LETTERS
PUBLISHED ONLINE: 24 AUGUST 2014 | DOI: 10.1038/NNANO.2014.175

Manipulation of the nuclear spin ensemble
in a quantum dot with chirped magnetic
resonance pulses
Mathieu Munsch1 *, Günter Wüst1, Andreas V. Kuhlmann1, Fei Xue1, Arne Ludwig1,2, Dirk Reuter2,3,
Andreas D. Wieck2, Martino Poggio1 and Richard J. Warburton1
The nuclear spins in nanostructured semiconductors play a
central role in quantum applications1–4. The nuclear spins represent a useful resource for generating local magnetic5 ﬁelds
but nuclear spin noise represents a major source of dephasing
for spin qubits2,3. Controlling the nuclear spins enhances the
resource while suppressing the noise. NMR techniques are
challenging: the group III and V isotopes have large spins
with widely different gyromagnetic ratios; in strained material
there are large atom-dependent quadrupole shifts6; and nanoscale NMR is hard to detect7,8. We report NMR on 100,000
nuclear spins of a quantum dot using chirped radiofrequency
pulses. Following polarization, we demonstrate a reversal of
the nuclear spin. We can ﬂip the nuclear spin back and forth
a hundred times. We demonstrate that chirped NMR is a powerful way of determining the chemical composition, the initial
nuclear spin temperatures and quadrupole frequency distributions for all the main isotopes. The key observation is a
plateau in the NMR signal as a function of sweep rate: we
achieve inversion at the ﬁrst quantum transition for all isotopes
simultaneously. These experiments represent a generic technique for manipulating nanoscale inhomogeneous nuclear
spin ensembles and open the way to probe the coherence of
such mesoscopic systems.
NMR signals can be boosted by polarizing the nuclei. This is particularly beneﬁcial on the nanoscale where NMR signals are invariably small and hard to detect. The nuclear spins in a self-assembled
quantum dot can be polarized optically by exploiting the hyperﬁne
interaction with an electron spin3,5. Extremely long-lived polarizations4,9,10 up to ∼50% have been achieved (see Supplementary
Section II.B). The nuclear spin polarization results in a shift of the
optical resonance—the Overhauser shift—facilitating its sensitive
detection5. These features have enabled the observation of
isotope-selective NMR of the nuclear spins associated with strainfree GaAs quantum dots11,12. Self-assembled quantum dots, attractive for single photon generation and optically controlled spin
qubits2, have highly inhomogeneous nuclear spins5,13–15.
Additional side peaks appear in the NMR spectra, a consequence
of a strain-dependent quadrupole interaction, together with a distribution of chemical shifts6. Manipulating the nuclear spin ensemble
of a single quantum dot is challenging yet important: projection of
the nuclear spins into a speciﬁc state boosts the single electron spin
dephasing time4, and developing techniques to probe nanosized
ensembles of highly inhomogeneous nuclear spins has impact also
for semiconductor nanowires16 and nanocrystals.

Here we use chirped NMR pulses. The main concept is that by
sweeping over a large frequency range, the pulse addresses each
nuclear spin at some point. For a spin-12 nucleus, a two-level
system, the Hamiltonian in the rotating frame is
1
H = hΔn(t)Iz + hγBx Ix
2

(1)

where h is Planck’s constant, I is the nuclear spin, γ is the gyromagnetic ratio of the nuclear isotope (in frequency units) and Δv(t) is
the time-dependent detuning between the radiofrequency (RF) excitation and the Larmor frequency νL = γBz. The coupling between the
RF magnetic ﬁeld Bx and the spin, the second term in the
Hamiltonian, leads to an avoided crossing in the eigen-energies
with splitting hvRF (Fig. 1a) where vRF = γBx. On traversing the
avoided crossing from large and negative Δv to large and positive
Δv with a single pulse (N = 1) at sweep rate α, the probability that
the ﬁnal state is |↑〉 for initial state |↑〉 is
PLZ = exp(− π2 n2RF /α)

(2)

the Landau–Zener result17. In the sudden regime when PLZ ≃ 1, the
system ‘tunnels’ through the avoided crossing and |↑〉  |↑〉,
|↓〉  |↓〉. Alternatively, in the limit when PLZ ≪ 1, the states
are swapped |↑〉  |↓〉, |↓〉  |↑〉: this is adiabatic passage
(Fig. 1a).
We attempt to apply these concepts to a single nanoscale nuclear
spin ensemble. There are two challenges: (1) each nuclear spin is
more complex than a two-level system and (2) there is an inhomogeneous distribution of 1 × 105 nuclear spins. Initialization and
detection of the nuclear spin polarization of a single quantum dot
is carried out optically with exquisite spectral resolution provided
by resonant laser spectroscopy, representing a sensitivity to
∼1,000 spins. The quantum dots for these experiments are gate-controlled InxGa1–xAs quantum dots (Fig. 1c; see Supplementary
Section I.A). The bias voltage controls both the occupation of the
quantum dot (here empty) and the exact optical transition frequency via the Stark effect. Key to reaching the adiabatic limit
PLZ ≪ 1 is the generation of RF ﬁelds with high amplitude. We
use an on-chip, low-impedance, high-bandwidth microwire18 (see
Supplementary Section I.A), fabricated directly above the gate.
Large oscillating currents in the microwire generate oscillating magnetic ﬁelds (Bx ≃ 5 mT; see Supplementary Section II.C), and the
small impedance of the microwire enables fast pulsing. An aperture
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Figure 1 | The experiment: concepts and design. a, Eigen-energies of the nuclear spin (I) in a static magnetic ﬁeld along z and oscillating (radiofrequency, RF)
magnetic ﬁeld along x, in the rotating frame. Eigen-energies versus RF detuning for three cases are shown in black, and the diabatic states in blue. Top: I = 21 ,
a two-level system with avoided-crossing at Δv = 0, | ↑ 〉 ≡ | +21 〉, | ↓ 〉 ≡ | −21 〉. Middle: I = 23 without quadrupole interaction. Bottom: I = 32 with quadrupole
interaction (vQ ≫ vRF) showing a hierarchy of avoided crossings, the ﬁrst, second and third quantum transitions (|Δm = 1|, |Δm = 2| and |Δm = 3|,
respectively)11. b, Device for magnetic resonance experiments on the nuclear spins of single self-assembled quantum dots. The quantum dots (QDs) are
embedded in a vertical tunnelling structure controlled by the gate voltage Vg. A gold microwire is fabricated above the gate with a hole for optical access.
Magnetic resonance is driven with an RF current passing through the microwire. A solid immersion lens enhances the collection efﬁciency of the resonance
ﬂuorescence. c, Cross-section of a single InGaAs quantum dot (transmission electron microscopy image courtesy of A. Ludwig and J-M. Chauveau). d, Top
view of microwire. e, Pulse sequence of NMR experiment. A resonance is established with a constant frequency laser. On ramping the gate voltage, the
nuclear spins polarize to maintain the optical resonance: the Stark effect is compensated by the Overhauser shift. A RF pulse is then applied to manipulate
the nuclear spin ensemble. The optical sequence is repeated to read out the nuclear spin polarization, acting also as initialization for the next sequence.

in the microwire allows optical access to the quantum dots directly
underneath (Fig. 1b,d). The quantum dot optical resonance (X 0) is
driven with a coherent laser with resonance ﬂuorescence detection19,20, the readout after one RF pulse providing initialization for
the next (Figs 1e and 2c).
A resonance ﬂuorescence spectrum of the quantum dot at zero
applied magnetic ﬁeld, Bz = 0 T, is shown in Fig. 2a. The two
lines, split by the ﬁne structure, have linewidths of 1.2 µeV, close
to the transform limit of 0.9 µeV (ref. 21). At Bz ≥ 0.5 T, on sweeping through the optical resonance, the nuclear spins adjust their
polarization to maintain an optical resonance of the quantum dot
with the laser, the ‘dragging’ effect22,23: the Overhauser shift
(OHS) equals the laser detuning δL. Dragging represents a way of
generating large bidirectional nuclear spin polarizations22. An
example is shown in Fig. 2b. Starting with the nuclei in a depolarized state (see Supplementary Section II.A), the optical resonance
is ‘dragged’ to δL = −41 µeV. The nuclear spin polarization decays
extremely slowly (on the timescale of days for an empty quantum
dot4,9,10; see Supplementary Section II.B), resulting in optical
memory effects. A sequence of optical sweeps is shown in Fig. 2b,
where the rise point of each scan is related to the polarization set
by the previous scan, and the end of the plateau sets the new polarization state. For a given laser sweep direction, the change in width
of the dragging ‘plateau’ following an NMR pulse is used to measure
the change in the Overhauser ﬁeld, ΔOHS in Fig. 2c.
Manipulation of the nuclear spin ensemble is demonstrated in
Fig. 2c. The nuclear spin polarization along z (〈Iz 〉) is initialized
with a sweep from positive to negative δL. With the laser off, a
2

chirped NMR pulse is applied, ν = ν1 → ν2. The laser is then
turned back on and the sweep from positive to negative δL repeated.
The optical signal now appears not at negative δL but at positive δL ,
unambiguous evidence that the RF pulse inverts the nuclear spin
polarization. In this particular case, following optical polarization,
〈Iz 〉/Izmax ≃ +32%, and after one NMR pulse, 〈Iz 〉/Izmax ≃ −13%
(see Supplementary Information). This interpretation is backed up
by applying not one but a sequence of (phase-matched) chirped
pulses, ν1 → ν2 → ν1 → ν2 … As a function of pulse number N,
〈Iz 〉 oscillates from positive to negative, evidence of close to adiabatic manipulation of 〈Iz 〉. We can invert-restore the nuclear spin
polarization ∼100 times before the signal is lost (Fig. 2d).
We explore the dependence on sweep rate α on tuning from low
v1 to high v2 such that all nuclear spins are addressed. The signal
increases with decreasing sweep rate (Fig. 3). Signiﬁcantly, there is
an exponential increase followed by a plateau and then another
exponential increase. The stepwise transition from the sudden to
the adiabatic regime is a consequence of a hierarchy of avoided
crossings in the energy level structure. It arises from a quadrupole
interaction of the nuclear spin with a local electric ﬁeld gradient
resulting in an additional term in the Hamiltonian,


1
HQ = hnQ 3Iz2 − I(I + 1)
6

(3)

where hvQ is the strength of the quadrupole ﬁeld11. Figure 1a shows
the eigen-energies for I = 32, both for vQ = 0 and for vQ ≫ vRF. When
vQ ≠ 0, a hierarchy of avoided crossings appears, large for the ﬁrst

NATURE NANOTECHNOLOGY | ADVANCE ONLINE PUBLICATION | www.nature.com/naturenanotechnology

© 2014 Macmillan Publishers Limited. All rights reserved.

NATURE NANOTECHNOLOGY

LETTERS

DOI: 10.1038/NNANO.2014.175

Iz /Izmax (%)
60

a 0.2
0.1

δFS = 3.8 μeV

FWHM = 1.2 μeV

20

0

−20

−40

−60

Bz = 0 T

ν

OHS

0.1

Bz = 6 T
t

No sweep
0.0

0.0
−50 −40 −30 −20 −10

0

10

20

30

40

ν

50

δL (μeV)
Count rate (MHz)

0.1

b 0.2
Bz = 6 T
1

ΔOHS

t

1× sweep
0.0
ν

0.1

t

2× sweep
0.0
ν

0.1

0.1

Count rate (MHz)

40

c 0.2

Depolarization

t

3× sweep

0.0

0.0

0.1

0.1

ν
t

4× sweep
0.0
−50 −40 −30 −20 −10

2
0.0

0

10

20

30

40

50

δL (μeV)

0.1
3
0.0

0

20

40

60

80

40

0.1
ΔOHS (μeV)

0.0
0.1
5

−15

30

0

20
15
Odd
Even

10
0

0

10

20

30

40

50

0

δL (μeV)

50

100

150

200

250

Iz /Izmax (%)

4

0.0
−50 −40 −30 −20 −10

Time (s)

d

30
300

Number of sweeps

Figure 2 | Adiabatic passage of the nuclear spin ensemble. a, Resonance ﬂuorescence versus laser detuning on an empty single quantum dot
(X 0 transition) at Bz = 0 T and T = 4 K. δFS is the ﬁne-structure splitting. b, Resonance ﬂuorescence versus laser detuning at Bz = 6 T on the blue X 0 transition
showing ‘dragging’. The plateau-like features signify nuclear spin polarization. A sequence of sweeps shows clear memory effects. The extent of the plateaux
is reproducible to within 0.6 µeV on repeating a speciﬁc cycle. In blue (red) the laser is tuned to more negative (positive) values. c, A sequence of resonance
ﬂuorescence sweeps with N chirped RF pulses (v1 = 32.5 MHz, v2 = 87.5 MHz, α = 0.18 GHz s−1) following nuclear spin polarization (N = 0,1,2,3,4). N = 0
reads initial 〈Iz 〉 (see Supplementary Information); N = 1 inverts 〈Iz 〉; N = 2 restores 〈Iz 〉 to almost its N = 0 value, and so on. The Overhauser shift (OHS) and
the change in Overhauser shift ΔOHS following a chirped pulse are labelled. d, ΔOHS versus N for large N. The decay at large N arises mostly from relaxation
processes during the sweep; the residual signal at large N is presently not understood. Solid lines are guides for the eye.

quantum transitions (bare states separated by |Δm| = 1), intermediate at the second quantum transitions (|Δm| = 2), and small at the
third quantum transition (|Δm|
 = 3). A similar but more complex
hierarchy also arises in the In I = 92 eigen-energies. Given the exponential dependence of PLZ on the energy separation at the avoided
crossing, this means that the different quantum transitions satisfy
the adiabaticity condition at quite different sweep rates24–26. At
the plateau in Fig. 3, the sweep is adiabatic for the ﬁrst quantum
transitions (PLZ ≪ 1) whereas the others are still in the sudden
regime (PLZ ≃ 1). At ﬁrst sight, it is surprising that the step signifying adiabaticity at the ﬁrst quantum transitions survives the ensemble averaging. The explanation is to be found in the scaling of
the energies at the avoided crossings, hveff. In the limit vQ ≫ vRF,
veff ∝ vRF(vRF/vQ)|Δm|–1 for all I (refs 24–26; see Supplementary
Section III.A1). This means that for |Δm| = 1, veff does not depend
on vQ (to ﬁrst order), suppressing the sensitivity of the adiabaticity
criterion to the quadrupole interaction.
The plateau in the sweep rate dependence is the key observation
that allows both the indium concentration x and the initial nuclear
spin temperature T to be determined. The point is that the signal at
the plateau in the α-dependence, ΔOHS = 28.8 µeV, and the initial

Overhauser shift, OHS = 27.0 µeV, are determined solely by x, T
and the known nuclear parameters (nuclear spins, hyperﬁne
coupling constants and abundances of 75As, 115In, 69Ga and 71Ga)
(see Supplementary Section III.B1). We ﬁnd x = 20.2 ± 5.7% and
T = 8.2 ± 0.8 mK. The composition x represents the indium concentration over the extent of the electron wavefunction; the temperature,
much lower than the bath temperature of 4.2 K, interprets the
dynamic nuclear spin polarization as a laser cooling phenomenon.
Spectroscopic identiﬁcation of the isotopes is presented in Fig. 4,
where the NMR pulse is chirped from a ﬁxed v1 to a variable v2 using
a slow and constant sweep rate. The NMR signal ΔOHS increases
stepwise around 44 MHz. This arises when v2 goes above the
central NMR frequency of a particular isotope, in this case 75As.
Another clear step arises at 79 MHz, the 71Ga resonance. Around
the central transition, the single spin satellite steps (see
Supplementary Section III.B2) are broadened through atom-dependent quadrupole couplings. This is particularly visible in the In contribution because of the large number of satellites. This curve
enables us to determine the average quadrupole frequency 〈nQ 〉
and an approximate distribution p(vQ) for all the main isotopes,
75
As, 115In, 69Ga and 71Ga.
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Figure 3 | Nuclear spin inversion at the ﬁrst quantum transition in chirped
NMR. NMR signal, ΔOHS , following a single chirped RF pulse with ν1 → ν2
(v1 = 32.5 MHz, v2 = 87.5 MHz) as a function of sweep rate α: experimental
data (open circles) and theory (dark grey line). The theory uses x = 20.2%,
T = 8.2 mK, Bx = 3.8 mT, 〈nQ [75 As]〉 = 3.0 MHz, 〈nQ [115 In]〉 = 1.5 MHz,
〈nQ [69 Ga]〉 = 3.1 MHz and 〈nQ [71 Ga]〉 = 2.1 MHz. The relative abundances
are 75As (100%), 113In (4.3%), 115In (95.7%), 69Ga (60.1%) and 71Ga
(39.9%). ΔOHS versus α is shown for the four isotopes separately (colour
plots). The plateau arises because a range of α exists in which inversion at
the ﬁrst quantum transition is achieved for all isotopes yet inversion at the
second quantum transition is achieved for none. At the smallest α, inversion
at the ﬁrst and second quantum transitions is achieved for the majority of In
nuclei but only inversion at the ﬁrst quantum transition for the majority of
I = 23 nuclei.

For a speciﬁc I, vQ and vRF, we occupy the initial nuclear states
according to the known T and integrate the Schrödinger equation
numerically to determine 〈Iz 〉 after a single NMR pulse, converting
〈Iz 〉 to ΔOHS with the appropriate hyperﬁne coefﬁcient. We ﬁnd that
the v2-dependence is a strong function of both 〈nQ 〉 and p(vQ) (see
Supplementary Section III.B2) and is therefore ideal to determine
them. The 75As and 71Ga are well isolated as a function of v2 and,
in both cases, 〈nQ 〉 and p(vQ) are readily determined by comparing
the experimental results to the theory. The 69Ga v2-dependence
can be predicted from the 71Ga v2-dependence simply by the
known abundances and quadrupole moments (see Supplementary
Section III.B2). The remaining signal at intermediate v2 arises
predominantly from 115In, allowing us to determine the 115In quadrupole parameters. Figure 4 shows that (1) we achieve an excellent
description of the experimental results and (2) the signals from
the four isotopes, 75As, 115In, 69Ga and 71Ga, overlap little, facilitating
the determination of each quadrupole distribution.
We return to the sweep rate dependence. We calculate the
α-dependence, adding the results from each isotope with x, T,
〈nQ 〉 as input parameters. (Bx is adjusted within its error window
to ensure that the plateau occurs at the correct α.) The same set
of parameters describes both the v2- and α-dependences. Figure 3
shows the contribution from each isotope. 115In has the largest
hveff (on account of its large spin, I = 92), and inversion at the ﬁrst
quantum transition is achieved ﬁrst, closely followed by inversion
at the ﬁrst quantum transition for the I = 32 nuclei. At the smallest
α, inversion at the second quantum transition is achieved for
most of the In nuclei (and some of the 71Ga nuclei) but for most
of the 75As and 69Ga nuclei, inversion at the ﬁrst quantum transition
is complete but inversion at the second quantum transition is not
yet achieved. This explains the second change in gradient at the
smallest α in the experiment. The combination of the v2- and the
α-dependences allows, in principle, an initial nuclear spin temperature to be determined for each isotope. In practice, these
4

2

Figure 4 | Isotope-sensitive NMR with chirped pulses. NMR signal, ΔOHS,
following a single chirped RF pulse, ν1 → ν2 as a function of v2: experimental
data (open circles) and theory (dark grey line). The sweep rate is
α = 0.09 GHz s−1 and v1 = 32.5 MHz. The vertical lines show the textbook






NMR frequencies of the In I = 92 , Ga I = 32 and As I = 23 isotopes: stepwise
increases in signal occur each time v2 crosses these particular frequencies.
The theory uses x = 20.2%, T = 8.2 mK and Bx = 3.8 mT as in Fig. 3, together
with Gaussian distributions for the quadrupole frequencies (inset).

temperatures are not signiﬁcantly different, within random
error (see Supplementary Section III.D), and we take a common
temperature for simplicity.
The overall conclusion is that frequency-swept NMR enables the
determination of all key parameters of the nuclear spins even at the
single quantum dot level: the chemical composition, the effective
temperatures and the quadrupole frequency distribution of
each isotope.
As an outlook, we note that a sweep adiabatic for |Δm = 1| but
sudden for |Δm = 2| can be used to produce highly non-thermal distributions of the spin states, boosting the NMR signal of the central
transitions. Also, at an intermediate sweep rate, a superposition of
the spin states is created with a chirped NMR pulse, and backand-forth frequency sweeps result in quantum interferences, the
Stückelberg oscillations17,27–30. This experiment represents the
ideal springboard to explore quantum coherence in a complex
nuclear spin ensemble using multiple chirped pulses.
Received 11 November 2013; accepted 16 July 2014;
published online 24 August 2014
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