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Transport properties in spherical quantum dots: Orbital-blockade and spin-blockade effects
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The conductance and the current of spherical quantum(8&®’s) containing a small number of electrons
are studied as a function of source-drain and gate voltages. The influences of magnetic field, spatial symmetry,
electron-phonon interaction, dot radius, and temperature on the transport properties are analyzed. The many-
particle states of the SQD’s are described by the total $fnand total orbital(L) angular momenta
(LS-coupling schemewithin the Hartree-Fock approximation, where the electron-electron interaction is in-
cluded via a multipole expansion. The tunneling current is obtained by solving the master equation for the
occupation number of the many-particle states of the system. The appearance of a negative differential con-
ductance, due to the orbital-blockade mechanism directly related to the spherical central potential of the
quantum dot, is reported.
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[. INTRODUCTION quantum numbers and the many-particle states, in the frame-
work of the Hartree-Fock approximation, can be labeled ac-
Many-body effects on the electronic properties of ultras-cording to theL S-coupling scheme. This type of coupling

mall systems, such as charged quantum dots, have been styd! impose spatial selection rules for the electronic transi-
ied in the last years due to their importance on the opticalions which, in turn, will govern the overall shape of the
and transport properties. Several approaches, such as chakgual | XV curves. The effect of the total spin in a one-
ing model® correlated electron modélGreen’s functiorf, ~ dimensional system have been already considered in the past
and numerical method&@s Lanczos algorithinf have been (see Refs. 8)0 Nevertheless, a study of the spatial or geo-
used in order to obtain the many-particle eigenstates and t#etrical symmetry and the confinement effects in the pres-
study the transport properties in these novel systems. Whegice of an external magnetic field and their influence on the
the electronic density is small, a noncorrelated electron aptinneling current should bring more details about the mecha-
proach, such as the Charging modeL becomes a gross a@isms which give origin to the NDC and to blockade effects.
proximation and a microscopic treatment of the electron-The magnetotunneling transport can provide a better under-
electron interaction is required in order to reach a betteptanding of the influence of the geometrical symmetry on a
understanding of the main processes taking place inside tHany-particle system, as Creffieldt al*** and Akbar
systen® If the electron-electron interaction dominates overet al'* have recently studied for two-electron systems con-
the thermal energykT), some mesoscopic characteristics fined to different 2D-polygonal potential shapes. Also, mag-
of the transport of these systems such as Coulomb blockadBetoexcitation spectra can be obtained from conductance
single electron tunneling oscillations and negative differenmeasurements in the finite drain-source voltage retfion.
tial conductancéNDC) can be observed. The geometrical or ~ The paper is organized as follows. In Sec. Il we outline
Spatia| Symmetry of the carriers localization region as well aéhe theoretical model for the tunneling current in terms of the
the number of carriers in the system are extremely importarffansition rates taking place on the transport processes
ingredients to determine any quantum effect on the electronirough the dot. The Hartree-Fock model andltf®scheme
structure which may be explored in device applicationsfor a SQD including the effects of an external magnetic field
Electron tunne"ng rates through a quantum dot are strong|9n the many-particle states are also addressed. In Sec. Ill we
influenced by the Coulomb interaction and the correlationstudy the general aspects of the profile in kkeV curves as

present in few electron dot states leads to suppression & function of the temperature, magnetic field, and SQD pa-
tunneling channels involving excited dot statés. rameters. Several features and differences of the blockade

In this paper we will focus on the influence of the spheri-mechanisms associated to total spin and total orbital angular
cal geometry on théx V characteristics of a system formed momenta are analyzed. Finally a summary of the obtained
by a spherical quantum dot coupled to free electron leads besults is presented.
weak tunneling barriers. We will treat the system in the
strongly confined and nonlinear reginfeshere both ground
and excited states will play a role in the determination of the
selection rules and the transition rates to and from the dot. In order to obtain the transport properties we will follow
Under a spherical symmetry profile plus an axial magnetidhe same formalism described in Ref. 2 for one-dimensional
field both the spin and orbital angular momenta are goodystems. We consider a double barrier system formed by two

II. TUNNELING CURRENT
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metallic leads linked to a SQD whose Hamiltonian can beinto account the balance between the number of electrons
separated asl=Hy+Hp. The unperturbed term,=Hp leaving (—) and entering ¢) the dot per unit of time. The
+Hpn+Hg+H_, describes the isolated dotlp, the time evolution for the occupation probabiliy; of a given
phononic thermal bathi ,,,, and the left(right) free electron eigenstate is obtained as solution of the master equation
lead H, (Hg). In the second quantization formalism, each
well known term inHy can be written as

"=, &, TP TP, ®)
- LRt
Hiwm kz, K C ko CLmike’ under normalization conditio;P;=1, and[l; ; being the

total effective transition ratéot-leads plus electron-phonon
scattering between states of the dot. In the case of stationary
occupation of the statesdP;/dt=0) one can easily solve
Eq. (5) and obtain the stationary distribution functién for
theith state.

N
agaqt+

thZEq: h(,()q

z 1

Ho=2 (e,—eP)C) Cos

a,o ays
A. Transition rates

Assuming a weak coupling limit described by the interac-
+ A L V 1 . . . -y g .
2 al,az,agu,a'l,oz (1,02 Vedag,as) tion HamiltonianHp, the transition probability per unit of
. . time of a carrier to jump in or out the system can be calcu-
XCy, 0,Cay,0,Ca5,0,C0,,00 (D) lated by using Fermi's golden rule
wherecfle (c LRIk ), a (ag), andc) » (Ca.s) are the -
ion(annihilation ¢ | = (OO 2 EO-E®),  (6)
creation(annihilation operators for a free electron in the left Yi 7 ] Pl j i)

(right) lead with energya R) and wave vectok, a phonon
with energy’i »q and wave vectog in the dot, and an elec- whereE® (E(?) andW{® (¥(?) are the energy and wave
tron in the quantum dot state with confinement energy,, , function at the initial(final) state of the unperturbed system.
respectively. Alsog is the spinz component,—e® is the  Each state of the Hamiltoniar, can be written in the form
external electrostatic potential applied to the system, anqj\lf(o))—|\PD)®|WL>®|\I’R>®|\Pph> with eigenvalue E(©
(aq,a5|Ved as,a,) represents the electron-electron |nterac-—ED+gk+sk+hwq and Ep being theN-particle eigenen-
tion energy inside the dot. ergy solution ofHp .

The perturbation Hamiltoniahlp=H/+Hg+ Hep, takes The effective transition rates between stdlgsandD; of
into account the smgle electron transitions between the isthe SQD are given by
land and the left I(IL) and right a-|R) leads which are re-
sponsible for charging or discharging as well as the electron-
phonon H,) scattering processes occurring only inside the o, 0= < L ;yq, 7J'vi> ’ @)
dot. The tunneling HamlltonlaHL(R) can be written in terms e ki Rya)

of the transition probability between the dot and the respecyhere the sum runs over all final states of the free electrons

tive lead T, as in the leads that are coupled to the thermal reservoir and to
the phonon field. Also, each matrix elementyip; is calcu-
L(R)_ 2 [Tk CE(R);k]UCa'UjLTt’(S)* C. CLR ko] lated under initial thermal equilibrium condition. For sim-

plicity, we will neglect any dependence of all coupling pa-
(20 rameters on quantum numbers by settifg?=T-® and

and the Fralich electron-phonon interaction is given by ~ V9(Q,a1,a2)= Ja. Moreover, in the sum over leads and
phonon states, we will relabel the dot staté'soi) as|¥)).

_ o o oAt + Thus, all allowed transitions which enter in Ed) can be
Hep_q,agz,a 9(0, @1,@2)Cqy,6Cay o{8q+ 8q ), ©) written as

with vg(q,aq,@,) being the electron-phonon coupling con- P

stant. e =5t PL1—fL(R)(E)IBy 360, 1ny-1- ()
The net dc current through the dot eigenstates can be cal-

culated a&®’

1
LR L(R) LR Flj,(lRH=§tL(R)[fL(R)(E)]CJ,|5nJ,n|+1, 9
Bl , 4
Lo =r[ng(hwgy) 1Dy 6n. ns 10
whereT'[{? is the effective dot-to-leftright) lead transition 31 =N 1Dy, 90, (10
rate andP; is the stationary electron distribution function for pht _
the occupation of carriers in the stateEquation(4) takes I3 =r[1+4ng(hiwg)1D) 300, n,- 1D
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The first two terms are the tunneling rates controlling thesible antisymmetric Hartree-Fock eigenstates for a dot with a

decrease or increase of the occupation number in the SQD lgiven occupation numbeX. For the simplest cadd=2 we

one electron. The third and fourth terms take into account théave

electron scattering rates due to the absorption or emission of

one phonon in the SQD. In Eq$8)—(11) f, (g (E) and _ I1.05,L

ng(fiwg) are the Fermi-Dirac and Bose—Einstéir)l distribution LM, ’SMS)_MZZ":‘I my Cm|1~m|2vML|I1’m'1>||2’m'2>

functions and | (E) is calculated aE = E§”)— E{* includ- v

ing the chemical potentiat-(R of the respective lead. Also, 51,5.S

t-(R andr are the renormalized transmission and the inelas- Xsl’SZZm m msl,mSZ,MsH|51’m51>|52'm52>”

tic scattering rates, respectively, given by e an
1

277_ 27T
tL(R)=7|TL’R|2PL(R)(E), r==-9p(ph)(fiw), or

(12 -
LM, ,SMg)= clrlzt i my ), m
wherep ry(E) [ppn(fiwg)] is the electror{phonon density LM, s Il,IZ,Erml,m|2 m|1’mI2’ML||| Lmllz.m)l

of states in the lead&ot). Finally,

55,8
x > CoL2 |s1,mg)[s2,ms),

BI,lez <‘I’I|Ca,a|q’3>|21 (13 $1:52:Ms;:Ms, Moy Moy s
o (18)
C. = Wolct w2, 14y Where|[j1,my)|jo,mp)[ is a Slater determinant under the
o |ozzo'< Caa ¥l (14 conditions|l;—1,|<L<|l{+1,| and|s;—s,|<S<|s;+s,|.

Within the usual spectroscopic notatigi* 'L, the ground

B n 2 state is'S and the first excited levels are ti@ stateg(trip-

DJ"_|Q1§2’U (WslCay oCay ol VDI% (19 |et) described by Eq(18) and P states(singled given by
Eqg. (17). In the same way, the cade=3 can be obtained by

are the matrix elements between SQD many-particle statghe combination of three-particle staiege Ref. 18with the
which determine the selection rules for the involved pro-restricting conditions|l;—1,|<L’<[l;+1,], |L'—l4/<L

cesses. The total effective transition rate which enters in Edc L' +1,], |s,—s,|<S'<|s;+5,|, and |S' —s;|<S<|S'

(5) is given byl =T"" +TR*+ Tt~ +TR™ TP 4 P, +55/. In all expressions the index, was omitted since we
are dealing with the lowest excited states and small occupa-
B. Hartree-Fock spectrum of a spherical quantum dot in a tion number. Thus the above linear combinations involve
magnetic field only n;=1 radial functions.

The goal of the present paper is to evaluate the transition 1€ Coulomb mteract_lorvee(rl,rz)_=e2/(s|rl—r2|), 1S
rates and transport properties through the many-particl®ated in the usual multipole expansion
states in a SQD under an external magnetic field. The con-
fining potential of the dot is modeled by an infinite spherical
barrier of radiusR,. The normalized single-particle wave
functions can be written as

K

2 (=™

k=

ee)
e? 4 rE

Vedlq,Mo)=—
ee( 1 2) P KZO 2K+1r;+1m

XY —m (01,61)Y  m (02.62), (19

112
1
— —21 wherer, andr, are the electron coordinates,s the dielec-
Ro [J1+1(an)] tric constant of the dot, and. (r.) is the smaller(largep

- value between the radial coordinatgsandr,. Let us define

X X)) Y m 1 . - 2=

li1(@np)[Y1,m(6,£))®[sms), (16 the different energy contributions* and G* in terms of
wherex=(r/Ry), ji(anX) is the spherical Bessel function directI'* and exchange\“ radial integrals of the electron-
of order | for the nth level, ay its zero,Y; , (6,¢) is the ~ €lectron interaction as

la;o)=[n,l,m)@|s,mg)=

spherical harmonic, and, ms) is the spin eigenfunction with e?

s=1/2 andmg= £ 1/2. Fe(nyl1,nolp) = —-T"(nyly,nol5), (20
In order to obtain thé-particle eigenstates we have cho- &Ro

sen to work within thelL S-coupling scheme and label the o2

s_tates according to the total orbmaI:EI_i and to_tal spinS _ GX(Nyl1,Nolp) = —— A%(Nql1,N,l ). (21)

=35 angular momenta. Each state will be a linear combi- eRyp

nation of Slater determinants of the single-particle state
[n,I,m)®|[s,mg) times the corresponding Clebsch-Gordan
coefficientscjnﬁl’ffn'zjfm3=<j1,m1;j2,m2|j3,m3) for the angu-

Toulomb energies for the cases with=2 andN=3 par-
ticles in terms ofF“ and G* and the corresponding numeri-
cal values of the integralE* and A“ are given in the Ap-
lar momenta coupling. Hence, we need to construct all pospendix.
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| (@) Insb

b FIG. 1. Energy levels foN=1, 2, and 3 par-
ticles, in spherical quantum dots under an applied
magnetic field, measured in units of effective

Hartree energy. The levels are indicated by the
spectroscopic notatiofS*'L, according to the
LS scheme. (a) InSb dot with radius R,

=50 nm; (b) GaAs dot withRy=9 nm. The
Zeeman and spin splittings lift the degeneracy of
J the many-particle states and the strong Lagde
factor for InSb causes level crossings leading to

changes in the level sequence above special val-
1 ues of the magnetic field.

=(0, 0,By) and neglecting the term proportional Bﬁ we
just add to the SQD many-particle energies the term

Eg=wusBo

M +Mg

gm*

(22

)

whereug =efi/(2m*c) is the effective Bohr magnetom*
(my) is the effective(free) electron mass, anglis the effec-

tive Landefactor of the SQD. Such approximation is valid

when the Zeemap§BoM, (B;) and spinugBoMsgm*/mq
(Bg) splittings are stronger thaefB3(r2)/(8m* c?). By tak-
ing (r?) in the ground state the conditions to be fulfilled are gohr radiusaj = #%2/(m*e?) and the effective Hartree en-

Bo<B

14.3M fic

z= 2
RO

Bo< BS:

14. Mg ic gm*
R e mp
(23)

For the sake of comparison and further discussion, in Fig.
1 we are showing the quasiparticle energy levels as a func-
tion of the magnetic field for InSkFig. 1(a)] and GaAqFig.
1(b)] SQD’s with radiusR;=50 nm andR;=9 nm, respec-
tively. We have considered dots charged with one, two, and
three carriers atb=0. For the calculations the values of
My s=0.013mMg, gjnsp=—53.1, &jnsp=16.5, M, 4= 0.065
My, Ggaas— 0.45, ande g a— 12.65 have been used. &
=0 the ground states have total s+ 0 (N=2) andS
=1/2 (N=1, 3), while the lowest excited state¥> for N
=2 and *P for N=3, are spin polarized states with maxi-
mum valuesS=1 and S=3/2, respectively. The effective

ergy Efy=e’/af, for InSb and GaAs area}sp

=67.1 nm, aggaas=10.3 Nm, EY;,sp=21.4 meV, and
Hi(Gaas= 140 meV. In the cas®,<ag the carriers are in

the strong confined regime and the electron-electron interac-
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tion becomes a perturbation to the total energy of the systenfAs the temperature is increased, the steps become smoother
Due to the dependence &fy on the magnetic field, the de- while the height(width) of peaks decreasdicreasesac-
generacy on the quantum numbérs and Mg is lifted at  cordingly.
Bo#0. Since the modulus of the effective Langléactor in The position of each step in the current curve is related to
InSb is two orders of magnitude larger than in GaAs, oned resonant transition between two dot states whereas the
may observe for InSb SQD in Fig(d a set of quasiparticle length of each plateau should equal the difference between
level crossings. These crossings are completely absent féwo consecutive resonances. The height of each step is asso-
GaAs SQD even for high magnetic fiel{Big. 1(b)]. The ciated to the net charge of the states involved in the transi-
electron-electron interaction in the spherical region detertion. Another important aspect in the current is the occur-
mines the sequence of energy states but the magnetic energgnce of NDC regions at some special voltages, that will be
Eg can change this sequence, as can be observed féPthe discussed later. The peaks in the conductance occur at volt-
4p, and %D states in InSb witiN=3 atB,>0.71 T. These @ages where the involved ground state for 1, 2, 3 reaches
level crossing effects, which depend on the field, dot radiusits maximum net charge. Notice also a ratio 2 between peak
and effectiveg factor, should have influence on the magne-heights forN=3 if compared with the first two conductance
totransport properties of charged dots as will be shown ipeaks N=1, 2), a difference directly related to the many-
Sec. lII. It should also be mentioned that different spatialbody effects as well as to the spatial symmetry of the con-
symmetries can produce different ordering of excited statedjning region that are present in all many-particle ground
as can be observed in Refs. 2,5, where a square dot geome#giates. In the charging model, where electron-electron inter-
was considered and the spin polarized stateB@t0 had  action is assumed as a constant, the height and separation of
higher energy than the unpolarized ones. all peaks in the conductance, as well as the height and length
According to the Hartree-Fock model and in the frame-of all plateaus in the current, are more regular.
work of theL S-coupling scheme the matrix elements in Eqs.  The importance of the spatial symmetry will be addressed
(13)—(15) involved in the transport processes are given by later, although, the expected influence of the size of the con-
fining region in thel XV curves can be seen in Fig(2. As
+ 5 the dot radius increases, the energy separation between ex-
Coi= |h2m| <LJMLJ|C"m||L'M L|>| cited states is reduced and the plateaus in the current, as well
as the separation between peaks in the conductance, become
shorter. However, the other qualitative features are equal to

+ 2
X |&§,n:5 <S‘]MSJ|CS'ms|SIMSI>| ! (24) the case shown in Fig.(&. The same behavior is observed
. ) o in GaAs SQD's with different radii.
with an analogous equation fd@, ;. Here, the initial state  The current curves calculated By=0 and temperature

(L1,S) of the dot is coupled to the final statd{,S;)  (kyT=0.00F},) smaller than the energy level separation of
through the momental (s) of the transition electron. The ap |nSh SQD witlR,=50 nm are shown in Fig. 3. For each
Clebsch-Gordan coefficients induce the selection rules  ¢rve the Hatree-Fock states were calculated with the value
of gate voltage running from Qbottom) to 0.2 E}/e (top).
=§*1/2, Mg=Mg=*1/2 - o HE
S=5=*1/2, S S 2, (25) Clearly, a constand> only causes a rigid shifed® in each
Hartree-Fock energy to a lower value. Yet, the ordering of
) ) N states and the sequence of transitions between them are not
Finally, and due to phonons, the electronic transitions shoul@ffected with increasing gate voltages. The main feature oc-
occur only between states with the same quantum nuniBers cyrring at different values b is the suppression of the third

LJ:L|,L|i1, MLJ:MLI,MLlil '

Hence, the matrix elemeni3,; must satisfy plateau of the Coulomb blockade above=0.13 Ej/e
(shown as dotted lineIn the inset of Fig. 3, we show the
Dsi=6L,.1,0m LJ'ML|§SJ 5 5MstMs| ' (26 overall shape of théxV curves for different configurations
of the dot many-particle states and their symmetries in the
IIl. TRANSPORT PROPERTIES AND ORBITAL following situations(i) L S-coupling schemslji) S contribu-
BLOCKADE tion disregarding the orbital angular momentum selection

rules, andiii) L contribution not including the spin selection

We have calculated the current in the system modeledules. It can be seen that theL=0, =1 selection rules
above as a function of both source-drain voltagg,= (u" reduce the total current as compared to the spin contribution
— uR)/e (current curvel and applied gate voltage (con-  case. This effect is due to the fact thathaving only integer
ductance curvésLet us first discuss the general aspects ofquantum numbers, ang§ having alternated sequence of in-
thesel XV curves ford =0, as summarized in Figs(&d and  teger and half-integer quantum numbers, produce different
2(b) for an InSb SQD with radiusRy=15 nm andR, step heights in the blockade and NDC regions. The
=50 nm, respectively. L S-coupling scheme will mix the spatial symmetry and spin

The simplest point is the effect of temperature on theeffects at different values ofy, giving origin to wider and
system. At low temperatures the curves show structures dusmoother blockade and NDC regions. This inset also shows
to the Coulomb interaction between carriers, that appear aglotted linesthe changes in the current as induced by a finite
steps in the current and as peaks in the conductance curvegate voltage in the same three configurations listed above.
when the dot is being charged with=1, 2, and 3 electrons. In order to help our discussion of the aspects induced by
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the change in the gate voltage, in Fig. 4 we are presenting thesonanceeven though the allowed resonant transitions to
first [Fig. 4@, ®=0] and the lasfFig. 4b), ®=0.2E}y/e]  these states only occur at higher valuesvgf. Just at the
curves of Fig. 3 together with the respective populationedge of this second step, at 0.70, the transifibBr— 1P, is
analysis of each dot state, as a function of the source-draiactivated and produces a very small blockade. Another detalil
voltage. The details leading to the origin of each step and ththat should be pointed is that the transitiot®;—S, and
NDC regions in Fig. 4a) are as follows. FromV¢4=0 to 2p,—3P, should have occurred before, at 0.12 and 0.64,
Vsq=0.54E}/e the current is zero since the SQD is not yetrespectively, however, the steps in the current are not ob-
populated. At this value of the source-drain voltage occurserved since the initial state was not populated yet. In the
the first transition to the ground stat&, for N=1. Notice, ~ center of the second plateau, at 0.75, the transitién
from now on, an added subscript in the labeling of states in—2Pj is then activated and the ground stateNor 3 begins
order to distinguish the number of particles in the dot. Theto receive charge.

second step at 0.68 appears when the transiti®p—1S, The third step in the current, &4=0.81E}/e, leads to
occurs and the ground state fdk=2 begins to be populated. the next plateau due to the resonant transitidty— 2Ps.
Also, the charge of statedP,, 3P, are being built(off- The third plateau ends up only when the source-drain voltage
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5'0 Il I I L} I . T II T I T I T I T l L}
; InSb b
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4.0 ]
35 FIG. 3. Influences of a finite gate voltadein
) the current curves for an InSb dot witR,
L R S Ll e |ty — =50 nm, at zero magnetic field. The plots shown
= . * .
@ are in steps of 0.®},/e, ranging from®=0 to
N
T 25 = 0.2 Eji/e. The current atb=0.13 Efi/e, where
o the suppression of the third plateau has occurred,
5 20 ([ w = is shown in dotted line. The inset compares, at
O i (- J 1 two gate voltages, the influences on the current in
f =—— : . different configurations of the Hartree-Fock states
- F . T in a SQD:L curve(no Sselection rules Scurve
“E K_T/E, = 0.003 __ (no L-selection ruleg and LS curve with both
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reaches the value 1.10. At this value, the allowed resonant At voltages 1.36 and 1.38, the resonances for transitions
transition to the statéP, produces the fourth step in the 3P,—2D; and 3P,—2S;, we define the interval of the sec-
current curve. Here again many states show exchange in theihd NDC region. We see that tH®; state gains almost all
population: S, 'S, are being depopulated whiléP,,  of its population at 1.36the beginning of the regionac-
'P,, ?P3, ?P, are being populated, but the allowed reso-companied by a decrease in the spin polariZ&i state.
nant transitions between them only occur at different valuegpserve that this is the state with the highest orbital angular
gf Vsdé The fifth step at 1.20 is m2a|nly due tzo the transition jyomentum L=2) and, according to the-selection rules,
“S1—°P,, although the statesS, (P4, 1P_2' P3) are los- 15 effective lifetime becomes very large. The system be-
ing (gaining fractions of the total population q’g this va)ltage. comes trapped in this state, as occurred for {Re state,
When we reach the value 1.25, the_ tranS|t|bFlzl—> Ps  with a small probability to leave it. Therefore, we can iden-
should _be observed, howeyer, this (_10es violate thefify this second NDC region as caused by larblockade,
Sselgctlon rules and the step is not seen in thg curvle. Morei‘hhich we have named the “orbital blockade.” Such a block-
iosVZ::’tiJ\L/jjtte?jt ;ﬁieyot:l?/ ?Afxvevserisa?]nggé t{r?gsslit%;ezzin thade mechanism is totally caused by the spatial properties and
' ' t%e symmetry profile of the system, and certainly would not

current. ) . .
In the sequence we reach the NDC regions where ther e present in the current had we considered only the spin
egree of freedom for the system.

are eight possible resonant energies in the interval 1.3-1. . . )

Here, only states withN=3 are increasing their populations At Vsq=1.38& /e (the end of the region both “Ds and
while the other states with=1, 2 are being depopulated. P states have lost fractlrons of their populations and, at
When the voltage reaches the values 1.30 and 1.31, which40, the transition’P,—?P; is activated, leading to an in-
are, respectively, the resonant energies for the transitiorgfease in the current and only then the system leaves the
p,—2D; and ®P,—*P3, the current does not increase but, second NDC region to reach the last plateau. Here we would
instead, shows its first decrease or NDC region. Althougtotice that the current has a smaller value than the one just
these transitions are allowed, we see that the spin polarizgeefore the first NDC region. The reason for the difference is
“p, state becomes the most populated in this interval, at théhat the two worst conducting states, the spin polariZeg
expenses of a discharge of other dot states, mafiy, and the highest orbital angular momentifid; states, are
3|:>2, p,, and 2p3_ Thus, due to spin selection rules, the the most populated ones at high voltages. There is another
lifetime of this spin polarized state becomes very high, ancgxtremely small blockade in the interval 1.83-1.92, due
the probability for the system to leave this state to anotheto the activation of the set of transitions's,
unpolarized configuration decreases drastically. We cam{4P3,2D3,253,2Pg}. The first two are blockaded, respec-
therefore identify this first decrease in the current as causegively, by SandL selection rules, and the last two almost do
by a spin-blockade phenomendff Right after, at voltages not contribute to the current because of the respective small
1.32, 1.33, and 1.34, the transition®,—2S;, 'S,—?P3;,  population reached by these states.

and 1P2—>2Pé are, respectively, activated. Here, the spin Let us now discuss the origin of the suppression of the
polarized state loses a fraction of its population and the curthird step in the current, occurring above a given value of
rent stays in the short plateau, just before the next ND@ate voltage® =0.13E}/e (see Fig. 3 A comparison be-
region. tween the population of the states in the cases shown in Figs.
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4(a) and 4b) is needed in order to understand these effects4(b), we can observe the occurrence of two well defined
The new and predominant aspects of thkeV curves without  valleys characterizing the two distinct NDC regions with the
magnetic field asb increases are(i) the decrease in the current in the last plateau reaching a value practically equal
length of the zero plateau, when the SQD is fully emfty, to the one just before the NDC regions, in contrast with the
the suppression of the third plateau in the current, @ind  cased® =0 where it is smaller. All these new features were
the best definition of the two valleys in the NDC region.  caused by the induced redistribution in the population of the
It is clear that the absence of the third step, at high valuestates in presence of finite gate voltages.
of gate voltages, was caused by the suppression of the tran- As a final observation, the inset of Fig. 3 shows thatlthe
sition *P,—2P3, which produces most of the height of this blockade always dominates over tBélockade. Notice that
step at low voltages. Moreover, the two much less importanthe NDC region in the. curve is much less affected by the
transitions in the second plateatl;—P, (at edge and change in the gate voltage than in tBeurve. The spherical
p,—2P, (at the center are also suppressed. It becomessymmetry restrain present in the many-particle states plays
clear in Fig. 4b) that these suppressions have occurred bean important role on the transport properties, in special, close
cause the respective initial states, which are populated fdo the NDC regions. The effectiveness of the orbital blockade
small values ofb, will be empty above a given value of the seems stronger than the spin-blockade in the transport of
gate voltage. Strictly, the staté®;, P,, °P,, and 2P, SQDrs. Itis clear from Figs. @) and 4b), that the discharge
directly involved in these suppressions, will contribute to the(lifetime) of the *P; state is largefsmalley than the?D4
current only close to the NDC region. Also, the relative state across the NDC regions, a property directly linked to
height of the steps, at fini®, will change accordingly to the the differences in the selections rules for the orbital and spin
amount of charge built into the states. Furthermore, in Figangular momenta. It is important to remark that the above
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conclusions are strictly valid under the conditi®g<ag , effect directly linked to the magnetic energy of levels, their

where the eigenfunctions in E(L6) are a good set of single- dependence on the quantum numbkrs and Mg [see Fig.
particle wave functions in the SQD and, thus, the electron4(a)] and their respective selection rulés) A decrease in
electron interaction can be considered as a perturbation to thhe sizes and depths of the NDC regions due to an increase in
system. the number of possible transitions which can change the
The general aspects of the influence of a magnetic field omaximum chargédischarggin each state responsible for the
thel XV curves are analyzed in Fig(& for InSb and in Fig.  blockade mechanisms§ii) For materials with a largg fac-
5(b) for GaAs. Due to the larger value of the effective Landetor the ordering of excited levels, which are responsible for
g factor of InSb SQD and the smaller radius in comparisorthe NDC regions, can be exchanged at specific valu&,of
with ag (Ro=15 nm), the applied magnetic field can be A clear signature of the induced change in the sequence of
varied in the interval €15 T. For GaAs SQD R, the levels, as caused by the Zeeman and spin splittings, is
=9 nm) B, is restricted to values smaller than JSee Eq. more apparent in the conductance peak positions in k&, 5
(23)]. The effects of an increase in the magnetic field in InSbwhere the peak separation betweér1 andN=2 (N=2
dots are as followsi) New small NDC regions appear in the and N=3) increasegdecreasesas a function of the mag-
current, below and above those two existing at zero field, ametic field. The peaks in the conductance curves also show
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the voltages where the system reaches full occupation of thieim dot parameters and external voltages. The transport
ground states for a certain number of carriers in the dotproperties reflect many characteristics present in the many-
These magnetic effects are almost negligible for GaAs dotparticle states, the spatial and spin symmetries, the form of
where no significant change can be observed in the transpdittie electron-electron interaction and the magnetic energy as
properties between 0 and 2[Gompare Figs. (b) and §b)].  well as the exchange of population between states. We have
The effect of a finite gate voltage in the presence of aound that the spherical geometry has lead to an orbital
magnetic field is shown in Fig. 6. In addition to all general blockade when electron-electron interaction and many-
aspects already mentioned in the discussion of Fig. 5, wearticle eigenstates are considered in the study of the trans-
observe at finited: (i) the transitions which produce the port properties in SQD’s. We may conclude that not only the
third plateau at zero magnetic fieldFig. 3 are not sup- spin-blockade determines the current but also a crucial role is
pressed in the presence of the fidid), the shape of the NDC played by the spatial geometry through the selection rules
regions does not change, afid) The valleys in the NDC dictated by the angular momentum conservation of the car-
regions at zerd®, are enlarged and the value of the currentriers confined to spherical profiles.
before and after them is practically the same.
As done for zero magnetic field, the inset of Fig. 6 shows
the changes in the overall shapes of the current for the same ACKNOWLEDGMENTS
configurations and voltages discussed in Fig. 3. Here we also
see that thé blockade is more effective than tisblockade
in the definition of the transport properties of SQD’s.
Concerning the influence of the electron-phonon interac
tion on the overall shape of tHe< VV characteristics, we ob-
serve that the selection rul¢gq. (26)] involving electron-
phonon coupling and the energy conservation will impose APPENDIX
stronger restrictions on the allowed transitions. As a conse-
quence of this phonon bottleneck effect, the change on the The directlI'* and exchange\“ radial integrals of the
dot current for any material becomes almost negligible oncelectron-electron interaction constitutifi and G* in Egs.
the probability of a carrier emit or absorb a phonon is fdre. (20), (21) are defined as
In summary, we have studied the conductance and current
curves through a SQD under a magnetic field. The many-
particle states and the energy levels are obtained in the strong « _ 4 fljl
) : . : o I'(nqlq,nyly)=- -
confined regime by using tHeS-coupling scheme within the i2  1(an)i? alan)
Hartree-Fock approximation. Depending on the absolute ! v 22
value of theg factor of the material, the Zeeman and spin K
splittings may give origin to level crossings which may alter xdxldxz(xixg)( Kl)
the energy ordering of the states at high fields. The depen- >
dence ofl XV characteristics on temperature and magnetic 2 .2
field in the NDC regions is analyzed as function of the quan- XJi (a1, Xa) I, (@, X2),
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port. C. T-G would like to thanks S. E. Ulloa for helpful and
Tively discussions.
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A" (nglg,nalz) ==
nee J (CYn“J|2+1(an|)JJ

X~
><dX1dX2(X1X2)( K+1)J|( ap 1, X1)

X1 (an X)) 1, (an 1, X2)J1,(an ) X2)-
(A1)

Following Ref. 18, the Coulomb energy contributions fbr
=2 are given by

Ec(1S)=F°1s,1s),

1
Ec(P)=F%(1s,1p)— §Gl(1s,1p),

1
Ec(*P)=F%(1s,1p)+ §Gl(ls,lp), (A2)

and forN=3 they are

1
Ec(?P)=F%(1s,1s)+2F%(1s,1p) — §Gl(1s,1p),
1
Ec(*P)=F°(1p,1p)+2F°(1s,1p) — £ F*(1p,1p)
_ 1
3G (1s.1p),
1
Ec(*D)=F°(1p,1p)+2F%(1s,1p) + 5zF*(1p,1p)

_ 1
3G (1s,1p),

PHYSICAL REVIEW & 235314
2
Ec(?S)=F%1p,1p)+2F°(1s,1p)+ g|:2(1p,1p)

1(311 1
§ ( S, p)!

1
Ec(*P)=F°(1p,1p)+2F%(1s,1p) - —Fz(lp 1p)

=G(1s,1p). (A3)

As we can see the spatial symmetry and the electron-electron
interaction lead to a partial lifting of the degeneracy of the
levels 1P and 3P for N=2 and *P, 2D, 2S, and 2P’ for

N=3. The dimensionless values Bf and A * for the states
in Egs.(A2) and(A3) are

I'%(1s,1s)=1.7860731,
I'°(1s,1p)=1.6196770,
I'%(1p,1p)=1.5252119,
I'’(1p,1p)=0.9087439,

A%(1s,1p)=1.0789639. (A4)
Finally, the total energ¥ of a given state will be the sum

of the kinetic energye,, =%%a |/(2m* RO) plus magnetic

Eg [see Eq(22)] and CoulomkE contributions. Equations
(A2) and(A3) give a straightforward way to know the frac-
tional contribution of the total energy coming from direct
and exchange terms in comparison to the confinement and
magnetic energies.
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