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Kondo regimes in a three-dots quantum gate
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The transport properties of a linear structure of three quantum dots, with the central one connected to leads,
are studied using the logarithmic discretization embedded cluster approximation. It is shown that the side dot
spins can be ferromagnetically (F) or antiferromagnetically (AF) correlated between them, depending on the
charge at the central dot. The system possesses a regime of coexistence of a two stage Kondo effect and the F
phase. Ferromagnetism destroys the Kondo ground state when the system is driven to the molecular regime by
increasing the interdot interaction above the largest Kondo temperature. Instead, an AF ground state does not
compete with the Kondo regime. This remarkable behavior indicates that the measurement of the conductance
can be an efficient readout procedure when the system operates as a quantum gate.
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Three-dot structure. Quantum dots (QDs) were theoreti-
cally proposed as ideal components to construct quantum
gate devices.!”> The proposal was based on the flexibility to
change in a continuous way its couplings and charge by ma-
nipulating the potentials that define the QD. Recently, trans-
port properties of two dot systems have been theoretically
studied.’-® It was shown experimentally that a controlled op-
eration of long-time relaxation double dot spins was
possible.’~!! The manipulation of the gate voltage!? allows us
to control the dots charge and also the tunnel barrier between
them, modifying their exchange interaction and the physics
of the system. An efficient and reliable process to read out
the spin configuration is the additional requirement for this
structure to operate as a quantum gate.

Although less studied, three-dot structures have also re-
ceived some attention.'?>~'® Depending on the topology, it has
been possible to investigate the two stage Kondo and Dicke
effects, and the properties derived from a non-Fermi-liquid
behavior in a triangular configuration.!” However, the inter-
play between the Kondo effect and the various exchange
interactions among the spins was disregarded. In particular
this is the case of the structure of three QDs, two side local-
ized [side QD (SQD)], one at one side (1), and other at the
opposite side (2) of a central one [central QD (CQD)], which
is connected with them and connected in turn to leads (L).'?
This system is capable of functioning as a quantum gate.
This possibility is based on the fact that the spin-spin corre-
lation between SQDs can be tuned by changing the charge
state of the central dot by means of a gate potential. It has
been suggested that a polyoxometalate molecule could be a
materialization of this structure.'? In the cotunneling regime
a peak in the differential conductance is expected to show up
at values of the gate potential at CQD, which depends on
whether the spins of the SQD are ferromagnetically (F) or
antiferromagnetically (AF) correlated between them. This
transport measurement was proposed to read out that
information.'?

The aim of this Rapid Communication is to analyze the
three-dot system in Fig. 1. This configuration is topologically
similar to that proposed and studied in the weakly interacting
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regime, in Ref. 12. Here, we investigate the much richer
physics that this system possesses in the strongly interacting
regime, when there is an interplay between the spin-spin cor-
relations among dots and various Kondo-like ground states.
As regard to the computing gate capability of this structure,
we analyze its transport properties and conclude that the
Kondo regime is a fundamental tool to read out the informa-
tion contained in the SQDs, i.e., whether they are F or AF
correlated.

Hamiltonian. The system is described by an Anderson-
like Hamiltonian that reads as
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where the operator clT(, creates an electron at site i=c,1,2

with spin o and n,,, is the number operator. We assume the
diagonal energies of the SQDs to be €;=€=¢), and
U,=U,=U,=U, for the on-site Coulomb repulsion. The pa-
rameter ¢” is the hopping probability from SQD to the CQD.
Finally, €y=—U,/2 ensures that a charge close to one elec-
tron will occupy each SQD. The energy of the CQD is
€.=V,, where V, is the gate potential. J is an exchange pa-
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FIG. 1. (Color online) The linear three-dots structure investi-

gated in this work. Leads are approximated by one-dimensional
chains.
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FIG. 2. (Color online) Left panels: conductance (continuous
line) and charge (broken line) versus gate voltage V,. Right panels:
spin-spin correlations versus gate voltage V,; S;-S, (broken line),
S-S, (continuous line), and S-Sy, (circles). The results correspond
to [(a) and (d)] #’=0.4, [(b) and (e)] 0.2, and [(c) and (f)] 0.05;
J=0, Uy=2, and t'=0.3.

rameter between S; and S, (upper and lower spins) used to
stabilize the AF phase, as explained below. Sites L1 and L2
are the first sites of one-dimensional chains that represent the
metallic leads. They are connected with ¢’ to the central dot
and due to the symmetry their spin operator is denoted by S,
indifferently. The Fermi level of the system is chosen as
the zero of energy. We solve it by applying the logarithmic
discretization embedded cluster approximation algorithm,'
so we logarithmically discretize the lead Hamiltonian
HL=Ei’0ti,>\cj;Tci+lg+c.c., where ti,)\=t(1+1/)\2)/(2)\|"“1)
with ¢ being the hopping probability in the leads. The dis-
cretization parameter N is modified until size effects are
eliminated, which guarantees a reliable description of the
properties at the Fermi level.'® The values of all the param-
eters are given in units of 7.

Isolated three-dot structure. A calculation of the ground
state of an isolated three-dot structure with J=0 shows that,
with one electron at each SQD and none at the CQD, the side
spins are AF correlated, while with roughly one electron at
each dot, the correlation is F. This behavior persists when the
central dot is connected to leads, as shown in Figs. 2(d)-2(f),
which depict the spin-spin correlation of the side dots as a
function of V,. It should be noted that to stabilize the AF
configuration, when the central dot is filled, a finite J is re-
quired.

Charging the COD then triggers a transition from AF cor-
related SQDs (called AF configuration) to F correlated
SQDs, which in turn are AF correlated with the CQD. We
call the last the F configuration. The F configuration shows
three regimes:

(i) Kondo effect in SQDs. The first regime occurs for
V,>0 and "> or ~t', when charge begins to enter into the
CQD. At this point correlations between SQDs change from
AF to F see [Figs. 2(d) and 2(e)]. Thereafter a peak with a
maximum close to 2¢%/h (a characteristic of the Kondo ef-
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FIG. 3. (Color online) LDOS at the central dot (black lines) and
the side dots (red lines) for "=0.4 (left panels) and 0.05 (right
panels). The rest of the parameters are given in the figures or in the
main text. The inset shows the LDOS at a smaller scale.

fect) at positive values of V, develops [see Figs. 2(a) and
2(b)]. This occurs because, in this case, the central dot is out
of resonance (Vg>0) and has a small charge, so that effects
of local repulsion in it can be neglected. This allows fourth-
order spin flipping processes, between the lateral and the
central dots, which are characteristic of the Kondo effect.!%-20
Spin-spin correlations between the CQD and the SQDs are
AF [see Figs. 2(d) and 2(e)], and a peak at the Fermi level in
the local density of states (LDOS) of the lateral dots raises
up [see Fig. 3(a)]. Both are signatures of the Kondo effect,
which in this regime provides the only open conduction
channel, through the SQDs.

(ii) Molecular regime. When V,<0 and t">1" the system
enters into the molecular regime. The Kondo effect associ-
ated with the SQD disappears because the local Coulomb
repulsion at the central dot increases, preventing the fourth-
order process necessary for the Kondo resonance to show up.
In this regime correlation between the lateral and central dots
is large and antiferromagnetic [see Figs. 2(d) and 2(e)] and
the LDOS shows a large dip instead of a Kondo resonance
[Fig. 3(b)]. The spin correlations between the conduction
electrons and the central dot are zero [see Figs. 2(d) and 2(e)]
indicating that this dot is also outside the Kondo regime. In
this F regime the molecular structure of the three dots com-
petes with the Kondo regime of the CQD. To understand this
competition it is convenient to realize that, for the central dot
to be in the Kondo regime, a flipping of its spin cannot
change the energy.'??° In the present case, the most impor-
tant contribution to the ground state of an isolated three-dot
structure |1,c,2) is given by |F)=2|T,].D=[l,T,7)
—|1,1,1). Flipping the central dot spin creates a state that
has a finite projection on excited high-energy states of the
three-dot system. This gives rise to a competition between
ferromagnetism of the external dot spins and the Kondo re-
gime of the CQD, which has a Kondo temperature 7. Then,
if #">Ty, and -U<V,<0, the system is driven out of the
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Kondo regime and, thus, the conductance is almost zero and
weakly dependent on temperature.

(iii) Two stage Kondo regime. The F state and the Kondo
effect coexist when the system is no longer in the molecular
regime, t"<Tj;. In this case the transition from AF to F
configuration of the SQDs occurs for V,<0 [see Fig. 2(f)].
Before this transition occurs, SQDs are AF correlated and the
conductance follows the evolution corresponding to the CQD
going through resonance in the Kondo regime [see Fig. 2(c)].
As seen in Fig. 2(f), there is an AF correlation between CQD
and the leads and a sharp peak at the LDOS [Fig. 3(c)]. Once
the transition from AF to F configuration of SQD spins oc-
curs, the ground state shows all the features corresponding to
a two stage Kondo regime. The conductance drops to zero as
V, is lowered [see Fig. 2(c)] and a Kondo-Fano resonance at
the Fermi energy shows up in the LDOS at the central dot
[see Fig. 3(d)]. The LDOS is characterized by an external
width given by T,;(~0.1), the largest Kondo temperature,
and an internal antiresonance of width T}, [see the inset of
Fig. 3(d)]. This regime is the result of a Kondo-like AF spin-
spin correlations between the SQDs and the heavy fermion
system constituted by the CQD spin Kondo correlated with
the conduction spins of the leads. This can be concluded
from an inspection of Fig. 2(f), where the various spin-spin
correlations are presented. Note the AF correlations that de-
velop between the CQD and SQDs and also between the
CQD and the leads. As the side dots provide Fano-type in-
terference channels for the electrons, the conductance is zero
around V,=-U/2. This phenomenon is highly temperature
dependent. Increasing the temperature above Tj,, a very
small energy indeed?! eliminates the antiresonance of the
Kondo peak in the LDOS at the central dot and consequently
transforms an insulator into a conducting system.

Side dot coupled AF. To analyze the AF spin configuration
we introduce in the Hamiltonian an antiferromagnetic inter-
action, J >0, between the side dot spins. This is only a nec-
essary mathematical artifact because when the central dot is
charged, the SQD spin-spin correlation is ferromagnetic, so J
is necessary to stabilize the AF phase. The conductance de-
pends marginally on the value of J provided it is small, al-
though large enough to stabilize the AF ground state (see
below). In this case the spin configuration does not compete
with the Kondo regime. This can be understood realizing that
the greatest contribution to the AF ground state of a
system of three dots corresponds to the wave function |AF)
T, 1,00=11,7,1). Flipping of the CQD spin creates a state
that has the same energy as the original one, permitting us to
construct a standard fourth-order perturbation theory that
gives rise to the Kondo regime. Therefore, the conductance,
spin correlations, and LDOS correspond to CQD going
through resonance in the Kondo regime when its gate voltage
is modified [see Figs. 4(a)-4(c)]. The SQDs have a negli-
gible LDOS at the Fermi level and the absence of correla-
tions with CQD confirms that SQDs do not play any role in
this case.

Quantum gate operation. Let us discuss now how the
Kondo regime may be used to read out the information con-
tained in the SQDs. It was proposed in Ref. 12 to read the
total spin S, of the two side dots by measuring the conduc-
tance through the central dot in the cotunneling regime. The
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FIG. 4. (Color online) (a) Conductance (continuous line) and
charge (broken line) versus gate voltage V,. (b) Spin-spin correla-
tions versus gate voltage V,: SS; (broken line), S-S, (continuous
line), and S-S, (circles). (c) LDOS (in eV~') at the central dot
(black lines) and the lateral dots (red lines) The results correspond
to 1"=0.4, J=0.4, Uy=2, and ¢'=0.3.

conductance shows a peak at a value of the gate potential,
which depends on whether the SQD spin correlation is F or
AF. It is due to the energy difference between F and AF
configurations; ~#"?/ U. The different gate potential at which
the peak occurs allows us to differentiate the two configura-
tions. Keeping this difference noticeable requires the peak
widening, due to the coupling to the leads (~t'?/1), to be
weak enough. Then, the readout process needs substantially
smaller values of ¢’ than those necessary for the quantum
gate operation.'> This complicates the performance of the
device as the connection to the leads should be changed dur-
ing the quantum gate operation.'? To avoid this difficulty we
propose the system to operate in the molecular regime for
small negative V, (|V,|<U) and /" ~'. These values of the
model parameters guarantee that the structure appropriately
behaves as a quantum gate, as discussed below. Due to the
large differences between the F and AF configuration con-
ductances for these parameter values [see Figs. 2(a) and
4(a)], a transport measurement permits us to distinguish be-
tween these two configurations without changing the value
of t'.

Understanding how this system may operate as a quantum
gate requires a full time-dependent study. However, equilib-
rium stationary studies are reliable in this case because the
processes taking place in the system are controlled by very
different time scales. The charge enters or comes out from
the dot at a rate given by the tunneling time 7,~|V,|/¢'%.
After this process has taken place, the spins interact during
the gate time 7, that is on the order of U/ t"%. The entrance of
charge from the leads into the three-dot system is a stochastic
event that could perturb the quantum gate performance. This
can be studied calculating the overlap of the result of a per-
fect performance of the gate and the real performance (“gate
fidelity”). It can be shown'? that fidelity increases when the
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connection of the central dot to the leads is increased, such
that 7,< 7,,'* a condition that is compatible with our choice
of model parameters. In order to perform a quantum gate
operation it is necessary to read the configurations of the
SQD spins (F or AF). If the original state was ferromagnetic,
the Kondo regime is absent and the process of measuring the
conductance does not change this configuration. Transport
requires an electron in the central dot, which then mediates
ferromagnetic correlation. The conductance in this situation
is close to zero. However, if the state to be read were AF,
measuring the conductance would introduce a charge into
the central dot, which would tend to modify the AF
configuration. As antiferromagnetism is compatible with
the Kondo effect, although it was not originally present
when the central dot was empty, it will appear after a
characteristic time 7% on the order of the inverse of a tenth of
Ty T~ 1/(10\/(t’ZU/t)e‘lngVg*”"/(Z’IZU)).22 This satisfies
T < 7, for negative values of V, not very far from the Fermi
energy. For example, taking, ¢'=0.3, ’=0.4, U=2, and
Vg:—0.4, we are clearly within the Kondo regime
(see Fig. 4) and the results are 7x~1, 7,~4, and 7,~ 12.
Without mattering how the AF configuration was obtained,
within this time scales, the conductance can be studied sup-
posing a system in equilibrium with an electron in the central
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dot in Kondo regime and, therefore, having a large conduc-
tance.

We have studied the three-dot system shown in Fig. 1.
This structure possesses a two stage Kondo ground state co-
existing with a F phase when the hopping probability from
the lateral to the central dots is smaller than that from the
central dot to the leads. Increasing the former destroys the
Kondo effect driving the system into a ferromagnetic mo-
lecular regime. However, when the ground state is AF there
is a coexistence with the Kondo regime. As the spin configu-
ration of the external dots depends on the charge at the cen-
tral one, which can be manipulated by a gate voltage, the
system is a good candidate to be used as a quantum comput-
ing gate device. We studied its transport properties and con-
cluded that the readout process requires the system to be in
the Kondo regime.
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