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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 dots~SQD’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 spin~S! and total orbital~L! angular momenta
(LS-coupling scheme! within 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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I. INTRODUCTION

Many-body effects on the electronic properties of ultra
mall systems, such as charged quantum dots, have been
ied in the last years due to their importance on the opt
and transport properties. Several approaches, such as c
ing model,1 correlated electron model,2 Green’s function,3

and numerical methods~as Lanczos algorithm!,4 have been
used in order to obtain the many-particle eigenstates an
study the transport properties in these novel systems. W
the electronic density is small, a noncorrelated electron
proach, such as the charging model, becomes a gross
proximation and a microscopic treatment of the electr
electron interaction is required in order to reach a be
understanding of the main processes taking place inside
system.5 If the electron-electron interaction dominates ov
the thermal energy (kBT), some mesoscopic characteristi
of the transport of these systems such as Coulomb block
single electron tunneling oscillations and negative differ
tial conductance~NDC! can be observed. The geometrical
spatial symmetry of the carriers localization region as wel
the number of carriers in the system are extremely impor
ingredients to determine any quantum effect on the electro
structure which may be explored in device applicatio
Electron tunneling rates through a quantum dot are stron
influenced by the Coulomb interaction and the correlat
present in few electron dot states leads to suppressio
tunneling channels involving excited dot states.6,7

In this paper we will focus on the influence of the sphe
cal geometry on theI 3V characteristics of a system forme
by a spherical quantum dot coupled to free electron leads
weak tunneling barriers. We will treat the system in t
strongly confined and nonlinear regimes,8 where both ground
and excited states will play a role in the determination of
selection rules and the transition rates to and from the
Under a spherical symmetry profile plus an axial magne
field both the spin and orbital angular momenta are go
0163-1829/2002/65~23!/235314~11!/$20.00 65 2353
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quantum numbers and the many-particle states, in the fra
work of the Hartree-Fock approximation, can be labeled
cording to theLS-coupling scheme. This type of couplin
will impose spatial selection rules for the electronic tran
tions which, in turn, will govern the overall shape of th
usual I 3V curves. The effect of the total spin in a on
dimensional system have been already considered in the
~see Refs. 8,9!. Nevertheless, a study of the spatial or ge
metrical symmetry and the confinement effects in the pr
ence of an external magnetic field and their influence on
tunneling current should bring more details about the mec
nisms which give origin to the NDC and to blockade effec
The magnetotunneling transport can provide a better un
standing of the influence of the geometrical symmetry o
many-particle system, as Creffieldet al.11,12 and Akbar
et al.13 have recently studied for two-electron systems co
fined to different 2D-polygonal potential shapes. Also, ma
netoexcitation spectra can be obtained from conducta
measurements in the finite drain-source voltage region.14,15

The paper is organized as follows. In Sec. II we outli
the theoretical model for the tunneling current in terms of
transition rates taking place on the transport proces
through the dot. The Hartree-Fock model and theLS scheme
for a SQD including the effects of an external magnetic fie
on the many-particle states are also addressed. In Sec. II
study the general aspects of the profile in theI 3V curves as
a function of the temperature, magnetic field, and SQD
rameters. Several features and differences of the block
mechanisms associated to total spin and total orbital ang
momenta are analyzed. Finally a summary of the obtai
results is presented.

II. TUNNELING CURRENT

In order to obtain the transport properties we will follo
the same formalism described in Ref. 2 for one-dimensio
systems. We consider a double barrier system formed by
©2002 The American Physical Society14-1
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metallic leads linked to a SQD whose Hamiltonian can
separated asH5H01HP . The unperturbed termH05HD
1Hph1HR1HL , describes the isolated dotHD , the
phononic thermal bathHph, and the left~right! free electron
lead HL (HR). In the second quantization formalism, ea
well known term inH0 can be written as

HL(R)5(
k,s

«k
L(R)c

L(R);k,s

1 c
L(R);k,s

,

Hph5(
q

\vqS aq
1aq1

1

2D ,

HD5(
a,s

~«a2eF!ca,s
1 ca,s

1
1

2 (
a1 ,a2 ,a3 ,a4 ,s1 ,s2

^a1 ,a2uVeeua3 ,a4&

3ca1 ,s1

1 ca2 ,s2

1 ca3 ,s2
ca4 ,s1

, ~1!

wherec
L(R);k,s

1 (c
L(R);k,s

), aq
1 (aq), and ca,s

1 (ca,s) are the
creation~annihilation! operators for a free electron in the le
~right! lead with energy«k

L(R) and wave vectork, a phonon
with energy\vq and wave vectorq in the dot, and an elec
tron in the quantum dot statea with confinement energy«a ,
respectively. Also,s is the spinz component,2eF is the
external electrostatic potential applied to the system,
^a1 ,a2uVeeua3 ,a4& represents the electron-electron intera
tion energy inside the dot.

The perturbation HamiltonianHP5HL
T1HR

T1Hep , takes
into account the single electron transitions between the
land and the left (HL

T) and right (HR
T) leads which are re-

sponsible for charging or discharging as well as the electr
phonon (Hep) scattering processes occurring only inside
dot. The tunneling HamiltonianHL(R)

T can be written in terms
of the transition probability between the dot and the resp
tive leadTk,a

L(R) as

HL(R)
T 5 (

k,a,s
@Tk,a

L(R) cL(R);k,s
1 ca,s1Tk,a

L(R) * ca,s
1 cL(R);k,s#

~2!

and the Fro¨hlich electron-phonon interaction is given by

Hep5 (
q,a1 ,a2 ,s

Ag~q,a1 ,a2!ca1 ,s
1 ca2 ,s~aq1aq

1!, ~3!

with Ag(q,a1 ,a2) being the electron-phonon coupling co
stant.

The net dc current through the dot eigenstates can be
culated as16,17

I L(R)57e (
i , j ( j Þ i )

Pj~G i , j
L(R)22G i , j

L(R)1!, ~4!

whereG i , j
L(R) is the effective dot-to-left~right! lead transition

rate andPi is the stationary electron distribution function fo
the occupation of carriers in the statei. Equation~4! takes
23531
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into account the balance between the number of electr
leaving (2) and entering (1) the dot per unit of time. The
time evolution for the occupation probabilityPi of a given
eigenstate is obtained as solution of the master equation

d

dt
Pi5 (

j ( j Þ i )
~G i , j Pj2G j ,i Pi !, ~5!

under normalization condition( i Pi51, andG i , j being the
total effective transition rate~dot-leads plus electron-phono
scattering! between states of the dot. In the case of station
occupation of the states (dPi /dt50) one can easily solve
Eq. ~5! and obtain the stationary distribution functionPi for
the i th state.

A. Transition rates

Assuming a weak coupling limit described by the intera
tion HamiltonianHP , the transition probability per unit o
time of a carrier to jump in or out the system can be cal
lated by using Fermi’s golden rule

g j ,i5S 2p

\ D u^C j
(0)uHPuC i

(0)&u2d~Ej
(0)2Ei

(0)!, ~6!

whereEi
(0) (Ej

(0)) andC i
(0) (C j

(0)) are the energy and wav
function at the initial~final! state of the unperturbed system
Each state of the HamiltonianH0 can be written in the form
uC (0)&5uCD& ^ uCL& ^ uCR& ^ uCph& with eigenvalue E(0)

5ED1«k
L1«k

R1\vq and ED being theN-particle eigenen-
ergy solution ofHD .

The effective transition rates between statesD j andDi of
the SQD are given by

GD j ,Di
5K (

L j ,Rj ,qj

g j ,i L
th(Li ,Ri ,qi )

, ~7!

where the sum runs over all final states of the free electr
in the leads that are coupled to the thermal reservoir an
the phonon field. Also, each matrix element ing j ,i is calcu-
lated under initial thermal equilibrium condition. For sim
plicity, we will neglect any dependence of all coupling p
rameters on quantum numbers by settingTk,a

L(R)[TL(R) and
Ag(q,a1 ,a2)[Ag. Moreover, in the sum over leads an
phonon states, we will relabel the dot statesuCDi

& as uC I&.
Thus, all allowed transitions which enter in Eq.~4! can be
written as

G I ,J
L(R)25

1

2
tL(R)@12 f L(R)~E!#BI ,JdnI ,nJ21 , ~8!

GJ,I
L(R)15

1

2
tL(R)@ f L(R)~E!#CJ,IdnJ ,nI11 , ~9!

GJ,I
ph25r @nB~\vq!#DJ,IdnJ ,nI

, ~10!

G I ,J
ph15r @11nB~\vq!#DI ,JdnI ,nJ

. ~11!
4-2
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The first two terms are the tunneling rates controlling
decrease or increase of the occupation number in the SQ
one electron. The third and fourth terms take into account
electron scattering rates due to the absorption or emissio
one phonon in the SQD. In Eqs.~8!–~11! f L(R)(E) and
nB(\vq) are the Fermi-Dirac and Bose-Einstein distributi
functions andf L(R)(E) is calculated atE5EJ

(0)2EI
(0) includ-

ing the chemical potentialmL(R) of the respective lead. Also
tL(R) andr are the renormalized transmission and the ine
tic scattering rates, respectively, given by

tL(R)5
2p

\
uTL/Ru2rL(R)~E!, r 5

2p

\
gr~ph!~\vq!,

~12!

whererL(R)(E) @rph(\vq)# is the electron~phonon! density
of states in the leads~dot!. Finally,

BI ,J5u(
a,s

^C I uca,suCJ&u2, ~13!

CJ,I5u(
a,s

^CJuca,s
1 uC I&u2, ~14!

DJ,I5u (
a1 ,a2 ,s

^CJuca1 ,s
1 ca2 ,suC I&u2, ~15!

are the matrix elements between SQD many-particle st
which determine the selection rules for the involved p
cesses. The total effective transition rate which enters in
~5! is given byG5GL11GR11GL21GR21Gph11Gph2.

B. Hartree-Fock spectrum of a spherical quantum dot in a
magnetic field

The goal of the present paper is to evaluate the transi
rates and transport properties through the many-par
states in a SQD under an external magnetic field. The c
fining potential of the dot is modeled by an infinite spheric
barrier of radiusR0. The normalized single-particle wav
functions can be written as

ua;s&5un,l ,ml& ^ us,ms&5F 2

R0
3

1

@ j l 11~anl!#
2G 1/2

3u j l~anlx!&uYl ,ml
~u,f!& ^ us,ms&, ~16!

wherex5(r /R0), j l(anlx) is the spherical Bessel functio
of order l for the nth level, anl its zero,Yl ,ml

(u,f) is the

spherical harmonic, andus,ms& is the spin eigenfunction with
s51/2 andms561/2.

In order to obtain theN-particle eigenstates we have ch
sen to work within theLS-coupling scheme and label th
states according to the total orbitalL5( l i and total spinS
5(si angular momenta. Each state will be a linear com
nation of Slater determinants of the single-particle sta
un,l ,ml& ^ us,ms& times the corresponding Clebsch-Gord
coefficientsCm1 ,m2 ,m3

j 1 , j 2 , j 3 5^ j 1 ,m1 ; j 2 ,m2u j 3 ,m3& for the angu-

lar momenta coupling. Hence, we need to construct all p
23531
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sible antisymmetric Hartree-Fock eigenstates for a dot wit
given occupation numberN. For the simplest caseN52 we
have

uLML ,SMS&5 (
l 1 ,l 2 ,ml 1

,ml 2

Cml 1
,ml 2

,ML

l 1 ,l 2 ,L u l 1 ,ml 1
&u l 2 ,ml 2

&

3 (
s1 ,s2 ,ms1

,ms2

Cms1
,ms2

,MS

s1 ,s2 ,S ius1 ,ms1
&us2 ,ms2

&i

~17!

or

uLML ,SMS&5 (
l 1 ,l 2 ,ml 1

,ml 2

Cml 1
,ml 2

,ML

l 1 ,l 2 ,L iu l 1 ,ml 1
&u l 2 ,ml 2

&i

3 (
s1 ,s2 ,ms1

,ms2

Cms1
,ms2

,MS

s1 ,s2 ,S us1 ,ms1
&us2 ,ms2

&,

~18!

where iu j 1 ,m1&u j 2 ,m2&i is a Slater determinant under th
conditions u l 12 l 2u,L,u l 11 l 2u and us12s2u,S,us11s2u.
Within the usual spectroscopic notation2S11L, the ground
state is1S and the first excited levels are the3P states~trip-
let! described by Eq.~18! and 1P states~singlet! given by
Eq. ~17!. In the same way, the caseN53 can be obtained by
the combination of three-particle states~see Ref. 18! with the
restricting conditions u l 12 l 2u,L8,u l 11 l 2u, uL82 l 3u,L
,uL81 l 3u, us12s2u,S8,us11s2u, and uS82s3u,S,uS8
1s3u. In all expressions the indexni was omitted since we
are dealing with the lowest excited states and small occu
tion number. Thus the above linear combinations invo
only ni51 radial functions.

The Coulomb interactionVee(r1 ,r2)5e2/(«ur12r2u), is
treated in the usual multipole expansion

Vee~r1 ,r2!5
e2

« (
k50

`
4p

2k11

r ,
k

r .
k11 (

mk52k

k

~21!mk

3Yk,2mk
~u1 ,f1!Yk,mk

~u2 ,f2!, ~19!

wherer1 andr2 are the electron coordinates,« is the dielec-
tric constant of the dot, andr , (r .) is the smaller~larger!
value between the radial coordinatesr 1 andr 2. Let us define
the different energy contributionsFk and Gk in terms of
direct Gk and exchangeLk radial integrals of the electron
electron interaction as

Fk~n1l 1 ,n2l 2!5
e2

«R0
Gk~n1l 1 ,n2l 2!, ~20!

Gk~n1l 1 ,n2l 2!5
e2

«R0
Lk~n1l 1 ,n2l 2!. ~21!

Coulomb energies for the cases withN52 andN53 par-
ticles in terms ofFk andGk and the corresponding numer
cal values of the integralsGk and Lk are given in the Ap-
pendix.
4-3
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FIG. 1. Energy levels forN51, 2, and 3 par-
ticles, in spherical quantum dots under an appli
magnetic field, measured in units of effectiv
Hartree energy. The levels are indicated by t
spectroscopic notation2S11L, according to the
LS scheme. ~a! InSb dot with radius R0

550 nm; ~b! GaAs dot with R059 nm. The
Zeeman and spin splittings lift the degeneracy
the many-particle states and the strong Lande` g
factor for InSb causes level crossings leading
changes in the level sequence above special
ues of the magnetic field.
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In the presence of an external magnetic fieldB
5(0, 0,B0) and neglecting the term proportional toB0

2 we
just add to the SQD many-particle energies the term

EB5mB* B0S ML1MS

gm*

m0
D , ~22!

wheremB* 5e\/(2m* c) is the effective Bohr magneton,m*
(m0) is the effective~free! electron mass, andg is the effec-
tive Landèfactor of the SQD. Such approximation is val
when the ZeemanmB* B0ML (BZ) and spinmB* B0MSgm* /m0

(BS) splittings are stronger thane2B0
2^r 2&/(8m* c2). By tak-

ing ^r 2& in the ground state the conditions to be fulfilled a

B0,BZ5
14.3ML

R0
2

\c

e
, B0,BS5

14.3MS

R0
2

\c

e

gm*

m0
.

~23!
23531
For the sake of comparison and further discussion, in F
1 we are showing the quasiparticle energy levels as a fu
tion of the magnetic field for InSb@Fig. 1~a!# and GaAs@Fig.
1~b!# SQD’s with radiusR0550 nm andR059 nm, respec-
tively. We have considered dots charged with one, two, a
three carriers atF50. For the calculations the values o
mInSb* 50.013m0 , gInSb5253.1, « InSb516.5, mGaAs* 50.065
m0 , gGaAs50.45, and«GaAs512.65 have been used. AtB0
50 the ground states have total spinS50 (N52) and S
51/2 (N51, 3), while the lowest excited states,3P for N
52 and 4P for N53, are spin polarized states with max
mum valuesS51 and S53/2, respectively. The effective
Bohr radiusaB* 5«\2/(m* e2) and the effective Hartree en
ergy EH* 5e2/aB* , for InSb and GaAs areaB(InSb)*
567.1 nm, aB(GaAs)* 510.3 nm, EH(InSb)* 521.4 meV, and
EH(GaAs)* 5140 meV. In the caseR0,aB* the carriers are in
the strong confined regime and the electron-electron inte
4-4
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TRANSPORT PROPERTIES IN SPHERICAL QUANTUM . . . PHYSICAL REVIEW B65 235314
tion becomes a perturbation to the total energy of the syst
Due to the dependence ofEB on the magnetic field, the de
generacy on the quantum numbersML and MS is lifted at
B0Þ0. Since the modulus of the effective Lande` g factor in
InSb is two orders of magnitude larger than in GaAs, o
may observe for InSb SQD in Fig. 1~a! a set of quasiparticle
level crossings. These crossings are completely absen
GaAs SQD even for high magnetic fields@Fig. 1~b!#. The
electron-electron interaction in the spherical region de
mines the sequence of energy states but the magnetic en
EB can change this sequence, as can be observed for the2P,
4P, and 2D states in InSb withN53 at B0.0.71 T. These
level crossing effects, which depend on the field, dot rad
and effectiveg factor, should have influence on the magn
totransport properties of charged dots as will be shown
Sec. III. It should also be mentioned that different spa
symmetries can produce different ordering of excited sta
as can be observed in Refs. 2,5, where a square dot geom
was considered and the spin polarized states atB050 had
higher energy than the unpolarized ones.

According to the Hartree-Fock model and in the fram
work of theLS-coupling scheme the matrix elements in Eq
~13!–~15! involved in the transport processes are given b

CJ,I5u(
l ,ml

^LJMLJ
ucl ,ml

1 uLIMLI
&u2

3u(
s,ms

^SJMSJ
ucs,ms

1 uSIMSI
&u2, ~24!

with an analogous equation forBI ,J . Here, the initial state
(LI ,SI) of the dot is coupled to the final state (LJ ,SJ)
through the momenta (l ,s) of the transition electron. The
Clebsch-Gordan coefficients induce the selection rules

H SJ5SI61/2, MSJ
5MSI

61/2,

LJ5LI ,LI61, MLJ
5MLI

,MLI
61J . ~25!

Finally, and due to phonons, the electronic transitions sho
occur only between states with the same quantum numbe19

Hence, the matrix elementsDJ,I must satisfy

DJ,I5dLJ ,LI
dMLJ

,MLI
dSJ ,SI

dMSJ
,MSI

. ~26!

III. TRANSPORT PROPERTIES AND ORBITAL
BLOCKADE

We have calculated the current in the system mode
above as a function of both source-drain voltage,Vsd5(mL

2mR)/e ~current curves!, and applied gate voltageF ~con-
ductance curves!. Let us first discuss the general aspects
theseI 3V curves forF50, as summarized in Figs. 2~a! and
2~b! for an InSb SQD with radiusR0515 nm and R0
550 nm, respectively.

The simplest point is the effect of temperature on
system. At low temperatures the curves show structures
to the Coulomb interaction between carriers, that appea
steps in the current and as peaks in the conductance cu
when the dot is being charged withN51, 2, and 3 electrons
23531
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As the temperature is increased, the steps become smo
while the height~width! of peaks decreases~increases! ac-
cordingly.

The position of each step in the current curve is related
a resonant transition between two dot states whereas
length of each plateau should equal the difference betw
two consecutive resonances. The height of each step is a
ciated to the net charge of the states involved in the tra
tion. Another important aspect in the current is the occ
rence of NDC regions at some special voltages, that will
discussed later. The peaks in the conductance occur at
ages where the involved ground state forN51, 2, 3 reaches
its maximum net charge. Notice also a ratio 2 between p
heights forN53 if compared with the first two conductanc
peaks (N51, 2), a difference directly related to the man
body effects as well as to the spatial symmetry of the c
fining region that are present in all many-particle grou
states. In the charging model, where electron-electron in
action is assumed as a constant, the height and separati
all peaks in the conductance, as well as the height and le
of all plateaus in the current, are more regular.

The importance of the spatial symmetry will be address
later, although, the expected influence of the size of the c
fining region in theI 3V curves can be seen in Fig. 2~b!. As
the dot radius increases, the energy separation between
cited states is reduced and the plateaus in the current, as
as the separation between peaks in the conductance, be
shorter. However, the other qualitative features are equa
the case shown in Fig. 2~a!. The same behavior is observe
in GaAs SQD’s with different radii.

The current curves calculated atB050 and temperature
(kBT50.003EH* ) smaller than the energy level separation
an InSb SQD withR0550 nm are shown in Fig. 3. For eac
curve the Hatree-Fock states were calculated with the va
of gate voltage running from 0~bottom! to 0.2 EH* /e ~top!.
Clearly, a constantF only causes a rigid shifteF in each
Hartree-Fock energy to a lower value. Yet, the ordering
states and the sequence of transitions between them ar
affected with increasing gate voltages. The main feature
curring at different values ofF is the suppression of the thir
plateau of the Coulomb blockade aboveF50.13 EH* /e
~shown as dotted line!. In the inset of Fig. 3, we show the
overall shape of theI 3V curves for different configurations
of the dot many-particle states and their symmetries in
following situations:~i! LS-coupling scheme,~ii ! Scontribu-
tion disregarding the orbital angular momentum select
rules, and~iii ! L contribution not including the spin selectio
rules. It can be seen that theDL50, 61 selection rules
reduce the total current as compared to the spin contribu
case. This effect is due to the fact thatL, having only integer
quantum numbers, andS, having alternated sequence of in
teger and half-integer quantum numbers, produce differ
step heights in the blockade and NDC regions. T
LS-coupling scheme will mix the spatial symmetry and sp
effects at different values ofVsd , giving origin to wider and
smoother blockade and NDC regions. This inset also sh
~dotted lines! the changes in the current as induced by a fin
gate voltage in the same three configurations listed abov

In order to help our discussion of the aspects induced
4-5
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FIG. 2. General aspects ofI 3V characteris-
tics in InSb SQD’s at different temperatures an
zero magnetic field. Current as function o
source-drain voltageVsd ~top! and conductance
as function of gate voltageF ~bottom!. ~a! Dot
with radius R0515 nm; ~b! dot with R0

550 nm. The current is measured in units ofet,
where the transmissivity ist5tLtR/(tL1tR),
while both voltages are measured in units
EH* /e.
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the change in the gate voltage, in Fig. 4 we are presenting
first @Fig. 4~a!, F50# and the last@Fig. 4~b!, F50.2EH* /e#
curves of Fig. 3 together with the respective populat
analysis of each dot state, as a function of the source-d
voltage. The details leading to the origin of each step and
NDC regions in Fig. 4~a! are as follows. FromVsd50 to
Vsd50.54EH* /e the current is zero since the SQD is not y
populated. At this value of the source-drain voltage occ
the first transition to the ground state2S1 for N51. Notice,
from now on, an added subscript in the labeling of states
order to distinguish the number of particles in the dot. T
second step at 0.68 appears when the transition2S1→1S2
occurs and the ground state forN52 begins to be populated
Also, the charge of states2P1 , 3P2 are being built~off-
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resonance! even though the allowed resonant transitions
these states only occur at higher values ofVsd . Just at the
edge of this second step, at 0.70, the transition2P1→1P2 is
activated and produces a very small blockade. Another de
that should be pointed is that the transitions2P1→1S2 and
2P1→3P2 should have occurred before, at 0.12 and 0.
respectively, however, the steps in the current are not
served since the initial state was not populated yet. In
center of the second plateau, at 0.75, the transition1P2
→2P3 is then activated and the ground state forN53 begins
to receive charge.

The third step in the current, atVsd50.81EH* /e, leads to
the next plateau due to the resonant transition3P2→2P3.
The third plateau ends up only when the source-drain volt
4-6
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FIG. 3. Influences of a finite gate voltageF in
the current curves for an InSb dot withR0

550 nm, at zero magnetic field. The plots show
are in steps of 0.01EH* /e, ranging fromF50 to
0.2 EH* /e. The current atF50.13 EH* /e, where
the suppression of the third plateau has occurr
is shown in dotted line. The inset compares,
two gate voltages, the influences on the current
different configurations of the Hartree-Fock stat
in a SQD:L curve~no S-selection rules!, S curve
~no L-selection rules!, and LS curve with both
selection rules.
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reaches the value 1.10. At this value, the allowed reson
transition to the state2P1 produces the fourth step in th
current curve. Here again many states show exchange in
population: 2S1 , 1S2 are being depopulated while3P2 ,
1P2 , 2P3 , 2P1 are being populated, but the allowed res
nant transitions between them only occur at different val
of Vsd . The fifth step at 1.20 is mainly due to the transiti
2S1→3P2, although the states1S2 (2P1 , 1P2 , 2P3) are los-
ing ~gaining! fractions of the total population at this voltag
When we reach the value 1.25, the transition1P2→4P3
should be observed, however, this does violate
S-selection rules and the step is not seen in the curve. M
over, just at 1.26, the allowed resonant transition2S1→1P2
is activated and, only then, we can see the sixth step in
current.

In the sequence we reach the NDC regions where th
are eight possible resonant energies in the interval 1.3–
Here, only states withN53 are increasing their population
while the other states withN51, 2 are being depopulated
When the voltage reaches the values 1.30 and 1.31, w
are, respectively, the resonant energies for the transit
1P2→2D3 and 3P2→4P3, the current does not increase bu
instead, shows its first decrease or NDC region. Althou
these transitions are allowed, we see that the spin polar
4P3 state becomes the most populated in this interval, at
expenses of a discharge of other dot states, mainly2P1 ,
3P2 , 1P2, and 2P3. Thus, due to spin selection rules, th
lifetime of this spin polarized state becomes very high, a
the probability for the system to leave this state to anot
unpolarized configuration decreases drastically. We
therefore identify this first decrease in the current as cau
by a spin-blockade phenomenon.9,10 Right after, at voltages
1.32, 1.33, and 1.34, the transitions1P2→2S3 , 1S2→2P3,
and 1P2→2P3

8 are, respectively, activated. Here, the sp
polarized state loses a fraction of its population and the c
rent stays in the short plateau, just before the next N
region.
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At voltages 1.36 and 1.38, the resonances for transiti
3P2→2D3 and 3P2→2S3, we define the interval of the sec
ond NDC region. We see that the2D3 state gains almost al
of its population at 1.36~the beginning of the region!, ac-
companied by a decrease in the spin polarized4P3 state.
Observe that this is the state with the highest orbital ang
momentum (L52) and, according to theL-selection rules,
its effective lifetime becomes very large. The system b
comes trapped in this state, as occurred for the4P3 state,
with a small probability to leave it. Therefore, we can ide
tify this second NDC region as caused by anL blockade,
which we have named the ‘‘orbital blockade.’’ Such a bloc
ade mechanism is totally caused by the spatial properties
the symmetry profile of the system, and certainly would n
be present in the current had we considered only the s
degree of freedom for the system.

At Vsd51.38EH* /e ~the end of the region!, both 2D3 and
4P3 states have lost fractions of their populations and,
1.40, the transition3P2→2P3

8 is activated, leading to an in
crease in the current and only then the system leaves
second NDC region to reach the last plateau. Here we wo
notice that the current has a smaller value than the one
before the first NDC region. The reason for the difference
that the two worst conducting states, the spin polarized4P3
and the highest orbital angular momentum2D3 states, are
the most populated ones at high voltages. There is ano
extremely small blockade in the interval 1.83–1.92, d
to the activation of the set of transitions1S2

→$4P3 ,2D3 ,2S3 ,2P3
8%. The first two are blockaded, respe

tively, by SandL selection rules, and the last two almost d
not contribute to the current because of the respective s
population reached by these states.

Let us now discuss the origin of the suppression of
third step in the current, occurring above a given value
gate voltageF50.13EH* /e ~see Fig. 3!. A comparison be-
tween the population of the states in the cases shown in F
4-7
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FIG. 4. Population~charge formation! analy-
sis for the first@~a! with F50)# and the last@~b!
with F50.2 EH* /e# curves of Fig. 3 showing
those states taking place in the current and in
NDC regions. Dashed lines show charge form
tion in the two lower states of the SQD forN
51. Dotted lines are the occupation for the fir
three states forN52. Solid lines represent the
charge formation for the first five levels forN
53. The sequence of states forN51, 2, and 3
particles is shown in Fig. 1~a!.
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4~a! and 4~b! is needed in order to understand these effe
The new and predominant aspects of theI 3V curves without
magnetic field asF increases are:~i! the decrease in the
length of the zero plateau, when the SQD is fully empty,~ii !
the suppression of the third plateau in the current, and~iii !
the best definition of the two valleys in the NDC region.

It is clear that the absence of the third step, at high val
of gate voltages, was caused by the suppression of the
sition 3P2→2P3, which produces most of the height of th
step at low voltages. Moreover, the two much less import
transitions in the second plateau,2P1→1P2 ~at edge! and
1P2→2P3 ~at the center!, are also suppressed. It becom
clear in Fig. 4~b! that these suppressions have occurred
cause the respective initial states, which are populated
small values ofF, will be empty above a given value of th
gate voltage. Strictly, the states2P3 , 1P2 , 3P2, and 2P1,
directly involved in these suppressions, will contribute to t
current only close to the NDC region. Also, the relati
height of the steps, at finiteF, will change accordingly to the
amount of charge built into the states. Furthermore, in F
23531
s.
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4~b!, we can observe the occurrence of two well defin
valleys characterizing the two distinct NDC regions with t
current in the last plateau reaching a value practically eq
to the one just before the NDC regions, in contrast with
caseF50 where it is smaller. All these new features we
caused by the induced redistribution in the population of
states in presence of finite gate voltages.

As a final observation, the inset of Fig. 3 shows that thL
blockade always dominates over theS blockade. Notice that
the NDC region in theL curve is much less affected by th
change in the gate voltage than in theScurve. The spherica
symmetry restrain present in the many-particle states p
an important role on the transport properties, in special, cl
to the NDC regions. The effectiveness of the orbital blocka
seems stronger than the spin-blockade in the transpor
SQD’s. It is clear from Figs. 4~a! and 4~b!, that the discharge
~lifetime! of the 4P3 state is larger~smaller! than the 2D3
state across the NDC regions, a property directly linked
the differences in the selections rules for the orbital and s
angular momenta. It is important to remark that the abo
4-8
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FIG. 5. Influences of a magnetic field on th
I 3V characteristics of SQD’s at a constant tem
perature.~a! Current and conductance curves
InSb dot withR0515 nm. ~b! Current and con-
ductance curves in GaAs dot withR059 nm.
The external magnetic field has negligible influ
ence on the transport properties on GaAs due
its smaller range of validity, if one considers on
the linear dependence on the field. For larger v
ues of the magnetic field, the diamagnetic ter
must be included. The units and notation are t
same as in Fig. 2.
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conclusions are strictly valid under the conditionR0,aB* ,
where the eigenfunctions in Eq.~16! are a good set of single
particle wave functions in the SQD and, thus, the electr
electron interaction can be considered as a perturbation to
system.

The general aspects of the influence of a magnetic field
the I 3V curves are analyzed in Fig. 5~a! for InSb and in Fig.
5~b! for GaAs. Due to the larger value of the effective Lan`
g factor of InSb SQD and the smaller radius in comparis
with aB* (R0515 nm), the applied magnetic field can b
varied in the interval 0,15 T. For GaAs SQD (R0
59 nm) B0 is restricted to values smaller than 2 T@see Eq.
~23!#. The effects of an increase in the magnetic field in In
dots are as follows.~i! New small NDC regions appear in th
current, below and above those two existing at zero field
23531
-
he

n

n

b

n

effect directly linked to the magnetic energy of levels, th
dependence on the quantum numbersML and MS @see Fig.
1~a!# and their respective selection rules.~ii ! A decrease in
the sizes and depths of the NDC regions due to an increas
the number of possible transitions which can change
maximum charge~discharge! in each state responsible for th
blockade mechanisms.~iii ! For materials with a largeg fac-
tor the ordering of excited levels, which are responsible
the NDC regions, can be exchanged at specific values ofB0.

A clear signature of the induced change in the sequenc
the levels, as caused by the Zeeman and spin splitting
more apparent in the conductance peak positions in Fig. 5~a!,
where the peak separation betweenN51 andN52 (N52
and N53) increases~decreases! as a function of the mag
netic field. The peaks in the conductance curves also s
4-9
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FIG. 6. Influences of a finite gate voltageF in
the current curves in the InSb dot withR0

550 nm, at finite magnetic field,B051 T. The
plots are shown in steps of 0.01EH* /e, ranging
from F50 to 0.2EH* /e. The current atF50.13
EH* /e, where the suppression of the third plate
has occurred forB050 case, is shown as a dotte
line. The inset compares, at two gate voltages,
influences on the current in different configur
tions of the Hartree-Fock states in a SQD:L
curve ~no S-selection rules!, S curve ~no
L-selection rules!, and LS curve ~both selection
rules!.
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the voltages where the system reaches full occupation of
ground states for a certain number of carriers in the d
These magnetic effects are almost negligible for GaAs d
where no significant change can be observed in the trans
properties between 0 and 2 T@compare Figs. 1~b! and 5~b!#.

The effect of a finite gate voltage in the presence o
magnetic field is shown in Fig. 6. In addition to all gene
aspects already mentioned in the discussion of Fig. 5,
observe at finiteF: ~i! the transitions which produce th
third plateau at zero magnetic field~Fig. 3! are not sup-
pressed in the presence of the field,~ii ! the shape of the NDC
regions does not change, and~iii ! The valleys in the NDC
regions at zeroB0 are enlarged and the value of the curre
before and after them is practically the same.

As done for zero magnetic field, the inset of Fig. 6 sho
the changes in the overall shapes of the current for the s
configurations and voltages discussed in Fig. 3. Here we
see that theL blockade is more effective than theSblockade
in the definition of the transport properties of SQD’s.

Concerning the influence of the electron-phonon inter
tion on the overall shape of theI 3V characteristics, we ob
serve that the selection rules@Eq. ~26!# involving electron-
phonon coupling and the energy conservation will impo
stronger restrictions on the allowed transitions. As a con
quence of this phonon bottleneck effect, the change on
dot current for any material becomes almost negligible o
the probability of a carrier emit or absorb a phonon is rare19

In summary, we have studied the conductance and cur
curves through a SQD under a magnetic field. The ma
particle states and the energy levels are obtained in the st
confined regime by using theLS-coupling scheme within the
Hartree-Fock approximation. Depending on the abso
value of theg factor of the material, the Zeeman and sp
splittings may give origin to level crossings which may al
the energy ordering of the states at high fields. The dep
dence ofI 3V characteristics on temperature and magne
field in the NDC regions is analyzed as function of the qu
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tum dot parameters and external voltages. The trans
properties reflect many characteristics present in the ma
particle states, the spatial and spin symmetries, the form
the electron-electron interaction and the magnetic energ
well as the exchange of population between states. We h
found that the spherical geometry has lead to an orb
blockade when electron-electron interaction and ma
particle eigenstates are considered in the study of the tr
port properties in SQD’s. We may conclude that not only t
spin-blockade determines the current but also a crucial ro
played by the spatial geometry through the selection ru
dictated by the angular momentum conservation of the c
riers confined to spherical profiles.
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APPENDIX

The directGk and exchangeLk radial integrals of the
electron-electron interaction constitutingFk andGk in Eqs.
~20!, ~21! are defined as

Gk~n1l 1 ,n2l 2!5
4

j l 111
2 ~an1l 1

! j l 211
2 ~an2l 2

!
E

0

1E
0

1

3dx1dx2~x1
2x2

2!S x,
k

x.
k11D

3 j l 1
2 ~an1l 1

x1! j l 2
2 ~an2l 2

x2!,
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Lk~n1l 1 ,n2l 2!5
4

j l 111
2 ~an1l 1

! j l 211
2 ~an2l 2

!
E

0

1E
0

1

3dx1dx2~x1
2x2

2!S x,
k

x.
k11D j l 1

~an1l 1
x1!

3 j l 2
~an2l 2

x1! j l 1
~an1l 1

x2! j l 2
~an2l 2

x2!.

~A1!

Following Ref. 18, the Coulomb energy contributions forN
52 are given by

EC~1S!5F0~1s,1s!,

EC~3P!5F0~1s,1p!2
1

3
G1~1s,1p!,

EC~1P!5F0~1s,1p!1
1

3
G1~1s,1p!, ~A2!

and forN53 they are

EC~2P!5F0~1s,1s!12F0~1s,1p!2
1

3
G1~1s,1p!,

EC~4P!5F0~1p,1p!12F0~1s,1p!2
1

5
F2~1p,1p!

2
2

3
G1~1s,1p!,

EC~2D !5F0~1p,1p!12F0~1s,1p!1
1

25
F2~1p,1p!

2
1

3
G1~1s,1p!,
s.

s

.

,

23531
EC~2S!5F0~1p,1p!12F0~1s,1p!1
2

5
F2~1p,1p!

2
1

3
G1~1s,1p!,

EC~2P8!5F0~1p,1p!12F0~1s,1p!2
1

5
F2~1p,1p!

1
1

3
G1~1s,1p!. ~A3!

As we can see the spatial symmetry and the electron-elec
interaction lead to a partial lifting of the degeneracy of t
levels 1P and 3P for N52 and 4P, 2D, 2S, and 2P8 for
N53. The dimensionless values ofGk andLk for the states
in Eqs.~A2! and ~A3! are

G0~1s,1s!51.7860731,

G0~1s,1p!51.6196770,

G0~1p,1p!51.5252119,

G2~1p,1p!50.9087439,

L0~1s,1p!51.0789639. ~A4!

Finally, the total energyED of a given state will be the sum
of the kinetic energy«nl5\2anl

2 /(2m* R0
2), plus magnetic

EB @see Eq.~22!# and CoulombEC contributions. Equations
~A2! and ~A3! give a straightforward way to know the frac
tional contribution of the total energy coming from dire
and exchange terms in comparison to the confinement
magnetic energies.
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