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Decay rates ofN-electron resonant states in a double-barrier quantum dot under the influence
of electric and magnetic fields
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Resonant energies and decay rates of interacting electrons in a double-barrier quantum dot subjected to
parallel electric and magnetic fields are investigated via a complex coordinate rotation method. We show that
the decay rate increases monotonically with the electric field, but changes discontinuously with the magnetic
field. The discontinuous jumps correspond to changes in the orbital angular momentum and spin.
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Resonant tunnelings through double-barrier semiconducria the isotropic Coulumb potentialsr}’ but is unsuitable
tor quantum dots, driven by a bias voltage, are highly sensifor anisotropic systems such as the quantum dots to be
tive to the electronic structures of the dots. Experiments constudied in this paper, because of its extremely slow conver-
ducted on these devices, so-called single-electron transistogence. Here we generalize this method and point out that
(SET’s), to date have yielded rich data® the full under- the resonant states of a system can be obtained by a more
standing of which requires a quantum-mechanical treatmer@i€neral ~ complex  coordinate  rotation Xx;(y;,z)
of the electron-electrore-8 interactions and the effects of —(€'“*ixj,e'*viy;,e'“2iz)), which allows us to avoid unnec-
external fields. To our knowledge, the existing theoreticalSSary computation requwem%\ts_ by optimizing the param-
investigations of quantum dot transport properties are alfters{a,jlu=xy.z;j=1,..N},™ since the wave functions
based on the tunneling Hamiltonian approAchin this pa- of an anlsotro_plc system can be extended more in some di-
per, we report our first-principles calculations of the lifetimes'©ctions than in others. Under a CCR, the Hamiltorttaof
of quasibound stateGesonancesof a double-barrier con- @ System becomes a non-Hermitian operaforFor suffi-
fined quantum dot. For convenience in calculation, the sysciently largea,; in the domain 6=«,;<m/2, the spatially
tem is embedded in a quantum wire, so the motion inxtlye extended wave functloFIf@of a resonant state becomes a
plane is quantized both inside and outside the quantum dogquare-integrable functiod ;. Hence the resonant states
However, many interesting predictions obtained by thisand the associated energies and lifetimes can be obtained by
model should remain qualitatively valid for a quantum dotdiagonalizing the rotated Hamiltoniad in a model space
sandwiched between planar junctions as in typical experispanned by discrete, square-integrable basis functions. The
mental setups for SET’s. To emphasize the effectse®f spatial wave functionV ¢ of a scattering state is rotated into
interactions and external fields, we consider systems imnother extended functiow., the expansion of which in
which the strengths dé-einteractions and external fields are terms of discrete, square-integrable basis functions would di-
comparable with the barrier heights. We demonstrate that werge. After the diagonalization, the resonant states can be

combination of thee-einteractions and a varying magnetic identified from the spectruni(;,i,....n,...} of H by

field can lead to dr_am_atic changes in the tunneling ra_teﬁmplementing the stabilization condition&l,/de,;=0, or
Overall, the magnetic field tends to suppress the tunnelings, " changing the number of basis functions. The complex
of interacting electrons, in agreement with the experimenta =

observation by Ashoorét al” eigen@erg;{n associated with a resonant state can be writ-
For the calculations df-electron resonancedl(>1), the  ten asl,=(e,,—I'n/2), in which the real paré, is the reso-

traditional phase-shift analy&i® and the complex-energy hant energyl', is the decay ratef(/I", gives the lifetimg.

methods? are not applicable due to the unavailability of ex-  The quantum dot model considered here has two symmet-

act N-body wave functions. The stabilization-diagram ric barriers along the transpof#) direction, sandwiching a

approacﬁl is Computationa”y too demanding, and its app“- potenti.al well a.1-Z:O, which is parametrized as a sum of two

cability in the region of strong electric fields is Gaussian functions,

problematict? In this paper, we employ the complex coordi-

nate rotationlCCR) method, which emerged about 30 years v(2)=voe ZlA+ e 1%, (1)

ago and has been successfully applied to some atomic

resonance$’ The original CCR method, its mathematical ar- The parameters can be tailored to match the quantum dot

guments from the spectrum theory of operattt¥ and its  systems used in actual experiments. The numerical results

hitherto applications have relied on a complex rotation of thepresented in this paper are fovg;=—61meV, vy,

same angle « for all coordinates, ie., X,Yj,z) =30 meV,a;=12 nm, anda,=30 nm, which are so chosen

—(e'“x;,e'y;,e'“z;) (j=1,..N). This global rotation of as to support a bound state similar to the experimental device

coordinates is most suitable for spherically symmetric sysdescribed in Fig. 3 of Ref. 2. The barrier heigbee Fig. 1

tems, such as atomic systems in which the particles interaé$ of the same order as the strengtheeginteractions in the

0163-1829/2002/685)/1553114)/$20.00 66 155311-1 ©2002 The American Physical Society



W. Y. RUAN AND YIA-CHUNG CHANG PHYSICAL REVIEW B 66, 155311 (2002

20 SAARAS an T T 20 T T T s
0 s =1 L
1 g ~ 3
B I S Ty
£ ‘% 0 F e \.....\\ ---------- E
= -10 k] g g
N ;) ]
> -20 g 10 F _;
0 P :
20— ]
L B S Liteiisias Licasaaiis lasissiie c
-100 0 5 10 15 20

z (nm) E (kV/cm)

FIG. 1. Double-barrier potential along the tunneling direction.  £iG. 2. The resonant energies and decay rates of the two lowest
The horizontal lines give the two lowest states supported by thgagonant states df(z) as a function of electric-field strengts,
potential, the ground state is a bound state, the first excited state is
a resonant state. where B=(#/m* Q)2 H, are Hermite polynomials. The

quilibrium point z, of the oscillator is determined by

dot so that the tunneling rates will be significantly enhance [v(2)+eEZ/dz=0, and the oscillator frequency by

by the e-e repulsions. Similar to the systems considered in

Refs. 19 and 20, the confinement potential in xhg plane, 1 dquv(z)+eEZ)?

for all z, is approximated by a parabolic potentjah; wépz, 0= { T dZ .

with p=(x?>+y?)¥2. The electriod E) and magneti¢B) fields € 2=z

are oriented parallel to the direction. The single-electron : : )
Hamiltonian separatesy(r)=h(x.y) + h(2). We estimate the accuracy of the calculated complex eigenen

ergies by varying the parameterand the number of basis
functions used. For example, using 51 harmonics With

h(X,y) = — == (p+eA)2+ im?* wlp2+g? ugBS,, <25 and setting the electric field =20 kV/cm yield a
2mg ground- (resonant state eigenenergy/;=(—23.467251,
2 —0.56897935) meV, which remains unchangeq to eight
5 significant digits of both its real and imaginary pamgth «
h(z)=— h iz+v(z)+eEz, 3) varied in the range ofr/60< a< m/4. When the number of
2mg dz

. basis functions is further increased, the calculated complex

eigenenergies of resonant states become even less sensitive
where mg is the effective mass of the electroA=(B  to the variation ofa. If we take a to be the optimum value
Xr)/2 is the vector potential of the magnetic fiet, is the aqy~ /8, the number of basis functions can be reduced to
effectiveg factor, ug is the Bohr magneton. Obvioush(r) 31, while maintaining the same accuracy. In our calculations,
describes the motion of an electron in a double-barrier quanalthougha,, is found to vary withE, there is no noticeable

tum dot embedded in a quantum wire. We ignore the electrodeterioration of convergence due to increasifg For a

mass difference between the dot and the barrier materials- 7/4, since  the rotated potential v(e'*z)

The eigenequation of operatbi(x,y) is exactly solvable, =p g e (cos 2etisin 2a)z2/a§+voze—(cos 2t sin 20)2a; oscillates

yielding with ever increasing amplitudes as- =, the convergence
o " o slows down signific'antly with increasing Figure 2 exhibits
bi(5)=| = n: } (p/a)“‘L(2“|)(p2/a2)e*92’2aze—, the resonant energies and depay rates of the two lowest reso-
as(n+|I|) n N nant states of(z) as a function ofE. The energies of the
(4) resonant states decrease quadratically with incredsiuis-
playing a second-order Stark effect, while the decay rates
ho resonant widthsincrease monotonically, with the higher-
€n=2n+ ||+ how—I T°+g§ ugBs,, (5)  lying state much more susceptible to the electric field. Other
resonant states lie beyond the scope of the figure.
wherea=(7/wm*)Y2 is the effective magnetic length, We now consideN interacting electrons in the dot. The

=eB/m? is the cyclotron frequencyw=(w3+ w3/4)*?, Hamiltonian reads

ng“‘) are Laguerre polynomials. The nontrivial problem is to N e2 N 1

find out the resonant states lofz). We diagonalize the ro- H:E h(r;)+ E 15
tated Hamiltonian ¢ “z) in the model space spanned by the =1 ame =) (pij+z))
one-dimensionallD) oscillator harmonics,

)

An important feature of Eq(7) is that the(x, y) motion and
1o the z motion are now coupled via the-einteractions. Hence
H (22 )/B]e_(z_zo)z,zﬁz ©6) unlike a single-electron dot, the tunnelingNfelectrons will

k - O 1

F(2)= be tuned by the magnetic field. We diagonalize the rotated

B2 k!
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FIG. 3. (a) Resonant energy of the ground state as a function of

the magnetic-field strength fdd=2. The arrows point to locations FIG. 4. (a) Resonant energy of the ground state as a function of
where a switching in orbital angular momentumand spinS oc- the magnetic-field strength fdi= 3. (b) Decay rate as a function of
curs. The numbers in the brackets giteS. (b) Decay rate(solid  the magnetic field. The horizontal line gives the decay rates in the
curve and averaged Coulumb energy divided by a factor 50absence of the-einteractions.

(dashed curveas functions of the magnetic field. The horizontal

line gives the decay rates in the absence ofeateinteractions. The application of magnetic field brings about an impor-

_ tant change to the single-particle wave functions in xhe
HamiltonianH to obtain the resonant states as before. Thelane[see Eq(4) and the subsequent definition of magnetic
antisymmetric basis functions we use are Slater determinanfgngtha]. States of all shrink in radius as the magnetic field
composed of single-particle basis functions, each of which igs increased. Hence the average spacing between electrons
the product of a 2D oscillator harmonifgiven by Eq.(4)],  tends to decrease with increasiBy To avoid being com-

a 1D oscillator harmonicgiven by Eq.(6)], and an electron  pressed to a point at the dot's center, the electrons transit to

spinoclw. The complex rﬁtaﬁon 6_‘”9"?% Ay ’O‘Zi)hare inde-  gtates of highet values at certain critica values at which
peln entfofj r?wr:ntg ot ? |fdent|ty ore eCtFO“IS* tl N lor:_tlmun: the transitions can occur without causing any increase in the
values ot which turn out, from our numerical calculalions, 10,151 anergy(i.e., level crossings®>?" thereby a series of
havea,=0 andayzo. This is understandable since .there IS inks develop in the resonant energiase Figs. @) and

no wave-function leakage along theand/ory directions. 4(a)]. In each of these transitions, a sudden increase in the

The only nonvanishingr, depends on the field strengths. kinetic and confinement energies is accompanied by a sud-
Approximately, the convergence is 3" times faster than 9 X y
den drop of the same amount of Coulumb energy. Ror

the global CCR of assuming, = «,= a,= « for the present i . L2
casgs = ay=a=a P =2, the energetically most favorable configuration is for the

Figures 3 and 4 exhibit the resonant energies and deca%*}ectrons to be on the oppgsite .sildes and .their ceqters of
rates ofN=2 and 3 in their ground states. They have beerin@ss located at the potential minimum point (5, in
calculated using parameters appropriate for GaAs and which a rotation ofr about thez axis is equivalent to the
value of 3.6 meV forhwg, and the electric-field strenge  €xchange of the two electrons, i.R(7)¥,=P1,¥,, where
=10 kV/cm. The effect of a varying electric field on the Wy is the probability amplitude of the configuration. How-
N-electron resonances is qualitatively similar to thatNof —ever, R(m)¥o=e""W, and P;,¥o=(—)%¥, leads to
=1 reported above, except that thee interactions further [€'-"—(—)5]¥,=0. In other words, the nodeless ground
enhance the decay rates. Here we focus on the effect of states can occur only whdm S=even. Applying the simi-
varying magnetic field on the resonant tunneling through thdar arguments taN=3 leads us to the conclusion that the
ground stat€(i.e., tunneling at zero temperatiwréSince the nodeless ground state occurs wheiis a multiple of 3 (
e-einteractions conserve the total azimuthal angular momen=3,6,9,12,...) forS=3 and whenL is not a multiple of 3
tum L and the total spir§, we use them to label the eigen- (L=1,2,4,5,7,...) forS=3. All the ground states in Figs. 3
states. The resonant energies of few electrons in a quantuand 4 obey these rules. In low magnetic field, both the spin
dot in a magnetic field have been calculated by several aysolarized and spin unpolarized states compete to be the
thors by treating the systems as bound-state probléméin  ground state. Due to the presence of the Zeeman term, the
the case oN>1, there are typically several tunneling pro- spin unpolarized states have shorter ranges of magnetic-field
cessesl represents the total decay rate via all processes. strength to form the ground state than the spin polarized
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states in intermediate magnetic field, and are completely eXsecomes energetically less costly to transit to a hidler
cluded from forming the ground state in high magnetic field.bital as the magnetic-field strength is increased. Conse-
There is a simple way to interpret the sawtooth structuresjuently, the spacing between electrons gains a net increase
of the decay rates exhibited in FigsbBand 4b). The in- and the decay rate gains a net decrease from each transition.
teracting electrons can be thought of as a droplet of incomThis elucidates a previous unexplained phenomenon ob-
pressible liquid. A shrinkexpansioh of its size in thex-y ~ Served in Ref. 7. . .
plane brings about an expansitshrink) of its size in thez n conclusion, we have |_n\_/est|gated the transport proper-
direction, and vice versa. Since the tunneling rate depends difS ©f @ quantum dot containing a few electrons and coupled
the amount of wave-function leakage through the barrierd® 1€ads through soft barriers using a generalized CCR

separating the dot from the leads, it varies in much the sam@ethoqtz Vf\(elg,how thzt. the—te mLeracUonsf ?hnd tan e>|<_terna|t
way as the Coulumb energisee Fig. ®)] in a varying Magnetic field cause discrete changes of the tunneling rates.
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