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Suppression of Zeeman Gradients by Nuclear Polarization in Double Quantum Dots
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We use electric dipole spin resonance to measure dynamic nuclear polarization in InAs nanowire
quantum dots. The resonance shifts in frequency when the system transitions between metastable high and
low current states, indicating the presence of nuclear polarization. We propose that the low and the high
current states correspond to different total Zeeman energy gradients between the two quantum dots. In the
low current state, dynamic nuclear polarization efficiently compensates the Zeeman gradient due to the
g-factor mismatch, resulting in a suppressed total Zeeman gradient. We present a theoretical model of
electron-nuclear feedback that demonstrates a fixed point in nuclear polarization for nearly equal Zeeman
splittings in the two dots and predicts a narrowed hyperfine gradient distribution.
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Hyperfine interaction couples electron spin to nuclear
spins enclosed by the electron’s wave function. In the
context of spin qubits in III-V semiconductors, the most
prominent effect of this interaction is that fluctuating
nuclear spins cause electron spin dephasing [1-3].
Interestingly, ideas for suppressing nuclear spin fluctua-
tions also rely on the same hyperfine interaction, since
electron spin transport can lead to dynamical nuclear po-
larization (DNP) in quantum dots [4]. An experimental
manifestation of DNP is a hysteretic current in the spin
blockade regime [5-8]. Sometimes, including in the
present work, the hysteresis could be extended to high
magnetic fields, suggestive of a large degree of nuclear
polarization [9,10].

In this report, we study hysteretic spin blockade in InAs
nanowire quantum dots using electric dipole spin reso-
nance (EDSR) spectroscopy [11-13]. Surprisingly, the
degree of polarization deduced from EDSR does not
exceed a few milliTesla, much smaller than the hysteresis
range. We explain this apparent contradiction by nuclear
fields compensating the natural Zeeman energy difference
between the two quantum dots caused by the mismatch of
their g factors [14]. In this case one of the double dot states
(Ty) is blocked leading to a reduced current. We support
this idea by analytical and numerical calculations of spin
blockade transport in the presence of hyperfine and spin-
orbit interactions.

From our model we deduce a narrowing of the hyperfine
gradient distribution to a few percent of the unpumped
distribution width. This finding is especially relevant for
two-electron singlet-triplet qubits, where the hyperfine
gradient is the source of dephasing [15]. We predict an
order of magnitude enhancement in the coherence time due
to gradient suppression induced by spin blockade transport.
This is an alternative route to 7, enhancement compared
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with nuclear spin pumping by pulsing the double dot
through an S-T transition [16-18].

We present data from two devices that were studied
in two previous publications [3,19]. InAs nanowires,
40-80 nm in diameter, are deposited on top of five narrow
bottom gates which are then used to define few electron
double quantum dots. The nanowires are contacted by
Ti/Al leads to measure electron transport through the sys-
tem. All measurements are performed at 7 = 250-300 mK
in 3He refrigerators.

We tune the double dots to the so-called strong coupled
spin blockade regime, in which the current exhibits a dip
rather than a peak at zero magnetic field due to an interplay
between tunnel coupling, hyperfine, and spin-orbit inter-
actions [10,19]. Figure 1(a) shows the double dot current in
the vicinity of a spin-blocked charge degeneracy point,
which appears as a double-triangle shape when the left
and right gates are swept at a finite dc voltage bias V.
across the double dot. Inside the triangles, one can see
sudden transitions between a low and a high current state.
The difference in current between the two states exceeds,
for some settings, an order of magnitude (1-2 pA vs
1020 pA). This switching is only visible within the
boundaries of the triangles. The boundaries themselves
remain fixed in gate voltage. This indicates that the jumps
in current do not originate from charge switches in the
vicinity of the double dot.

The appearance of the two current states is strongly
influenced by an applied magnetic field B.,,; [Fig. 1(b)].
At zero field we always observe a stable low current
because we are in a zero-field dip characteristic of all
strongly coupled quantum dots [5,19,20]. Usually this dip
is hundreds of mT wide with current increasing smoothly
with the field. However, in the regime where we observed
the switching, the current drops when the field increases
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FIG. 1 (color online). (a) Charge stability diagram near the
(3, 1) = (2, 2) transition (V4. = 7 mV, B, = 0.79 T). Low and
high current states are labeled, the dashed arrow indicates the
detuning axis &. (b) Dependence of the leakage current on
the magnetic field and detuning. The detuning is swept along
the line in panel (a), and the field is stepped after each sweep.
For (a) and (b) the sweep direction is from left to right. (c) The
magnetic field retrace at fixed detuning € = 3.5 meV, the sweep
directions are indicated with arrows. The current becomes zero
above 4 T since the double dot then shifts into a Coulomb
blocked state due to the Zeeman shift of T, (1, 1). The same
device was previously studied in Ref. [19].

beyond 10-20 mT, and the system enters a metastable low
current state [10]. At higher fields, both low and high
current states are observed, as well as transitions between
the two. The transitions are always abrupt for all measured
samples, on the 30 ms time scale of data acquisition.

In Fig. 1(c) we present an example of a hysteretic current
trace. We see that the low current state can be “‘dragged”
up to very high fields (over 4 T). The reversed sweep shows
a distinct high current state down to ~0.7 T, where the
current switches. If the magnetic field is fixed to a value
inside the hysteretic regime, the double dot may suddenly
switch after minutes or seconds, or remain in either of the
states for as long as hours (see Supplemental Material [21]
for time-dependent measurements). We note that the higher
noise observed in the low current state does not represent
typical behavior, often the current fluctuations are larger in
the high current state.

Electron spin-nuclear spin feedback is known to exhibit
complex dynamics, including hysteresis [6,11], multi-
stabilities [22], and fast switching between different stable
states [5,23]. This suggests that the observed switching
and hysteresis might be due to DNP. Earlier experiments
attempted to extract the degree of nuclear polarization
directly from the hysteresis curves [9,10]. In this interpre-
tation, the maximum nuclear polarization is simply given
by the size of the hysteresis loop. In our case, Fig. 1(c)

would present a contradiction to such an interpretation.
The field range of hysteresis exceeds 3 T, which is a few
times larger than the effective field corresponding to full
polarization for InAs (=1.0-1.5 T, depending on the
effective electronic g factor). This shows that a straight-
forward analysis of the hysteresis curves does not provide
an estimate for the maximum nuclear fields in the dots.

We are able to determine the nuclear polarization
directly, by probing the effective Zeeman splitting of the
electrons. To this end, a continuous wave GHz-frequency
electric field is applied to one of the gates. The oscillating
electric field drives transitions between the Zeeman-split
spin-orbital eigenstates of electrons. When the ac fre-
quency matches the Larmor precession frequency f in
one of the dots, additional transitions within the (1,1)
manifold are induced and extra current flows through the
double dot. In the presence of DNP, the Larmor frequency
is given by 27f = |gup(Bey + By)l, where g is the
effective g factor in the quantum dot, wp is the Bohr
magneton, B n 18 the effective nuclear field, and we have
set i =1 for convenience. Therefore, a finite EN will
reflect in a shift of f.

The EDSR spectroscopy is performed on a second de-
vice, the spectrum is shown in Fig. 2(b) and the high and
low current states in Fig. 2(a). In the low current state we fit
the observed resonance frequency to 27f = |gupBexl,
yielding g = 8.7 £ 0.1. Similar g factors were measured
in this device in a regime where hysteresis was not
observed [3]. The scenario proposed in Ref. [10], in which
DNP compensates the external field fully in the low current
state to a nearly zero total Zeeman energy, can thus again
be ruled out. We also note that the extent of the low current
state is asymmetric with respect to the zero field axis [24].
This effect is further explored in the Supplemental Material
[21]. A second important observation is that only a single
EDSR is observed in the low current state, while in the high
current state we see multiple EDSRs. In strongly coupled
quantum dots we do expect multiple resonances corre-
sponding to various transitions within the manifold of the
(0,2) and (1,1) singlet and triplet states [13]. The observa-
tion of only a single resonance in the low current state is
thus surprising. We at least expect to see two EDSR lines
due to a g-factor difference between the two dots [3].

We also detect a 0.3 GHz shift in the primary resonance
frequency at the transition boundary [Fig. 2(b), inset]. This
suggests that the two current states do have different
nuclear polarizations, the difference being however rather
small (at least in one of the dots). How could a small
change in polarization alter the current through the double
dot by an order of magnitude? And why is only a single
EDSR observed in the low current state? In what follows
we propose an explanation based on the gradient in the z
projection of the nuclear fields AB5; over the two dots [8].

Let us first consider the basics of transport through a
spin-blocked (1, 1) — (0, 2) transition in the presence of
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FIG. 2 (color online). (a) Double dot current as a function of
magnetic field (device 2, V4. = 7.5 mV, and € = 2.5 meV). The
gray and white background indicates the high and low current
states respectively. (b) The frequency of the ac voltage on a local
gate is swept, while the magnetic field is stepped. At each point,
we measure 50 ms with ac excitation on the gate and then 1 s
without. The difference in the two measured currents is plotted.
This procedure also avoids dragging of the spin resonance. The
inset shows a zoom-in on the spectral line at the transition from
the high to low current state. Low ac power is used to minimize
switches between metastable states induced by the driving. The
horizontal lines at fixed frequency correspond to photon assisted
tunneling enhanced by cavity modes in the fridge. This is the
same device as studied in Ref. [3].

spin-orbit interaction and in the strong interdot coupling
regime. An electron enters the left quantum dot and forms
one of the four (1,1) states with an electron on the right dot.
Out of the four states, only the (1,1) spin singlet is tunnel
coupled to the (0,2) singlet due to spin selection rules [the
(0,2) triplet states are at too high energy to play a role].
In the absence of a magnetic field, this results in three
blocked states and therefore very low current, proportional
to the residual escape rate out of the blocked states. If a
finite magnetic field is applied, the spin-orbital T, (1, 1)
and T_(1, 1) are split off by the Zeeman energy *E, =
*gupB.y (g being the average g factor of the two dots),
see Fig. 3(a). Spin-orbit interaction then effectively allows
for spin-nonconserving tunneling and couples 7.(1, 1) to
S(0, 2), characterized by the energy 75 [20]. The remain-
ing blocked state Ty(1, 1) forms the bottleneck for transport
and the escape rate out of this state determines the current.

A difference AE, in effective Zeeman splittings in the
two dots mixes Ty(1, 1) with S(1, 1), thereby unblocking
the system at finite magnetic field [S], as indicated in

Fig. 3(a). AE; is contributed to by a difference in the
effective g factors of the two dots Ag, as well as by a
nuclear field gradient along the z axis. Since Ty(1, 1) con-
stitutes the bottleneck in the transport cycle, a change in
ABj3, (and thus in AEy) could indeed have a significant
effect on the current. We support this statement by per-
forming transport simulations including a Zeeman gra-
dient. Figure 3(b) shows the calculated double dot
current vs B.,;, for two values of AE,. We used a rate
equation model that includes the effects of hyperfine and
spin-orbit interactions [19]. A gradient of only a few mT
is sufficient to increase the current by almost an order of
magnitude. Note that we have previously reported higher-
than-expected current levels in the strong coupling regime
[19]. We now propose that this higher current was due to
the Zeeman gradient over the two dots which was not
included in the model at the time.

In InAs double dots, it has been observed that typically
Ag/g = 1%-10% [3,14]. At applied fields of 100 mT this
mismatch would induce a Zeeman gradient of several mT
and thus lead to a considerable increase of current due to
lifting of the spin blockade [Fig. 3(b)]. Low current could
arise when a small nuclear field gradient exactly com-
pensates the Zeeman gradient due to Ag. The low current
state thus has AE, =~ 0. This idea also explains that only
a single EDSR is observed in the low-current state
[Fig. 2(b)] in contrast to Ref. [3] where in the same device
two resonances corresponding to two dots were resolved.

In what follows we show theoretically that electron-
nuclear spin flip-flops indeed can drive the double dot
towards AE, = 0 and keep it there. In Fig. 4(a) we plot
the spectrum of the (1,1) states as a function of AE, close
to AE; = 0. The thickness of the lines in the spectrum
corresponds to the occupation probabilities of the four
states one finds when taking into account the coupling to
the decaying (0, 2) singlet: at AE, = 0 the system has one
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FIG. 3 (color online). (a) Sketch of the spectrum of the five
electronic states. The coupling between the different states, as
well as the decay rate I, of S(0, 2) are indicated. (b) Simulated
current in the presence of an external Zeeman gradient of 1 mT
(red trace) and 3 mT (blue trace). We used ¢ = 'y, = 1.5 meV,
ty; = 100 peV, tso =25 peV, and g = 9. We averaged over
10° random nuclear fields taken from a normal distribution with

,/((Bji’,y‘z)z) = B = 1 mT for both dots.
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blocked state |T,) in which it spends all its time. When
AE, deviates from zero, |T,) and |S) acquire a spin-
orbital Tl and |l character and the blockade is lifted.
Correspondingly, the double dot current increases as AE,
moves away from zero.

At AE, = 0 positive and negative pumping rates are
balanced. Hyperfine induced electron-nuclear spin flip-
flops can cause transitions from the only occupied state
|Ty) to | 11) and to | |]), with equal probabilities. Since |T)
is an equal superposition of | 1]) and | |1), these processes
will not lead to a net pumping of the nuclear fields.

As soon as AE, deviates from zero, DNP tries to return
the system to AE, = 0. For example, when AE, is posi-
tive, the most strongly occupied state |T,) acquires a |]
character and transitions starting from | 7)) have a preferred
direction for spin flips [25]. This yields a DNP with net
rates R; and R} [red dashed arrows in Fig. 4(a)]: the
left dot is negatively pumped, the right dot positively.
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FIG. 4 (color online). (a) Thick blue lines, left scale: Spectrum
of the (1,1) states as a function of AE, for £, = —20 weV, t, =
60 peV, tsg =40 peV, and ¢ = I'y, = 1.5 meV. The thick-
ness of the lines indicates the occupation probability of the
corresponding eigenstate (4 uweV = 1). Brown dashed line, right
scale: Current through the double dot as a function of AE, for
the same parameters. Red dashed arrows: Preferred directions of
nuclear spin flips close to AE; = 0. (b) d(AP)/dt as a function
of AP for three different magnetic fields, negative E, corre-
sponds to a positive field. We used the same parameters as at (a),
with Al = 0.7 meV, [ = %, N=10, 1/7=3X 10710 geV,
and Ag/g = 0.05. Stable (un)polarized states of the nuclear
spin ensembles are indicated.

Both these rates indeed drive the system back to
AE, = 0. Transitions from |S) have the same asymmetry
but with opposite sign and counteract this pumping.
However, since the occupation probability of |S) is much
smaller than that of |T,), transitions from |7,) dominate.

This intuitive picture is confirmed by an explicit calcu-
lation of all allowed hyperfine flip-flop rates. The deriva-
tion involves a few straightforward steps, following the
approach of previous works [6,22] (see the Supplemental
Material [21] for details). Assuming nuclear spin 1/2 for
simplicity, we calculate each separate transition rate using
Fermi’s golden rule. Summing over all transition rates, we
arrive at an equation of motion for the polarization gradient
over the dots:

dAP A2 T2 . i
Tdr AN?EZ T2, + 482f(0)[sm20 + 2AP] =3
(D

where AP = 1(P, — Pp), with the nuclear polarization in
left and right dots —1 < Py <1. N is the number of
nuclei in each dot (see Supplemental Material [21] for a
discussion of asymmetric dot sizes). A is the average
hyperfine coupling energy (Al ~ 0.7 meV for InAs, with
I the average total nuclear spin). The angle 6 is defined
by tanf = (AE,) (I3, + 4¢?)/2e(12 + t},), where AE, =
(Ag)pgBexe + AI(AP), and the dimensionless function
f(@) ~ 1 is given in the Supplemental Material [21].
In deriving (1), we assumed that |E,| > T, for all (1,1)
states. We also added a phenomenological nuclear spin
relaxation rate 1/7 ~ 0.1-1 Hz. The average polarization
P = 1(P, + Pg)is not pumped: DNP merely enhances the
relaxation rate of P.

In Fig. 4(b) we plot the pumping curve (1) for AP with
realistic parameters, for different magnetic fields. We see
that at low fields the system has one single stable state
close to the low current point AE, = 0 (blue curve, E, =
—0.4 meV). At intermediate fields, the high current unpo-
larized state with AP = 0 is stable as well (green curve,
E; = —0.7 meV). This bistability can manifest itself
in switching and hysteresis. At very high fields, DNP
becomes too weak to counteract nuclear spin relaxation
and only the high current unpolarized state is stable (red
curve, E; = —1.1 meV). Using parameters from Ref. [19]
we estimate the maximum field for which DNP can stabi-
lize the AE; = 0to be 6 T, which is indeed consistent with
Fig. 1(c) (see Supplemental Material [21] for details).

Often, states of nuclear polarization stabilized by DNP
exhibit significantly reduced fluctuations. Using the spin-
flip rates found from Fermi’s golden rule we evaluate the
variance of the gradient distribution in the polarized state
as compared to the unpolarized state. We find a relative
suppression of the mean-square fluctuations of about
~4 X 1073 for the parameters of the blue curve in
Fig. 4(b), and of =9 X 1073 for those of the green curve
(see Supplemental Material [21] for details). In the context
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of two-electron single-triplet qubits, this narrowing could
lead to an enhancement of the dephasing time 7, by more
than an order of magnitude.
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