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We study the charge oscillation in the triangular quantum dots symmetrically coupled to the leads. A strong

charge oscillation is observed even for a very small level difference. We attribute this oscillation behaviour to the many-

body effect in the strongly correlated system instead of the physical scenarios based on the mean-field approach in the

previous works for the two-level dot. The level difference induces the difference of the occupations between different

dots, while the symmetry of the many-body states favours the homogeneous distribution of the charge density on the

three dots. The interplay of these two factors results in the charge oscillation.
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1. Introduction

devices well-

(QD)

controlled objects for studying quantum many-body

Quantum dot provide
physics. When the QD is weakly connected to two
leads, with the increasing gate voltage, its charge
increases in a steplike manner. The steplike be-
haviour is caused by the Coulomb blockade (CB),
which has gained significant interest both theoretically
and experimentally.!' =1 In a two-level QD or double
quantum dots (DQD), the charging process can be
more complicated. By varying the gate voltage ¢, the
charge occupation on each level shows the oscillation
behaviour. The related phenomenon is the population
switching:[19=15] near the center of the Coulomb val-
ley, the electron population of the QD switches from
one level to the other. It is also relevant to some exper-
imentally observed effects, such as charge sensing!'6:17]
and correlated phase lapses!'819 of the transmission
through a QD.[20=26] This charge oscillation behaviour
is affected considerably by the QD-leads coupling I,
the interdot Coulomb interaction V', and the level
difference A.113-15:27.28] However, the mechanism of
nonmonotonic filling has not been understood com-
pletely. The numerical renormalization group (NRG)
results!’ showed that in the limit of I'’/A < 1, the
usual CB behaviour with a monotonic increase in oc-
cupation is expected; when I'/A ~ 1, a strengthen-
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ing of the charge oscillation is observed; in the limit
of I'/A > 1, the monotonic increase in occupation
is recovered, although its behaviour is different from
that for I'/A < 1.
tained by the NRG was explained by using a simple

This oscillation behaviour ob-

self-consistent Hartree approximation (SCHA). How-
ever, the results of the SCHA based on the single-
particle picture did not agree with the NRG result in
the case of I'/A > 1. The nonmonotonic charge occu-
pation in the DQD system was also studied by using
the perturbation theory.['314 A mechanism based on
the changes in the spectral weights and their positions
e and € + V was proposed for the case I'/A = 1. This
two-level model has been mapped into a generalized
Anderson model with pseudospin and effective mag-
netic field.2728] The numerical solution of the Bethe
ansatz equations showed a large charge oscillation for
I'/A > 1. Since the CB effect originates from the
electron interaction, we believe that the charge oscil-
lation should exhibit the many-body effect.

Recently, the many-body effect in triple quantum
dots (TQD) has attracted much attention.?9=40 In
this paper, we study the charge oscillation in a trian-
gular TQD system with interdot Coulomb repulsion
and level difference A by using the NRG method. In
contrast to the situation in the DQD system studied

in the previous work, we obtain a much larger charge
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oscillation even for I'/A > 1. This result cannot be
understood based on the simple SCHA. In fact, the
level difference induces the difference of the occupa-
tions between different dots, while the symmetry of
many-body states favours a homogeneous distribution
of the charge density on the three dots. The inter-
play of these two factors results in the charge oscilla-
tion. We discuss in detail the effect of the system pa-
rameters on the charge oscillation. Generally, a large
level width I' increases the degeneracy of three levels
and therefore enhances the symmetry of many-body
states, while the level difference A has the reversal
effect. The Coulomb interaction V >> I' guarantees
the system in the strongly correlated regime and ex-
hibits the remarkable many-body effect. To obtain a
large amplitude of the oscillation, we must choose an
appropriate set of parameters.

This paper is organized as follows. In Section 2,
we describe the model and the calculation algorithms.
In Section 3, we present the NRG results for the charge
density on each dot and the interdot charge correla-
tion. We will give a physical picture based on the
many-body effect for the charge oscillation. Finally,
the discussion and the conclusion are given.

2. Model and formulation

It is well known that the on-site Coulomb re-
pulsion favours the homogeneous distribution of the
charge while the interdot repulsion favours the charge
fluctuation. The effect of the interdot repulsion on
the charge oscillation has been investigated for dou-
ble quantum dots.['3-15:27:28] Tn order to compare our
results with those in the DQD, we consider the fol-
lowing model for the triangular TQD system with the

interdot repulsion:

H = Zekc;,wcj;w + Z €;n; + Vanj

jko i G>i
+3 " (Viely, dio + Hee), (1)
jkio

where c}kg creates a spin-o electron of wave vector k
and energy ¢ in lead j (= L, R), dzg creates a spin-o
electron of energy ¢; in dot i (=1, 2, 3), n;p = dj-gdw,
n; = Ny +n;y, and V is the interdot Coulomb repul-
sion. Here, we assume the tunnel matrix element Vj
between the leads and the dots is symmetric with re-
spect to the three dots and the two leads. We assume a
dispersionless conduction band with a half bandwidth

D, which is taken as the unit of energy. The tunnel
coupling introduces a level width I" = 2mpV}?, where
po is the density of the state of the lead at the Fermi
level ep = 0. Obviously, equation (1) does not include
the on-site Coulomb repulsion between two electrons
with different spins and can be mapped to a spinless
model. However, in order to extend model (1) to a
more general model including the on-site Coulomb re-
pulsion in the further study, we still consider the spins
on each dot in the following discussion.

We treat the model with the NRG method, 442l
which is a nonperturbative approach to study the low-
temperature properties of strongly correlated quan-
The key procedure of the NRG
method consists of the logarithmic discretization of

tum dot systems.

the conduction band, which is mapped onto a linear
chain of fermions. The transformed chain can be it-
eratively diagonalized. In our NRG calculation, the
discretization parameter is A = 2.0, and the number
of states kept at each iteration is 1200.

3. Results and discussion

We study the charge oscillation in model (1) us-
ing the NRG method.
parameters, we assume an equal level difference A =

In order to avoid too many
€ — €1 = €3 — €5. However, our conclusion does
not really require the level differences between the
dots to be equal. Figure 1(a) shows the total charge
Qaot = (n1 + ng + n3) of the three dots for sev-
eral level difference A. Obviously, Qqot increases in
a steplike manner with the decreasing ¢;. However,
the behaviours of the individual level occupations are
quite different. Figure 1(b) shows the charge density
(n;) on dot i as a function of level ¢; for level differ-
ence A = 0.0005, level width I" = 0.01, and inter-
dot Coulomb repulsion V' = 0.1. With the decreasing
€1, the charge on each dot exhibits an oscillation be-
haviour instead of the monotonical increasing. This
nonmonotonic level dependence cannot be explained
by the usual CB picture, in which the charge increases
in a steplike manner when level ¢; +V approaches the
Fermi level. We attribute this oscillation to the many-
body effects. Figure 1(c) presents the charge correla-
tion (n;n;) between different dots. In the NRG cal-
culation, the Fermi level is located at ep = 0. As the
dot level €; decreases to approaching the Fermi level,
the three dots start to be occupied. In order to avoid
the Coulomb repulsion and reduce the total energy,
the many-body state (ningnsz) has the configuration
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(100), (010), or (001), in which one dot is occupied
while the other two dots are empty. As €; decreases
further, the many-body state (ninens) has the con-
figuration (200), (020), or (002). In this process, the
charge correlation (n;n;) is zero (Fig. 1(c)).

When €; < —0.03 (point A in Fig. 1(b)), the to-
tal charge of the three dots approaches two electrons,
and there is some possibility to be in the many-body
configuration (210) or (201), which will increase the
Coulomb energy by 2V. In order to reduce the total
energy, the system is more likely to be in the configu-
ration of (200) instead of (210) and (201). Meanwhile,
the possibilities of being in configurations (020) and
(002) are also reduced. Therefore, the charge (n;)
on dot 1 increases to approaching (n1) = 2 at point
B, while (ns) and (n3) decrease to nearly zero. In
this process, the charge correlation (n;n;) is still very
small, since there is a very small possibility to be in
configurations (210) and (201).
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Fig. 1. (a) Total charge Qgot of the three dots as a func-
tion of level €; for different level difference A. (b) Charge
density (n;) on dot 7 (=1, 2 ,3) and (c) charge correlation
(nin;) between dots ¢ and j versus €1 for A = 0.0005. The
other parameters are I = 0.01 and V = 0.1. Letters A-G
in panel (b) indicate some special points of €;.

As €1 decreases further, to add an additional elec-
tron to the configuration (200) will cost energy e, +2V/,
which is much higher than the Fermi energy ep = 0.
Therefore, the total charge of the three dots nearly
does not change in segment BC' in Fig. 1(b). When

€1 < —0.15 (point C), the total charge of the three
dots is more than two electrons, and the configura-
tion (210) or (201) cannot be avoided. To reduce the
total energy, the many-body system has a tendency
to keep the completeness of the many-body Hilbert
space, namely, the configurations such as (210), (201),
(120), (021), (012), and (102) tend to be chosen with
similar possibilities. As a result, the charge (ni)
on dot 1 decreases from (n;) ~ 2.0 to (ny) ~ 1.0,
while (ns) and (ns) increase from (ns) ~ (nz) =~ 0
to (ng) ~ (n3) ~ 1.
hole symmetric point e = —2V = —0.2 (point D),
the configurations such as (210), (201), (120), (021),
(012), and (102) have almost the same possibilities
to be occupied, while the charge on each dot has

At the approximate particle—

(n1) & (na) ~ (ng) ~ 1.0. In this process, the charge
correlation (n;n;) increases to a value (n;n;) ~ 2/3.
For ¢; < —0.2 (point D), to add an electron to
the configuration (210) will increase the energy by
€1 + 2V < 0. With further decreasing €;, the many-
body state has the configuration (220), (022), or (202).
As the total charge of the three dots approaches four
electrons, there is some possibility for the configura-
tion like (221), which will increase the Coulomb energy
by 4V. To reduce the total energy, the many-body
states will have more possibilities to be in the config-
uration (220) until dots 1 and 2 are completely filled,
while the charge (n3) on dot 3 decreases to about zero
at point E. In this process, the charge correlation
(ning) increases to (ning) =~ 4.0, while (n1nz) and
(nang) nearly vanish. For e; < —0.35 (point F)), the
total charge of three dots is more than four electrons,
and the many-body state such as (221) is dominated.
Keeping the symmetry of the many-body states can
reduce the total energy of the system, therefore con-
figurations (122) and (212) tend to have similar pos-
sibilities with configuration (221). As a result, the
charges on dots 1 and 2 decrease from about 2.0 to
about 1.5 while the charge on dot 3 increases to about
1.5 at point G. In this region, the charge correlation
(n1ng) decreases, while (nyng) and (ngns) increases.
It is noticeable that in a two-level QD system,
the nonmonotonic charge oscillation is not visible in
the limit I"/A > 1. Moreover, the SCHA results do
not agree with the NRG ones.['5] However, in the
present TQD model (1), a large oscillation is ob-
served for I'/A > 1, as shown in Fig. 1(b). In
fact, the SCHA based on the mean-field approxima-
tion presents a single-particle picture and cannot deal
with the strongly correlated system for V> I'. In
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the limit I'/A > 1, all dots have nearly degenerate
levels, and the symmetry of the many-body states is
very important to minimize the total energy. In this
case, the single-particle picture is invalid.

Figure 2 shows the charge oscillations for A =
0.01 and 0.05. It is found that the oscillation for
I'/A < 1 in Fig. 2 is much smaller than that for
I'/JA > 1 in Fig. 1. Because the level difference A
is large, the many-body states are not symmetric, and
the configuration (200) has a larger possibility than
(020) and (002). With the decreasing €1, the charge
density (n;) on dot 1 is larger than (ns) and (ng).
As the total charge approaches two electrons at about
€1 = —0.02 (point A), the configuration (210) may
appear, and (ng) and (ns) reach their maxima, which
are smaller than those for I'/A > 1. Therefore, the
charge oscillations on dots 2 and 3 are much smaller
than those for I'’/A > 1. For a similar reason, as
the total charge approaches three electrons at about
€1 = —0.2 (point D), the configuration (210) has a
larger possibility than those such as (021) and (012).
In this process, the charge density (n;) decreases from
(n1) =~ 2.0 (point C) to a minimum (point D), which
is much larger than that for I'/A > 1.
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Fig. 2. Charge density (n;) of dot ¢ versus €; for (a)
A = 0.01 and (b) A = 0.05. The other parameters are
I'=0.01 and V =0.1.

In order to explore the effect of Coulomb repul-
sion on the charge oscillation, we present the charge
density and the charge correlation for A = 0.0005 and

V =0.03 in Fig. 3. It can be seen that the oscillation
is smaller than that for V' = 0.1 in Fig .1. This re-
sult can be explained by the following physical picture.
With the decreasing €, the total charge of the three
dots approaches two electrons at about ¢; = —0.01
(point A). With the further decreasing €, in order
to avoid the Coulomb energy and reduce the total en-
ergy, the system will have more possibilities in con-
figuration (200) instead of (210) or (201). In contrast
to the case of V' = 0.1 in Fig 1, the Coulomb repul-
sion V' = 0.03 and the level width I = 0.01 are in
the same order so that a new configuration (210) or
(201) is allowed. Meanwhile, the possibilities of hav-
ing configuration (200) is less that that for V' = 0.1.
Therefore, the maximum of (n;) at point B is less
than that for V' = 0.1, while the minima of (ng) and
(n3) at point B are larger than those for V = 0.1. For
€1 < —0.03, the number of electrons on the three dots
is greater than two, and the configuration (210) can-
not be avoided. Because of a small Coulomb repulsion
V' = 0.03, by keeping the symmetry of the many-body
states, the system gains less energy than that for the
case of V' = 0.1.
more popular than configuration (021) or (012), and

Therefore, configuration (210) is

the minimum of (n;) at point D in Fig. 3 is larger
than that for V' = 0.1, while the maximum of (n3) at
point D in Fig. 3 is smaller than that for V' = 0.1.
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Fig. 3. (a) Charge density (n;) of dot ¢ and (b) charge
correlation (n;n;) between dots ¢ and j versus €1 when
V =0.03, A =0.0005, and I" = 0.01.

The tunnel coupling linewidth I' also plays an
important role in the charge oscillation. We show the
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results for I' = 0.001 and 0.03 in Fig. 4. It is found
that for I' = 0.001, the oscillation is not visible, and
a simple CB effect is observed. While for I" = 0.03,
the oscillation is stronger than that for I" = 0.01 in
Fig. 3. This behaviour can be explained as follows.
For I'/A < 1, the three levels of the TQD are not
degenerate, the symmetry of the many-body states is
completely broken. The electrons start to fill dot 1
because of its lowest level. As e¢; + 2V < 0, dot 2 is
filled, and for €; +4V < 0, dot 3 is filled. For larger
I'/A, the level width covers the level difference, and
the degeneracy of the three levels and the symmetry
of the many-body states are enhanced. This feature
is favourable of all the oscillations, according to the
above discussion.

2.0 _ (a)

Fig. 4. Charge density (n;) of dot i versus e for (a)
I' = 0.001 and (b) I" = 0.03. The other parameters are
A =0.01 and V =0.1.

4. Conclusion

In conclusion, we study the charge oscillation in a
TQD system symmetrically coupled to the leads. We
attribute the oscillation behaviour to the many-body
effect in the strongly correlated system instead of the
physical scenarios based on the mean-field approach
in the previous work for the two-level dot or the DQD

(151 The level difference induces the difference

system.
of the occupations between different dots, while the
symmetry of the many-body states favours the ho-
mogeneous distribution of the charge density on the

three dots. The interplay of these two factors results

in the charge oscillation. In the region where adding
an electron to the three dots needs overcoming a large
Coulomb energy (segments AB and DF in Fig. 1), the
electrons tend to fill the lower levels to avoid the con-
figuration with high Coulomb energy. In the region
where the reduction of the level €; can almost com-
pensate the Coulomb energy (segments CD and FG
in Fig. 1), the total energy can be reduced by keeping
the symmetry of the many-body states.

In order to obtain a large oscillation, we should
choose the appropriate parameters. A large I'/A in-
creases the degeneracy of the three levels and the sym-
However, I'/A —
oo will reduce the difference of the occupations and

metry of the many-body states.

weaken the oscillation. On the other hand, in the case
of the large level difference A, although a large differ-
ence of the charge density can be kept, the oscillation
may be very small due to the lack of symmetry of the
many-body states (see Fig. 2). The NRG result also
shows that to observe a large oscillation, the system
should be in the strongly correlated region V/I" > 1,
since this oscillation results from the many-body ef-
fect.
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