letters to nature
last melting in an 16O-poor gas, probably in the chondrule-forming
region.
The observed differences in grain size between the core and the
mantle of TS26 (see Supplementary Fig. 2a) suggests that melting
was incomplete and was followed by relatively fast cooling. The
absence of Wark–Lovering rim layers around TS26 could also be due
to the inferred melting episode. The high abundance of relict
chondrule-like material in the outer portion of TS26 (see Supplementary Fig. 2b) suggests there was a high abundance of dust in
the region where melting occurred, consistent with the dusty
environment inferred for chondrule formation2 . The low
(26Al/27Al)0 ratios observed in ABC and TS26 may have recorded
their late-stage re-melting during incorporation of the chondrule
fragments. We note, however, that because Allende experienced
thermal metamorphism that may have disturbed the 26Al-26Mg
systematics in CAIs and chondrules25, the exact age difference
between the formation of CAIs ABC and TS26 and their re-melting
should be considered with caution.
The proposed multi-stage formation history of ABC and TS26 is
consistent with the extended (,2 Myr) formation time of several
other igneous CAI from CV chondrites inferred from a range of the
(26Al/27Al)0 ratios within a single inclusion and petrographic
observations26,27. The late-stage melting and oxygen isotopic
exchange of ABC and TS26 are also consistent with the recently
proposed model for the global evolution of the oxygen isotope
composition of the inner solar nebula gas from 16O-rich to 16Opoor with time28,29. The fact that many CAIs show no evidence for
being affected by chondrule heating suggests that the chondruleforming events were highly localized.
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The analytical technique of nuclear magnetic resonance (NMR1,2)
is based on coherent quantum mechanical superposition of
nuclear spin states. Recently, NMR has received considerable
renewed interest in the context of quantum computation and
information processing3–11, which require controlled coherent
qubit operations. However, standard NMR is not suitable for the
implementation of realistic scalable devices, which would require
all-electrical control and the means to detect microscopic quantities of coherent nuclear spins. Here we present a self-contained
NMR semiconductor device that can control nuclear spins in a
nanometre-scale region. Our approach enables the direct detection of (otherwise invisible) multiple quantum coherences
between levels separated by more than one quantum of spin
angular momentum. This microscopic high sensitivity NMR
technique is especially suitable for probing materials whose
nuclei contain multiple spin levels, and may form the basis of a
versatile multiple qubit device.
Nuclei often possess total spin I greater than a half. Under static
magnetic field B 0, therefore, 2I þ 1 states jml equally spaced in
energy by the Zeeman energy "q0 are formed according to the
Zeeman effect (Fig. 1e). Here, " is the reduced Planck’s constant
such that q 0 would be the resonant angular frequency of NMR
between any pair of adjacent states. After appropriate polarization,
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pulsed radio frequency (r.f.) electromagnetic
P field can be applied to
achieve a coherent superposition jWl ¼ m¼2I
m¼þI am jml of nuclear
spins with arbitrary complex amplitude a m by controlling two out
of three readily tunable parameters1,12; the time length t P of the r.f.
pulse, the intensity B 1 of the magnetic component of the r.f. field
and the offset "ðqR 2 qÞ between the energies of the r.f. field "q and
the resonant transition "qR . Therefore, nuclei forming multiple
spin levels have a large variety of possible coherent combinations.
However, multiple quantum coherence is not directly detectable by
conventional NMR as it does not produce transverse magnetization
Mx,y (Fig. 1a), which conventional NMR detects. Our objective here
is to produce a method that does not rely upon electromagnetic
coupling of Mx,y to a pick-up coil13–16, and to control and detect not
only the single but also the multiple quantum coherences of nuclear
spins in a nanoscale region by all-electrical means.
We fabricated a monolithic semiconductor device integrated with
a point contact channel, which is a narrow constriction of a twodimensional electron gas, and an antenna gate for locally irradiating
the channel with an r.f. field (Fig. 1b). In this structure, we can
selectively polarize nuclear spins in this nanometre-scale point
contact region, while keeping those elsewhere in thermal equilibrium17 (see Methods). With polarization followed by r.f. pulse
irradiation, the resistance of the point contact falls, and
then gradually increases again over a time period of the order of
,102–103 s and reaches the steady state value at polarization. We
therefore interpret DR, the change in resistance directly before and
after the pulse, to have a direct relationship with M z, which is the
longitudinal magnetization induced by the altered population of
nuclear spin states. This in turn corresponds to the projection of the
probability amplitude of the nuclear spin state jWl onto the z axis
(Fig. 1a).
The channel consists of 69Ga, 71Ga and 75As, each having total
spin I ¼ 3/2. Thus, for each nuclide under B 0 (Fig. 1a), four equally
spaced energy states jml ¼ j3=2l, j1=2l; j21=2l; j23=2l are formed
(Fig. 1e, orange arrows). However, the nuclei experience the effects
of an electric field gradient due to their host crystal, which shift the
energy states through the electric quadrupolar interaction by
energies þD and 2D for j ^ 3=2l and j ^ 1=2l, respectively1,12,18,19.
The energy difference between adjacent states is, therefore, shifted
by ^2D from "q0 , allowing three possible resonances, at "q0 2 2D;
"q0 and "q0 þ 2D (Fig. 1e, red arrows). According to energy and
angular momentum conservation rules, several transitions are
possible. For convenience of the later discussion, we label possible
transitions by superscripts, for example, 75AsII or 69GaIV/2, in which
numerators, I, II,…, VI specify transitions and denominators 1, 2
and 3 represent the number of photons n, the second quantization
of the r.f. field, involved in the transition.
Spectra of DR as a function of t P show three oscillations at low B 1
(Fig. 2a). These oscillations can be well fitted by damped oscillations12 /1 2 cos ðQR tP Þ expð2tP =T 2 Þ with oscillation frequency
Q R and decoherence time T 2, showing that DR is indeed linearly
related to the projection of the probability amplitude of jWl onto
the z axis and to the longitudinal magnetization M z. In a geometrical representation1,12,20 of superpositional states of a two-level
system (the Bloch sphere), the oscillations at "q0 (denoted by
75
AsII in Fig. 2d) correspond to the rotation of a state jWII l whose
path describes a great circle passing through localized states j1=2l
and j21=2l periodically as the angle QR tP is swept. Therefore, the
oscillations at "q0 represent a single quantum coherence between
levels separated by a single quantum of angular momentum
(Dm ¼ 1). Similar oscillations seen in the lower- and higher-energy
peaks of the spectra (denoted respectively by 75AsI and 75AsIII in
Fig. 2d) are also due to single quantum coherence, their energy shift
being ^2D from "q0 .
When B 1 is increased, two slow oscillations (denoted by 75AsIV/2,V/2
in Fig. 2e) are observed in the spectra (Fig. 2b) between the three
single quantum oscillations. The peak energies of 75As IV/2,V/2 are
1002

shifted from "q0 by ^D. When the peak energies of 75As IV/2,V/2 are
doubled (¼ 2ð"q0 ^ DÞÞ, the resulting values are exactly the energy
separations between j23=2l and j1=2l and between j21=2l and j3=2l
(Fig. 1e). These can be assigned to double quantum coherent
oscillations between two levels separated by two quanta of angular
momentum (Dm ¼ 2) driven by two-photon transitions (IV/2 and
V/2 in Fig. 1e). By increasing B 1 further, a new peak (denoted by
75 VI/3
As
in Fig. 2f) appears at "q0 (Fig. 2c). The energy difference
between j23=2l and j3=2l is equal to 3"q0 regardless of the
quadrupolar interaction (Fig. 1e). Therefore, the narrow peak (VI/3)
can be assigned to triple quantum coherence between j23=2l and

Figure 1 Schematic diagrams illustrating the main features of our device and the
experimental system. a, Schematic illustration of the magnetization vector M of an
ensemble of nuclear spins under a static magnetic field B 0 and an r.f. field. (B1 is the
magnetic field component of the r.f. field.) The transverse component M x,y is precessing
in the x–y plane (Larmor precession), while the longitudinal component Mz is static along
B 0. b, Schematic illustration of a cross-sectional view of the device. The structure
contains a 20-nm GaAs quantum well with AlGaAs barrier layers and an n þ-GaAs
substrate that functions as a back-gate electrode to control electron density. A pair of
Schottky split gates defines the point contact channel indicated by a white ellipse. The
antenna gate is electrically isolated from the split gates by an insulator. c, Scanning
electron microscope image of the split gates beneath the antenna gate. The gap
between the gates is 600 nm, which is narrow enough to observe quantized
conductance steps of 2e 2/h at B 0 ¼ 0, where h is Planck’s constant and e is the
elementary charge. d, Schematic illustration of the plane view of the point contact
channel. By applying negative voltage to the split gate, the depletion regions (shown in
black) are formed. By passing current (,7 nA) between the source and drain at Landau
level filling factor n ¼ 2/3 (refs 26–28), nuclear spins are polarized in the point contact
region, where the current density is locally high. The resistance across the point contact
is measured by a four-terminal method in constant-current mode to achieve a steady
state of nuclear spin polarization17. e, Schematic energy level diagram of nuclear spin
states for I ¼ 3/2 with (right) and without (left) electric quadrupolar interactions. See
main text for nomenclature details.
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Figure 2 Spectra of DR for 75As at three different intensities B 1, which is proportional to
the square root of the output power P r.f. from an r.f. generator. The measurement was
performed at B 0 ¼ 5.5 T at 0.1 K. DR is colour coded on a logarithmic scale for clarity.
(The resolution is not equal for the three panels.) a, Colour plot of DR as a function of t P at

P r.f. ¼ 0 dBm. b, 13 dBm. c, 20 dBm. d, Spectrum at t P ¼ 0.12 ms taken from a.
e, Spectrum at t P ¼ 0.126 ms taken from b. f, Spectrum at t P ¼ 0.426 ms taken
from c.

j3=2l, involving three photons with energy "q0. Single and triple
quantum coherences are produced and detected by a single r.f. pulse.
All six coherences are observed for all three nuclides (75As, 69Ga
and 71Ga). Whereas the observation of clear oscillations due to the
three-photon transition is hampered by r.f. power limitations
for 75AsVI/3, such a high power regime is readily accessible for
69
Ga, which has a larger gyromagnetic ratio1,12,18,19. DR of 69Ga as a
function of t P at "q0 reveals slow oscillations of 69GaVI/3 superimposed on the fast oscillations of 69GaII (Fig. 3a). These two
oscillations clearly show different dependence on B 1 in their
oscillation frequencies Q R (Fig. 3b). At low B 1, only the fast

oscillations of 69GaII are visible (line A in Fig. 3a). With increasing B 1, the slow oscillations of 69GaVI/3 start to appear (line B), and
its frequency rapidly increases in a manner expected for a multiphoton process21,22.
As coherent oscillations are observed at any resonant energy "qR,
coherent superpositions jWl of any two states, which lie on the great
circle of the Bloch sphere, are achieved. As "q shifts away from "qR ,
the oscillation frequency Q increases while the oscillation amplitude
decreases, resulting in off-resonance tails (Fig. 2). This behaviour
corresponds to the trajectory of jWl for constant "q, moving from
the great circle on the Bloch sphere, shrinking towards convergence
Figure 3 Behaviour of DR for 69Ga at q 0 /2p. a, DR at q 0 /2p ¼ 64.7141 MHz for
69
Ga as a function of t P at several different values of B 1. Line A: P r.f. ¼ 9.54 dBm,
B: 14 dBm, C: 17 dBm, D: 19 dBm. The measurement was performed at B 0 ¼ 6.3 T
at 75 mK. The data have been offset for clarity. Red lines are phenomenologically
fitted by two oscillatory components with two different Q Rs and T 2s by
=i . /1 2 cos ðQR tP Þ exp ð2tP =T 2 Þ. The T 2 of the fast oscillations of 69GaII is
between ,0.5 and 1.5 ms, while that of 69GaVI/3 is ,0.2 ms. In line D, at the first and third
minima of the slow oscillations of 69GaVI/3, the amplitude of 69GaII is clearly smaller and the
oscillation frequency of 69GaII is faster than the fit. Also, similar discrepancy from the
simple superpositional oscillations is observed at "q0 for 75As. b, Oscillation frequency
Q R/2p as a function of B 1 for 69GaII,VI/3. Lines show the theoretical behaviour obtained
by taking Fourier transforms of the numerical calculations determined in the main text.
The quadrupolar frequency (15.2 kHz) and the gyromagnetic ratio (1.17 £ 107 s21 T21)
used in the calculation are estimated from the experiment.
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Figure 4 Colour plots showing calculated values of DR. The exact quantum mechanical
evolution of 75As is numerically simulated using the rotating frame approximation1,10,12,23.
The nuclear spin hamiltonian used here is H ¼ H Z þ H Q þ g"B 1 cosðqt ÞI x . Here
H Z ¼ 2g"B 0I z is the Zeeman term, where g is the gyromagnetic ratio of each nuclide;
H Q ¼ D/3[3I 2z 2 I(I þ 1)] is the quadrupolar term, and g"B1cos(qt )I x is the magnetic
field term of the r.f. H is transformed into H rot in the rotating frame, and used to calculate

the expectation value of M z (refs 10, 23). Relaxation processes are not taken into account.
D/h ¼ 26.9 kHz and g ¼ 7.32 £ 106 s21 T21 are estimated from Fig. 2. The initial
population r 0 and the conversion coefficient between the change in the resistance and
the calculated evolution of M z are determined by fitting the spectrum in Fig. 2c at
t P ¼ 82 ms, which is short compared with T 2 < 1 ms. a, P r.f. ¼ 0 dBm
(B 1 ¼ 0.2 mT); b,13 dBm (0.85 mT); c, 20 dBm (1.4 mT).

at one localized state jml. This demonstrates that coherent superpositions of any two states with any order Dm of quantum
coherence can be achieved with any arbitrary complex amplitude
by a single r.f. pulse at constant B 1, controlled by t P and offset
energy "ðqR 2 qÞ. (See Methods.)
We have simulated the quantum mechanical evolution and
thereby the expectation value of the longitudinal magnetization
M z of an ensemble of spin I ¼ 3/2 systems using the rotating-frame
approximation1,10,12,23 (Fig. 4). The calculation, in which the only
input parameter is the r.f. power B 1, can reproduce the overall
features of the data (Fig. 2) remarkably well, including not only the
frequencies of all observed oscillations but also the behaviour of offresonance tails. Their widths for higher Dm are scaled down by the
photon number n and are therefore narrower. The oscillation
amplitudes for higher Dm are larger than those for Dm ¼ 1,
reflecting greater change in the angular momentum Dm. The
calculated B 1 dependence of the oscillation frequency agrees well
with the data (Fig. 3b). These excellent agreements, both qualitative
and quantitative, justify our interpretation in terms of multiphoton processes. Furthermore, fitting the relative oscillation
amplitudes of different transitions allows us to determine the initial
polarization before an r.f. pulse r 0 ¼ {rj3=2l ; rj1=2l ; rj21=2l ; rj23=2l } to
be {0, 0.1, 0.28, 0.62}, which is surprisingly far from equilibrium (an
apparent spin temperature of 23 mK). Moreover, the fact that a
single conversion coefficient of 898 Q per nuclear magneton can not
only fit all data for different B 1 but also for different Dm clearly
shows the linear relationship between M z and DR, thus confirming
our detection mechanism.
At resonant frequencies with only one coherence visible, the
temporal decay of the oscillations can be fitted well by introducing a
phenomenological decoherence time T 2. At "q0 , where the single
and triple coherences coincide, the data can be fitted by assuming
two independent T 2s for two coherences when the r.f. power is not
too high (lines A, B and C in Fig. 3a). At the highest power, however,
deviation from such a simple model becomes discernible (line D).
We confirm that numerical calculation, which incorporates the
interference between different coherences within the same nucleus,
cannot reconcile this deviation. This in turn leads us to speculate
that additional effects, such as coupling between different nuclei,
start to play a role.
As we have demonstrated, three single, two double and one triple
quantum coherences for one nuclide, 18 in total for three nuclides,

are completely controlled by all-electrical means. One of the
simplest applications of our device would be for quantum search
engines9,10,23,24 using the Grover algorithm25, which can be performed using multi-level nuclear spins. Our device is not in itself a
scalable multi-qubit system, but if different coherences could be
entangled—for example, by controlling coupled coherence between
different nuclei as suggested above—it would allow quantum
entanglement20 of nuclear spins to express superpositions of
different binary strings. The device is also likely to find application
as a quantum-information storage device for quantum mechanical
states of electrons11, as its decoherence time is orders of magnitude longer than any other likely candidate. Using conduction
electrons as a mediator, such devices could be integrated into
solid-state quantum circuits incorporating multilevel nuclear spin
systems.
A
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Methods
Mechanisms for polarization and detection
Under special conditions of electron density and B 0 in the fractional quantum Hall
regime26–28, two states with different electron spin polarizations become nearly degenerate
in energy. When sufficiently large current is applied in such cases, nuclear spins in contact
with the two-dimensional electron system are polarized as a result of flip-flop scattering
through the contact hyperfine interaction. The hyperfine field produced by the polarized
nuclei modifies the Zeeman energy of electrons and hence the back scattering probability,
as manifested by a change in the resistance27. In our device, this occurs only when a certain
negative voltage (& 20:3 V) is applied to the split gates, and a current above a threshold is
passed. Owing to the narrow constriction (Fig. 1b–d), the local current density exceeds the
threshold only in the point contact region, thereby locally producing nuclear polarization
far from equilibrium. For detecting the nuclear polarization after the manipulation with
the r.f. pulse, the same condition (in terms of the electron density, B 0 and the split-gate
voltage) is used, as it also ensures high sensitivity of the resistance to the nuclear spin
polarization. If we estimate the dimensions of the nanoscale point contact region (Fig. 1b)
to be ,200 £ 200 nm2 (area) and ,10 nm (thickness), the number of nuclei in the
resulting volume is of the order of ,108 or less, several orders of magnitude smaller than
the detection limit of conventional NMR (1011–1013).

Towards coherence over all four levels
In this Letter we mainly discuss multiple coherences between two spin states out of four
with a single r.f. frequency. Controlling coherence over all four levels requires an r.f. pulse
with three different energies, which could be readily achieved using three r.f. generators
and a conventional r.f. combiner.
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Much of the property damage from natural hazards in the United
States is caused by landfalling hurricanes1–3 —strong tropical
cyclones that reach the coast. For the southeastern Atlantic
coast of the US, a statistical method for forecasting the occurrence of landfalling hurricanes for the season ahead has been
reported4, but the physical mechanisms linking the predictor
variables to the frequency of hurricanes remain unclear. Here we
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present a statistical model that uses July wind anomalies between
1950 and 2003 to predict with significant and useful skill the wind
energy of US landfalling hurricanes for the following main
hurricane season (August to October). We have identified six
regions over North America and over the east Pacific and North
Atlantic oceans where July wind anomalies, averaged between
heights of 925 and 400 mbar, exhibit a stationary and significant
link to the energy of landfalling hurricanes during the subsequent hurricane season. The wind anomalies in these regions
are indicative of atmospheric circulation patterns that either
favour or hinder evolving hurricanes from reaching US shores.
The North Atlantic hurricane season extends from 1 June to
30 November. However, 86% of US hurricane strikes and 96% of
US intense (major) hurricane strikes in 1950–2003 occurred after
1 August5. The large year-to-year variability in the number of
hurricanes making US landfall (range zero to six since 1950)
means that skilful seasonal forecasts of activity would benefit a
spectrum of decision makers by reducing risk and uncertainty.
Seasonal hurricane forecasting was pioneered6 in the mid-1980s for
the North Atlantic. Assessments of seasonal forecast skill for US
landfalling hurricane activity have been made for the southeast US
from 1 August4 and for the whole US in September7. Work has also
examined the probability of US hurricane landfall and damage as
a function of the sign and strength of the El Niño/Southern
Oscillation (ENSO)8–11. However, with one exception4, none of
these studies has claimed skill that is significant, robust and high
enough to be practically useful. For example, the hindcast correlation skill for predicting the number of US landfalling hurricanes in
September 1950–2000 is only ,0.38 (ref. 7).
Seasonal US landfalling hurricane activity is referenced usually in
terms of the numbers of tropical storms, hurricanes or intense
hurricanes making US landfall. We introduce the National Oceanic
and Atmospheric Administration’s Accumulated Cyclone Energy
(ACE) index12 as a single more appropriate measure for categorizing
‘seasonal US landfalling hurricane activity’. We call this the US ACE
index, and define it as the sum of the squares of hourly maximum
sustained wind speeds (in units of knots) from all tropical cyclones
over the US mainland (including those that have changed to extratropical) that have winds of at least tropical storm strength. This
value is then reduced by a factor of 6 for compatibility with the ACE
index at sea, which is computed from wind values every 6 h (ref. 12).
The US ACE index is effectively a wind energy index indicating the
cumulative wind energy from all US-striking tropical storms,
hurricanes and intense hurricanes occurring during a given season.
We compute the US ACE index using the maximum sustained wind
speed data from the US National Hurricane Center’s North Atlantic
hurricane database13.
Our analysis also uses monthly wind data averaged between 925
and 400 mbar (about 750 to 7,000 m above sea level) from the
National Center for Environmental Prediction/National Center for
Atmospheric Research reanalysis14 during 1950–2003. The motion
of hurricanes is determined by height-averaged winds between these
levels15,16. US hurricane total (economic) and insured loss data are
obtained from ref. 3 (updated economic losses through to the end of
2003 are provided by C. W. Landsea) and from ref. 17 (insured losses
for 2000–03 are provided by the US Property Claims Service)
respectively for the period 1950–2003. All correlation coefficients
(r rank) refer to the Spearman rank correlation coefficient. All
statistical significances are two-sided values corrected for serial
autocorrelation18,19.
The US ACE index 1950–2003 is linked significantly to tropospheric height-averaged wind anomalies occurring over North
America, the east Pacific and the North Atlantic both before
(July) and during the main Atlantic hurricane season. August,
September and October are the main months for landfalling
hurricane wind energy, with 82% of the annual US ACE
index occurring therein. Figure 1 displays for July (Fig. 1a) and
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