an8. Consider, for instance, the situation displayed in péael
which part is due to the electronic correlations. It would beAround 140 electrons are in the (),band, as may be in-
possible at lowB as the exchange-correlation energy comederred from the intersection point of that band with the
from the Tanatar-Ceperly parametrizatfSrhut not at high line. All other electrons are oddly distributed in the |1,

B because of the form of the parametrization given byband, starting from the s.p. levels with higher orbital angular
Levesqueet al?® Exchange-correlation effects enhanced bymomentum, whose energies are well below the chemical po-
the finite size of the system are also responsible for the diftential line because of the dip arouhd 120 caused by the
ferences between the calculated valuet gf and especially exchange-correlation energy term. Whenever the partially
of S,, and the ones given by Eq4.4) and(15). In the case filled Landau band presents a flat region, the electron chemi-
of S,, these differences can be sizable for “large” odd fill- cal potential has to be the average s.p. energy of that region.
ing factors; see Fig. 4. Otherwise, electrons will continue to fill s.p. levels with

Figures 5 and 6 show the s.p. energies and densities fdtighd values belonging to the previous band.

B=1.9, 3, 4,7, 9, and 11 T. These values originate com- The corresponding electron density manifests the pecu-
pressible g.s.’s in the dot, and a careful look at these figurekarities of the s.p. spectrum in quite a distinct manner: the
sheds light on the appearance of compressible and inconescillations displayed by the densityBt=7 T as shown in
pressible states in the finite system. panel(d) of Fig. 5 are washed out =9 T, as shown in

When the magnetic field is increased from that corre-panel(e) of the same figure. This is because for this magnetic
sponding tov=1, some electrons are promoted within the field the distribution of s.p. energies of the ()1 band evens
(1,1) band to s.p. states with highkwalues. This is seen in out aroundu.
panel(f) of Fig. 5. Indeed, it can be realized from that figure  The evolution of the compressible region between?2
that the chemical potential intersects the s.p. curve at a valuend 1 wherB increases from 5.14 to 10.28 T deserves fur-
of | larger than 210, and that at the same time, somellow-ther discussion, as this region extends in a vBdenge and
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it makes the magnetic effects easier to visualiaesimilar Oy i -2 ‘ .
evolution has been found betweer-3 and 2. After a re- W ' ¢
gime extending up te=7 T in which the droplet densities Z . B=7T ¢

present an oscillatory behavior, Bt-8 T the (1)) flattens

out and accordingly, the density oscillations disappear. The

configuration atB=8 T havingL,=17 031 and 3,=124 B=4T

cannot be identified with thes=1 incompressible state,

sincel, and 2S, are far from having the appropriated values,

or other similar g.s. configurations corresponding to mag-«

netic fields as high as 10 T, see Fig. 4. This means thai

looking only at the densities might be misleading in identi-

fying integer filling factor states. The evolution of thg

=10 T state towards thee=1 one at 10.28 T proceeds

through an interesting change in the s.p. spectra of thg (1, _10 ‘ ‘ 5 ‘ , L

band: it bends upwards crossing thdine, so that its occu- 0 50 100 0 50 100 150

pied highert states become now empty. To keep constant the

number of electrons on the one hand, and to Kegimcreas-

ing with B on the other hand, the ({), band extends its

occupied s.p. states up to higHestates. A further increase

in B “decouples” u from the (1)) band, and the situation is 0.2

eventually that shown in panéd) of Fig. 2. X
It is of some importance to figure out what is the quanti- = 01

tative influence of temperature on the above features of the

g.s. To this end, we have carried out calculations using a

moderateT, namely, 2 K. For quantum dots as the one stud- Y9 10 20 9 10 20

ied here, it appears that the density of states around the Hag) Hay)

chemical potential is large, and such a small temperature

already produces changes in the s.p. spectrum and the elec- FIG. 7. Top panels: s.p. energiesTt 0.1 K (dot9, and atT

tron density as well. This is illustrated in Fig. 7, where we =2 K (triangles. Bottom panels: Electron densipfr) atT=0.1K

have drawn the s.p. energies and electron densities corr&lid liné), and aff =2 K (dashed ling The left panels correspond
sponding toB=4 and 7 T to B=4 T, and the right ones t8=7 T. The electron chemical

. . . . otential is indicated by a horizontal lineolid, T=0.1 K; dashed,
A comparison of cold and hot s.p. energies in Fig. 7?22 K). y A

shows that a first thermal effect is that the small wiggles
aroundy in the cold spectrum are progressively wiped out) 5 ,ghiin's states, but also for=2. As a matter of fact, Fig.
whenT increases. In other words, the Idvetates, which are 4 shows that Eq(14) works well even for compressible
unoccupied al =0.1 K (they lay slightly above the chemical giates.
potentia), are now occupied with some probability. This  As we show in panelc) of Fig. 8, the electron density is
flattens the electron density in the bulk of the droplet. Aconstant in the bulk and has a bump at the dot edge. This has
second thermal effect is the deepening of the Higtp. lev-  also been found in simulation calculations of Laughlin’s
els asT increases. This is due to the widening of the surfacestates’®3’ However, these simulations have been carried out
region, a situation that has also been met in other finite ferfor few electron dots, and density oscillations are still visible
mionic systems; see, for example, Refs. 32—34. This thermah the bulk. In the CDFT calculation presented here, the den-
effect reduces the amplitude of the density oscillation at theity is constant in the bulk, which, together with the associ-
edge of the dot. ated values ot , and 2S,, makes it clear to label this dot

It is thus quite apparent that to study the incompressiblétate with a filling factor= 3.
states, one has to use temperatures in the right range of val- Further insight into this state can be obtained splitting its
ues. Otherwise, the thermal average implicit in the definitiondensity as follows:
of one-body densities will wash out the quantum oscillations

of compressible states, making the identification of the in- N1 , ,
compressible ones more difficult. Pé(f): iZO filpi(r)] +;N filpi(r)|

At B=15.42 T, an incompressible state appears, which -
deserves a separate analysis. From the relationghip = ppui(r) + psure(r), (17

=peB/2c, it would correspond to a filling factar= 3. We

predict for this state an angular momentum=32 511, with i={1],7}. This produces the result displayed in panel
which is very close to the one given by E@.4), namely, (c) of Fig. 8, wherepy(r) is represented by a dashed line,
32 917. We recall that the angular momentum of a droplet irand pg,,,+(r) by a dot-dashed line. The integral oveof the

a Laughlin’s stat® is given by that equation only when*  former givesNy =140, and that of the lattefg,;=70.
equals 1,3,5. .. . Weargue that this formula is a good ap- This means that two-thirds of the electrons in the dot are in
proximation not only for integer filling factors and those of the bulk region, and one third in the edge region. A look at
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shows the lowB region, with the energy scale at the right. Bottom

FIG. 8. Top panels: s.p. energiésiangles, left scale and oc- panel: Same as top panel but as a functioi gf

cupation numberg&ots, right scalg as a function of orbital angular
momentuml for B=15.42 T. The horizontal solid and dotted lines by a Je”|um disk favor the existence of incompressib|e re-
repre§ent, respectively, the electron chemical pot_ential, and the Ogjions in the bulk of the dot, since there is a tendency in the
cupation numbeg. Bottom panels: the corresponding electron den-gjectron bulk density to have a value around that of the jel-
sity as a function of , both in effective atomic units. In pan&),  jiym packground in order to screen the Coulomb potential.
the bulk density is indicated by a dashed line, and the surface deRrnis can pe seen, for example, in the compressible states
sity by a dot-dashed line. The dot-dashed line in padgkepre- o\ iy Fig. 6. It is also clear that whenever an incompress-
sents the electron density &2 K. Also shown are the values of ible state appears. its bulk densitv is that of the neutralizin
(L,,2S,). The right panels have been obtained dropping tBgh- I - pp_ ! Y . 9
contributions to the exchange-correlation energy coming from Refj.e”'um’ see F|gs._3 and 8. However, a physlpally Souf‘d
29, exchange-correlation energy is at the very origin of the in-
compressible states we have found.
panel(a) of Fig. 8 shows that the occupation number of the To substantiate our case, we have displayed in pabgls
s.p. levels with1=<210 is quite similar, around 2/3. Of and(d) of Fig. 8 the results obtained Bt=15.42 T when the
course,f; are thermal occupation numbers, and to have @xchange-correlation energy of Ref. 29 is dropped from the
fractional value, a finite but small has to be used in the functional. This supports that the results shown in patals
calculation (0.05 K in the present caseHowever, it is a and(c) of that figure are not only the trivial consequence of
workable way CDFT has to accommodate noninteger fillingscreening the jellium density, nor of using an inadequate
factors in the bulk of an extended droplet. Whether the ochigh temperature, but a product of the hiBheorrelations
cupation numbers represent a “simple” thermal situation orincluded in the density functional. Actually, one can see
come from a genuine correlation effect depends on whethérom panel(d) that density oscillations are clearly visible
correlation effects have been smeared out by an inadequagyen atT=2 K.
high temperature or not. We want to stress that the tempera- For integerv values, the changes are not so dramatic, and
ture we have used in the present calculati@®or 100 MK the Tanatar-Ceperly exchange-correlation energy alone
is much lower than the one at which most experiments oryields results quite similar to those we have shown i#or
guantum dots have been carried out. It is worth recalling tha&z 1.
within the zero-temperature KS scheme, noninteger occupa- The B dependence of the total ener§yis shown in the
tion numbers may appear for sipstates such that = .3  top panel of Fig. 9. Local minima i& are clearly visible at
The generalization of density-functional theory to this situa-or near everv values corresponding to paramagnetic states
tion is called ensemble density-functional theory, and ha®f the droplet having “zero” total spin momentum. Local
been used in Ref. 23 to describe quantum dots in the fraanaxima are at or near odd values, which correspond to
tional quantum Hall effect regime. ferromagnetic states having largeS2values, but smaller

It is worth pointing out that confining potentials produced than these given by Ed15). The energy also presents an
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FIG. 10. Electron chemical potentigtircles, and —Ip (tri- FIG. 11. Electron electric field(r) in effective atomic units as

angles, as a function oB. The lines connecting the points are to a function ofr for filling factors v= % 1, and 4.
guide the eye. The points corresponding to integer filling factors 1

to 11 are indicated by solid symbols. variational solution of the equation of motion obeyed by the

. ) i . . excitation operator that generates the modes, much along the
inflection point at the ferromagnetie=1 state with &5,  method originally proposed by Feynman to describe density
=210. In contradistinction with the situation for small dots excitations of superfluidHe **

where only one transition from paramagnetic to ferromag- The expressions to obtain the frequencies of edge modes
netic g.s.’s is observed, several smooth transitions take of gifferent multipolarityL are rather cumbersome, but only
place belowB~10 T for N=210. Also shown in that figure make use of one-body densities associated with the ground
(bottom panelis the dependence d& with L,, with local  state of the system. In the dipole=1 case, the one for
minima at th&z ValueS Corresponding to even f|”|ng faCtorS. Wh|Ch experimenta| resu|ts have been unambiguous|y Ob_

The existence of several paramagnetic states plays a Crigined, we worked out a simple expression for the,
cial role in keeping the energy of the droplet at around th‘?requencyz.l -

value corresponding tB=0. |E| decreases &S, increases,
and vice versa. It is only from the=2 state on thatE 71
increases monotonously, & does up to reaching the full _ \/“’c f > Wc
. 1=\ t==| drAV (r)p(r)=—. 18
polarized value around=1. @=1 4 2N +(Dp(r) 2 (18
The electron chemical potential and the ionization poten-

tial 1p=En_1—Ey (Ref. 40 are shown in Fig. 10. They It is easy to further elaborate on this equation and write the
display a “sawtooth” behavior withB, with a fast falling  dipole frequency as a function of the electric figlgt) cre-

near integerv values. The corresponding values or, ated by the electrons at the edge of the dot. We obtain
equivalently, the corresponding, values, are a kind of

“magic numbers” for which the dot is particularly stable. It 7 oR
is worth noticing that the large size of this dot is the reason Weq= /EJF ( )i&_ (19
why — 1 andu are so similar, and why the oscillationslig - 4 R 2

are rather wide, extending over several tesla and giving them
the possibility of being experimentally observed more easilyWe have drawr€(r) in Fig. 11 for theB values correspond-
than in small dotg:® ing tov=2, 1, and 4. As has been previously obtaiféi,is

We have not attempted a systematic study of the additiosharply peaked at the dot edge. The shoulders displayed by
energiesE,y, but have obtained them f@=4 and 7 T. To  £(r) near the edge reflect the complex structure of the drop-
this end, we have calculatef(209), keepingp,, constant let density in that region.
and adjustingR so as to havél , = 209. Subtractind=(209) We show in Fig. 12 the frequencies corresponding to the
from E(210) yieldsE,4~192 meV and 190 meV, respec- L==*1, =2, and+ 3 modes, together with the experimental
tively. These values agree well with those obtained with thepoints of Ref. 22. We want to stress that there are no adjust-
schematic model of Ref. 13, which are 215 and 213 meVable parameters in the calculation. From the figure, one sees

respectively. that the agreement between theoretical and experimental
spectra is good. In particular, the=£1 branches are well
IV. EAR-INFRARED EDGE MODES reproduced up to a high value Bf The interference between

the w_5 and w, 1, which Shikinet al*® suggest causes the
In this section we present the results obtained for the farlevel repulsion experimentally found, is at the right place and
infrared edge modes of thd=210 dot and compare them has the correct amplitude. In our calculation, the quadrupole
with the experimental results of Ref. 22. The method webranches fit some experimental points. However, it is not yet
have used is thoroughly described in Ref. 21. It is based on elear whether these points correspond to quadrupole
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excitations!* or are the result of a fragmentation of the di- V- SUMMARY
pole spectrum, as some calculations in small dots might In this work we have used current-density-functional
indicate?® theory to describe the ground state and multipole spectrum of
In a recent work, it has been pointed out that incompress-a quantum dot made of 210 electrons, confined in a disk
ible strips at the edge of quantum dots could be detected bgeometry and submitted to weak and intense magnetic fields
far-infrared spectroscopy when the confining potential isas well. The sharp jellium confining potential does not allow
nonparabolic. In particular, the low-frequency dipole branchthe system to exhibit incompressible states at the edge, but
should be especially sensitive to the shape of the dot eddts large size permits these states to develop in the bulk. We
and, hence, exhibits oscillations Bss varied. Equatioril9) ~ have been able to identify such incompressible states with
shows that these oscillations appear if the electric field at th8lling factors from one to ten, and many other compressible
edge of the dot has an oscillatory behavior withand are ~ States in between. _ _
absent otherwise. For example, when the confining potential At B=15.42 T, av=73 incompressible state appears with
V. (r) is parabolic, Eqs(18) and (19) yield nonoscillatory two—th|_rds_of the eIectrons of the dot in thg bulk region, and
. X . o : one-third in the edge region. The occupation number of the
dipole frequencies, a&/R is a constant. This is easily seen _. . . S
. .o . single-particle states in the bulk region is around 2/3, and
from Eq. (18). In particular, that constant ieo=mpy/R if  pogr he edge they rise to unity. These features have also
the parabozllc approximation oY/, in the r/R<1 limit,  peen found in Ref. 23 when the confining potential is sup-
V. (r)=3wgr?, is justified. plied by a positive jellium background, and have been inter-
We have analyzed the negative dispersion branch of thgreted there as the formation of a composite edge in the
dipole mode represented in Fig. 12, plotting the ratiosystem.
o_lo® as a function o, wherew® is given by Eq.(19) The finite temperature version of CDFT permits one to
taking for &(R) its value atB=0. The results are shown in solve a technical problem when the density of s.p. states is
Fig. 13. One can see that the oscillations«in are indeed large and it is impracticable to solve the zero-temperature KS
filling factor related, and as indicated in Ref. 9, the minimaequations with s.p. occupation numbers 0 or 1. Interestingly,
correspond to half-filled Landau level®dd v), and the atlow enough temperatures it permits one to obtain the elec-
maxima to fully occupied Landau levelgven v). Filling tron density and other closely related characteristics of
factor v=1, not attained in Ref. 9, is an exception as ithighly correlated states that cannot be described even ap-
constitutes in a sense a filled level by itself. The dipole posiproximately in terms of integer occupation numbers, pro-
tive dispersion branch also presents oscillations, but they andded of course, these correlations are built in the functional.
an order of magnitude smaller than these of ghebranch.  This is precisely the present case, and also that of Refs. 4 and
Apart from thev=1 and 2 cases, the amplitude of the 23.
oscillations we find is smaller than in Ref. 9, but one should We predict values of the orbital and spin angular momen-
have in mind that different confining potentials are used. It issum that agree well with the ones pertaining to Landau and
also worth noticing that in the present calculation, the oscil-lLaughlin states. States with integer filling factors are rather
lations in the dipole frequency are not due to the existence afobust against changes B. In particular, the study of the
integer filling factor strips at the surface of the dot, which astotal energy, ionization and electron chemical potentials as a
we have indicated before, do not appear here because of tifienction of B has shown that even, S,~0 paramagnetic
sharp jellium density we are using. Rather, they arise due tstates are especially stable, corresponding to local minima of
the appearance of integer filling factor regions in the bulk ofthe total energy, and with large ionization and electron

the dot. chemical potentials. Odd, ferromagnetic states with large
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S, values correspond to local energy maxima, apart from thelectric field at the edge of the dot. These oscillations are
particular fully spin polarized=1 state, and also have com- filling factor related and in our case are associated to the
paratively small ionization and electron chemical potentialsformation of bulk incompressible disks, and in the case of
We have stressed the important role played by theRef. 9 to the formation of edge incompressible strips.
exchange-correlation term of the current density functional
in the quantitative description of these effects on the one
hand, and the need to perform the calculations at small tem-
peratures to disclose fine features of incompressible states,
on the other hand. It is a pleasure to thank Nuria Barbergor useful discus-
Finally, we have studied the multipole spectrum of thesions. This work has been performed under Grant Nos.
dot. Good agreement with the experimental data has bedPB95-1249 and PB95-0492 from CICYT, and SAB95-0388
found. For the dipole mode, we have been able to associateom DGID, Spain, and GRQ94-1022 from Generalitat of
the oscillations withB of the dipole frequencies around the Catalunya. A.E. acknowledges support from the Direecio
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