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Dynamic nuclear polarization with three electrons in a vertical double quantum dot
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We report the observation of dynamic nuclear polarization in a vertical double quantum dot, as a result
of a hyperfine interaction with three confined electrons. Our data allow us to distinguish three pumping
regimes, characterized by different magnitudes and directions of polarization. Corresponding electron-nuclear
spin dynamics is understood by considering relevant three-electron states mixed by hyperfine interaction. Also,
an extremely long nuclear spin relaxation time is reported.

DOI: 10.1103/PhysRevB.88.035303 PACS number(s): 73.63.Kv, 73.23.Hk, 76.60.Es

I. INTRODUCTION

The effect of dynamic nuclear polarization (DNP) in GaAs-
based quantum dot nanostructures1–4 has been recognized as an
issue of great importance in the context of spin-based quantum
computation. While fluctuations of the nuclear hyperfine field
acting on confined electrons cause fast decoherence of electron
spin states,5–7 DNP allows us to improve the coherence time by
narrowing the distribution of hyperfine field fluctuations.8–11

Compared to alternative ways to overcome decoherence, such
as using spin-echo pulse sequences,7,12,13 or by defining
the quantum dot in silicon instead of GaAs,14,15 DNP is
relatively easy to implement. Furthermore, it allows universal
quantum control over two-electron spin qubits.16 Ensembles
of polarized nuclear spins, as well as hybrid electron-nuclear
spin systems, were also considered as potential quantum
computational tools.17–23 Direct electrical control over the
nuclear spin bath was implemented in a vertical double
quantum dot system,22 demonstrating that the coherence time
of the nuclear spin ensemble is on the order of milliseconds.

In quantum dots DNP is achieved by either the optical
pumping technique,9,24–31 or by making use of the Pauli
spin blockade phenomenon.32–35 When the latter was initially
employed in double quantum dot systems, it was based on
hyperfine-induced relaxation of a two-electron S = 1 triplet
spin state.33 Recently, more complicated triple quantum dot
systems, which are expected to provide additional tools for
future quantum information processing applications,36,37 and
which allow the creation and manipulation of higher-spin
electron states, have attracted much attention.38–45 Thus, it
would be of interest to explore the possibility of creating DNP
with high-spin states involving more than two electrons. In
fact, a spin blockade regime, involving three-electron S = 3/2
quadruplet spin states, has already been reported in triple45

and double46 quantum dot systems. However, to the best of our
knowledge, DNP associated with the quadruplet spin blockade
still needs to be reported.

In this paper we report an investigation of DNP mechanisms
in a vertical double quantum dot in the quadruplet spin
blockade (Q-SB) regime. Our data demonstrate the emergence
of DNP and suggest that there exist three distinct regimes
of nuclear pumping. We consider the energy diagram of
relevant three-electron spin states, which could be mixed

by a hyperfine interaction, and show that observed pumping
regimes can be consistently explained in terms of hyperfine-
induced spin blockade lifting. We also study nuclear spin
relaxation dynamics and reveal that the lifetime of DNP can
be extremely long.

II. EXPERIMENT

Figure 1(a) shows a schematic view of the vertical double
quantum dot device, which is a roughly 0.4-μm-diam pillar
etched from a GaAs-based heterostructure. Quantum dots are
formed in two 12-nm-thick In0.06Ga0.94As potential wells,
interspersed between three Al0.22Ga0.78As layers, forming
outer (7.5 nm) and central (6.5 nm) potential barriers. The
whole structure is surrounded by a Ti/Au gate electrode. We
measured current through the dot (Idot) versus source-drain
voltage (VSD) and gate voltage (VG). All measurements, if not
specified otherwise, were performed on a dilution refrigerator
with a base temperature of 10 mK. The corresponding effective
electron temperature was estimated to be about 0.2 K from the
resonance tunneling peak width at low bias.47

III. RESULTS AND DISCUSSION

Differential conductance dIdot/dVSD plotted versus VSD and
VG is shown in Figs. 1(b) and 1(c). Both data sets are obtained
by measuring Idot while VSD is swept repeatedly at different
values of VG; however, Fig. 1(b) corresponds to a VSD sweep
from negative to positive values, while in Fig. 1(c) the sweep
direction is the opposite. In the white diamond-shaped regions
of the plot, Idot ≈ 0 due to the Coulomb blockade effect.48,49

Suppression of Idot at positive VSD outside the N = 3 Coulomb
blockade region (N is the number of confined electrons) is
caused by the formation of a three-electron S = 3/2 quadruplet
state, sketched in Fig. 1(d). Here one electron resides in dot 1
and two other electrons occupy different orbital states48 in dot
2. Since all electrons have the same direction of spin, tunneling
of an electron from dot 1 to either of the half-occupied orbital
states of dot 2 is prohibited by the Pauli exclusion principle
(for details see the recent work by Amaha et al.46). In fact, the
electrochemical potentials of electron states, involved in the
formation of Q-SB, strongly depend on the external magnetic
field B applied perpendicular to the dot heterostructure
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FIG. 1. (Color online) (a) Schematic view of the GaAs vertical
double quantum dot device. (b), (c) dIdot/dVSD vs VSD and VG. (b) is
obtained by sweeping VSD from −2 to 8 mV at different VG, while (c)
is obtained by sweeping VSD from 8 to −2 mV. N indicates the number
of confined electrons in a particular Coulomb blockade region. (d)
Electrochemical potential diagram illustrating the mechanism of Q-
SB emergence. (e) Idot vs VSD, measured by sweeping VSD up (black
trace) and down (gray trace), at VG = −0.92 V [along the arrows
marked on (b) and (c)].

plane.48 In order to have a Q-SB regime in our quantum dot,
all measurements were done at B = 3 T. The gridlike pattern
of Coulomb blockade regions observed in Figs. 1(b) and 1(c)
results from the quantized energy spectrum of the electron
source [Fig. 1(a)], which becomes resolved at low enough
temperature. That phenomenon is described in a separate
paper50 and does not influence the following discussion.

As one can see from a comparison of Figs. 1(b) and 1(c),
within the Q-SB regime, the hysteretic behavior of Idot with
respect to the VSD sweep direction is observed. Figure 1(e)
shows the traces of Idot vs VSD along the arrows marked
in Figs. 1(b) and 1(c) (VG = −0.92 V). The positions of
certain Idot maxima clearly depend on the sweep direction.
Such behavior is known to be a manifestation of DNP
formation in a conventional spin blockade regime.32,33 There,
the characteristic changes of Idot indicate conditions in which
a certain two-electron S = 1 triplet state is mixed with an
S = 0 singlet state by a hyperfine interaction, allowing spin
blockade lifting accompanied by a nuclear spin flip.22,33

Repeated nuclear spin flips result in the accumulated nuclear
polarization, which alters the conditions of S-T mixing by
means of an effective magnetic field, causing hysteresis. Thus,
our data suggest that in the Q-SB regime nuclear pumping is
also occurring.

A. DNP pumping

To further explore DNP formation in the Q-SB regime, we
performed a pump-probe measurement sequence (in this and

FIG. 2. (a)–(c) Idot vs VSD, measured after pumping the nuclei
at different values of Vpump. (d) Vpeak vs Vpump: Dark gray symbols
correspond to the Idot maximum at lower VSD, and light gray symbols
correspond to the Idot maximum at higher VSD. i, ii, and iii indicate
Vpump ranges within the Q-SB regime, characterized by different signs
of Idot maxima displacement with respect to position, corresponding
to the Vpump = 0 trace. �PP denotes the gap between current maxima.
Dotted lines are guides for the eye.

the following measurements VG was set to −0.92 V). Initially,
VSD was set to a certain value (Vpump) for 10 min, and then the
trace of Idot vs VSD was recorded (spanning the range of VSD

in which the hysteretic behavior of Idot was observed). Vpump

was varied in the range 0–6 mV, capturing both Coulomb
blockade and Q-SB regimes. The resulting traces are shown in
Figs. 2(a)–2(c) for several values of Vpump. The values of VSD

corresponding to Idot maxima, denoted as Vpeak, are plotted
in Fig. 2(d) as a function of Vpump. As expected, for Vpump

varying within the Coulomb blockade regime, no evolution of
the Idot vs VSD trace was observed, since DNP cannot build
up under the Coulomb blockade.33 However, as soon as Vpump

corresponds to a Q-SB regime, Idot maxima shift with respect
to those of a nonpumped trace, indicating DNP emergence.
Furthermore, the dependence of the Idot vs VSD trace on Vpump

within the Q-SB range allows us to distinguish several regimes
of pumping (i, ii, iii), characterized by different signs of Idot

maxima displacement. The data suggest that DNP pumping is
observed throughout the whole range of Vpump corresponding
to Q-SB.

The observed phenomena can be explained by consid-
ering an energy diagram of electron states involved in the
formation of Q-SB46 [Fig. 3(a)]. Here (N1,N2) refers to a
charge state with N1 electrons in dot 1 and N2 electrons
in dot 2; D(1,2), De(1,2), and D(0,3) denote (1,2)-ground,
(1,2)-excited, and (0,3)-excited states with S = 1/2, which
are twofold degenerate in zero magnetic field, and Q(1,2)
denotes a (1,2)-excited state with S = 3/2, which is fourfold
degenerate, and which causes Q-SB. The energy of the (0,3)
state decreases relative to the energy of (1,2) states with
increasing VSD, and due to interdot tunnel coupling, the
De(1,2) and D(0,3) states are mixed, which leads to their
anticrossing.46 The presence of an external magnetic field lifts
up spin degeneracy, leading to fourfold splitting of the Q state
and twofold splitting of D states of the system [Fig. 3(b)].
Nuclear pumping is possible when the Q state is mixed with

035303-2



DYNAMIC NUCLEAR POLARIZATION WITH THREE . . . PHYSICAL REVIEW B 88, 035303 (2013)

Q(1,2)

D (1,2)e
D(0,3)

D(1,2) D(0,3)

Q(1,2)

VSD

Q3/2

Q1/2

Q-1/2

Q-3/2

D(0,3)-1/2
D(0,3)1/2

Q D(0,3)
=1
=-1
>

Δ
Δ
mS
m
B B

N

tot ext

Q D(1,2)
=-1 =1
<

Δ Δm
B B

N

tot ext

mS

Q D(0,3)
=-1 =1
<

Δ Δm
B B

N

tot ext

mS

Bext = 0(a)

Bext > 0

Δ ~ EZ

D(1,2)-1/2
D(1,2)1/2

(b)

1 2 3 4 5 6 7
0.0

0.5

1.0

1.5

Δ P
P
(m
V
)

Vpump (mV)

(c)

i

ii

iii

FIG. 3. (Color online) Energy diagrams of three-electron states
involved in the DNP pumping, plotted vs VSD, in (a) the absence
and (b) presence of an external magnetic field. D(1,2), De(1,2), and
D(0,3) denote (1,2)-ground, (1,2)-excited, and (0,3) charge states
with S = 1/2, and Q(1,2) denotes a (1,2) charge state with S = 3/2.
The gray circles in (b) indicate where Q and D states are mixed by the
hyperfine interaction and DNP pumping is possible. The dark gray
and light gray circles correspond to the direction of the emerging
nuclear field BN with and against the external field, respectively. (c)
�PP vs Vpump. The dashed-dotted lines are guides for the eye.

one of the D states via a hyperfine interaction. That is the
case when the magnetic quantum numbers (ms) of those
states differ by 1, so that mutual electron-nuclear flip-flop
processes can happen.33,49 As shown in Fig. 3(b), that sort of
mixing occurs between Q and D(0,3) states on both sides of
the De(1,2) − D(0,3) anticrossing. Q−3/2 − D(0,3)−1/2 and
Q−1/2 − D(0,3)1/2 crossings at lower VSD have �ms = 1
and �mn = −1, while in contrast, Q3/2 − D(0,3)1/2 and
Q1/2 − D(0,3)−1/2 crossings at higher VSD have �ms = −1
and �mn = 1. The sign of �mn determines the direction of
nuclear polarization relative to the external magnetic field,
giving rise to two pumping regimes, ii and iii. In GaAs, the
effective nuclear field acting on electrons is directed against
the nuclear polarization,51 thus in regime ii, the nuclear field
(BN ) pumps with the external magnetic field, whereas in
regime iii, BN pumps against the external magnetic field.

Furthermore, those Q − D crossings result in leakage current
and the observed Idot maxima. Other Q − D crossings, such as
Q±3/2 − D(0,3)∓−1/2 or Q±1/2 − De(1,2)±1/2, do not result
in hyperfine-induced mixing, since they do not satisfy the
ms = ±1 selection rule, and thus, do not contribute to DNP
pumping.

Additional mixing may happen between the Q and D(1,2)
states, namely, the Q3/2 − D(1,2)1/2 and Q1/2 − D(1,2)−1/2

states [Fig. 3(b)]. The energy gap between those states does
not depend on VSD, but depends only on the total magnetic
field, which is the sum of the external field B and the nuclear
field BN . If, for a given value of B, those states are close to
degeneracy, they can be mixed by hyperfine interaction and
cause DNP.33 In this case �ms = −1 and �mn = 1, so that
the nuclear field is directed against the external magnetic field.
This pumping mechanism is likely to be responsible for the
existence of pumping regime i, and probably contributes to
pumping regime iii as well. In Fig. 3(c) the data shown on
Fig. 2(d) are replotted as the gap between Idot maxima, denoted
as �PP, versus Vpump. Comparing Fig. 3(c) with Fig. 3(b)
illustrates the correlation between experimentally observed
pumping regimes and electron state diagrams, summarizing
the above discussion.

From Fig. 3(b) one can see that if Zeeman splitting of
electron spin states exceeds interdot tunnel coupling, then
it would be related to the gap between two Q − D(0,3)
hyperfine-mixed crossings, denoted �, as EZ = (α�/2),
where α = d[D(0,3) − Q]/dVSD reflects the dependence of
the energy difference between the (0,3) and (1,2) charge
states on VSD, and is proportional to the fraction of VSD that
drops between dot 1 and dot 2. The latter can be estimated
from the analysis of slopes of specific Coulomb diamond
edges;49,52 for our device α is about 0.13 eV/V. If we neglect
the DNP buildup during the probe sweep, then the measured
�PP would be exactly equal to �, corresponding to BN

established before the probe sweep. Under this assumption,
for a certain value of Vpump we can estimate the nuclear field
as BN = B(�PP/�

0
PP − 1), where B = 3 T is the external field

and �0
PP ≈ 0.8 mV is the gap between Idot maxima for traces

taken after Vpump within the Coulomb blockade regime. This
estimation gives −2.3 � BN � 2.3 T in the range of Vpump

within the Q-SB regime. We can also estimate the g factor of
our device as |g| = E0

Z/μBB = (α�0
PP/2)/μBB, or about 0.3.

This is in good agreement with values measured previously
on similar devices (0.3 and 0.36).53,54 However, since the
probe sweep time (≈30 s) is actually not much less than the
characteristic nuclear pumping time (about several minutes), a
certain fraction of DNP may build up during the probe sweep.
Thus, �PP does not exactly reflect �, so the above estimations
may be not very precise.

B. DNP relaxation

We also observed DNP relaxation dynamics by means of
a pump-wait-probe measurement sequence. After pumping
DNP at Vpump = 4.7 mV, VSD was set to a certain value
Vwait outside the Q-SB regime for a time interval τ , during
which DNP relaxed, and then the probe sweep followed.
The results are plotted in Fig. 4 as the dependence of �PP,
normalized to unity, on τ . We first probed relaxation under
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FIG. 4. DNP relaxation data, plotted as �PP/�
MAX
PP vs τ , under

different relaxation conditions: Vwait = 0 at 0.2 K (black triangles);
Vwait = 0 at 0.9 K (gray triangles); Vwait = −5 mV at 0.2 K (white
triangles). The indicated value �0

PP/�
MAX
PP corresponds to zero DNP.

Solid lines fit experimental data with biexponential decay. The decay
rates (in min) are 53 ± 15 and 3348 ± 818, 68 ± 5 and 2688 ± 570,
and 0.4 ± 0.03 and 5.5 ± 0.8, correspondingly. The inset shows the
same data plotted on a different time scale.

Coulomb blockade conditions, with Vwait = 0, and found that
DNP exists even after 16 h. Increasing temperature seemed
to increase the DNP relaxation rate. For reference we tried
another condition of relaxation by setting Vwait = −5 mV,
with a negative current of 100 pA flowing through the dot.
In this case, relaxation was much faster and did not show
any temperature dependence. The best fit of relaxation data
was obtained with biexponential decay curves, in agreement
with previous studies.55 This gives a fast rate of about
1 h and a slow rate of about 50 h for relaxation under
a Coulomb blockade regime, although we note significant
uncertainty due to experimental error, as indicated in the Fig. 4
legend.

The observed long relaxation of DNP is likely to be
explained by the temperature dependence of the nuclear
relaxation rate. Previous studies of DNP in vertical quantum

dots, which reported decay time on the order of 10 s, were done
at about 1.5 K,55,56 in contrast to our measurements below 1 K.
On the other hand, similar extremely long-term nuclear spin
dynamics has been reported in self-assembled quantum dots
pumped by optical resonance at ultralow temperatures.30,31

Relaxation at Vwait = −5 V is also consistent with the
temperature dependence scenario, if we take into account that
because of Joule heating the actual temperature of the dot
could be higher than that measured by a thermometer. Finally,
the nuclear relaxation rate in bulk GaAs is known to have a
strong temperature dependence.57,58 For a better understanding
of DNP relaxation mechanisms, a more detailed study will be
necessary.

Our result is a demonstration of extremely long-lived DNP
in vertical quantum dots. The observed nuclear relaxation time
is similar to that reported in self-assembled quantum dots
(about 30 h).31 That is about three orders of magnitude longer
than the nuclear relaxation time measured in laterally defined
quantum dots,59 which falls in the range of 8–56 s, depending
on the external magnetic field and the quantum dot charge state.
Together with the presumed scalability of vertical quantum
dot devices, long nuclear relaxation time looks favorable for
the prospects of using vertical dots in quantum information
processing applications, even though much remains to be
done.

IV. CONCLUSION

We have demonstrated and explored the emergence of
DNP in the three-electron Q-SB regime of a vertical double
quantum dot system. The results are well understood in
terms of hyperfine-induced spin blockade lifting, considering
the relevant three-electron spin states. We also showed that
extremely long nuclear spin relaxation times are possible in
vertical double quantum dots.
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