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We investigate the influence of thermal energy on the current flow and electron spin states in double quantum
dots in series. The quadruplet Pauli spin blockade, which is caused by the quadruplet and doublet states, occurs
at low temperatures affecting the transport properties. As the temperature increases, the quadruplet Pauli spin
blockade occurs as a result of the thermal energy, even in regions where it does not occur at low temperatures.
This is because the triplet state is formed in one dot as a result of the gradual change of the Fermi distribution
function of the electrodes with increasing temperature. Moreover, the thermally assisted Pauli spin blockade
results in coexistence of the Coulomb and Pauli spin blockades. Conversely, for the standard triplet Pauli
spin blockade, which occurs as a result of the triplet and singlet states, the current through the double dots
monotonously smears out as the temperature increases. Therefore, the thermally assisted Pauli spin blockade is
not clearly observed. However, the coexistence of the Coulomb and triplet Pauli spin blockades as a result of the
thermal energy is clearly obtained in the calculation of the probability of the spin state in the double dots.
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I. INTRODUCTION

Quantum information processing via nanoscale devices is
increasingly attracting attention. Of such nanoscale devices,
semiconductor quantum dot devices, which can manipulate
electron spins one by one, are expected to be applied to quan-
tum computers [1].

For double quantum dots in series, that are formed by
electrostatically and quantum mechanically coupling two
quantum dots, when an electron is effectively localized in a
quantum dot, the current through the coupled dots is sup-
pressed by the Pauli spin blockade, which forbids transitions
between the triplet and singlet states according to the Pauli
exclusion principle [2]. The conventional Pauli spin blockade
with a spin-triplet state (the triplet Pauli spin blockade) is
used for the initialization and readout of a qubit; therefore,
the triplet Pauli spin blockade is a key technology in the
application of quantum dot quantum computers. The coherent
manipulation of single spins [3-6] and two-spin entangle-
ment [7,8] have been reported, and, more recently, a hybrid
structure containing a single-spin qubit and a triplet singlet
qubit and the high-temperature operation of a silicon qubit
have also been reported [9,10]. For double quantum dots in
series, the quadruplet state is formed with one conducting
and two localized electrons. In this case, the tunneling of the
conducting electron is forbidden by Pauli spin exclusion as
a result of the quadruplet state and a quadruplet Pauli spin
blockade occurs [11].
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The Coulomb and Pauli spin blockades are observed with
a finite applied source drain voltage. This corresponds to a
nonequilibrium system; therefore, it is necessary but difficult
to explain the correlation between the electrons in the ground
states and the excited electrons, because the current flows
not only via the ground state but also via the excited states.
Further, because the current suppression can be fundamen-
tally explained by a qualitative discussion of the relationship
between the spin states and their energies [12], extensive
quantitative studies of the relationship between the current
suppression and the properties of the spin states are still not
completely understood.

Recently, the relationship between thermal energy and
quantum mechanical effects has been intensively studied, and
findings concerning the spin Seebeck effect [13] and a quan-
tum heat engine using a single-spin qubit [14] have been
reported. Therefore, it is possible to discover new physics with
respect to thermal energy and spin via the investigation of
the relationship between thermal energy and the Pauli spin
blockade.

In this paper, we investigate the current and the probabil-
ities of the spin states of double quantum dots in series at
different temperatures around the region where the Coulomb
and Pauli spin blockades are observed. As the temperature
increases, it is demonstrated that the quadruplet Pauli spin
blockade occurs as a result of the thermal energy and that
the Coulomb and Pauli spin blockades coexist. Conversely,
the triplet Pauli spin blockade is not clearly confirmed in the
properties of the current flows. However, for the triplet Pauli
spin blockade, the coexistence of the Coulomb and Pauli spin
blockades is observed in the properties of the probability of
the spin states of the double dots as a result of the thermally
assisted Pauli spin blockade. This indicates that the thermal
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FIG. 1. Schematic of the charge and spin states and their transi-
tions in (0,2) — (0, 1) — (1, 1) — (0, 2): (a) singlet state S(0, 2),
(b) doublet state D(0, 1), (c) singlet state S(1, 1), (d) doublet state
D(0, 1), and (e) triplet state T(1, 1). Here, (., Ng) indicates the
electron numbers in dots L and R, respectively. There are one and
two levels in dots L and R, respectively.

energy enhances the current suppression effect caused by the
high-spin states that work as dark states, e.g., the triplet and
quadruplet states.

II. CURRENT PROCESS FOR TWO AND THREE LEVELS

First, we discuss the mechanisms of the triplet and quadru-
plet Pauli spin blockades. The charge transfer process in
0,2) - (0,1) = (1,1) — (0,2), where the triplet Pauli
spin blockade occurs, is shown in Fig. 1. Here (N, Ng) in-
dicates the electron numbers in dots L and R, respectively.
We start from the state in which two electrons are localized
in dot R. Then, the ground state is the singlet state (S = 0),
S(0,2), where an electron with up-spin and another with
down-spin occupy the lowest single-particle level, as shown
in Fig. 1(a). S indicates the total spin quantum number in the
double quantum dots.

Suppose that the electron with down-spin tunnels into the
drain electrode when a finite value of V4 is applied. Then, the
doublet state D(0, 1) is formed, as shown in Fig. 1(b). Here,
if the electron with down-spin tunnels into dot L from the
source electrode, the singlet state S(1, 1) is realized, as shown
in Fig. 1(c). Finally, the electron with down-spin tunnels into
dot R and the double-dot state returns to S(0, 2). Therefore,
in this case, the current flows through the double quantum
dots. Note that this current cycle is correct, even if the roles
of the up-spin and down-spin electrons are exchanged. It is
assumed that the electron with up-spin in the source electrode
tunnels into dot L after the formation of D(0, 1), as shown in
Fig. 1(d). Then, the triplet state 7'(1, 1) is realized, as shown
in Fig. 1(e). In this situation, the electron with up-spin in dot L
is forbidden from tunneling into dot R according to the Pauli
exclusion principle. Therefore, the current through the double
quantum dots is suppressed. This indicates that the triplet state
works as a dark state.

Next, the charge transfer process in (0,3) — (0,2) —
(1,2) — (0, 3), where the quadruplet Pauli spin blockade
occurs, is shown in Fig. 2. We start from the state in which
three electrons are localized in dot R. Then, the ground state is
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FIG. 2. Schematic of the charge and spin states and their transi-
tions in (0, 3) — (0,2) — (1,2) — (0, 3): (a) doublet state D(0, 3),
(b) singlet state S(0,2), (c) doublet state Dy(1,2), (d) triplet state
T(0, 2), (e) doublet state D;(1, 2), and (f) quadruplet state Q(1, 2).
Inset: Energy schematic of the double quantum dots in series used
for the calculation.

the doublet state (S = 1/2), D(0, 3), where two electrons (one
with up-spin and the other with down-spin) and one electron
(e.g., with up-spin) occupy the lowest and the second lowest
single-particle levels, respectively, as shown in Fig. 2(a).

When low V4 is applied to the double quantum dots,
the electron with up-spin, which occupies the second lowest
single-particle level in dot R, tunnels into the drain electrode
and the singlet state S(0, 2) is formed, as shown in Fig. 2(b).
Then, the electron with up-spin tunnels into dot L from the
source electrode and the doublet state Dg(1,2) is realized,
as shown in Fig. 2(c). Finally, the electron with up-spin tun-
nels into dot R and the double-dot state returns to D(0, 3).
Therefore, in this case, the current flows through the double
quantum dots.

Next, let us consider the case in which a higher V4 is ap-
plied to the double quantum dots. Assuming that the electron
with up-spin, which occupies the lowest single-particle level
in dot R, tunnels into the drain electrode, the electron with up-
spin, which occupies the second lowest single-particle level
in dot R, transits to the lowest state and the electron state
in the double dots becomes S(0, 2), as shown in Fig. 2(b),
because of the short relaxation time of an electron with the
same spin from the excited state to the ground state [15]. Then,
the electron with up- or down-spin tunnels from the source
electrode to dot L and the current flows through the double
dots. Conversely, when the electron with down-spin, which
occupies the lowest single-particle level in dot R, can tunnel
into the drain electrode, the triplet state 7' (0, 2) is realized as
the first excited state, as shown in Fig. 2(d). Then, in the case
in which the electron with down-spin enters dot L, as shown in
Fig. 2(e), the current flows through the double quantum dots.
Conversely, when the electron with up-spin enters dot L, the
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quadruplet state Q(1, 2) is formed, as shown in Fig. 2(f). In
this situation, the electron with up-spin in dot L is forbidden
from tunneling into dot R according to the Pauli exclusion
principle; therefore, the current through the double quantum
dots is suppressed, i.e., the quadruplet Pauli spin blockade
occurs [11]. This indicates that the quadruplet state works as
a dark state.

III. MODEL AND METHODS

The calculation model of the double dots in series that we
use is shown in the inset of Fig. 2. In the double quantum dots,
dots L and R are coupled in series and the source and drain
electrodes are connected to the two quantum dots. There is
one level in dot L and two levels in dot R.

In this paper, we consider the following Hamiltonian:

H = Hpqp + He + He—q,

3 3
Hpop = Z (&i — eVoIni o + Z Unirni
i=lo=t. i=1
+ Unnning + Usznans + Usinang
+ > (toa] a2, + 1510} 4a3,, + Hee),
o=t
H. = Z Es,iMsk,o + Z &d kNdk,o »
ko=1.1 ko=1.}
3
He g = Z vcik’aal,g + Z Z VCy o Gic + Hee,
k,o=1,1 i=2 k,o=1,|

where Hpgp describes the electrons in the two quantum dots,
H. describes the electrons in the source and drain electrodes,
and H._4 describes the electron tunneling between the two
electrodes and the dots. Herein, we consider a single-particle
level (i = 1) in dot L and two levels (a lower level of i = 2
and a higher level of i = 3) in dot R. The energy states in
the two dots are controlled by applying left and right gate
voltages, Vg and Vg, respectively. Here, we assume that
this model depicts vertical double quantum dots, because the
quadruplet Pauli spin blockade has been observed only in
vertical double quantum dots in series [11]. Therefore, we
assume Vg = Vor = V, because V,;, and Vg change the energy
levels of dots L and R, respectively, nearly equally in vertical
quantum double dots. Here e is the elementary charge. Note
that the following discussion holds true universally for double
quantum dots, even though here we use parameter values that
are appropriate for vertical double quantum dots. In addi-
tion, &;» (i = 1, 2, 3) are the single-particle energies of each
level, U; (i = 1, 2, 3) are the intralevel Coulomb energies, U;;
(i=1,2,3,i+# j) are the interlevel Coulomb energies, and
tij (i, j =1,2,3,i # j) are the tunnel coupling energies be-
tween the levels. a; ,, azq, andn;, (i=1,2,3,0 = 1, ])are
the annihilation, creation, and electron number operators of
the three single-particle levels, respectively, and 1, | indicate
the electron spins. & (€d.k)s Csk.o (Cdk.o)s c:k,a (c;k’g), and
ng.o (ngk.o ) are the energy, annihilation, creation, and electron
number operators with the wave vector k and the spin o in the
source (drain) electrode, respectively. v is the coupling energy

Vsd (mV)

Vsd (mV)

FIG. 3. (a) Intensity plot of the current through the double quan-
tum dots in series: / as a function of the source drain voltage V4
and the gate voltage V, at a temperature of T = 300 mK. (1,2) and
(0,3) are the charge configurations in the Coulomb diamond of the
total electron number N = 3, and (0,2) is the Coulomb diamond of
N = 2. They are assigned according to the constant interaction model
[11,17-20]. (b) Intensity plot of the probability of the quadruplet
state, Pp, as a function of V4 and V, at T = 300 mK.

between the single-particle levels in dot L (R) and the source
(drain) electrode. We assume that the source drain voltage
Vi symmetrically shifts the electrochemical potentials in the
source and drain electrodes, u; = eVyq/2 and pg = —eVyq/2,
respectively.

We diagonalized the Hamiltonian Hpgp to solve for the
spin states in the double dots, and calculated the current flow
accounting for H, and H._4 in the rate equations. The method
to calculate the current flow is derived in the Appendix [16].

The parameters adopted for our calculation are based on
a previous experiment [11], and the following values were
used: U1 = U2 = U3 =35 meV, U]z =2.1 meV, U23 =35
meV, Uz; = 1.75 meV, t;, = 0.035 meV, 1,5 = 0 meV (levels
2 and 3 in the same dot), and #3; = 0.0035 meV. The coupling
strength between the dots and electrodes, y, was 0.7 ueV (see
the Appendix).

IV. QUADRUPLET PAULI SPIN BLOCKADE

To study the influence of the thermal energy on the
quadruplet Pauli spin blockade, we considered the three
single-particle level model in the inset of Fig. 2. Here, we used
the single-particle levels ¢; — e, = 3.85 meV, and ¢35 — &, =
0.3 meV, based on ¢, = 0 meV. Figure 3(a) shows an inten-
sity plot of the current through the double quantum dots in
series / as a function of the source drain voltage V4 and the
gate voltage V, at a temperature of 7 = 300 mK. Similar to
the two-level case, the Coulomb staircase is clearly observed
because of the sufficiently low temperature and the current
flow is suppressed in several regions in Fig. 3(a). The current-
suppressed thombuses [« in Fig. 3(a)] with centers focused on
Vaa = 0V correspond to the Coulomb blockade regions.

Conversely, the current-suppressed region for positive val-
ues of V4, shown as the B region in Fig. 3(a), is the quadruplet
Pauli spin blockade region [11]. Therefore, the quadruplet
state works as the dark state. In the region of the rectangular
conductive island marked as the y region in Fig. 3(a), the
current flows via S(0, 2), T(0, 2), and D,(1, 2), D(1, 2), or
D(0, 3), as indicated in Fig. 2.

Here, we show an intensity plot of the probability of the
quadruplet state of the electron state in the double dots being
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FIG. 4. (a) Intensity plot of I as a function of Vg and V, at T =
1 K. (b) Intensity plot of Py as a function of V,q and V, at T = 1 K.

0(1,2), Py, as a function of Vg and V, at T = 300 mK in
Fig. 3(b). The value of Py is nearly zero at negative values
of V4. Accordingly, at negative values of V4, the quadruplet
Pauli spin blockade does not occur. Similarly, in the regions
corresponding to o and y in Fig. 3(a), the value of P is nearly
zero because the energy necessary to form the quadruplet state
is not available. Conversely, the value of Py in the region
corresponding to B in Fig. 3(a) is nearly unity; therefore,
the quadruplet Pauli spin blockade occurs. This shows that
the high spin state Q(1, 2) is achieved via the dead-end path
(a)—(d)—(f) in Fig. 2 and that the current is suppressed as a
result of the realization of Q(1, 2). When V4 increases further,
the value of Py is not unity but is a finite value. In this region,
the current can flow via the quadruplet state because two
electrons can contribute to the current flow simultaneously
[21].

In Fig. 4(a), we show an intensity plot of / as a function
of Vi and V, at T = 1 K. Compared to Fig. 3(a), the value
of I changes somewhat gradually with Vyq and V, as a result
of the increase in the thermal energy. However, the y region
becomes small and the B region, i.e., the quadruplet Pauli
spin blockade region, becomes larger than that in Fig. 3(a).
We show an intensity plot of Py as a function of Vi and V,
at T =1 K in Fig. 4(b). As T increases, the edges of the
region of Py ~ 1 are smeared as a result of the thermal energy
compared to that at 7 = 300 mK. However, the region of
Po ~ 1 extends to the regions of the Coulomb blockade (o)
and the rectangular conductive island (y) in Fig. 3(a).

Next, we show an intensity plot of / as a function of V4
and V, at T =3 K in Fig. 5(a). Compared to Fig. 4(a), the
value of I changes more gradually with V4 and V, as a result
of the increase in the thermal energy and the Coulomb block-
ade region is observed. However, the rectangular conductive
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FIG. 5. Intensity plot of I as a function of Vg and V, at T = 3 K.
(b) Intensity plot of Py as a function of Vg and V, at T = 3 K.
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FIG. 6. (a) Intensity plot of / as a function of 7" and V4 at
V, = 8.5 meV. (b) Intensity plot of Py as a function of T and V4 at
Vy = 8.5 meV.

island (y) in Fig. 3(a) cannot be definitively confirmed. In
addition, we show an intensity plot of Py as a function of V4
and V, at T = 3 K in Fig. 5(b). As T increases, the region of
Py ~ 1is even more smeared thanat T = 1 K as aresult of the
thermal energy and becomes triangular in shape. Therefore,
the Coulomb blockade («), the quadruplet Pauli spin blockade
(B), and the rectangular conductive island (y) in Fig. 3(a)
cannot be distinguished. This indicates that the quadruplet
Pauli spin blockade occurs in the region where it does not
occur at T = 300 mK, i.e., in the « and B regions in Fig. 3(a).
Moreover, the Pauli spin and Coulomb blockades coexist in
part of the o region in Fig. 3(a) as a result of the thermal
energy.

In Fig. 6(a), we show an intensity plot of I as a function of
T and Vyq at fixed V, = 8.5 mV, to investigate the temperature
dependence of the current suppression of [ in the y region in
Fig. 3(a). The V, sweeping direction is indicated by the dashed
line in Fig. 3(a), and the «, B, and y regions correspond to
those in Fig. 3(a). As the temperature increases from 0 to 1 K,
the y region abruptly diminishes and the quadruplet Pauli spin
blockade region (8) abruptly extends in the direction of the
lower values of V4. Figure 6(b) shows an intensity plot of
Py as a function of T and Viq at fixed V; = 8.5 mV. Similar
to Fig. 6(a), the region of Py ~ 1 extends in the direction of
lower values of Vi, as the temperature increases from 0 to
1 K. Therefore, the quadruplet Pauli spin blockade occurs for
lower values of V4 with increasing temperature. This indicates
that the thermally assisted quadruplet Pauli spin blockade
occurs. For normal semiconductors, as the temperature in-
creases, the quantum mechanical effects become weaker and
the properties caused by these effects are smeared. This cur-
rent suppression with increasing temperature is different from
the normal semiconductor-temperature dependence.

To reveal the mechanism of the thermally assisted quadru-
plet Pauli spin blockade, we show schematic energy diagrams
of dot R and the drain electrode at low and high temperatures
in Figs. 7(a) and 7(b), respectively. Here, the three-electron
state of dot R is D(0, 3), as shown in Fig. 2(a). To generate
the quadruplet Pauli spin blockade, it is necessary that the
electron with the down-spin tunnels from dot R to the drain
electrode and that 7 (0, 2) is realized as shown in Fig. 2(d). For
low temperatures, the Fermi distribution function of the drain
electrode abruptly changes near the Fermi energy, as indicated
in Fig. 7(a). Accordingly, there are hardly any empty states
just below the Fermi energy and the electron with down-spin
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FIG. 7. Energy schematic of the dot R and drain at (a) low and
(b) high temperatures.

in dot R is forbidden from tunneling into the drain electrode. A
high value of Vg4 is needed for the electron with down-spin to
tunnel from dot R to the drain electrode and to realize 7' (0, 2);
therefore, a high value of V4 needs to be applied to the double
quantum dots to cause the quadruplet Pauli spin blockade.

However, as the temperature increases, the Fermi distribu-
tion function of the drain gradually changes near the Fermi
energy and a large number of empty states exist just below
this energy, as indicated in Fig. 7(b). As a consequence, it is
possible for an electron with down-spin to tunnel from dot R
to the drain electrode and the quadruplet state is realized even
for comparatively lower values of V4. Therefore, assisted by
the thermal energy, the quadruplet Pauli spin blockade occurs.

Here, we discuss the difference between the triplet and
quadruplet Pauli spin blockades. For the quadruplet Pauli spin
blockade, because of the current island located between the
Coulomb and quadruplet Pauli spin blockades, it is easy to
observe the thermally assisted quadruplet Pauli spin blockade.
Conversely, for the triplet Pauli spin blockade, the region of
this blockade is adjacent to that of the Coulomb blockade.
Therefore, we cannot clearly observe the thermally assisted
triplet Pauli spin blockade. In both Pauli spin blockade cases,
one can confirm the coexistence of the quadruplet Pauli spin
and Coulomb blockades via a measurement of not only the
current flow but also the spin states in the double quantum
dots.

V. TRIPLET PAULI SPIN BLOCKADE

How does the thermal energy affect the triplet Pauli spin
blockade? We consider a model in which there is one single-
particle level in each dot. Here, we assume ¢; — &, = 1.05
meV and g3 — &5 = 350 meV based on €, = 0 meV for the
calculation model in the inset of Fig. 2. Then, the energy
level €3 can be excluded because it is much larger than the
applied Vq and V,. Figure 8(a) shows an intensity plot of /
as a function of Vg and V, at T = 100 mK. The Coulomb
staircase is clearly observed because of the sufficiently low
temperature, and the current flow is suppressed in several
regions. The Coulomb blockade (o) and triplet Pauli spin
blockade (B) regions are confirmed in Fig. 8(a) [2]. Note that
the property of I is symmetric with respect to V, = 4.35 mV
as a result of the electron-hole symmetry.

To investigate the electron states of the double dots in the
region where the current is suppressed, we show an intensity

(b) 9
—~ 64
S
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35 > 3] 1
l0.75
0- -0.25

T T T T T
4 2 0 4
Vsd (MV)

FIG. 8. (a) Intensity plot of I as a function of V4 and V, at
T =100 mK. (1,1) and (0,2) are the charge configurations in the
Coulomb diamond of the total electron number N = 2, and (0,1) is
the Coulomb diamond of N = 1. They are assigned according to
the constant interaction model [11,17-20]. (b) Intensity plot of the
probability of the triplet state 7'(1, 1), Pr, as a function of Vg and V,
at T = 100 mK.

plot of the probability of the triplet state of the electron state
in the double dots being 7'(1, 1), Pr, as a function of Vi4 and
V, at a temperature of 7 = 100 mK in Fig. 8(b). The f region,
where the triplet Pauli spin blockade occurs, is surrounded by
a white line and corresponds to the triplet Pauli spin blockade
region in Fig. 8(a). The value of Pr is nearly unity for the g
region. This shows that the high-spin state 7'(1, 1) is achieved
via the dead-end path (a)—(d)—(e) in Fig. 1 and that the
current is suppressed as a result of the realization of 7'(1, 1).
For the « region, where the Coulomb blockade occurs, Pr
has a nonzero finite value, even though 7'(1, 1) is the excited
state [22]. This is because a finite value of V4 is applied,
i.e., this system is in nonequilibrium. Further, the region of
Pr ~ 1 extends into the edge of the « region at Vg > 0 in
Fig. 8(a); therefore, in the region of Pr ~ 1 in the Coulomb
blockade region, the triplet Pauli spin blockade coincides with
the Coulomb blockade.

In Fig. 9(a), we show an intensity plot of / as a function of
Vsa and Vg at T = 3 K. Compared to Fig. 8(a), the value of /
gradually changes with V4 and V, as a result of the increase
in the thermal energy. The current suppression regions, the
Coulomb and triplet Pauli spin blockades, are observed. Here,
we show an intensity plot of Pr as a function of Vi and V,
at T =3 K in Fig. 8(b). As T increases, the edges of the
region of Pr ~ 1 are smeared as a result of thermal energy
compared to those at T = 100 mK. However, Py is nearly
unity for Vg > 0 mV in the « region in Fig. 8(a), as opposed
to Pr in Fig. 8(b). This shows that the high-spin state 7 (1, 1)

(a) 9 (b) 9

S S
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>c'z I(pA) o . F’T
3 35 > 3. !
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4 2 2 4 4 2 2 4

0
Vsd (mV)

FIG. 9. (a) Intensity plot of I as a function of Vg and V, at T =
3 K. (b) Intensity plot of Py as a function of Vi and V, at T = 3 K.
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is achieved in the region for Vig > 0 mV in the Coulomb
blockade region as the temperature increases. This indicates
that the dead-end path (a)—(d)— (e) in Fig. 1 is caused by the
thermal energy and that the Coulomb and Pauli spin blockades
coexist. Therefore, in the region of Pr ~ 1 in the Coulomb
blockade region, the simple Coulomb blockade does not oc-
cur; however, an electron is forbidden from tunneling through
dot R as a result of both the Coulomb repulsion and the Pauli
exclusion principle in the double dots. However, this cannot
be observed from the properties of /; to confirm this, the spin
state in the double quantum dots needs to be detected.

VI. CONCLUSIONS

We calculated the current and spin states in double
quantum dots in series. As the temperature increases, the
quadruplet Pauli spin blockade occurs as a result of the ther-
mal energy. The triplet Pauli spin blockade is not clearly
confirmed in the properties of the current flows. However, for
both Pauli spin blockades, the coexistence of the Coulomb
and Pauli spin blockades occurs as a result of the thermally
assisted Pauli spin blockade and is reflected in the properties
of the probability of the spin states of the double dots. This
coexistence affects the initialization and readout of qubits in
quantum dot quantum computing and may reduce the qubit
fidelity. Moreover, in nanoscale devices, heat transport and
dissipation have become important topics [23], e.g., the opera-
tion temperatures of quantum devices and quantum computing
[10] and a single-quantum-dot heat valve [24]. Therefore,
our results pave a way toward the clarification of spin-based
transport and thermal excitation in nanoscale devices, and it
may also be possible to realize novel quantum devices, e.g.,
quantum heat engines [14], using the thermally assisted Pauli
spin blockade.
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APPENDIX: DETAILS OF CALCULATIONS

We describe the calculation method of the probability of
the quadruplet and triplet states, Pp and Pr, respectively, and
the current flow, /. It is assumed that the coupling between
two quantum dots is relatively strong, and that the coupling
between the double quantum dot and two electrodes is a se-
quential tunneling process [25]. Therefore, we diagonalize the
Hamilton Hpgp and obtain the eigenvalues and eigenvectors
of Hpgp. The eigenvectors can be indicated by N (= Ny, + Ng)
and S, which are the total electron and total spin numbers in
the double quantum dot, respectively, because N and S are
conserved quantities for Hpgp. In Table I, we show the basis
vectors to use for the digitalization of Hpgp, corresponding to
the eigenvectors of Hpgp atty; = t;} = 0 (i = 2, 3). Therefore,
the eigenvectors of Hpgp are expressed by a linear combina-
tion of the basis vectors.

TABLE I. Basis vectors to diagonalize Hpgp. N(= Ny + Ng) and
S indicate the total electron numbers and total spin quantum number
in the double quantum dots, respectively. |£, &, &) represents the
occupation of the single-particle energy levels, and &; denotes the
local states, 0, 1, |, and 1, which stand for empty, spin states up
and down of the occupied electrons, and two electron occupation. o
indicates 1 or |, and & represents |, (1) for o =1 ({).

N S Basis vectors
0 0 10,0, 0)
1 % lo,0,0),10,0,0),10,0,0)
20 114,0,00,10,14,0), 10,0, 1), (11, 4, 0) = 4, 1,0))
50, 4,0) =10, 4, 1), 753110, 4) = 11,0, 1)
2 1 10,0,0),10,0,0),]0,0,0), (11, 4.0) + {, 1,0))
50, 1) +10. 4, 1), Z5(11,0,4) + 11,0, 1)
33 0,0, 11), 10,0, 1), 10, 1), o)
P 14.0), 114, 0.0),[1].0,0)
Fo ) —lo, 4. 1)
Zlo 1) +lo, 4, 1) = 216,0,0))
33 lo,o,0), UM A D)+ 10 b D)+ 1L 1 1)
FU LD LA D+ LA
4 0 114, 14,00, 114, 0, 14), 10, 14, 1)
FUL D) =11 L)
ZUN AL D =t )
FUN LA =1L 1)
4 1 1t 0.0) 10, 1L, 0),lo, 0, 1))
FUL D+ )
ZUN AL D+t )
NIRRT I N W )
5 3 o 4, M) I o )L I L o)
6 0 141 1)

Thereafter, we calculate the transition probability from the
initial spin state, |i), to the final spin state, | f), in the double
quantum dot, Fs(l.d) , corresponding to the coupling strength
between the double quantum dot and source (drain) electrode,

as follows:

o) _ 27 .
PR = 7 D WF IS He-alDIDPWid(Egr — Ei). (D)
1.F

Here |I) and |F') are the initial and final states in the source
(drain) electrode, respectively. |i) and | f) are the eigenvectors
of Hpgp and are denoted using N and S. W; is the probability
that the initial state in the source (drain) electrode is |/) under
thermal equilibrium. E;; and Er are the total energies of the
initial and final states of the double quantum dot and two
electrodes, respectively. F}(id) is nonzero for Ny = N; &= 1 and
is numerically obtained in our calculation. N; and Ny are the
numbers of electrons in the double quantum dot for |i) and
| f), respectively.

As an example, we show I'};, corresponding to the transi-
tion probability from the initial spin state |1) to the final state
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|2). |1) is the state in which there are no electrons in the double
quantum dot, and |2) is the state in which there is one electron
in the double quantum dot, as follows:

[1) = 10,0, 0),
12) = A[1.0,0) + B|0, 1,0) +C]0,0, 1),

where A, B, and C are coefficients (JA|> + |B]* + |C|> = ).
Therefore, I'3, is calculated as follows:
s 2n 2
5 = —|Q2IHe—aID)I"WiS(Efp — Eif)

= %fm —EDIAP, (A2)
where y =mv? ) 8(E — E| — eg)(=mv* Y 8(Ey —
E| —e4¢)) is the tunneling strength between the source
electrode and the double quantum dot. f;(E, — E;) is the
Fermi distribution function in the source electrode, and E,
and E; are the eigenvalues of |2) and 1), respectively. &y
is the energy of the source (drain) electrode. Similarly, we
define f;(e4¢) as the Fermi distribution function in the drain
electrode.

In addition, we define the transition probability from |i)
to |f), I'si, which is contributed to by tunneling between the

source electrode to the double quantum dot and by tunneling
between the drain electrode and the double quantum dot, as
follows:

Ty =T} +TY,. (A3)

We denote the probability of the eigenvector |i) as P (i), and

with I'y;, the rate equation is expressed as follows:
d . . .

P = Z (Ti;P(j) = TjiP(Q)), (A4)

with the normalization condition ) ;P(i) =1. We solve
Eq. (A4) under the stationary condition (dP(i)/dt = 0), and
the probabilities of the spin state, P(i), are obtained. Py and
Pr in the main text correspond to P(i) of Q(1,2) and T(1, 1),
respectively.

Finally, the current / is described as follows [25]:

(A5)

I:—ez

i

Z I5P@0) — Z TP ()
N=Ni+1) (Ne=Ni—1)

In the main text, we define the current flow from the source
electrode to the drain electrode as positive [11].
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