PHYSICAL REVIEW E VOLUME 57, NUMBER 3 MARCH 1998

Dynamics of electrons in a double quantum dot biased by an ac voltage:
Nonlinear effect of Coulomb interaction
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We investigate the dynamics of electrons in a double quantum dot biased by an ac voltage. For a closed
system with two electrons, the exact diagonalization is performed on a many-body basis with the help of the
time-evolution operator. We find three singlet states which show different dependences of quasienergies on the
strength of Coulomb interactiod. The amplitude, as well as the nonlinear features, of the oscillation of the
occupation number in a dot depends on the state and the value[&1063-651X98)03603-4

PACS numbeps): 41.20—-q, 41.90+e, 73.50.Pz, 73.20.Dx

Coulomb interaction plays an important role in the elec-existence of ac bias voltage, PAT is a nonequilibrium pro-
tronic properties of mesoscopic systems. By neglecting theess in nature. Recently, Stafford and Wingrgéi] and
many-body interaction, electrons always fill up the lowestStoof and Nazarov[18,19 investigated resonant PAT
single-electron energy levels of the system, and the intensitthrough a double quantum dot with Rabi spatial oscillation.
of the tunneling current is determined by the relative offset Here we investigate the dynamics of electrons in a closed
between the Fermi energy of the leads and the levels of thdouble quantum dot biased by an ac voltage. We construct a
system. If the interaction of the electrons is strong enoughmany-body basis for two electrons, and perform the exact
single-electron states are no longer a good description of théiagonalization with the help of the time-evolution operator
system, and the electrons occupy a many-body state as[20]. For different values of the on-site Coulomb interaction
whole. The number of electrons in the dots constantlyU, quasienergies are calculated, and the oscillations of the
changes during the tunneling process, and, consequently, tledectron number on each dot are obtained. We find three
many-body state occupied by the electrons also varies. Thigiplet states and three singlet states. The triplet states are
many-body effect in the tunneling processes was investigatewlivial ones with zero quasienergy and constant occupation
via the mean-field approximatiotMFA) for the double- number 1 on each dot due to the Pauli principle. The three
barrier structure[1,2] and the superlattice¢SL’s) [3—8]. singlets belong to two categories. The first category has two
Originating from the nonlinear nature of the dependence oftates, for which withJ increased the amplitude of oscilla-
the system energy on the electronic charging, the bistabilityions of the occupation number diminishes and the nonlin-
and multistability were found in thd-V characteristics earity grows. The second category has only one state for
[3,4,8. This nonlinear effect was used to explain the forma-which the amplitude increases first and then decreases by
tion of the high-field domairj3,4,8 and the self-sustained increasingU. These results may shed light on the nonlinear
oscillating current in SL’s at low doping densif$]. Chaos behavior of a double-dot system exposed to the radiation.
was also predicted theoretically and then confirmed experi- For simplicity, we suppose there is just one energy level

mentally in these systeni$,7]. on each dot. Thus, the Hamiltonian of the system is
The quantum dot presents another excellent type of sys-

tem to study the effect of the Coulomb interacti10]. + ~ + t

Since the electron number in an isolated quantum dot is H(t)= E: ka(t)ckoCkU“LTZ (C1,C20+C2,C10)

smaller than that in the large area quantum well, the MFA

treatment for the Coulomb interaction becomes poor because

of the strong fluctuations. On the other hand, if the applied +U2k nkT”kl"'WUEU N1, N20,- 2)
voltage is not large enough to excite the system to the state v

of N+1 electrons, which has much higher energy owing tojere ct - (C,,) creates(destroys an electron with spin

the strong interactjon, then none.of electrons can tunngl, thekth dot. When biased by an ac voltage, the energy
through the dot. This phenomenon is known as the CoqumP | the dots b D= (— 1)K LA+ 2 /2
blockade[11,12. Nevertheless, the Coulomb blockade can EVels on. € dots gcom( )=(=17 K € cosw) ’
still be lifted in special environment due to the quantumWhereA is the detuning between the two dotsthe ampli-
tunneling effec{12]. Based on the same reason, single elecfude of the ac voltage, and the driving frequency with
tron tunneling can be realized by modulating the appliedperiodT. T describes the transition between the two dots,

voltage. andU andW are the on-site and interdot Coulomb interac-
At the same time, photon-assisted tunnelfRPd\T) in the  tion, respectively.
guantum dot was also studi€t3—16. In this case, owing to To construct a many-body basis, we suppose there are two

the formation of the virtual states, electronic tunneling carelectrons in the system; then the Hamiltonian can be written
be obtained in the Coulomb blockade regime. Because of thas a 6x6 matrix:
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with |11), |11_>, |1_1>, |11), |20) and|02) as the six basis three bands of quasienergies indicate_d with triangles,_open
vectors, wherémn) denotes the state oh electrons on the Squares, and closed squaresUst 0, which is not shown in
first dot andn electrons on the second dot, and the values ithe figure due to the logarithmic axis, the corresponding

and 1 indicate the up-spin and down-spin, respectively.quaSienergies are 0.5041, 0.4958, and 0. Whens in-

When the ac voltage isot applied, the eigenenergies can be creased from zero, the curves all grow up. If the quasienergy
calculated from the equation ’ reaches the upper boundary of the zowe,t jumps to the

lower boundary 0, and the curve is brokdnote that
o modw=0). WhenU is small the triangle and open-square
curves are almost degenerate; their first breaking point is
nearU=0.7, and after that they are separated. The second
breaking point of the open-square curve and the first break-
ing point of the triangle curve are both ndar2. WhenU
Generally, we have three triplet states and three singlek large the curve of triangles approaches the upper bound-
states. {00000), (000100 and (01 ary, while the curves of open and closed squares approach
—1 0 0 0)" (neglecting the normalization coefficierform  the lower one. In Figs. 2 and 3 we plot the oscillations of the
the triplet subspace. The time-dependent terms do not misccupation number of the first dot over one driving period
the triplet states with the singlet ones. In triplet subspace théor the states which are in the triangle and open-square
electron number on each dot is invariably one. These statasurves and marked by and X symbols in Fig. 1, respec-
remain triplet when time-dependent terms are added. On thgvely. In these figures, it can be seen thalif 0 the elec-
other hand, the eigenstates in the singlet subspace afns undergo the Rabi oscillation around the average value
changed by the time-dependent terms. Thus in what followg with amplitude 1, corresponding to the one-electron pic-
we will pay attention to the singlet subspace. ture. WhenU s increased, the oscillations change in two
SinceH(t) is a periodic function of time, the eigenfunc- ways: First, the amplitude of the oscillation diminishes since
tion is of the Bloch forme™'Etu(t), with E the quasienergy the on-site Coulomb repulsion prevents the two electrons
andu(t+T)=u(t) (here we have sét=1). Introducing the occupying the same dot simultaneously. Second, the oscilla-
time-evolution matrixJ(t,t') [17,20, we have that, on the tion pattern deviates from the standard sinusoidal shape and

basis of the above Bloch fornt)(T,0) is diagonal with ei- the nonlinearity appears. In Fig. 4, the same figure is pre-
genvaluee 'ET. Thus using the initial conditiok (0,0)=1,

(W—E)][(W—E)(U+A—E)(U-A—E)—4T3(U—-E)]
=0.

1

we can integrate the equation ! B oW K
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and diagonalizeJ(T,0) to obtain the quasienergi&s, and 5 A
the Floquet states,(t) in the whole period. Then we can 8 04 | o iy
calculate the variation of the electron number onktiedot ‘7 o3k . )ZCA ®
when the system is on theth Floquet state: < : " s
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Coulomb interaction ( € )
For the triplet states the quasienergy is zero, and the oc-
cupation number on each dot is always one. For the singlet FIG. 1. The variation of quasienergiesWsfor the singlet states
states, we present the quasienergies vetsusth W=A=0 in a close systeme, the unit ofU, andw, the unit of the quasien-
in Fig. 1. Owing to the time periodicity the quasienergies areergies, are the amplitude and frequency of the applied ac field,
restricted within the first Brillouin zon¢0,w). There are respectivelyT= 3.
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FIG. 2. The oscillation of the occupation number in the first dot  FIG. 4. The same as in Fig. 2, but for the states marked by open
within one driving period for the states marked By symbols in  circles in Fig. 1.
Fig. 1, and the state wit=0 andE=0.5041.

states and one singlet state with degenerate quasienergies,

sented for the states marked by circles in the closed-squasnd the latter corresponds to the other two singlet states. By
curve of Fig. 1. We recall that ai =0, the quasienergy of increasingU the triplet states remain unchanged but the sin-
this curve is zero, and is degenerate with the triplet stateglet states show complicated oscillations with differ&nt
This corresponds to a constant occupation number on one ddependences of the amplitude and nonlinearity. This pro-
and zero amplitude of oscillations. Wheh increases the vides a possible origin for the multiple nonlinear behavior in
degeneracy is removed, and as a result the oscillation ampliunneling processes.
tude increases, as opposed to the states corresponding to theln the above four figures, we do not consider the interdot
triangle and open-square curves of Fig. 1.Ufis further = Coulomb interactionW and the detuningA. This corre-
increased and becomes larger than 2, the breaking point f@ponds to the case where the two dots are separated far
this curve, the amplitude decreases with increasinghe  enough and they are identical. When the two dots are close
same behavior as in Figs. 2 and 3. Remarkably, the maxito each otherW cannot be omitted. Note thaV is small
mum oscillation corresponds to the breaking pold&=2, compared toU in ordinary situations, and its effect is the
and the nonlinearity becomes larger by decreasing the  opposite of that otJ, so the essential features of the quasien-
rangeU<2. ergies and the oscillations in the occupation number are not

The different features of these states may lead to bistabilkhanged. When is included, the change is that the average
ity or multistability in the PAT process of the double-dot of the occupation number is no longer 1, because the spatial
system. AtU=0 there are two types of states: one has asymmetry is broken by the detuning.
constant occupation number on each dot, and the other As a summary, we studied from a strict many-body
shows a Rabi oscillation. The former includes three tripletscheme, the influence of Coulomb interaction on the quasien-
ergies and Rabi oscillations for a closed double-dot system
with two electrons. With the help of the time-evolution op-
erator, the quasienergies and eigenvectors are obtained by
exact diagonalization of aX66 Hamiltonian. The system has
three triplet states and three singlet states. For the triplet
states the occupation number on each dot is trivially 1, and
the quasienergy is zero. For the singlet states the electrons
undergo spatial oscillations. For two of the singlet states the
amplitude of the oscillations diminishes, and the oscillating
curve deviates from the standard sinusoid shape when the
interaction strengthU increases. For the third one the
quasienergy is degenerate with the triplet states, the occupa-
tion number per dot is constant wheh=0, and the ampli-
tude of the oscillations of the occupation number first in-
creases and then decreases s increases. Possible
consequences of these states are multistability and nonlinear-
ity in the PAT process of the system.

occupation number

FIG. 3. The same as in Fig. 2 but for the states markeckby This work was supported by the National Natural Science
symbols in Fig. 1 and the state with=0 andE=0.4958. Foundation of China.
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