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We investigate two- and three-electron spin blockade in three vertical quantum dots (QDs) coupled in

series. Two-electron spin blockade is found in a region where sequential tunneling through all QDs is

forbidden but tunneling involving virtual hopping through an empty QD is allowed. It is observed only for

the hole cycle with a distinct bias threshold for access to the triplet state. Three-electron spin blockade

involving the quadruplet state is observed for nonequibilium conditions where sequential tunneling is

allowed and the triplet state is accessible. Our results shine light on the importance of the nonequibilium

conditions to obtain sufficient population of triplet and quadruplet states necessary for spin blockade.
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The spin properties of series-coupled double quantumdots
(DQDs) [1,2] have been widely reported. Current suppres-
sion by Pauli spin blockade (PSB) [3] in DQDs has proved
invaluable for spinmanipulation toward quantum computing
[1] and for revealing electron spin-nuclear spin coupling
[1,4]. Concerning more complex QD systems, spin-related
phenomena [5,6] and spin manipulation schemes [7,8] in
triple QDs (TQDs) are now attracting much attention.
However, current suppression involving quadruplet spin
states of three electrons (total spin S ¼ 3=2) in series-
coupled TQDs with one electron on each QD, quadruplet
spin blockade (QSB), has not been reported. There are also as
yet few practical guidelines regarding the necessary condi-
tions for achieving fully spin-polarized blockaded states
attractive for investigation of spin-related phenomena and
spin initialization schemes in TQDs and longer QD chains.

In this Letter, we report on two different spin-blockade
mechanisms observed in a few-electron series-coupled
vertical TQD device. We first explain the origin of the
‘‘nested’’ Coulomb diamond structure and assign charge
configurations for a series-coupled TQD and an effective
DQD (EDQD) with lowest order sequential tunneling (LO
SQT) via a virtual state. Two-electron PSB leading to the
suppression of the LO SQT in the EDQD is found, and its
distinctive appearance is attributable to the population of
the triplet state above a bias threshold. QSB is observed in
a region where sequential tunneling through the TQD is
permitted and the two-electron triplet is accessible in the
charge transfer cycle and becomes clear when leakage
from the quadruplet state is suppressed in the presence of
an external magnetic field. Our results demonstrate the
importance of rates governing access to and leakage from
spin-blockaded states not only for two-electron PSB [9,10]

but also for three-electron QSB and spin blockade in longer
QD chains.
Figure 1(a) shows a schematic of the TQD device. The

three QDs are embedded in a submicron circular mesa, made
from a GaAs=Al0:22Ga0:78As=In0:05Ga0:95As quadruple-
barrier triple-quantum-well resonant tunnel structure sand-
wiched by n-doped GaAs source and drain contacts, and
surrounded by a single Schottky gate. The outer (inner)
barriers are 8.0 nm (4.0 nm) thick, and the outer wells (center
well) are (is) 12.5 nm (14.5 nm) thick. Based on a self-
consistent calculation for zero bias, the lowest energy
center-well level is anticipated to be �1:3 meV above the
lowest energy outer-well levels, and the tunnel coupling
between adjacent wells (QDs) is estimated to be�0:5 meV
[11]. We measure the dc current I as a function of source-
drain voltage Vsd and gate voltage Vg at a temperature

<100 mK with a magnetic (B) field applied perpendicular
to the current. Figures 1(b) and 1(c), respectively, show the
observed current I and the differential conductance dI=dVsd

as a function of (Vsd, Vg) atB ¼ 0 T. In Fig. 1(b), irregular-

shaped and apparently open Coulomb diamonds are
observed near pinch-off (total number of electrons,
N ¼ 0). However, in Fig. 1(c), closed Coulomb diamonds
can be seen near pinch-off.
To reproduce the asymmetric Coulomb diamond pattern,

the dot energy levels need to be suitably arranged at Vsd ¼
0 V [with ‘‘staircase’’ configuration—see Fig. 1(a)—as
determined below]. Similar to vertical DQDs [3], the mis-
aligned dot energy levels are likely attributable to device
processing and random impurity potential in the material
[11]. To quantify the energy level arrangement and to
identify charge states, we extend the constant interaction
(CI) model for DQDs [3] to TQDs [11] to calculate
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Coulomb diamond patterns. The intradot Coulomb interac-
tion in each dot, U, and the interdot Coulomb interaction
between dot i and dot j, Vij (i, j ¼ 1, 2, 3, i � j) are

constants. We set V12 ¼ V23 ¼ V13 ¼ V ¼ U=2 for sim-
plicity [3,11], where typically U� 5 meV in vertical QDs.
We assume the energy of the QD levels varies linearly
with Vsd and the gate equally affects each dot. We observe
weak (I<1 pA) features near Vsd�0V and N � 3 nested
between strong (I > 10 pA) features [Figs. 1(b) and 1(c)],
so here dot 1 is always empty (energy level of dot 1 is
inaccessible from source or drain). However, if higher order
virtual tunneling processes between the source and dot 2 via
dot 1 are permitted, weak nested features are expected for
tunneling through EDQD consisting of source-dot 2-dot
3-drain. The virtual tunneling process can be represented by
an effective tunneling barrier between the source and dot 2 in
EDQD, which is significantly thicker than the tunnel barrier
between dot 3 and the drain. By application of CI model
for EDQD, we reproduce the shape of the observed nested
Coulomb diamonds for sequential tunneling through EDQD
[dashed blue lines in Fig. 1(d) below feature open square],

and determine the lowest energy level in dot 2
(E2) is offset above the lowest energy level in dot 3 (E3) at
Vsd ¼ 0 V by energy �23 ¼ E2 � E3 � Vð¼ �Þ. Next, by
application of the CI model for TQD, we reproduce the
threshold for sequential tunneling in a TQD [pink lines in
Fig. 1(d)], and determine the lowest energy level in dot 1
(E1) is offset above E3 at Vsd¼0V by energy �13¼E1�
E3�Uð¼2�Þ. The calculated TQD and EDQD Coulomb
diamonds are shown together in Fig. 1(d). We can now
assign charge configurations (N1, N2, N3) (N¼N1þN2þ
N3) for the Coulomb blockaded regions, where N1, N2, and
N3, respectively, are the number of electrons in dot 1, dot 2,
and dot 3. To recap: the closed Coulomb diamonds nested
inside the open Coulomb diamonds in Figs. 1(b) and 1(c)
are attributed to EDQD [3,12]. Sequential tunneling
through all three dots is expected only in the yellow areas
in Fig. 1(d).
However, some details of the observed Coulomb dia-

monds cannot be reproduced with the CI models. Most
notable is the distinctive quadrilateral-shaped region of
current suppression (I � 0:2 pA), which is seen near the
N ¼ 2 Coulomb diamond magnified in Fig. 2(a). This
region, outlined in red and labeled with filled diamond,
is attached to the upper-right side of the N ¼ 2 Coulomb
diamond. For forward bias, the electron cycle near � is
ð0; 0; 1Þ ! ð0; 1; 1Þ ! ð0; 0; 2Þ ! ð0; 0; 1Þ, and the hole
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FIG. 1 (color online). (a) (Left) Schematic of TQD. Electrons
in the QDs are confined in the vertical direction by heterostruc-
ture barriers and in the lateral direction by an approximate two-
dimensional harmonic potential. (Right) Schematic of empty dot
levels E1, E2, and E3 at point filled circle identified in (d). �13

(�23) is the offset energy between E1 and E3 (E2 and E3) and
at point filled circle �13 ¼ U ¼ 2� and �23 ¼ V ¼ �.
(b) Measured I and (c) dI=dVsd as a function of (Vsd, Vg) at B ¼
0 T. (d) Coulomb diamond pattern calculated with CI model.
Yellow areas with pink border lines denote regions where
sequential tunneling through all three QDs is possible [leading
to strong current features clear in (b)]. Dashed blue lines identify
Coulomb diamonds for EDQD [clear in (c)] requiring LO SQT
through dot 1. Features �1 and �2 characteristic of EDQD and
TQD, respectively, in (c) are also well reproduced and reflect the
finite value of �23 and �13, respectively.

FIG. 2 (color online). (a) Magnified plot of measured I near
N ¼ 2 Coulomb diamond at B ¼ 0 T. (b) Calculated current
through TQD bymaster equation approach based on EDQDmodel
reproducing key features in (a). Parameters areU ¼ 4 meV,V23 ¼
2 meV, t23 ¼ 0:4 meV, �d ¼ 0:2 �eV, �eff

s =�d � 4� 10�2,
T ¼ 100 mK (T is electron temperature). The relaxation rate
between same-spin states is taken to be a constant �� 0:6 meV.
At zero bias�23 ¼ E2 � E3 ¼ 2 meV, andE3 at zero bias is given
relative to the chemical potential of the source and drain at
equilibrium. The region labeled filled diamond observed in (a) is
well reproduced in (b). (c) [(d)] Schematic of relevant charge and
spin states in the region labeled filled star [filled diamond] identi-
fied in (b) for charge transfer cycle in forward bias near � [�].
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cycle near � is ð0; 1; 2Þ ! ð0; 1; 1Þ ! ð0; 0; 2Þ ! ð0; 1; 2Þ.
We stress that direct tunneling to dot 1 plays no role in the
nested Coulomb diamond structure. As for the charge
transfer process ð1; 1Þ ! ð0; 2Þ in a DQD, the charge trans-
fer process ð0; 1; 1Þ ! ð0; 0; 2Þ in a TQD is expected to be
forbidden by Pauli exclusion if the spin state is a triplet [3].
However, the appearance of the current suppression is
clearly different from the typically encountered chevron-
shaped region in vertical DQDs [3]. Two notable features
of the observed current suppression region are the follow-
ing: (i) it is seen only for the hole cycle but not for the
electron cycle [13], and (ii) there is a distinct Vsd threshold
(labeled with a green filled upward triangle).

To understand features (i) and (ii), we calculate the current
through EDQD with a master equation formalism taking
discrete dot levels and spin into account [14,15]. For the
TQD, we assume one single-particle level in each dot for
simplicity and define the tunnel coupling between dot 1 and
dot 2 (dot 2 and dot 3) to be t12ðt23Þ, and the strength of the
coupling between the source and dot 1 (drain and dot 3) to be
�sð�dÞ. In our TQD device [11], based on nominal parame-
ters for the structure, we estimate t12 ¼ t23 � 0:5 meV, and
�s � �d. For EDQD, we introduce an effective coupling
strength between the source and dot 2, �eff

s , which corre-
sponds to the energy width of the LO SQT process via dot 1.
Using a second-order perturbation approximation for this
process, �eff

s is evaluated to be ð t12
�13��23

Þ2�s � ðt12� Þ2�d [14].

Accordingly �eff
s =�d is estimated to be �10�2–10�1 [16].

Figure 2(b) presents a numerical calculation of the current for
�eff
s =�d ¼ 4� 10�2 [17] and reproduces features (i) and

(ii) experimentally observed [18].
Regarding the orgin of (i), we examine transition rates to

enter into and escape from the (0,1,1) triplet for charge
transfer cycles near � and �. Figures 2(c) and 2(d) shows a
schematic of the relevant charge and spin states for charge
transfer cycles near � [�]. Note that in the following dis-
cussion of the transition rates at 0 T, we have neglected the
spin degeneracy factors for compactness but included them
in the numerical calculations. Near �, specifically in the
region labeled filled star [see Fig. 2(b)], access to the
(0,1,1) triplet is from the (0,0,1) doublet, with transition

rate ��
D!T � �eff

s

@
. The return process is via the virtual

(0,1,0)-doublet state, and the rate is ��
T!D � ð t23�23

Þ2 �d

@
.

Since for our TQD �eff
s � ðt12� Þ2�d, t12 ¼ t23 [19], and�23 ¼

�, ��
T!D is expected to be comparable to ��

D!T

[��
T!D=�

�
D!T � 1]. Consequently the triplet state popula-

tion cannot build up sufficiently for strong current suppres-
sion by PSB to occur near �. Near �, specifically in the
region labeled filled diamond, access to the (0,1,1) triplet is

from the (0,1,2) doublet, with transition rate ��
D!T � �d

@
(>

��
D!T). The return process is via the virtual (0,2,1)-doublet

state, and the rate is ��
T!D � ð t23�23

Þ2 �eff
s

@
(<��

T!D). Crucially

��
T!D is much smaller than ��

D!T [��
T!D=�

�
D!T � �2,

where � ffi ðt12=�Þ2]. Consequently the triplet state

population can build up strongly, and so strong current
suppression by PSB is expected only near � [16].
Turning to the origin of (ii), Fig. 3(a) shows an I-Vsd

cross section through the region labeled filled diamond
at 0 T. Coulomb blockade is lifted at low Vsd [region (1):
pink], but at higher Vsd, current is suppressed [region (2):
blue]. The current stripe in region (1), just above the
Coulomb blockade, and the distinct Vsd threshold for the
current suppression, linked to the boundary line labeled
with the green filled upward triangle in Fig. 3(b), have not
been previously encountered for PSB in DQDs [3].
Because the interdot coupling in our EDQD (t23 �
0:5 meV) is stronger than that in typical DQDs
(< 0:15 meV [1,3,4]) exhibiting PSB, (0,1,1)-singlet and
(0,0,2)-singlet states are more strongly hybridized to form
bonding and antibonding singlet states. Hence, near zero
bias, the bonding singlet is expected to be located ener-

getically below the (0,1,1) triplet by �EST ¼ ffiffiffi

2
p

t23 �
0:7 meV. Consequently, because of strong stabilization of
the bonding singlet, only the bonding-singlet state is acces-
sible from the (0,1,2) doublet in the charge transfer cycle at
low Vsd near �, and so the current can flow via the bonding
singlet without the strong population of the (0,1,1) triplet.
However, when the chemical potential in the drain is
lowered sufficiently (Vsd=4> �EST), the (0,1,1) triplet
additionally becomes accessible and the charge transfer
cycle will be interupted by PSB [20], leading to current
suppression in region (2). In our device, �EST is suffi-
ciently large that only the (0,1,1) bonding singlet is acces-
sible at low bias, and so there is a clear threshold at higher
bias to access the (0,1,1) triplet. The observed B-field
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FIG. 3 (color online). (a) I-Vsd cross section through the region
labeled filled diamond of suppressed current near � for B ¼ 0 T.
Position of cross section P-Q is identified in (b). Schematics of
transfer process (1) through the (0,1,1) bonding singlet energeti-
cally allowed at low bias and of transfer process (2) through
(0,1,1) triplet energetically allowed only at higher bias (to right
of boundary line filled upward triangle) are also shown.
(b)–(e) dI=dVsd as a function of (Vsd, Vg) for B ¼ 0 T–3 T.

Boundary filled upward triangle of region filled diamond shifts
toward zero bias as B field is increased.
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dependence of the boundary line labeled with the green
filled upward triangle in Figs. 3(b), 3(d), and 3(e) also
confirms our picture. By applying a B field perpendicular
to the current, t23 can be reduced by diamagnetic localiza-
tion leading to a reduction of �EST [21]. Consequently the
boundary line labeled with the green filled upward triangle
slides along the upper-right side of the N ¼ 2 Coulomb
diamond toward zero bias as the B field is increased.

Next we describe the QSB mechanism in the TQD [13].
Our asymmetricTQDwith staircase configuration [Fig. 1(a)]
provides easy access to states with double occupancy of
dots required to see QSB. To the high bias side of the line
between and pink in Fig. 1(d), sequential tunneling

through all three QDs is allowed, and charge transfer
involving cycle (A) ð0; 1; 2Þ ! ð0; 1; 1Þ ! ð1; 1; 1Þ !
ð0; 2; 1Þ ! ð0; 1; 2Þ and cycle (B) ð0; 1; 2Þ ! ð0; 1; 1Þ !
ð0; 0; 2Þ ! ð1; 0; 2Þ ! ð0; 1; 2Þ are expected from the TQD
CI model. To the high bias side of the boundary line labeled
with the green filled upward triangle [also identified in
Figs. 2(a) and 2(b)], the (0,1,1) triplet becomes accessible
for the transfer process ð0; 1; 2Þ ! ð0; 1; 1Þ common to both
(A) and (B). Crucially, ð0; 1; 1Þ ! ð0; 0; 2Þ is not allowed
for the triplet state by PSB, so (B) is no longer active when
the (0,1,1) triplet is accessed, and this allows us to focus on
(A) in the following discussion. Note that if the (1,1,1)
quadruplet state becomes populated, the transfer process
ð1; 1; 1Þ ! ð0; 2; 1Þ in (A) is not allowed by Pauli exclusion
resulting in current suppression. Figure 4(a) shows a sche-
matic of the charge and spin states relevant to QSB acces-
sible in (A). The region where the three-electron high spin
state (1,1,1) quadruplet is accessible via the (0,1,1) triplet
leading to current suppression is labeledwith open diamond

in Fig. 4(b) [16]. However, the observed current is only
slightly suppressed at B ¼ 0 T as shown in Fig. 4(c).
Following the approach applied to two-electron PSB in
EDQD, we evaluate the transition rates between (1,1,1)
quadruplet and relevant triplet states. Access to the (1,1,1)
quadruplet is principally from the (0,1,1) triplet, and the

transition rate is �T!Q � �s

@
. The most significiant step to

release QSB is from the (1,1,1) quadruplet to the (1,0,1)

triplet and the transition rate is �Q!T � ðt23� Þ2 �d

@
[6,16]. The

(1,0,1) does not contribute to the charge transfer cycle
according to the TQD CI model but is quantum mechani-
cally accessible and energetically allowed as a two-electron
delocalized triplet excited state [16]. The return to the
(0,1,1) triplet from the (1,0,1) triplet involves rapid relaxa-
tion by phonon emission at a rate � expected to greatly
exceed �Q!T , and therefore the net transition rate to return

from the (1,1,1) quadruplet to the (0,1,1) triplet is set by
�Q!T [16].�Q!T is clearly smaller than�T!Q, but the ratio

�Q!T=�T!Q � � is larger (smaller) than ��
T!D=�

�
D!T �

�2 (��
T!D=�

�
D!T � 1) relevant to the discussion of two-

electron PSB in the LO SQT regime; i.e., the QSB region
may not be as clear as the PSB region [22]. However,
applying a B field, � is expected to become smaller owing
to the diamagnetic localization effect, resulting in a reduc-
tion of leakage from the blockaded (1,1,1) quadruplet and
increased visibility of the QSB region [21]. Compared to
0 T [Fig. 4(c)], 3 T [Fig. 4(d)] is found to be sufficient to
reveal the QSB region clearly [see also Fig. 4(e)]. This
result further demonstrates the importance of the ratio of
transition rates for access and return processes to observe
QSB clearly and of the contribution of delocalized mo-
lecular states in TQDs [16,23].
Finally, we comment on spin blockade in longer QD

chains by extending our findings on the TQD. The release
process from the spin-blockaded state with one electron
on each QD, (1; . . . ; 1; 1; 1), is dominated by that to
(1; . . . ; 1; 0; 1) involving quantum mechanical tunneling
via virtual states and its rate, evaluated in the same way as

for the DQD and TQD, is �release � ð t�Þ2 �d

@
[16]. For observ-

able sequential tunneling current, stronger interdot tunnel
coupling is required as the number of QDs is increased, and
this results in a stronger release of spin blockade. LO SQT
is therefore a significant contributing factor limiting the
observation of spin blockade. Our results highlight the
importance of engineering access and leakage rates by
adjusting the energy level configuration and tunnel cou-
plings to achieve robust spin blockade in QD chains.
In conclusion, we investigated spin-blockade properties

of an asymmetric series-coupled TQD. Characteristic fea-
tures of the two-electron PSB observed in EDQD were
explained in terms of transition rates for access to and
leakage from the spin-blockaded (0,1,1)-triplet involving
LO SQT processes. In the region where sequential tunnel-
ing through the TQD is allowed and the (0,1,1) triplet is
accessible, current suppression by QSB was observed.

FIG. 4 (color online). (a) Schematic of charge and spin states
relevant to observed three-electron QSB. (b) Coulomb diamond
pattern from CI models with added regions marked, respectively,
filled diamond and open diamond where two-electron PSB in the
LO SQT regime and three-electron QSB in the sequential tunnel-
ing regime should occur. To the high bias side of boundary line
green filled upward triangle and boundary line between and

pink , the (1,1,1) quadruplet is accessible via the (0,1,1) triplet.

The most significiant step to release QSB is from the (1,1,1)
quadruplet to the (1,0,1) triplet. Magnified plot of measured I in
the region where three-electron QSB is expected at B ¼ 0 T (c)
and 3T (d). (e) I-Vsd cross sectionA-B identified in (d) atB ¼ 3 T.
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The suppression was enhanced by reducing leakage from
the (1,1,1) quadruplet to molecular TQD triplet states with
a perpendicular B field. Our results are important for
engineering access and leakage rates to achieve robust
spin blockade advantageous for spin-related phenomena
and spin initialization in DQDs, TQDs, and longer QD
chains.
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