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Interaction corrections to transport due to quasibound states in open
quantum dots

K. M. Indlekofer,a) J. P. Bird, R. Akis, D. K. Ferry, and S. M. Goodnick
Department of Electrical Engineering and Center for Solid State Electronics Research,
Arizona State University, Tempe, Arizona 85287-5706

~Received 3 July 2002; accepted 20 September 2002!

We formulate a many-body model of transport in open quantum dots, which is based upon the idea
of an enhanced electron–electron interaction in the vicinity of a quasibound state. Our studies
suggest that the effect of including this peaked interaction is to increase the amplitude of the
conductance fluctuations, beyond the value expected from a single-particle treatment. While the role
of interactions in transport through open dots has attracted little theoretical attention, our results
demonstrate the presence of interaction-induced corrections to the transport in these structures.
© 2002 American Institute of Physics.@DOI: 10.1063/1.1521584#
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Recent experimental and theoretical studies of o
quantum dots have revealed a picture in which the trans
through these structures is dominated by the contribu
from a small number of eigenstates of the correspond
closed structure, which remain resolved when the do
coupled to external reservoirs by means of one-dimensio
leads.1–5 The robust eigenstates are found to be scarred
the remnants of isolated periodic orbits~Fig. 1, lower inset!,
which buildup localized regions of high probability densi
within the center of the dot. Measurable transport res
associated with the scars have been demonstrated
experiment,3 and, in a recent semiclassical analysis, this
havior was shown to be consistent with a process in wh
electrons dynamically tunnel through forbidden regions
the classical phase space, to access isolated periodic or4

While these single-particle based theoretical approaches
pear to provide a good description of transport in the op
dots, we note that the dynamical tunneling implies the ex
tence of certain resonant energies, at which electrons
quasibound in the dot and can only escape on time sc
much longer than the direct transit time.5 For this reason, it is
of interest to explore the existence of many-body correcti
to the transport, which arise from an enhancement of
electron interaction in the presence of the resonant-trap
effect. Indeed, in a series of recent experimental reports
have discussed the presence of features in the electrical p
erties of open dots which are believed to be associated
such many-body interactions.6–8

In this letter, we formulate a many-body model of tran
port in open quantum dots, which is based upon the ide
an enhanced electron–electron interaction in the vicinity o
quasibound state. Our studies suggest that the effect o
cluding this peaked interaction is to increase the amplitud
the conductance fluctuations, beyond the value expe
from a single-particle treatment. While the role of intera
tions in transport through open dots has thus far attrac
little theoretical attention, our results demonstrate the p
ence of interaction-induced corrections to the transpor
these structures. We also consider the relevance of our m
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to the earlier-mentioned experimental studies of open qu
tum dots, which have demonstrated unexpected results at
temperatures, where interaction effects are thought to
pronounced.6–8

The key experimental observations to this study are su
marized in Fig. 1, which shows the temperature depende
of the resistance of a split-gate quantum-dot array, for t
different gate-bias conditions. Although not shown here,
low temperatures the resistance of these dots exhibits re
ducible fluctuations, which may be generated by varying

FIG. 1. Measured variation of resistance with temperature in a split g
quantum-dot array. The-dotted line represents a fit to the form of Eq.~1!
with parametersR0511.3 ~10.1! kV, R150.65 ~1.15! kV, R2520.3~10.2!
kV, T051.1 ~4.0! K, and p51.3 ~1.1! for the upper~lower! curve. Data
shown is from deviceB of Ref. 7. The dashed lines are fits without
low-temperature logarithmic term@R0511.0 ~10.8! kV, R151.3 ~0.3! kV,
T051.1 ~3.0! K, and p51.3 ~2.0!#. Upper inset shows a scanning electro
microscopy micrograph of deviceA from Ref. 7. Lower inset is a calculated
scar for the device studied in Ref. 3.
1 © 2002 American Institute of Physics
 license or copyright, see http://apl.aip.org/apl/copyright.jsp
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ther the gate voltage or the external magnetic field.3,4,6–8The
data shown in Fig. 1 are quite representative7,8 and were
obtained by setting the gate voltage to correspond to a l
maximum ~upper curve! and minimum in the low-
temperature resistance versus gate voltage curve.6–8 The dot-
ted line through each data set represents a fit of the resist
to the following form:

R~T!5R01R1 expF S T0

T D pG1R2 ln T, ~1!

whereT is the temperature, andR0 , R1 , R2 , T0 , andp are
fit parameters.8 In our experimental investigations of thes
variations, we have suggested that the exponential term
Eq. ~1! arises from the resolution of the discrete dot lev
with decreasing temperature,8 while the lnT term is thought
to be a signature of many-body interactions, since it is
reproduced in single-particle treatments.

The theoretical model that we explore is based on
idea of the Anderson system,9–15 where a single impurity
level with an on-site electron–electron interaction is coup
to a one-dimensional lead. In our case, the single impurit
interpreted as the quantum dot, which is coupled to t
quantum-point-contact leads. To obtain a many-body mo
for the interacting open system, however, we start with
single-particle eigenbasis of the integral dot/lead system w
one lateral mode. The propagating one-dimensional eig
states of this system are identified by their wave numberk)
in the point contacts~where the sign ofk defines the source!.
At certain energies, the transmission of this mode can exh
a Fano-type resonance, reflecting the presence of a q
bound state which exhibits a resonantly enhanced ch
density that is localized within the dot.5 In this situation, the
resulting effective-interaction matrix elements will also e
hibit a resonance and the model Hamiltonian which sho
describe this interaction for one mode propagating throug
single open dot may be written as

Ĥ52bF(k,s
~eks2mk!cks

1 cks

1 1
2 (
~ks!Þ~k8s8!

V~ks!~k8s8!cks
1 cksck8s8

1 ck8s8G , ~2!

whereb51/kBT, mk is the electrochemical potential assoc
ated with the mode with wave numberk, s denotes the usua
spin index,cks

1 /cks are the usual creation/annihilation oper
tors, andeks denotes the single-particle dispersion relatio
The applied voltage between the injecting electron reserv
corresponds to the difference in chemical potentials,mk.0

2mk,0 . For the effective interaction matrixV, we employ
the following peaked expression in the vicinity of a res
nance (E0):

V~ks!~k8s8!}~U2dss8U
ex!

3
G2

~ek2E0!21G2

G2

~ek82E0!21G2 . ~3!

Here,U andUex are the Hartree and exchange terms, resp
tively, and 2G denotes the total width of the interaction res
nance, corresponding to the lifetime of the resonan
trapped charge. Note here that screening within any part
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lar mode is included explicitly in this many-body Hami
tonian, whereas screening effects arising from propaga
background modes, and the environment, are assumed
contained within the effective interaction matrixV.

To calculate transport properties from this model, w
consider the diagonal nonequilibrium~due the nonconstan
chemical potential! many-body density-matrix r
5Z21 exp(Ĥ), with the partition functionZ. For numerical
reasons, the continuum ofk states is discretized in our simu
lations, and we further employ a mean-field approach for
calculation of occupation numbers for state numbers lar
than 16~the discretization ink space must be chosen suc
that the resulting energy spacing is small compared
kBT).16 The current flowing through the system~and, hence,
the conductance! can then be expressed in terms of t
single-particle transmission probability~with its Fano-type
resonance! and the occupation numbers.16 Figure 2 shows
the typical dependence of the conductance correction du
the interaction~assuming unity transmission! with varying
chemical potential and temperature~all quantities in arbitrary
units!. The conductance valley can be understood as a de
tion of current-carryingk states at energies below the inte
action peak. After the interaction has been overcome by
chemical potential, an enhanced density of states contrib
to the current, and a conductance peak therefore result
systematic analysis16 leads us to define a characteristic e
ergy scale kBT* 5a(GVtot

state)0.5, with fitting parameters
aG'0.55 andaR'0.31 for the conductance and resistan
maxima, respectively.Vtot

state denotes the normalized interac
tion energy per state, and we note that the temperatureT*
has a form reminiscent of an effective Kond
temperature.9–16 In the high-temperature regime (T@T* ),
we find a modified Boltzmann law for the scaling of th
corrections to the local conductance and resistance peak

Gpeak
corr}expF S TG

*

T
D 2G , Rpeak

corr}expF S TR
*

T
D 2G . ~4!

In the limited temperature range nearT'T* , however, a

FIG. 2. Normalized conductance as a function of the chemical potentiam
~relative toE0) and the temperatureT for G50.4, U52.4, Uex50.6 ~with a
total number of 12k states!.
 license or copyright, see http://apl.aip.org/apl/copyright.jsp
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conductance correction approximately proportional to lnT is
found, which is surprisingly similar to the behavior found
experiment~Fig. 1!.7

To compare the predictions of the peaked-interact
model with experiment, we show the results of a more re
istic simulation in Fig. 3. This now includes the Fano-ty
resonance5 in the single-particle transmission probabilit
Here we have takenG50.02 meV,U50.125 meV, andUex

50.5U, a parameter choice which yieldsVtot
state'0.010 meV,

TG
* '95 mK andTR

* '53 mK. We have also assumed a Fan
like transmission probability with a peak5 at Ep5G, a zero at
E050, a total amplitude prefactor of 0.5, and a backgrou
transmission of 0.5. Furthermore, we have assumed tha
have one nonresonant background mode~with a conductance
of 2e2/h). In Fig. 3, the dotted curves show the variation
the peak- and valley-resistance values as a function of
temperature, which were computed without the inclusion
any interaction terms~that is, this figure shows the temper
ture behavior due to the single-particle Fano-resonanc
the mode!. The solid lines in the figure correspond to th
situation where the peaked interaction term has been
cluded in the simulation. Clearly, the interaction yields
increased fluctuation amplitude, compared to the sing
particle behavior. In the inset to Fig. 3, the difference b
tween the interacting and noninteracting cases is plotted~for
the peak and the valley as two separate curves!, and, in the
limited temperature range close toT* , one can see a log-like
correction due to the peaked interaction, as a first-order
rection beyond the single-particle case. The qualitative si

FIG. 3. Computed temperature dependence of the resistance peak~upper
curve! and valley associated with a specific peaked interaction. The ca
lation includes 128k states and the solid lines correspond to the case wh
interactions are included, while the dotted lines are for no interaction.
inset shows the corresponding interaction corrections determined from
data~i.e., the difference between the interacting and noninteracting cas!.
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larity with the experimental results of Fig. 1 is suggestiv
and a further interesting observation is that the interact
corrections to the resistance valley~i.e., conduction peak!
onset at higher temperatures than for the resistance p
which can also be seen in the experiment. We do not sugg
however, that the agreement between experiment and th
is complete. In fact, while we have investigated the behav
for a single propagating mode ~for ease of
implementation!,16 in experiment one typically deals with
dot-array structures in which many propagating modes,
temperature-dependent dephasing effects, are present.6–8 To
conclusively associate the features observed in experim
with many-body effects, it will therefore be necessary to e
tend this model to account for these differences. In spite
this, however, we are encouraged by the fact that our ra
simple model does indeed yield interaction-induced corr
tions to the conductance of open dots.

In conclusion, we have formulated a many-body mod
of transport in open quantum dots, which is based upon
idea of an enhanced electron-electron interaction in the
cinity of a quasibound state. Our studies suggest that
effect of including this peaked interaction is to increase
amplitude of the conductance fluctuations, beyond the va
expected from a single-particle treatment. While the role
interactions in transport through open dots has thus far
tracted little theoretical attention, our results therefore de
onstrate the presence of interaction-induced correction
the transport in these structures.
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