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We use Pauli-spin blockade in two-electron vertical double quantum dots to quantitatively estimate the

exchange energy J in a wide range of interdot level detuning � and fully compare it with calculations.

Pauli-spin blockade is lifted via a singlet- (S-)triplet (T) transition mediated by hyperfine coupling, which

abruptly occurs in our devices when the S-T transition energy or J is compensated by the Zeeman energy.

We use this feature to derive J depending on � between the S-S and T-T resonances. The obtained J

versus � including the resonance effect is perfectly reproduced by Hubbard model calculations.

DOI: 10.1103/PhysRevLett.102.146802 PACS numbers: 73.23.Hk, 73.63.Kv, 75.30.Et

Detecting and manipulating the exchange interaction
between two electrons is at the heart of spin-based quan-
tum information processing, especially for implement-
ing quantum entanglement and a universal set of quantum
gates [1,2]. Semiconductor double quantum dots (QDs)
holding two electrons are relevant for this purpose, be-
cause the spin exchange energy J or energy separation
between a singlet (S) state and a triplet (T) state can be
varied both electrically and magnetically [3,4]. This
method of J modulation has recently been used to prepare
electron spin qubits and to control electron spin-nuclear
spin coupling in a double QD [5–7]. Coherent manipula-
tion of single electron spins or electron spin qubits has
been realized by controlling J to swap electrons between
the two QDs [8,9]. S-T mixing in a fluctuating nuclear field
BN has been explored by making J sufficiently smaller
than the electron Zeeman energy EN corresponding to BN

[10]. The dephasing time of two-electron spin states has
been measured by controlling the ratio between J and EN

[11].
J depends strongly on the interdot level detuning �, and

in all of the above described experiments the �-dependent
J is a key parameter. Here J is simply defined as the spin
excitation energy between S and T in a double QD. This J
value usually decreases as � increases; however, this is not
the case near interdot resonance, because the resonant
states are hybridized to enhance the S-T separation [see
Fig. 1(b)]. J vs � has been only partly examined by
experiment and has never been well compared to theory
[12]. In this Letter we use a vertically coupled double QD
to derive J vs � in a wide range of � between two
resonance points: S-S resonance (� ¼ 0) and T-T reso-
nance (� ¼ �T) [Fig. 1(b)]. Note the threshold of PSB
lifting is much better defined in vertical double QDs than in

lateral double QDs. We find good agreement in J vs �
between experiment and calculations.
To evaluate J, we use the hyperfine interaction mediated

by lifting of the Pauli-spin blockade (PSB). PSB occurs

FIG. 1 (color online). (a) Schematic picture of the double QD
and measurement setups. The static magnetic fields Bp and Bin

are applied perpendicular and parallel to the QD plane. The ac
magnetic field Bac for NMR measurements is applied perpen-
dicular to the QD plane. (b) Energy diagram for a two-electron
ground state and the excited states with potential detuning � as a
parameter. (c) Color-scale plot of dIsd=dVsd in the Vsd � Vg

plane measured for device A at 1.5 K. The white region corre-
sponds to the blockade. The energy diagrams of PSB and S-S
resonance are indicated. (d) Isd as a function of the frequency of
Bac under an in-plane magnetic field of Bin ¼ 300 mT. NMR
signals for 75As, 69Ga, and 71Ga are detected. (e) NMR signal
positions as a function of Bin for the nuclei.
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between � ¼ 0 and � ¼ �T by setting up a T state over
the two QDs as a long-lived excited state. It is lifted
through a T to S transition by compensating for J with
the electron Zeeman energy, EZ. This S-T transition is
signified as an abrupt increase of the leakage current in
the PSB region at a certain magnetic field Bsw where J ¼
EZ (¼g�BBsw) [13]. Then, Bsw is a good measure for
evaluating J. An error may arise in this derivation from
dynamical nuclear polarization (DNP). The DNP effect is,
however, negligible when the applied external magnetic
field is small [5], which is the case for the present work.

In a vertical double QD, � is varied as a function of the
bias voltage (Vsd) applied between the source and drain
contacts. We prepared three different vertical double QD
devices (devices A, B, andC) to study J vs�, as well as the
influence of interdot tunnel coupling t. Devices A and B
have almost the same t but different tunable ranges of �
with Vsd. Using devices A and B, we can cover the whole
range of � between � ¼ 0 and � ¼ �T . Device C has a
smaller t than devices A and B. We use this device to
discuss the influence of t on J.

Figure 1(a) shows a schematic diagram of the devices.
All the devices have almost the same geometry, consisting
of a gated submicron pillar with a triple barrier structure
(TBS). The TBS for devices A and B is composed of two
7.0-nm-thick Al0:3Ga0:7As outer barriers, an Al0:3Ga0:7As
center barrier of 6.0-nm (device A) and 6.5-nm (device B)
thickness and two 10.0-nm-thick GaAs wells. For deviceC,
the TBS consists of three 8.0-nm Al0:22Ga0:78As barriers
and two 12.0-nm In0:05Ga0:95As wells [14,15]. The two
QDs are vertically coupled through the center barrier and
laterally confined by a Ti/Au Schottky gate surrounding the
pillar. For all the devices, the number N of electrons in the
double QD can be reduced down toN ¼ 0more or less in a
similar manner as the gate voltage is made more negative.

The energy diagram for the two-electron states in the
double QD is shown in Fig. 1(b), with the energy detuning
� between the two QDs, QD1 and 2, as a parameter. Two
singlet states, Sð0; 1s1sÞ having two electrons in the same
lowest orbital state or 1s state of QD1 and Sð1s; 1sÞ having
two electrons in the 1s state of the two QDs, are in
resonance at � ¼ 0, while two triplet states Tð1s; 1sÞ hav-
ing two electrons in the 1s states of the two QDs and
Tð0; 1s2p) having two electrons in the two lowest orbital
states, i.e., 1s and 2p state of QD1, are in resonance at� ¼
�T [16]. Once Tð1s; 1sÞ is occupied in the PSB region,
further electron transfer is prohibited by Pauli exclusion,
unless a transition from Tð1s; 1sÞ via Sð1s; 1sÞ to Sð0; 1s1sÞ
occurs. The PSB is lifted either by Tð1s; 1sÞ � Tð0; 1s2pÞ
resonance or when the energy of a one-electron state (0, 1s)
having one electron in the 1s state of QD1 becomes higher
than the Fermi energy of the drain contact.

Figure 1(c) shows the differential conductance
dIsd=dVsd versus Vsd and gate voltage Vg measured for

device A at 1.5 K. The total electron number N in the

double QD is indicated for the two Coulomb blockade
(CB) regions bounded by the dotted line with the center
at Vsd ¼ 0. To the right of the N ¼ 2 CB, there is a region
of suppressed dIsd=dVsd due to PSB. The energy diagrams
of PSB and S-S resonance are indicated. S-S resonance is
assumed to occur at Vsd ¼ 0 from the fact that the upper
boundary of the N ¼ 1 CB diamond closes [17]. PSB is
observed in the Vsd range near S-S resonance in this device.
In the PSB region, a finite small leakage current (� few
hundred fA) flows, mainly due to second-order cotunneling
[18] as well as tunneling with spin flip induced by the
hyperfine interaction and the spin-orbit interaction. Here,
we focus on the leakage current due to the hyperfine
interaction because it shows a clear hysteresis for sweeping
up and down the magnetic field as a good signature of DNP
[6,12]. To assure a contribution from the hyperfine inter-
action, we performed NMR experiments in the PSB region.
Figure 1(d) shows the frequency dependence of the leakage
current in the presence of a static in-plane magnetic field of
Bin ¼ 300 mT. The NMR signals were observed at
2.15 MHz, 3.05 MHz, and 3.85 MHz. Figure 1(e) shows
the Bin dependence of the NMR frequency. From the linear
dependence with Bin we obtain proportional constants of
7:17� 0:17 MHz=T, 10:07� 0:04 MHz=T, and 12:84�
0:03 MHz=T for the NMR signals, which are consistent
with those of 75As (7.292 MHz/T), 69Ga (10:219 MHz=T),
and 71Ga (12:984 MHz=T), respectively, in the literature
[19]. Note that in our previous NMR measurements using
In0:05Ga0:95As double QDs instead of GaAs double QDs,
we observed no 75As resonance. This difference is proba-
bly due to the influence of In atoms [20]. A random
distribution of In atoms in the InGaAs well causes an
inhomogeneous strain in the host material of the QDs,
which can cause large broadening of the NMR peaks in
the InGaAs QDs.
Figure 2(a) shows the magnetic field Bin dependence of

the leakage current Isd measured at Vsd ¼ 0:8 to 2 mV in
the PSB region. Bin was swept from 0 Tup to 0.3 Tand then
down to 0 Twith a sweep rate of 1 T=h. For all of the data
curves, Isd is constant as Bin initially increases, then in-
creases with a sharp step (indicated by arrows) at Bin ¼
Bsw, and finally becomes saturated for Bin up to 0.3 T. As
Bin decreases from 0.3 T, Isd gradually decreases to the
initial current level. This behavior is schematically shown
in Fig. 2(b) and assigned to a S-T transition mediated by
the hyperfine interaction. The magnetic field lifts the
Tð1s; 1sÞ degeneracy into three substates, Tþ, T0, and T�
with Sz components of 1, 0, and �1, respectively. The T�
and Sð1s; 1sÞ state becomes degenerate at Bin ¼ Bsw, as
shown in Fig. 2(c). The transition between these two states
is then promoted by a hyperfine mediated spin flip-flop
transition, conserving energy. This progressively occurs as
Bin approaches Bsw, because the T� to S transition accom-
panies DNP to pump the down nuclear spins, and therefore
give a positive feedback to Bin [5]. PSB is partially but
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abruptly lifted when Bin � Bsw, so the leakage current
increases with a step. Therefore, the threshold magnetic
field Bsw is assumed to be a measure of J as given by EZ ¼
g�BBsw ¼ J. In Fig. 2(a) we find that as the set Vsd

decreases, Bsw or J increases more abruptly for Vsd near
the S-S resonance. We observe a two-step increase of the
leakage current and a slight decrease following the jump-
up at the first step in the top four curves for Vsd > 1:2 mV.
This may be due to the difference of the nuclear spin state
between the two QDs and the related relaxation process,
although the underlying physics is not clear.

In device B, PSB is observed in the Vsd range from 1.5 to
5 mV, and lifts for Vsd > 5 mV, bounded by Tð1s; 1sÞ �
Tð0; 1s2pÞ resonance, as shown in the inset to Fig. 2(d). We
fixed Vsd at Vsd ¼ 2:5 mV in the PSB region and measured
Isd as a function of the perpendicular magnetic field Bp.

Note that the applied Bp field is so small (<120 mT) that

the influence on the orbital states can be neglected. We
again observe a steplike increase of the leakage current on
sweeping up the magnetic field. We use device C to evalu-
ate J near the T-T resonance but away from the S-S
resonance. We initially fixed the gate voltage such that
Isd vs Vsd shows a CB region for Vsd < 2 mV, T-T reso-
nance at Vsd � 3:8 mV, and a PSB region in between [inset
to Fig. 2(e)]. We then measured the leakage current in the

middle of the PSB region as a function of Bin, as shown in
Fig. 2(e).
The Bsw fields evaluated from the measured Isd � B

hysteretic loops are plotted as a function of �=�T in
Fig. 3. The squares and circles indicate the Bsw values
obtained for devices A and B, respectively. For device A,
as �=�T increases from 0.13 to 0.4, Bsw decreases, reflect-
ing the decrease of J. For device B, as�=�T increases, Bsw

gradually decreases for �=�T from 0.42 to 0.5, remains
almost constant for �=�T to 0.8, and gradually increases
for �=�T to 0.9. Here we use the relation J ¼ jgj�BBsw

with jgj ¼ 0:23 [21–23] to make an ordinate for J in Fig. 3
to the right. J ranges from 1.3 to 3:5 �eV for device A and
from 0.9 to 1:3 �eV for device B. The increase of Bsw with
�=�T approaching�=�T ¼ 0 for device A and�=�T ¼ 1
for device B compares to J enhanced by S-S, and T-T
resonance, respectively.
In the inset to Fig. 3 we show Bsw observed for device C

(triangle), which gradually increases as Vsd increases from
2.5 to 3.5 mV. In order to calibrate J with Bsw, we use jgj ¼
0:30, previously derived for InGaAs vertical double QDs
[24]. J ranges from 0.15 to 0:3 �eV, shown by the tri-
angles in the main panel of Fig. 3 for comparison, and is
almost 1 order of magnitude smaller than that for devices A
and B, reflecting the small t for device C. We use the
Hubbard model including the 1s and 2p states in QD1
and the 1s state in QD2 to calculate the exchange energy J.
The 2p state in QD2 is neglected because it is located at a
very high energy. For the T states, the diagonal energies of
the Hamiltonian matrix elements are ETð1s;1sÞ ¼ V þ � and

ETð0;1s2pÞ ¼ Uþ @!�Uex � xeVsd, using only the basis

of Tð1s; 1sÞ and Tð0; 1s2pÞ. Here, U and V are the intra-
and interdot Coulomb energies, @! and Uex are confine-
ment energy and exchange energy in QD1, � is the energy
difference between QD1 and 2 at Vsd ¼ 0, and x is the
conversion factor of the increment between Vsd and �. The

off-diagonal energy is
ffiffiffi
2

p
tT , where tT is the tunnel cou-

pling between the Tð1s; 1sÞ and Tð0; 1s2pÞ states. We
define U0 � Uþ @!�Uex for simplicity. Thus, the
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FIG. 3 (color online). Bsw plotted as a function of �=�T .
Right-hand side scale: Exchange energy J of devices A (square),
B (circle), and C (triangle) derived experimentally and theoreti-
cally (solid line) as a function of �=�T . Inset: Magnification of
Bsw and J for device C as a function of Vsd.

FIG. 2 (color online). (a) In-plane magnetic field (Bin) depen-
dence of the leakage current Isd measured at Isd ¼ 0:8 mV to
2 mV in the PSB region. Each curve is offset upwards by 1 pA.
(b) Schematic hysteretic behavior in the Isd � B plane. The
nuclear spins in the QDs polarize above B ¼ Bsw. (c) Zeeman
effect on the S and T states. The S state and T� states become
degenerate at Bsw. (d) Isd as a function of Bp measured at Vsd ¼
2:5 mV in the PSB region. The sweep rate is 1 T/hour. Inset to
(d): Isd vs Vsd measured at T ¼ 30 mK, showing the PSB for
1:2 mV< Vsd < 5 mV. The peak at Vsd � 6:8 mV is due to
Tð1s; 1sÞ � Tð0; 1s2pÞ resonance. (e) Bin dependence of Isd
measured at Vsd ¼ 3 mV in the PSB region. Inset to (e): Isd vs
Vsd showing PSB for 2 mV< Vsd < 3:5 mV. The peak at Vsd ¼
3:8 mV is due to Tð1s; 1sÞ � Tð0; 1s2pÞ resonance.
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eigenenergies are derived as

ETðT�Þ ¼ 1
2ðV þ �þU0 � xeVsd

� ðþÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðV þ ��U0 þ xeVsdÞ2 þ 8t2T

q
Þ: (1)

Similarly for the S states, the diagonal energies of the
Hamiltonian matrix elements are ESð1s;1sÞ ¼ V þ � and

ESð0;1s1sÞ ¼ U� xeVsd, respectively, and the off-diagonal

energy is
ffiffiffi
2

p
tS, where tS is the tunnel coupling between the

Sð1s; 1sÞ and Sð0; 1s1sÞ states. The eigenenergies are given
by

ESðS�Þ ¼ 1
2ðV þ �þU� xeVsd

� ðþÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðV þ ��Uþ xeVsdÞ2 þ 8t2S

q
Þ: (2)

Then, J is derived as

J ¼ ES� � ET

¼ 1
2ð

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�2 þ 8t2S

q
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð�T ��Þ2 þ 8t2T

q
� �TÞ: (3)

Here, we use the equations �T ¼ @!�Uex and � ¼
xeVsd þU� V � � ¼ xeVsd þ�sd. In order to calculate
J for devices A and B, we used the values�sd ¼ 0:11 meV
for device A and 0.2 meV for device B, and �T ¼
1:86 meV for both devices, all derived by analyzing the
Coulomb diamond data. We calculate the J values with tS
and tT as fitting parameters to reproduce the experiment.
The result is shown by the solid line in Fig. 3. The experi-
mental data are nearly perfectly reproduced by the calcu-
lations using tS ¼ 22 �eV and tT ¼ 10 �eV for both
devices. The ratio of tS and tT is reasonable when ‘‘inco-
herent tunneling’’ is considered [25]. The calculated ratio
of the incoherent tunneling between the 1s state in the two
QDs and that between the 1s state in one QD and the 2p
state in the other QD is 2:1. Based on this, we used �sd ¼
2:1 meV and �T ¼ 5:66 meV to calculate J for device C.
The experimental data are also well reproduced by the
calculations for device C using tS ¼ 11 �eV and tT ¼
5 �eV. These tS and tT values are smaller than those for
devices A and B, as expected.

In conclusion, we use the lifting of PSB by hyperfine
coupling to nuclear spins to quantitatively evaluate the
exchange energy J over a wide range of interdot level
detuning � using three kinds of vertical double QDs. J is

enhanced near the S-S and T-T resonance points, reflecting
the hybridization of the two resonant states. The obtained
data of J are fully reproduced over the whole � range by
Hubbard model calculations. We also show the contribu-
tion from all 69Ga, 71Ga, and 75As nuclear spins to the PSB
lifting using an NMR technique.
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