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Persistent current of a two-electron quantum disk
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The persistent current of a clean two-electron quantum disk subjected to perpendicular magnetic fields is
studied theoretically with an emphasis on the role of the electron-electron interaction. It is shown that the
interaction reduces the magnitude of currents in general and also gives rise to the discontinuities in currents at
low temperatures, compared with the results from the ideal quantum disk. The latter anomalous quantum
behavior appears at the particular magnetic fields, at which the crossings take places in the energy spectra, and
disappears as temperature increases. We found that an exact treatment of the exchange symmetry and the spin
splittings in the energy is important in specifying the precise values of the magneti¢dieldhe steepness of
the confinement potentiato induce such quantum effec{$0163-1827)03415-2

|. INTRODUCTION proximation for the GaAs quantum structures. The two-

particle energy eigenstates are obtained by exactly

Semiconductor quantum structures where carrier motioffliagonalizing numerically the Hamiltonian, and then the
is confined in all three spatial dimensions are usually referre§quilibrium currents are evaluated by taking the average over

to as quantum dots and have drawn intensive attention frorf{’® canonical ensemble. The exchange effect and anomalous
researchers in recent yedrs* Growing theoretical interest £€eman splitting are taken into account explicitly in the for-

- : ; lation.

on transport, optical, and thermodynamic properties of thesBY . o

synthetic ultrasmall devices is based on impressive achieve- _We show that the transition betwe_en the spm-smgle_t and

ments of nanotechnologies. The number of electrons in sucﬁ”plet states s respon5|b!e for the Jumps of the_ persistent

artificial systems is changed in a controllable way and ma urrents that are absent in the model wnhou.t Interaction.

vary from zero to a few tens or hundretisTherefore, the owever, there IS always_ a range of mggneuc-ﬂeld strengths

effects of the electron-electron interaction in such small di-Where the resulting persistent current is not affected by the
'pteraction. It is found that the precise values of the magnetic

mensions cannot be neglected for a realistic determination Ids that ind h int . tum behavi £ th
physical properties. The theoretical analyses of the paraboliée S that induce such Interesting quantum behaviors ot the
urrent are determined by a proper treatment of the spin ef-

guantum dots revealed a rich structure of the energy spec-

trum, which is strongly modified due to the electron-electron ects. . L
scatterings:>~8 In particular, as a result of the inclusion of In a broader context, this problem is intimately related to

the Coulomb term in the Hamiltonian the ground state unthe lively discussion on the effect of the electron-electron

dergoes the spin-singlet and spin-triplet transition as a funci_nteraction on persistent currenj[ in meso_scopic rings, WhiCh
tion of the magnetic field, which in turn induces the interest.attracted a great deal of theoretical attention after the discov-

ing oscillations in thermodynamic quantities such as hea; ry of unexpectedly high values of the currents measured in

; 7,18 ;
capacity"® and magnetizatioh® Recently, evidence of the he experiment$’'® The recent theoretical analyses show

electron-electron interaction in the quantum dots has beeliiat the electron-electron interaction does not alter the value
f the persistent current in the mesoscopic ritgé* As we

unambiguously discovered using single-electron capacitanc i .
spectroscopy® shall illustrate below, the same is true for the quantum dots

In this paper we consider a two-electron system, confine hen the_applied field is vyeak. For stronger magnetic fields,
by a two-dimensional harmonic potential, under vertical e magnitude of the persistent current is, in general, smaller

magnetic fields. The objective is to investigate theoreticallycO . : .
the effect of the Coulomb interaction and exchange symme- The paper is o_rganlze_d as fOHOWS.' In Sec. Il a brief sum-
try on persistent current induced in the quantum dot, which ignary of the noninteracting model is presented. Then the
an important equilibrium physical property. The motivation main rgsults forthe_ Interacting tw_o-electron.probllem are pro-
was partially augmented by the fact that the calculated per\_/|ded in Sec. lll. Finally, conclusions are given in Sec. IV.
sistent current is not trivially related to the magnetization of

the system considered. The experinfénand the self- !l IDEAL QUANTUM DISK

consistent calculatidfi show that our adoption of the para- Before treating interacting electrons, we find it useful to

bolic confinement for the dot potential is a very good ap-summarize the results of the energy spectrum and associated
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guantum current within the noninteracting picture. The en- ( 1
ergy levels of a spinless electron confined in the two- —wt 5@B> <0
dimensional parabolic potenti®(p) = sm? wépz, subjected
to the uniform magnetic field=(0,0,B) applied perpen- Jm:_ix ) EwB, =0 (6)
dicularly to the lateral structure, have been known for a long 27 2
time?2-2*The result is given by 1
o+ s og, >0,
21,2 . 2
©)_ 1 1ioks
En/=fo(2n+[l]+1)+ Elh“’BJrﬁ' (1) except for the result for=0, since formulg5) is ill defined

in this case, and thus the direct integration Efj.was used.
where m% is the effective mass of the electron, Interestingly, the outcome of E(4) for | =0 is equivalent to
wg=eB/m} is the cyclotron frequencgthroughout the pre- the algebraic average of the right and left derivatives using
sentation we shall set=1), ande is the absolute value of EQ.(5), as noted in Ref. 9.
the charge of an electron. Also,is the radial quantum num-  Then the following relations between energies and cur-
ber, | is the magnetic index, ankl, is the quantum number rents of the levels with the opposite signs of the magnetic
associated with the degree of freedom along the magnetigdex| can be obtained:
field. We define

EQ-EQ) = lHws, %
W= wé-f—%wé) . ew
B

‘]nl+\]n,—|:_ o’ (8)

Hereafter we shall drop the degree of freedom along the

magnetic field by assuming that motion in thelirection is  \hich are especially convenient for practical purposes. One

more strongly quantized than the one in tig plane, as  can prove that Eqs(7) and (8) are valid for any quantum

usual”** Accordingly, we consider the quantum disk as astructure with a cylindrically symmetric electrostatic poten-

quasi-two-dimensional system. tial subjected to the uniform magnetic field, using the differ-
In the present work we adopt the symmetric gauge for thential equation for the radial wave function.

vector potentialA; accordingly, the azimuthal component of  Inclusion of the coupling of the electron spin to magnetic

A is specified to beA,=Bp/2. Then the energy eigenfunc- fields, taking the spin-orbit interaction into account, leads to

tion of the electron in two-dimension takes the form the additional term in Eq(1) for the energy spectrum:
> 1 ; (0) AESPN= +£ﬁ * m—; 9)
‘I’(f)E‘I’(p,qﬁ):Eexp(” ?)Ry’(p), 2 ==z hwsd me’

with g* being the effective Landfactor andm, the mass of

where the normalized radial wave function is given by o )
a bare electron. An additional term due to spin appears also

Ri( )—i n! 1lzexp< 1 p2> in Eq. (4) for the current density®
ni AP (! 412 o, Loen  d » 10
1) e 5 I m, 9 dp R
2 ry "\2r5) After carrying out an integration over the varialpleone can

obtain an expression for the spin contribution to the current

_ * \1/2 I : ; )
wherer = (7/2mg w) ™ and Ly(x) is the generalized La carried by the orbital with definite quantum numbersand

guerre polynomiaf® Here we remark that represents the

angular momentum quantum number associated with the cir- as
cular motion. e .

Semiclassically, the circular motion of an electron implies IPN= 5 wg* — 80, (1)
that there is an azimuthal current. The corresponding 4 Me

guantum-mechanical curredt, carried by the definite or-
bital with quantum numbers and| can be obtained by
utilizing®™

where &,/ is the Kronecker delta function. Equatidal)
shows that the spin contribution to the current vanishes iden-
tically for all states but=0. For GaAs withg* = —0.44 and
1 eh (=[] e mj =0.067m, spin corrections in Eqs9) and (11) to the
Jo=— ——f —+ A, (p) [[RQ(p)J?dp (4 final results of Egs(1) and (6) are small. However, these
2rmi)olp ¢ " terms ma i i i -
y be of great importance in the other semiconduc
tors such as InSb with a large negative valuaybdf
e JE The equilibrium currentl at finite temperaturel in a
“hoa (5 single-electron quantum dot can be obtained by taking the
thermal average of, over the canonical ensemble. After
It follows directly from Egs.(1) and(5) that simple algebra, we obtain
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ew [ sinNiBhwg) 1 wg where S=S,+S, is the total spin and3=BZz The wave
i B (12 ; ; :
27| sinhBho) 2 o function of the system is the product of the wave functions

_ for each degree of freedom
where 8=1/kgT. It is easy to check that the currehtbe-

comes zero in two limiting casesi) wg=0 and (ii)
wo=0. On the other hand, the limit of—0 reduces Eg.
(12) to Eq. (6) with =0, as expected. For a noninteracting
two-electron dot the net current is simply twice the value
given in Eq.(12) when the exchange effect is neglected.

The corresponding magnetization to the definite orbital
with n and| is obtained to b&

V(1,2 =®(rem)R(Ne)®x(1,2),

wherey represents the spinor. Accordingly, the total persis-
tent current is the sum of contributions from the center-of-
fnass motiord>™ and the contribution from the relative mo-
tion Jre"

Me 1 wg J=Jem4 Jrel+ Jspin%\]c.m._i_ J"9|. (19)
Mm:—,uBm—; Ej(2n+|l|+1)+l ) (13)

For the center-of-mass motion, the problem is identical to the
where ug=e€#/2m, is the Bohr magneton. The thermal av- results already presented in Sec. Il. Thus one only has to

erage of this can be made and the result is consider the radial Schdinger equation for the relative mo-
" 1 m 1+1w5> th[lﬂﬁ( +1 )J
=— - MUB—% = —|cothy = ot
2% mg 2w 2 27° d?R(p) 1 dR(p) ) 2m¥

+ —_

L Los 11 y dp* p dp  A®
- _EX cot 5,8 w—sz . ( )
When the limit of wy—0 is taken, Eq(14) reduces to the
orbital magnetization of an electron in a uniform magnetic
field. 1 € h21?

Importantly, a comparison of Eqél2) and(14) indicates T 4dme 2 T 2m* 2 R(p)=0. (20
that the current and magnetization are not simply related to P €
each other, as previously noted in Ref. 9. This makes .th%ince the analytical solution to EQO) is not known, typi-
present investigation of the persistent current of interactind " "o tilizes  miscellaneous  methods  for its
electrons of interest since it does not overlap with the preVi'solaltions‘B'lo'ﬂ'zgln the present work, we expand the solu-

ous calculations for the magnetization by otfers. tion in the basis of the eigenstates of the single-electron rela-
tive Hamiltonian as

% Erel_lm*wz Z_Eﬁ |
2 le® P —o0es

IIl. TWO-ELECTRON QUANTUM DISK

In this section we turn to the Coulomb interaction be- ” )
tween two electrons in the quantum disk. Under the coordi- Rni(p)= 2 Can'Ryri(p), (22)
nate transformation of the symmetric form n'=0

1 1 where Rfﬁ)(p) are given in Eq.(3) and the coefficients
rc_m_zﬁ(rﬁrz), rreFE(rl—rz), (19  C,y obey the normalization conditioX, _,|Cp.|?=1.
Then the energy eigenvalues of the relative motion are ob-

the interacting two-electron Hamiltonian decouples into twotained from the requirement of making the determinant of the
independent degrees of freedom, essentially the center #ifinite system of linear homogeneous algebraic equations

mass and the relative coordinates, as vanish:
1 - < 1 det|(E'Y) —E™®) 8+ Api||=0, n/,n"=0,12,....
Hc.m.:ﬁ(pc.m.""ep\:.m)z"'Em:wgrg.m,: (16) IH( n’l ) nn nn || ' ' B (22)
1 . R 1 - 1 e The termsA,/,» appearing in Eq(22), which are due to the
Hre|=ﬂ(pre|+ eAe)+ Em’g wgl 1ot Ime \/E—rrel electron-electron scattering, are given as
(17) 1 eZ 1 n' n’1 1/2

whereA, =3B Xrcm, A= iBXTr ., ande is the electric A= 3 Tre e\ (N +[IDT (0" +[I])!
permittivity of the semiconductor. One should note that the
relevant mass and.charge to pc_;th degregs of fre.ed.om are Xf e*Xx‘”*l’zL‘n'!(x)L'n',‘,(x)dx. (23)
mg and—e, respectively. In addition, there is the spin inter- 0

action term with the magnetic field,
o The current carried by the relative motion is obtained in the
Hspin= 9" 1gS- B, (18 usual manner with the use of E@l) from
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ew 1 w? 2
N[ f =) B 45
2 4 wg
40
® n'l n’"! 1/2
X ' : I . 35
o | @ +|||>!) ~
X CpyC ,,fwe‘xx“"lL“'(x)L'”(x)dx +EE 25} >
nn’~nn 0 n’ n” 2 g ' o
20k (a)

(24

From a numerical point of view it turns out to be convenient R
that the integrals in Eqsi23) and (24) can be evaluated
analytically a$’

*® _ [ I
Jo e X! l’ZL‘n‘,(x)L‘n,l,(x)dx

_(|| |+ N ' T (Nnax L2)T([1] +1/2)
a 771/2( || |)' Nmin! Nma

20 (b)

11 1
X 3F5 —nmm,|I|+§,§;|I|+1,§—nmax;1 (25) 0 1 2 3 4 5

Wg/Wq

and

- 1+ N FIG. 1. Two-particle energieB associated with the spatial mo-
f e X1 oL () dy=——— 0 (26)  tion for fixedn,=0 andl,=0 in units of meV as a function of the

0 " . Nint [1] ratio wg/wg: (@ np,=0 and(b) n,=1. The solid curves are for
l,=0,—1,—2,... and thedotted curves are for,=1,2,..., la-

In Egs. (25 and (26) sF(ay,az,a3;81,B2:X) IS @ gener-  pojoq from helow at the origin of the horizontal axis.

alized hypergeometric functioli, T'(x) is the Gamma
: 25,30 I 1A _ 1A
function™ npi;=min(n’,n"), and Npa=max@’,n"). An choseny, /wy=1, the use of ten basis functions allowed the

equivalent_ representation of the integral @5) in the Cqu- precision to be within the relative convergence of
lomb matrix elementa\,,,» may be found in Ref. 8. Since 3 451074, This accuracy was improved by almost an order
for negative integerse; (i=1, 2, or 3) the function ot magnitude when 20 basis functions were taken.
sFa(ay,az,a3;B1,B2;X) is reduced to the polynomial of In the following we shall focus our discussion on the re-
degree —«;, Egs. (25 and (26) make our calculation  gyiting persistent currents of the system. Numerical accuracy
scheme competitive with other approacﬁe%. Also, be-  gimilar to that for the energy eigenvalues was monitored for
cause _of tha’g, th_e procedure d_escrlb_ed here may be extendggh persistent currents throughout the calculation. Let us first
to the investigation of the excitons in quantum dbtsr to analyze the results at zero temperature, neglecting the spin

calculations of the properties of quantum ririgs. _ effects. In this case, the net currdnis simply given by Eq.
The material parameters that we have used in our modqhg) with the values ofJ>™ and J™ obtained at the ground
calculation are given by state. The ground state is specified by the quantum numbers

n,=0, 1,=0, n,=0, and a patrticulat,<0 depending on
the magnitude of magnetic fields, as can be seen in Fig. 1.
_ % The orbital withl,=0 remains as a ground state for the
€=12.4, g*=-0.44, - ;
magnetic fields from zero up to some value. As the ratio
where fiwg is the strength of the parabolic confinement. wg/wg increases the Coulomb interaction gives rise to a se-
Hereafter, in order to distinguish the quantum numbers of theluence of transitions in quantum numbégs® Before the
center of mass and relative motion, we shall use the suldirst transition takes places, i.e., when the ground state is
scriptsa and b such thatn, and |, indicate the quantum characterized by,=0, Eq.(24) dictates that the contribution
numbers for the former angl, andl,, those for the latter. from the relative motion is equal to that of an independent
The energy spectrum of the system considered is wellectron[see Eq.(6)]. Thus the net persistent current is ex-
knowrP>-81%and therefore only the family of levels with actly equal to that for noninteracting electrons and decreases
n,=0, 1,=0, n,=0 and 1, and severd|, is presented in linearly with magnetic fields. The result is illustrated in Fig.
Fig. 1 (not including spin splittingsfor completeness of the 2, where the currenit is depicted as a function of the ratio
work without a detailed discussion associated with it. Herewg/wq: the solid curve is for interacting electrons and the
we simply point out that our numerical diagonalization dashed line is for independent electrons. This interesting as-
scheme is very efficient and essentially exact in the sensgect of the independence of the persistent current of the
that the accuracy can be improved as desired by taking morectron-electron interaction was recently predicted for the
terms in Eq.(21). For instance, for the ground state at aquantum ring®~2%31 However, for the quantum dot it has

fiwg=5 meV, mi=0.06Mm,,
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T=0K

W/ Mg

FIG. 2. Current at zero temperature as a function of the raii9/ vo. The dashed curve is for independent electrons and the solid curve
is for interacting electrons. Currents are in unitseafy/27.

local character in magnetic fields and is valid only for small Now let us turn our attention to the finite-temperature
fields. After the first transition of the ground state, the cur-calculation. Here we shall include the electron spins explic-
rent will be determined by the state witj= —1. Therefore, itly in the formulation so that the spin statistics plays an
at the point of the level crossing there appears a suddeimportant role in determining relevant transport properties.
change in the amplitude of the current, which is clearly re-The only minor approximation we adopt here is to presume
flected in Fig. 2. We note that the Coulomb interaction re-that the definite current carried by the spin state is negligible
duces the magnitude of the current and after the change tteompared to those from the spatial degrees of freedom, Eq.
current shows a generally decreasing tendency ®itfhe  (19). In order to investigate thermodynamic properties at a
next jumps are due to the similar transitions caused by thénite temperature for a system with a fixed number of par-
level crossings fronh,= —1 tolg= —2 for the second jump, ticles, it is essential to calculate the partition function. In the
from|,=—2 tolg=—3 for the third jump, and so on. How- present problem the partition function is given by

ever, the current jumps at these points are smaller compared

to the first crossing. Also, the size of the jumps decreases as Z=Tre P12,

the magnetic field increases. We have seen numerically that )

at very high magnetic fieldsuz> ) the current associated where Tr means the trace over Fwo—partlcle stat_es. We choose
with the relative motion becomes negligible. Accordingly, [Na:la:Nb.15;S,S,) as the simultaneous eigenkets of
the total current of the interacting electrons is one-half thé1(1,2) in carrying out the trace. Considering the indepen-
current from the noninteracting picture. In Fig. 2, this meanglence of the center of mass and the relative degree of free-
that the slope of the solid line is two times larger than that ofdom and also taking into account the exchange effect, it can
the dotted line in the high-magnetic-field regime. On thebe shown that the partition function is factorized into

other hand, it was reported that the corresponding magneti- 4 A

zation tends to the value of the noninteracting system in the Z=Z2™Z{ e+ Z %02, (27)
same limit*® It is also worthwhile to note here that the lo- o L .

cation of the level crossings in Fig. 1 and, consequently, thé/hereZ=" indicates the partition functm:g for the center-of-
position of the current jumps in Fig. 2 may be tuned byMass degree of freedom a@fe,.,and Z{%qq represent the
changing the parameters of the dot. In particular, it is knowrf€lative partition function having the partial sum of even and
that the magnetic-field value, where the first spin-singlet an@dd angular momentum states, respectively. The partition
-triplet transition occurs, increases wifhw, (see, for in- functions assoc_lfated with the spin-singlet and spin-triplet
stance, Fig. 3 in Ref.)8 Therefore, for smaller quantum dots States are specified to be

these current jumps will occur at stronger fields, within the spin spin .

spinless-particle picture. 2o=1, z&7=1+2coslBg* usB). (28)
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FIG. 3. Current at finite temperaturd as a function of the ratiog/wy: (@) T=0.01 K, (b) T=0.1 K, (c) T=1 K, and(d) T=10 K.
The solid curves are with the exchange effect and the dotted curves are without the exchange effect, for interacting electrons; in addition, the
dashed curves are inserted for the independent-electron model. The units of the currents are the same as in Fig. 2.

When the exchange effect is neglected, the full factorizatiorrﬁg*MBB|>l leads taZsP"_ e~ A9* #8B_\which corresponds

approximation leads to to the situation where the electron spins align along the mag-

Z~zemzrelzsping g zcmzrel (29 netic field, i.e., theS,=1 case. The persistent currednbf
principal interest now can be evaluated by taking the en-
where the second step is valid when the further limit ofsemble average al®™+J", whose explicit expression is
|Bg* ugB|<1 is taken. On the other hand, the limit of given by

even odd
rel  ,—pBE™  —spin rel  o—pBE®  spin
1 nE |2 Ing 1,8 ”b"bzs:o”LnE IE Ing 1,8 T eZs=y
_ cm. ,—pES™ b b b b
= 7 Z E Jna,lae P Na.lat Zrel sp|n+ZreI spin . (30)
cm.ng la Iy everf-S=0 I odd=S=1

The results are manifested in Fig. 3 as solid curves as f@ary to the magnetization that at high magnetic fields satu-
function of the ratiowg/wo, Where currents are in units of rates to the value of the two independent electrons, the per-
ewy/27. The prominent features of sudden changes in theistent currents of interacting electrons at highthat we
magnitude of the currents for low temperatures, at particulaobtained are different from those of the noninteracting pic-
magnetic fields, again originate due to the alternating spinture (the dashed curves in Fig).30ur results show that due
singlet and -triplet transitions, as thoroughly discussed wheto the Coulomb interaction, the magnitudes of the persistent
explaining Fig. 2. Here we want to emphasize that this feacurrents are reduced in general for all ranges of magnetic
ture stems not from the spin effects but essentially from thdields.
crossings of the energy levels due to the interaction. It is Another important aspect of Fig. 3 is the spin effect. The
observed that this structure diminishes as temperature irdotted curves are the outcome of the spinless-particle pic-
creases and eventually disappears. A comparison witture: neither the symmetry of the total wave function nor the
magnetizatiofi® shows many similarities in its dependence spin splitting in energy was considered. The general ten-
on the temperature and the magnetic field. However, condency of smoothing out the jumps in currents with tempera-
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dotted line and the dashed line are the lower-lying spin split-
ting of the levelsl,=—1 andl,=—3, respectively. The
higher-lying spin splittings have not been drawn since they
do not participate in determining the ground state.

At finite temperatures, the thermal average occupancy of
all energy levels is not zero and thus they will contribute to
the transport properties of the systdsee Eq.(30)]. Our
results clearly manifest the importance of a proper treatment
of the spin effect in investigating the thermodynamic prop-
erties of quantum dots. In the high-temperature limit, two
results become identical, as indicated in Figd)3

IV. CONCLUSION

The persistent currents of two interacting electrons in a
guantum dot have been calculated. It was found that at very
low temperatures there was a range of weak magnetic fields
where the current was not affected by the Coulomb interac-
tion. However, the effect of the interaction is crucial for the
higher magnetic fields, where the deviation from the nonin-
teracting picture occurs as sudden drops of the magnitude of
the current. The threshold value of the applied field at which

the deviation occurs is seen to be influenced by the steepness
of the confining potential of the quantum dots. The steeper
the potential, the bigger the value of the fields. The pro-
curves are fol,=0 and —1 without spin splittings and dotted nounced abrupt change of the current at low temperatures is
curves are the spin splittings of the levgl=—1; (b) solid curves  attributed to the alternative transition between the spin-
are energy levels fol,=0,—1,—2, and-3, as indicated, and the singlet and -triplet states in the energy spectrum, essentially
dotted and dashed curves are the lower-lying spin splittings of thejye to the interaction. Moreover, we manifested that a proper
levelsl,=—1 and—3, respectively. treatment of the spin effects, including the antisymmetry of
the total wave function and the anomalous spin splittings in
ture is similar to the exact calculatioisolid curves. HOw-  the energy, was important in determining the actual values of
ever, in detail there are differences in the locations where thg, e magnetic fields, at which the quantum behaviors take
sharp changes take places. For instance, the first jump of th@aces for a given steepness of the confinement potential.

e;(aﬁt ou_tclome apge?rshprior to th? cor_resp(;nr(]iing jump oW, results clearly showed the discrepancies between the ex-
of the spinless model. The precise location of these Jumps iy caicylation and the frequently used spinless-particle

\I/:vlr?érg(?ﬁec?gm?)irgﬁglfils1;3(2?:1]2& Itgv?/ seé]?[;]%){ its’i)s%t;ﬂglmodelz the latter is valid onl_y in_ the high-temperature limit.
equivalent to the zero-temperature resylf$e dotted curve Also, contrary to t.h e magnetization, the currgnt_does not-tgnd
in Fig. (@ is identical to the solid line in Fig. 2For this to the noninteracting value a}t strong magnetic fields. At f|n|t(3T
purpose, in Fig. 4 we have plotted the relevant part of thdemperature the aforementioned struct_ure of .the current is
energy spectra as the solid curve in Figa)3 The dotted smoothed out and the current of the mteractlr}g system is
always smaller than that of the outcome of the ideal case.

lines in Fig. 4a) are the spin splittings for the state , i
l,=—1. Notice that there are no splittings for the level with  Throughout our calculations we assumed the parabolic

I, =0 since electrons are in the spin-singlet state in this cas€onfinement of the quantum dot. Recently, the energy spec-
It is clearly seen that the first jump of the solid curve in Fig. fra of the two-electron quantum disks with a hard-wall con-

3(a) occurs at the crossing point in the energy spectfig.  inement have been calculatétiThis model is suitable for
4(@)], where there exists the transition fromg=0 to the InGa ,As/GaAs quantum dots. The results show that

l,=—1 (the lower-lying dotted curve The crossing be- the groqnd state also exhik_)its the transition from the singlet
tween two solid curves in Fig.(d corresponds to the first to the triplet statgs. Accordingly, t.he results stro_ngly ;uggest
jump in the dotted curve in Fig.(8) or the first jump in Fig. that th.e current jumps observed in our calculation will take
2. This explains why the jump of the current appears first folPlace in these quantum dots too.

the exact calculation compared to that of the spinless model:
because of the spin splittings for the levigl=—1 the
ground state of the quantum dot considered undergoes the
spin-singlet and -triplet transition at the weaker magnetic
field compared to the threshold magnetic field for the spin- This work has been supported by the Ministry of Educa-
less model. The differences in the other jumps in Fi@) 3 tion of Korea through the Institute of Basic Sciences at
can be similarly understood through Fig(bt where the Chonnam National UniversityGrant No. BSRI-96-2431

FIG. 4. Same as Fig. 1, but with,=0 for both cases(a) solid
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