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Spectral functions of quantum dots in the integer and fractional quantum Hall regime
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The one- and two-particle spectral functions of quantum Hall droplets are studied for filling factors
2=p=1/3 using exact diagonalization techniques for up to ten electrons. The spectral functions describe the
electron addition and subtraction spectra, coherent resonant tunneling, and Raman-scattering cross section.
They reflect the magnetic-field-induced spin and charge transitions in the ground state of quantum Hall
droplets.[S0163-18207)07428-9

I. INTRODUCTION Il. MODEL

We study the system dil quasi-two-dimensional elec-
trons in a strong magnetic field, and parabolic confining
Jotential with characteristic frequenayy 13

A laterally confined two-dimensional electron gas in a
strong magnetic field forms a quantum Hall drogietThe
”“mbef of electrpns per flux quanta penetrating the_drqpl The single-particle Hamiltonian corresponds to a pair
determines the filling factor. Increasing the magnetic field

. . ; of harmonic oscillators with energies,,=Q . (n+3)
drives the quantum Hall droplet of interacting electrons 1 T 50
through a series of ground states with decreasing filling fac™ -(M*2), ~ where Q. =3(Vwc+4wy=wc), and

tor. In the filling factor regime 2v=1, the ground state is “’C:,eB/m*C is the cyclotrpn freque'ncy annll* is the ef-
characterized by oscillations of the total spi.For the fill-  feCtive mass. The magnetic lengthlis=1/ym* w. and the
ing factor »<1 the ground state is characterized by oscilla-eff€ctive magn;etlczlelzgth in the presence of confinement is
tions of the total angular momentulFor the filling factor  lei=lo/(1+4wy/wc)™™. The orbital angular momentum of
»=1 the droplet is expected to represent a chiral Fermi ligihe statdm,n) is m—n. We shall concentrate here on strong
uid, while for fractional filling factors the low-energy charge magnetic fields, with the electrons confined to the lowest
excitations of the edges of the droplet are expected to bkandau level, and omit further the index The Zeeman
described by the chiral Luttinger-liquid thedty'® Some as-  €nergy isgugBo, whereo is the electron’s sping is the
pects of this interesting behavior have already been probegffective Landeg factor, andug is the Bohr magneton.
experimenta”y by Capacitan&é_'l?’transporﬁ4_l7and inter- The .Ham|lt0n|an of the many-e|ectr0n SyStem can be
band magneto-opticdt'® spectroscopies. Recent work has Written in the form

demonstrated that Raman scattefthg® can directly probe

charge and spin excitations of quantum dots. The under- T

standing of these, and in particular Raman, experimental H:% (em*9ueBI) CrCrmo

probes requires the calculation of the response of a many-

electron system to the external perturbation introduced in - bt

these experiments. Because of the strong electron correla- +5mlm2m3m4 <m1m2|V|m3m4>lea.Cm20,Cm30/Cm4a..

tions nonperturbative calculations, such as exact-

diagonalization methods, are a useful fdol*?1242%in
studying one- and two-particle spectral functions in the inte-
ger and fractional quantum Hall regimes. The electron and]. e operatore! _ andc.. create and annihilate an electron
hole one-particle spectral functions describe the processes OP P ma me

adding and subtracting electrons to/from the droplet, ancK]J the single-particle state with spin and angular momen-

therefore describe the charging of the dot and hence capam-nrg m.eTsheiSLSc} :::m :jnesc?r%)elsstthheeesllen(:gtlr?)ﬁzgglt?o?\ngggu){bmb
tance and incoherent transport. The two-particle spectra"i1

functions describe charge and spin excitations of the dropl cattering, with the two-body matrix elements defined in Ref.

for a fixed number of electrons. These functions define thé " ThTEC_o;Ian;Lenjelrgy |shmeasRure_d '2 un;;cs O.f exlc?:hgnge
inelastic light scattering cross section and the coherent tran§'€"9YEo=RYvemas/lerr, Where y Is the effective Ryd-
port through a quantum dof. erg, andag is the effective Bohr radius.

In this paper we numerically analyze the spectral func- I-:amiltolnianH conservei the n:Jmt_)er of ele;:]trdnsthe
tions of a finite droplet of a few<10) electrons both in the t0t&l angular momenturR, the total spirS, and the compo-

integer and fractional quantum Hall regimes. The spectrafl€nt Of the total spin along the magnetic fie]. The

functions are related to the magnetic-field-induced transil\-€lectron basis states spanning the Hilbert spaces with

tions between different ground states of the droplet, from th&€fined &S, can be constructed as the noninteracting

’
o o

D)

. " . . : . i i —at t
spin transitions in the integer regime, through the chiraiconfigurations Imyoy, ... ’mNO-N>_Cm10'1'"CmN(rN|VaC>'
Fermi-liquid behavior av=1, to the chiral Luttinger-liquid where|vac) denotes a vacuum. The filling factor for a given
behavior at fractional filling factors. state can be defined as the ratio of the total angular momen-
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tum of the compact stat®=(N—1)XN/2 to the actual an- where &, is the energy of the state|C}), =H

gular momentunR. Since for the parabolic confinement the =N Y(mi|v|im) and 3= SN Y((ki|V|ik)—(ki|V|ki))

noninteracting Hamiltonian is a constant within each subre the Hartree and Hartree-Fock self-energies, respectively.

space R,S,), only the diagonalization of the interaction part  For fixedN, the number of spin-excitons and their total

V is necessary. Since the Cqulomb interaction is |nvanang;mgu|ar momentumn are a pair of good quantum numbers,

under'rotatlon of the total spls, degen_era;e states corre- replacing S, and R. Hamiltonian (2) was diagonalized

spond!ng to the same total Spin appear in Fhffere_nt SUb.SpaC?‘l?Jmerically in each Hilbert spacen(). The Hilbert

S;. Itis useful here' to deflglgsompactconﬂgurat|ons .W'th spaces labeled byn(r) were constructed from states of

the lOWEStR for a givens,.” Tht.ase compact configura- noninteracting  spin-excitons: |mq, ... ,my;Ky, ... Kp)

tions [Cy_9=[0, ..., (N=k=1)|;01, ..., (k=1)T) are  _ ..al bl ...bl|C%). The computations including

the only states in their Hilbert spaces, and therefore they are on 1 n )

the exacteigenstates of the interacting Hamiltoniein The ~ &l Possible spin statesS(S,) were carried out for up to

Hartree-Fock calculatioh&?® are restricted only to these N=10-

compact states.

For a givenN the Hilbert spaceR,S,S,) containing the

ground state is a result of the competition between the Zee-

man, kinetic, and interaction energies. These energies are In analogy with spin excitations, the charge excitations of

controlled by the magnetic field, confinement, and effectivehe v=1 droplet can be viewed as creation of pdtharge

g factor. The magnetic field drives the system through aexcitons of quasielectrons and quasiholesfrl(:ml, with

sequence of ground states with increasing angular momem=N and m<N). The transformation to the electron-hole

tum R, i.e. decreasing filling factor. The following states Hamiltonian, described in detail in Ref. 19, is more compli-

are among the ground states in the following sequefite: cated in this case, since the Coulomb interaction does not

the spin-unpolarized §=0) compact state}CNﬁ), corre-  conserve the number of charge excitamsThus the total

sponding to the filling facton=2; (ii) the spin-polarized angular momentunR is the only nontrivial good quantum

(S=3N) compact stat¢CE,), with »=1; and(iii) the spin- number. However, fon<N the scattering processes leading

polarized highly correlated state with=3. In the following  to change im are inefficient, and the ground states can be

we shall study the properties of the system in this range oépproximated by configurations with fixed (cf. Ref. 19.

the filling factor (v=2—3), or, alternatively, in the corre- We have studied states with a limited number of charge ex-

sponding range of the magnetic field, confinement strengthgitons (1=<3) for fairly large dropletqup to N=30) in the

or electron density. The states with the filling factor 1 vicinity of the filling factor v=1. For filling factors around

and v<1 can be viewed as created through the spin and’=3, computations were performed in the complete basis of

charge excitations of the compact 1 droplet, respectively. noninteractingN-electron configurations, and hence were
limited to N=<7. N=6 is the minimum number of electrons

which shows features characteristic of the incompressible
A. Spin excitations liquid.®

ml'

B. Charge excitations

In order to describe spin excitations of the system, we can
take advantage of the mapping between the two-spin electron ,
system and the spinless electron-hole systefiwe iden- C. Spectral functions
tify a spin-up electron with an electron and a removed spin- The pair of one-particle spectral functions are the electron
down electron with a holea),=c, andbf=c, . The spin- and hole Green's functionsA;,, and A,,. Ah.(o)
flip excitation cf ¢y, corresponds to creating a pair of [A, (w)] gives the probability to adésubtract an electron
guasiparticlegi.e., a spin exciton aInbl. with angular momenturm, spino, and energyw, to (from)
With the operators’ andb’ the HamiltoniarH [Eq.(1)]  the droplet:
can be transformed into the form

1 . Aol @)= 2 KinalCrlinPa( &y &0l = ). (3)

H_gN:% £m+§gMB+2m Amam
_ _t HE | ot The |iy) and |fy.;) are the initial N-electron and final
zk (sk PLLCRR )bkbk (N=+1)-electron states, respectively, with energiksand

&l.,. The two operators™® create and annihilate electrons
oy (m;m,|V|mgm )aT al a. a in the single-particle states labeled fwando. This pair of
2 1112 31114/ %m, “m,“m;“m, . . . .
mampmgmy functions describes the charging process changing the num-
ber of electrons in the droplet. It describes the capacitance
+1 E <k1k2|V|k3k4>bllblzbk3bk4 spectroscopy and incoherent tran_sport. _ _
kikoksky The two-particle spectral functions describe the coupling
of the external perturbation to charge and spin excitations of
— 2 <m1k3|V|k2m4>a:n bl bk3am41 2) the system for a fixed number of electradsThey are of the
myKoKgm, 12 form

_|_
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with flipped spin which has been removed from the edge and
placed in between the edge and the center of the droplet.
This minority-spin electron creates spin excitons. The num-
ber of spin excitons depends on the Zeeman energy. In the
limit of Lande factor g=0, half of the electrons flip their
spins, and the lowest-energy configuration corresponds to the
total spinS=0. Unlike the single spin-exciton configuration
with this angular momentum the correlated states with
S=0 correspond to smeared excess spin and charge over the
entire droplet.
The dependence of angular momentum and spin of the
ground state on the magnetic field for the effective parabolic
confinement ofwy=10 meV has been presented in the in-
sets. The material parameters used here are appropriate for
GaAs: m*=0.06M,, ag=98 A, gug=0.03 meV/T, and
] Rydberg Ry=5.93 meV. The solid lines show the result
od N=10 without Zeeman energy, and the dashed line includes Zee-
man energy. The sharp depolarizatiorBat 12.5 T (the tran-
o5 20 -5 -0 -6 0 sition occurs from the njqximum allowed sp_ﬁ?n= 3N at
angular momentum v=1+ directly to the minimum allowed spirS=0 at

v~1") reflects the almost linear dependence of the Cou-

FIG. 1. The Coulomb energy of ten electrons as a function offlomb energy on angular momentum betweBs0 and
angular momenturfdata on both axes measured from=al state, R=—3IN. For N=10 the dependence is sublinear, but the
between filling factorsy=2 and 1. Sizes of black dots reflect total exact shape depends &h The Coulomb energy is also a
spinS. Arrows abovebelow) the curve indicate the compa@ero-  linear function of the total spi$, or a number of spin exci-
spin states. Insets: magnetic-field evolution of angular momentunionsn. The consecutivéN spin excitons, each of them car-
(r) and spin §) for the parabolic confinement aby=10 meV;  rying angular momentura- 1, are created in a=1 droplet
solid (dashed Iineb—result WlthOUt(Wlth) inClUding the Zeeman with the same energy, and effective'y form a noninteracting

6§67 8 9101121
magnetic field (T)

Coulomb energy (E)

splitting. gas’ For sufficiently large Zeeman energy the correlated
5 low-S states can be pushed up, so that the transition between
. v=2 and 1 occurs through a series of compact states
Aw) = |[ 1| 2 amoicl | cpoi " g P
f miog 2%2 CN—k'
myo3
% 5(|5f_5i| ~ ) (4) A. One-patrticle spectral functions

where|i) and |f) are the initial and final electronic states i Th.(t':f de;t))o[[ar|zat|on .théhe. droplet occ;urrt|nt%$durlngdthe
with the energie€’ and &', and the information about the rf?f' |0nh elween neig f(f)rlng co;npac s al ; -k an
form of the perturbation is hidden in the coefficieatsThese ~ Cn-k-1, has a dramatic effect on the spectral functions. In

functions define, e.g., the Raman-scattering cross section ahdd- 2 We Shch the evolution with the magnetic field of the
the coherent transport through a quantumdot. pair of Green'’s functions calculated fbf=6 electrons. The

top frame shows the spih-(majority-spin addition spec-
trum Af=EmAf{w , and the bottom frame the spin-
(minority-spin subtraction spectrurh; ==,A... The ef-

We calculated the energy spectra for upNe-10 elec-  fective confinement isy=7 meV, and thecy,_,— C? tran-
trons in the subspaces corresponding to the filling factokition occurs at the magnetic fields~4-5 T. The area of
1<wy=<2. The minimum Coulomb energy of ten electronsthe circles is proportional to the intensity of individual tran-
within each subspade is plotted in Fig. 1, and the total spin sjtions. The transition energy is measured from the energy
of the corresponding eigenstates is given by the size of blackf charging an empty dot with the first electron. The dashed
dots. Both energy and angular momenta are measured frofihes show the bottorftop) edge of the additiofsubtraction
the values appropriate for the=1 state: R=45 and spectrum, i.e. the chemical potentials of five and six elec-
E=9.93%,. The dependence of the energy Bnis very  trons. At certain magnetic fields the ground stateNadnd
regular, and by varying the strength of confinement versusy+ 1 electrons are not coupled through the addition and/or
interaction(e.g. by changing the magnetic figithe system  subtraction operator due to the spin selection rules, and only
is driven fromv»=2 to 1 through a series of intermediate transitions to the excited final states are alloRdthe verti-
states with increasing (i.e., increasing argaHowever, an  cal lines mark the magnetic field-induced transitions in the
interesting observation’ is the oscillation of the total spiS initial ground state, their angular momerfea and spinsS
as a function ofR, and, consequently, of the filling factor. indicated in each sector aR/(S).

The highly correlated states wit= 0, indicated by arrows, In compact states the addition spectrum of a majority-spin
appear between the neighbouring compact st@tesk with electron is very simple, since an electron can be added only
the maximum allowed spin for a giveR. The spin- to the completely empty states outside the droplet. The spec-
depolarized state at, e.qR=—5 corresponds to an electron tra are dominated by a pair of strong transitions correspond-

IIl. INTEGER QUANTUM HALL REGIME
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Summarizing, there are two main features in the one-
particle spectral functions signaling the transitiofis:oscil-
lations of the lowestthighes} energy line in the addition
(subtraction spectrum(a sharp jump of the addition edge
that would appear at th@ﬁ,—>Cﬁ|_1 transition is though sig-
nificantly reduced due to the presence of intermediate corre-
lated statels and(ii) appearance of a large number of addi-
tional, almost degenerate transitions when the initial ground
state is a low-spin correlated state, compared to very simple
spectra when the initial state is compact. This should be ob-
servable in the temperature dependence of the tunneling and
capacitance spectra.

B. Two-particle spectral functions

As an illustration of the two-particle spectral functions,
we calculate the dynamical structure fact@®(q,w).
S(q,w) is related to the electronic Raman spectifrft It

has been shown that at large wave-vector trargfgg* of

the order of the size of the droplethe Raman spectrum
FIG. 2. The magnetic-field evolution of the one-electron Measures the charge and spin excitations of interacting
electrons®?'and hence can serve as a tool in the experimen-
1. Top frame: spin; addition spectrum; bottom frame: spinsub-  tal investigation of electrons in the quantum Hall droplets.
traction spectrum. The effective confinementuig=7 meV. The The Raman cross sectionproportional to the imaginary
areas of the circles give the transition intensities. The energy on thpart of the dynamical structure factor, can be calculated by
vertical axes does not include the cyclotron enefgy,. The  applying the Fermi's golden rule to the single-particle time-
dashed lines show the chemical potentials. The vertical lines sepalependent perturbatiol(t)~MA;A.e'%e "' +c.c., where
rate initial ground states with indicated angular momenta and sping\; and A are the vector potentials of the incident and scat-
(R,S). tered light, and the resonance condition with the valence
band is hidden invi:?%2

ing to the final compact and excited state, different from the
compact state by the center-of-mass excitation. For example,
at v=1 in the initial state B~5.5 T), these two final states
are the single-particle configurations, obtained from a com-
pact initial state|iy) by adding an electron to a definite or-

bital: ¢{ |in) andcl,, 4/in). Their intensity is therefore equal . o . .
to unity, and the spacing between them is the center-of-masiherei) and|f) are the initial(ground and final electro?lc
single particle excitation energ) ~4 meV. states, respectively, \il\élrth correspondlng ener@'eandé’,
Conversely, for the low-spin correlated state®Bat4—5  2Nd lemz(q).=<m1|e [m;). The spin matrix element
T, a large number of low-energy transitions appears in thés,s, CONtaiNs (o1]o"|o2)= 80,,100,,1» (10" |o2)
addition spectrum. Because the initial state is no longer spia- 5%1502'T , <0‘1|0'z|0'2>=0'150_lyo_27 and <gl|i|02>
polarized we can add a majority-spin electron to the interior— 5, ., depending on the orientation Af, A, andB, and
of the droplet. The Hilbert S.’L.‘bSpace coupled to the '.mt'alon tﬁe ?esonance condition with the valence band.
ground Stat‘? through an addition operaihe subspace with In Fig. 3 we show the magnetic-field evolution of the
low total spin contains many more low-energy states thang,man spectra calculated for six electrons. The top frame
that coupled to an initial compact, large-spin state. Hencgpqys the charge-density excitation spectrum, corresponding
there are a number of allowed transitions to excited finaky thegia-r coupling, and the bottom frame shows the spin-
states with the excitation energies below the noninteractingj, excitation spectrum, with thes €' coupling (a
gapQ._. o minority-spin electron is flippedsS,| —|S,|+1). All the pa-
The spin depolarization between compact and correlategymeters and notation are the same as in Fig. 2, and the
ground states has even more dramatic effect on the minorityyaye-vector transfer ig=10f cm~ 1,
spin subtraction spectrum. The=1 stateCy is polarized The charge-density operator connects the Hilbert sub-
with spin-|, and we cannot subtract a spirelectron. In the  spaces with different angular momerRabut the same total
stateCy,_, there is only one spin- electron, occupying a spin. The magnetic field induces changes in the total spin of
single-particle statéwith m=0), and hence only one transi- the ground state. The implied level crossing is therefore be-
tion is allowed to the final compact sta®,_,. However, in  tween states with different total spin. Hence there is always
the depolarized states there is a number of gpalectrons a finite gap in the spectrum. At=1 the spectrum corre-
smeared over many single-particle states that can be responds to the center-of-mass excitations and the edge
moved, leaving thé\—1 electrons in a distinct spectrum of magnetorotoris-?®with energies abov& _ ; at higher filling
final states. factors new low-energy transitions appear. At=10°

magnetic field (T)

Green’s functions of six electrons, between filling facters2 and

I (q, 0)) = Z |<f | mz ao'lo'zgmlmz(q)c;‘rnlo'lcmza'zl I >|2
101

mpop

X 8(|E" - € — w), 5
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FIG. 4. The ground-state energies f=3—7 electrons within
FIG. 3. The magnetic-field evolution of the Raman spectra ofeach angular-momentum subspace, between the filling factors

six electrons, between filling factors=2 and 1. Top frame: v=1 and3. Angular momenta are measured from the 1 states.
charge-excitation spectrum; bottom frame: spin-flip-excitation specCircles mark the “magic” states. The magnetic field for edtls
trum. The effective confinement isy=7 meV. The areas of the chosen such that the energies of tive 1 and% states are equal.
circles give the transition intensities. The vertical lines separatéhe curves for differenN are vertically shifted. Inset: magnetic-
initial ground states with indicated angular momenta and spingield evolution of the angular momentum of six electrons for the
(R,S). effective confinement ofyy=3.37 meV.

cm™ ! these transitions are rather weak compared to the edgector and they evolve into incompressible liquid states of
magnetoroton and center-of-mass excitation, but they bethe fractional quantum Hall effect.
come dominant at highe. In Fig. 4 we plot the ground-state energyN&3—7 elec-
Transitions between the compact and correlated low-spitrons in each angular-momentum subspace between the fill-
states are clearly visible in the minority-spin-flip spectrum.ing factor»=2 and3. Circles mark the energies of “magic”
At v=1 there are no spifi-electrons, and the spectrum is states. The magnetic field and confinement for elichre
empty. In the next compact stat€y_,) the transition re- chosen such that for eadh the energies of the=1 and
quires a large angular momentum transi®R&=N—1), i.e.,  states are equal. The vertical axis gives the energy of six
large g, in order to produce a visible peak in the spectrum.electrons measured from those two states, and the curves for
Conversely, when the initial ground state has a low totalotherN are shifted. The horizontal axis, common for Hl|
spin, a strong low-energy transition between this state and gives angular momentum measured from thel state
neighboring ground stateAG=1 and AR==*1) becomes r=R—3jN(N—1).
possible. In particular, transitions from the correlated states By increasing the strength of Coulomb interaction versus
to their compact neighbors are allowed: (134(10,2) and the kinetic energy)_ (e.g., by applying the magnetic field
(14,2)—(15,3), appearing with a high intensity at zero en-as shown in the inset for an effective confinement of
ergy when a reconstruction of a compact state occurs. wn=3.37 meV, the system is driven through a series of
states. ForN>3 there is a pair of sequences of states at
which the downward cusps in energy appear. These are the
states with angular momenta being multiples ofN and
The reconstruction of a compact spin-polarized state aN—1, respectively. The series of the ground states is a result
v=1 toward lower filling factors occurs through the intro- of the competition between the states from the two se-
duction of quasiholes into the bulk of the droplet and depo-Quences, and e.g., fbf=6 itisr=6, 10, 15, 20, 24, 25, and
sition of quasielectrons at the edg@!®?6For small, para- 30. The two sequences meet @1 [r=0] and atv=3
bolically confined dropletsN=<11) the first transition occurs [r=N(N—1)], and these two ground states are more stable
with the angular momenta of the pairssN. A number of than the intermediate ones.
consecutive holes is created in the central orbitals with
m=0,1,...), and theseries of reconstructed states re-
sembles rings with increasing radius. For larger droplets
(N=12) the reconstructed states correspond to a droplet with Let us now examine how the transitions between
a ring of holes. Further transitions go through strongly cor-‘magic” states are reflected in the spectral functions. The
related states with selected values of angular momentanagnetic field evolution of the spip- addition spectra
“magic” states. These magic states can be assigned a fiIIin@\f=EmA;§l , calculated foN=3-6 and the effective con-

IV. FRACTIONAL QUANTUM HALL REGIME

A. One-particle spectral functions
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FIG. 5. The magnetic-field evolution of the addition spectra Of?reen’s functions of six electrons, between filling factors1 and
N=3-6 electrons, between filling factors= 1 and%. The effective 3= Top frame: a_ddltlon _spectrum_; bottom frame: subtraction spec-
confinement isoy=3.37 meV. The areas of the circles give the UM The effective confinement iy =3.37 meV. The areas of the
transition intensities. The energy on the vertical axes does not inSircles give the transition intensities. The energy on the vertical
clude the cyclotron energho. . The dashed lines show the chemi- @x€S does not include the cyclotron ene%t_zyyc. The dashed lines
cal potentials. The vertical lines separate initial ground states withoW the chemical potentials. The vertical lines separate initial

indicated angular momentaneasured from the=1 states Inset; ~ 9round states. Inset: adldition spectrum fé=6 and subtraction
addition spectra foN=0—6 and filling factors’=1 (B=4 T)and  SPectrum foN=7, atv=3 (B=11T). Full black peak—transitions

v=1(B=11T). Full black peaks—transitions to the ground states, Petween the six- and seven-electron ground states.

finement of wy=3.37 meV, is shown in Fig. 5. Only the |ow-energy transitions, measuring the excitation gap in the
low-energy parts oA™ have been shown, corresponding to final system, compared to the center-of mass gap=at.

the transitions to the final ground and weakly excited statesyhijle at v=1 the ground statéGS) can be described as a
The area of the circles gives transition intensities, and thgermj disk (m<N), with electrons added to or subtracted

transition energyw dpes not include the.cyclotron energy fom the Fermi level with the one-particle operaforc: ,
1 w.. The dashed lines show the chemical potentials. Th(? m

vertical lines mark the magnetic-field-induced transitions in he suppression of the GS-GS transitions belewl is a
o g e uced transitions strong signature of the non-Fermi liquid. This is illustrated in
the initial ground states, with their angular momentanea- the inset. where for a pair of fielB=4 andB=11 T we
sured fromv=1 statey indicated in each sector. For ex- lot the (;verall intensitip gndividual N ks br _d ned with
ample, at the field~4 T all initial and final N-electron ?3 ians funct € ¢ ua p_?_ﬂ S | 0? ene b
ground statesN=2-7) are compact, withv=1 [r=0], and aussiansas a function of energy. 1he eiectron numbers
for B~11 T have the same filing factory=1 N=0-6 in the frames foB=4 T indicate transitions to the

[r=N(N—1)]. The addition or subtraction &~4 and 11 T final ground stateéola_c_k—filled pegk}s Clear_ly, the. probabil—
occurs therefore without changing the filling factor. ity cif a GS-GS tr.ansmc.m for a fixed fraquonal filling factor
A decrease of the filling factor has a strong effect on the?=73 decays rapidly with the droplet sizd. The GS-GS
addition spectra. The simple addition spectraBat4 T  transition probability is a decreasing function of bdthend
(v=1) is dominated by a pair of strong transitions: to the v~ 1, and efficient adding of electrons to the fractional state
final »=1 ground state, and to the center-of-mass excite®f larger droplets has to occur through the excited final
final state, the transitions become far more complicated estates. The pair of addition and subtraction spectra for
higher fields. With decreasing we observe(i) suppression N=6 is plotted in Fig. 6. The evolution of the subtraction
of the transitions between the initial and final ground statesspectrum with decreasing filling factor is very similar to that
and (ii) shrinking of the spacing between the neighboringof an addition spectrum. The chemical potential of the finite
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FIG. 8. The magnetic-field evolution of the Raman spectra of
FIG. 7. Left: The occupation numbemy(m) for the magic  six electrons, between filling factors=1 and3. Top frame: low
v=3 states ofN=2-7 electrons. Right: Differences between the wave-vector transferg=3x 10° cm~1)—dominant center-of-mass
occupation numbers for the neighboringv=% states  excitation; bottom frame: high wave-vector transfeq=(10f
Aon(m=pn(m)—en_1(m). Arrows show the orbitals with cm™1)—coupling to the internal-motion excitations. The effective
m=AR=Ry—Ry_1. confinement iswy=3.37 meV. The areas of the circles give the

] ) transition intensities. The vertical lines separate initial ground
(incompressiblesystem depends oN, and the two spectra gtates.

in Fig. 6 are separated by a gap.

When theN-electron droplet is in contact with a single o, o|ution of the Raman cross section calculated for six elec-

electrode, as in capacitance experiments, Me )st elec- o5 petween the filling factors=1 and 2. The notation
tron tunnels back and forth between the droplet and the ele%{nd parameters are the same as in Fig. 5. In the upper frame
tron. The relevant density of states corresponds to additiog}, \yave-vector transfey=3x 10° cm‘lnis.too low to ex-
(N—>l\it1)hand subtraqtlonrfIN+1) spectra 1;0rN=6  Site the intemal motion of electrons, and the spectrum is
and »= 3. The suppression of the GS-GS tunneling and th§jominated by the center-of-mass excitation with the single-
frequency dependence of the density of states is shown in t ticle energyQ_. In the lower frame the wave-vector
inset to Fig. 6. The overall frequency dependence of the de tansferq=1x 1067 cem~L is sufficient to show the excita-
S'ty of stat'es appears to be in q‘;a"ta“"e agreement with thﬁons of interacting electrons. The lowest-energy transition
chiral Luttinger liquid theory (E"? )- . follows the excitation gap of the interacting system. The gap
The reason for the suppression of GS-GS transitions cag, yhe fijling factorsv=2, 1, and? is comparable to the
be explained as follows. The difference in total angular mo'single-particle gapQ_. The excitation gap collapses at
mentum between thél and N-+1 electron system at the magnetic-field values where the transition between the

same filling factor has to be absorbed by adding an electropejonnoring magic states takes place. The interactions make
into a single-particle orbital. This creates a final state very o droplet compressible

different from the ground state, and the corresponding over-
lap (f|c.,|i) between many-body states is very small. In the
left-hand frame of Fig. 7 we show the occupations of single- V. CONCLUSION

article state m)=(c!c,,) for the series of ground states . e g .
P en(m) = (CrCrm) g We have studied the magnetic-field-induced transitions of

with »=3 andN=2-7. The distributiorp (m) evolves regu- ; L
larly with increasing size: the positions of the edge and of thé[he quantum Hall droplet, in the range of the filling factor

developing maxima and minima shift linearly with increas- v covering bOth the integgr a.”d fraqtional quantum Hall re-
ing N, as indicated by dashed lines. In the right-hand fram imes. Increasing magnetic field _dnves the .drop_le.t through
of Fig. 7 we show the change in the distribution due to add-he sequence of ground_ states with decrea§|ng filling factor.
ing or subtracting theNth electron: Aoy (m) =@ y(m) For 2>p>1 the totf_il spin of the system oscillates as a func-
—on_1(m). The arrows show the single-particle orbitals tion of the magnetic field. The ground state alternates be-

with m= AR, to which this electron is added with the one- tween compact Hartree—l_:ock conflguratlons with the maxi-
. + mum allowed spin at a given, and highly correlated states
particle operato,c, .

with zero total spin. The spin depolarization of the droplet
results in a significant modification of the spectral weight in
the one- and two-particle spectral functions. For a spin-

Let us now turn to the charge excitation spectrum in thepolarized droplet av<<1 the sequence of ground states cor-
fractional regime. In Fig. 8 we present the magnetic-fieldresponds to a sequence of “magic” values of angular mo-

B. Two-particle spectral functions
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mentum, minimizing the electron-electron repulsion. Thequency and wave-vector dependence is, however, compli-
correlated “magic” states translate into fractional filling fac- cated in contrast to a simple behavior implied by bosoniza-
tor incompressible states. The supression of many-particléon theories.
overlap matrix elements leads to a suppression of ground-

state addition and subtraction spectra. The frequency depen-

dence of the one-particle spectral function appears to be con-

sistent with the chiral Luttinger-liquid behavior. The  We thank M. R. Geller for useful discussions. A.\W. ac-
calculated Raman spectrum shows the closing of the excitd&nowledges the Institute for Microstructural Sciences, NRC
tion gap by increasing magnetic field due to the crossing ofCanada, the KBN Grant No. PB 674/P03/96/10 for financial
energy levels of the interacting electron system. The fresupport, and L. Jacak for helpful discussions.
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