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Universal control and error correction in
multi-qubit spin registers in diamond
T. H. Taminiau1, J. Cramer1, T. van der Sar1†, V. V. Dobrovitski2 and R. Hanson1 *
Quantum registers of nuclear spins coupled to electron spins of
individual solid-state defects are a promising platform for
quantum information processing1–13. Pioneering experiments
selected defects with favourably located nuclear spins with particularly strong hyperﬁne couplings4–10. To progress towards
large-scale applications, larger and deterministically available
nuclear registers are highly desirable. Here, we realize universal control over multi-qubit spin registers by harnessing abundant weakly coupled nuclear spins. We use the electron spin of
a nitrogen–vacancy centre in diamond to selectively initialize,
control and read out carbon-13 spins in the surrounding spin
bath and construct high-ﬁdelity single- and two-qubit gates.
We exploit these new capabilities to implement a three-qubit
quantum-error-correction protocol14–17 and demonstrate the
robustness of the encoded state against applied errors. These
results transform weakly coupled nuclear spins from a source
of decoherence into a reliable resource, paving the way
towards extended quantum networks and surface-code
quantum computing based on multi-qubit nodes11,18,19.
Electron and nuclear spins associated with defects in solids
provide natural hybrid quantum registers3–11. Fully-controlled registers of multiple spins hold great promise as building blocks for
quantum networks18 and fault-tolerant quantum computing19.
The defect electron spin enables initialization and readout of the
register and coupling to other (distant) electron spins11,18, whereas
the nuclear spins provide well-isolated qubits and memories with
long coherence times8,9,11. Previous experiments relied on selected
defects having nuclear spins with strong hyperﬁne couplings that
exceed the inverse of the electron spin dephasing time (1/T2*).
With these strongly coupled spins, single-shot readout9,10,20–22 and
entanglement9,11 have been demonstrated. However, the number
of strongly coupled spins varies per defect and is intrinsically
limited, so universal control has so far been restricted to twoqubit registers4,7 and the required control of multi-qubit registers
has remained an open challenge.
Here, we overcome this challenge by demonstrating universal
control of weakly coupled nuclear spins (unresolved hyperﬁne
coupling ≪ 1/T2*). We use the electron spin of single nitrogen–
vacancy (NV) centres in room-temperature diamond to selectively
control multiple carbon-13 (13C) nuclear spins in the surrounding
spin bath (Fig. 1a). With this new level of control we realize
multi-qubit registers by constructing high-ﬁdelity unconditional
and electron-controlled gates, implementing initialization and
readout and creating nuclear–nuclear entangling gates through the
electron spin. Finally, we demonstrate the power of this approach
by implementing the ﬁrst quantum-error-correction protocol with
individual solid-state spins.
We have used dynamical decoupling spectroscopy23–25 to characterize the nuclear spin environment of a total of three NV centres,

including one with an additional strongly coupled 13C spin (see
Supplementary Information). To demonstrate the generality of
our approach to create multi-qubit registers, we realized the initialization, control and readout of three weakly coupled 13C spins for
each NV centre studied (see Supplementary Information). In the
following, we consider one of these NV centres in detail and use
two of its weakly coupled 13C spins to form a three-qubit register
for quantum error correction (Fig. 1a).
Our control method exploits the dependence of the nuclear spin
quantization axis on the electron spin state as a result of the anisotropic hyperﬁne interaction (see Methods for hyperﬁne parameters), so no radiofrequency driving of the nuclear spins is
required7,23–28. All nuclear gates are implemented by pulse
sequences of the form (t – p – 2t – p – t)N/2 where p is a microwave
p-pulse on the electron spin, 2t is the inter-pulse delay and N is the
total number of pulses in the sequence. Each nuclear spin is controlled by precisely choosing t in resonance with that spin’s particular hyperﬁne interaction. The target spin, the type of gate
(conditional or unconditional) and the rotation axis (X- or Zrotation) are determined by the value of t, and the total rotation
angle is determined by N (see Methods). Crucially, at the same
time, these sequences decouple the electron from the other
nuclear qubits and the environment7. These decoherence-protected
gates are selective and allow the full electron coherence time Tcoh to
be exploited (Tcoh ¼ 2.86(4) ms, Fig. 1b). The gates are thus not
limited by the electron spin dephasing time T2* ¼ 3.3(1) ms or the
Hahn echo time T2 and do not require strong coupling.
To initialize the nuclear spins we ﬁrst prepare the electron spin in
ms ¼ 0 by optical pumping (see Supplementary Information), then
swap the electron state onto the nuclear spin, and ﬁnally re-initialize
the electron spin (Fig. 1c). We characterize the nuclear initialization
by preparing the electron spin in a superposition state and letting it
evolve in a Ramsey-type experiment. Without initialization, a
single-frequency oscillation with a Gaussian decaying envelope is
observed, conﬁrming that the NV centre feels a decohering bath
of weakly coupled spins (Fig. 1d). Initializing the nuclear spins in
the |0l (|1l) state (Fig. 1d,e), we increase (decrease) the oscillation
frequency because the magnetic ﬁeld at the electron is enhanced
(reduced) due to the hyperﬁne interaction. The oscillations
also persist longer as quasistatic ﬂuctuations of the two nuclear
spins are suppressed29, increasing the electronic dephasing time
to T2* ¼ 4.0(2) ms. Initializing spin 1 has a more pronounced
effect because spin 1 has a larger parallel component of
the hyperﬁne interaction (A 1 ¼ 2p × 78.2(8) kHz) than spin 2
(A2 ¼ 2p × 32(3) kHz). From such measurements, we obtain state
initialization ﬁdelities of F1 ¼ 0.91(2) and F2 ¼ 0.88(5) for nuclear
spins 1 and 2, respectively (see Methods).
We next demonstrate the measurement of the individual
nuclear spin states and verify that we observe two distinct 13C
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Figure 1 | Deﬁnition and initialization of the quantum registers.
a, Quantum register formed by the NV electron spin (S ¼ 1; |0l ¼ |ms ¼ 0l,
|1l ¼ |ms ¼ 21l) and weakly coupled 13C nuclear spins (I ¼ 1/2; state |cli and
hyperﬁne interaction Ai for nuclear spin i; see Methods for values). All gates
on nuclear spins are implemented by sequences of N p-pulses on the
electron spin spaced by a time 2t (see Methods). b, Electronic coherence as
a function of total sequence length. The number of p-pulses N is increased
for ﬁxed t ¼ 2p/vL , which is representative for our gates (vL ¼ 2p ×
431 kHz is the 13C Larmor frequency). The 1/e time is Tcoh ¼ 2.86(4) ms.
c, Nuclear spin initialization by swapping the electron state, |0/1l ¼ |0l or
p/2
|1l, onto the nuclear spin. The controlled gates (R+X
) are X-rotations by p/2
with a direction conditional on the electron spin state (see Methods). The
ﬁnal electron spin re-initialization by a 2 ms laser pulse (labelled ‘Init.’)
preserves the nuclear spin polarization (T1 values under illumination:
2.5(3) ms for nuclear spin 1 and 1.2(2) ms for nuclear spin 2; see
Supplementary Information). d,e, Electron Ramsey measurements without
nuclear spin initialization and with nuclear spin 1 initialized in |0l1 or |1l1
(d) and with nuclear spin 1 initialized in |1l1 and nuclear spin 2 in |0l2 or |1l2
(e). All error bars and uncertainties in this work are 1s.

spins by performing nuclear free-evolution experiments (Fig. 2a–d).
The oscillations in the expectation values for the X and Y
Pauli operators kXl and kYl show that the nuclear spins states
are successfully read out. The precession frequencies,
v
 = 2p × 470(1) kHz for nuclear spin 1 (Fig. 2c) and
v
 = 2p × 449(2) kHz for nuclear spin 2 (Fig. 2d), are different and
agree with the average of v0 ¼ vL (for mS ¼ 0) and v1 ≈ vL þ A
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(for mS ¼ 21), as expected because the electron spin is continuously
ﬂipped (vL ¼ 2p × 431 kHz is the bare nuclear Larmor frequency).
These results conﬁrm that we selectively address the two targeted
weakly coupled 13C spins.
Universal control requires both conditional and unconditional
gates, while maintaining a high degree of coherence for all qubits
in the register. To characterize our gates, we initialize the nuclear
spins, prepare the electron spin either in mS ¼ 0 or in mS ¼ 21,
and apply a gate with a variable number of pulses. For the conditional gate, kYl oscillates in anti-phase for the two electron
states: the nuclear spin rotates around the X-axis in a direction
that depends on the initial electron state (Fig. 2e). In contrast, for
the unconditional gate the rotation direction is independent of the
electron state (Fig. 2f). The slow decay of the oscillations indicates
that high control ﬁdelities are possible (F ≈ 0.96 for a single-qubit
nuclear p/2 rotation), enabling us to explore multi-gate sequences
that implement nuclear–nuclear gates and quantum error correction.
To realize quantum gates between the nuclear spins27,30, the
mutual interaction of which is negligible, we use the electron spin
as a quantum bus. We ﬁrst verify that both nuclear spins can be prepared and read out in the same experiment by initializing the spins
in an eigenstate and performing state tomography by mapping the
two-qubit correlations onto the electron spin (Fig. 3a). We then
implement entangling gates through an electron controlled gate
on nuclear spin 2 and a subsequent coherent SWAP gate between
the electron and nuclear spin 1 (Fig. 3b). The tomography reveals
strong correlations between the nuclear spins with near-zero
single-qubit expectation values, a clear signature of an entangling
gate. Despite the 167 electron operations over 986 ms required to
implement the ﬁve nuclear X-rotations, the ﬁdelity with the target
state is 0.66(3) (initialization and readout corrected), demonstrating
that the gate can take a pure input state into an entangled state of
nuclear spins.
Finally, we implement a quantum-error-correction protocol that
protects a quantum state from bit-ﬂip errors by encoding it in a
three-qubit state and correcting errors through majority voting
(Fig. 4a). Such protocols have been realized with nuclear magnetic
resonance14,15, trapped ions16 and superconducting qubits17, but
have so far been out of reach for individual solid-state spins due
to a lack of multi-qubit control. We compose this protocol from
one- and two-qubit gates (Fig. 4b) and separately conﬁrm that the
constructed doubly-controlled gate ﬂips the state around the X-axis
only if the control qubits (nuclear spins) are in |1l1|1l2 (Fig. 4c).
We ﬁrst characterize the effect of errors on each qubit individually. The applied errors are rotations around the X-axis by
an angle u with a random sign (50% clockwise, 50% anticlockwise)
and therefore represent a decoherence-type process with a strength
six input states: |Zl =√|0l,
determined by u. We√prepare

 |−Zl = |1l,
|+Xl = (|0l+|1l)/ 2 and |+Yl = (|0l + i|1l)/ 2 measure the
corresponding ﬁdelities F with the output states, and calculate the
process ﬁdelity Fp with the identity process
Fp =

(Fx + F−x + Fy + F−y + Fz + F−z )
− 1/2
4

Without error correction, errors on the data qubit (electron spin)
are expected to result in an oscillation about Fp0 = (Fx + F−x )/4
because only the |+Xl states are unaffected by the applied
errors. With error correction, however, the experimental process
ﬁdelity always remains above Fp0 ¼ 0.293(1), even for a completely
randomizing error (u ¼ p/2), indicating that the state is partly recovered (Fig. 4d). If one of the ancilla qubits (nuclear spins) is also ﬂipped,
an oscillation about Fp0 is observed; the error correction is effectively
turned off because the protocol cannot correct two-qubit errors.
To quantitatively determine the effectiveness of the error
correction we analyse it in terms of the three probabilities Pn
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Figure 2 | Individual nuclear spin control and readout. a, Sequence for nuclear-spin free-precession experiments. The Z-rotation is implemented by a pulse
sequence with off-resonant inter-pulse delay (t ¼ 0.12 ms) with a variable number of pulses N. b, Nuclear spin state tomography is performed by mapping
the expectation values of the Pauli operators kXl, kYl and kZl onto the electron spin and reading out the electron (shaded gates are optional basis rotations).
c,d, Measurement of kXl, kYl and kZl as a function of the free-evolution time. The oscillations in kXl and kYl conﬁrm the selective control and readout of the
targeted nuclear spins. The amplitude yields a combined readout and initialization ﬁdelity of 0.82(1) for spin 1 (c) and 0.72(1) for spin 2 (d). Curves are
sinusoidal ﬁts. See Supplementary Information for a complete data set with three nuclear spins for each of the three NV centres studied, demonstrating the
generality of the control method. e, Characterization of the conditional gate for nuclear spin 1. The nuclear spin rotates about the X-axis with opposite
directions for mS ¼ 0 (without shaded gates) and mS ¼ 21 (with shaded gates). Time for a +p/2 rotation ¼ 170 ms. f, Unconditional gate for nucleus 1.
Rotation is independent of the electron state. Time for a p/2 rotation ¼ 254 ms. See Supplementary Information for gates on nuclear spin 2. Results are not
corrected for initialization or readout ﬁdelities.

that an applied error on qubit n is successfully corrected and a
decoherence/depolarization process during the error-correction
protocol itself (see Methods). The model accurately ﬁts the data
and gives P1 ¼ 0.89(2), P2 ¼ 0.63(1) and P3 ¼ 0.84(2) for errors on
nucleus 1, the electron and nucleus 2, respectively. Crucially, the
average probability kPn l = (P1 + P2 + P3 )/3 = 0.786(9) is well
above 2/3, demonstrating that the process is robust against
applied single-qubit errors and that the entropy associated with
the errors is successfully shuttled to the ancilla qubits.
We further demonstrate the robustness by applying errors simultaneously on all three qubits (Fig. 4e). Without error correction, that
is, without the doubly-controlled gate, a linear dependence is
observed and a ﬁt to the expected form gives kPnl ¼ 0.67(3), in
excellent agreement with the kPnl ¼ 2/3 expected for no robustness to errors. With error correction, a markedly slower initial

decay and a nonlinear behaviour with kPnl ¼ 0.84(3) is obtained.
This suppression of the linear dependence is a key characteristic
of quantum error correction.
The deviation from kPnl ¼ 1 is mainly due to imperfect nuclear
initialization, which might be improved by repeated initialization
steps (see Supplementary Information) or projective measurements9,21. We calculate kPnl ¼ 0.94(2) for ideal initialization ﬁdelity
(see Supplementary Information). Without applied errors, decoherence and depolarization during the protocol itself (.300 electron
operations for 10 nuclear spin gates over 1.8 ms) result in a
process ﬁdelity of 0.431(2), corresponding to an average decrease
of the state ﬁdelity to 0.93 for one gate (see Supplementary
Information). For only the encoding and decoding steps the
process ﬁdelity is 0.728(4). The main source of inﬁdelity is electron
decoherence (Tcoh ¼ 2.86(4) ms, Fig. 1b), which is probably
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phonon-induced31 and limits the average ﬁdelity per gate to 0.97.
Nuclear spin dephasing further reduces the ﬁdelity to 0.94, close
to the observed value (see Supplementary Information). The electronic coherence time is greatly increased at cryogenic temperatures,
at which Tcoh ¼ 14 ms (single NV)18 and Tcoh ¼ 0.6 s (ensembles)31
have already been reported. Nuclear spin dephasing can be mitigated by decoupling nuclear–nuclear interactions (T2 measurements
are provided in the Supplementary Information). With such future
improvements, our results can be used to protect entangled states of
solid-state spins.
In conclusion, we have established universal control over weakly
coupled nuclear spins that were previously regarded as a source of
decoherence. These results provide multiple qubits per defect with
high certainty and are compatible with control of the intrinsic nitrogen
spin and potential strongly coupled 13C spins. Our techniques can be
applied to a wide variety of other electron–nuclear spin systems2,3,10,13.
The resulting reliable multi-qubit registers can be combined with
recently demonstrated coherent coupling between (distant) electron
spins11,18 to realize novel surface-code quantum-computation architectures that use four qubits per defect node19 and extended
quantum networks for long-distance quantum communication.

in which T2* is a measure for the dephasing time set by the entire spin bath and d is
the detuning. The external magnetic ﬁeld stability of better than 2 mG over the total
integration time (2 h), required to measure the increase in T2* compared to
without nuclear spin initialization, was achieved by post-selecting from a larger
measurement set.
In the second, using the hyperﬁne components A1 and A2, the measurements
were ﬁt to


2 
A1 + A2
1
F = − 1/2e− t/T2** F1 F2 cos d +
t
2
2



A1 − A2
+ F1 1 − F2 cos d +
t
2

 
−A1 + A2
t
+ (1 − F1 ) F2 cos d +
2




A1 + A2
t
+ 1 − F1 1 − F2 cos d −
2
where T**
2 ¼ 4.5(3) ms is the electronic dephasing due to the rest of the spin bath, that
is, not including the two spins under study. To accurately determine the nuclear spin
initialization ﬁdelities F1 and F2 , we used a different data set that was averaged over a
longer time (see Supplementary Information).

Note added in proof: After submission of this manuscript, related
work by Waldherr et al.32 appeared in which three-qubit quantum
error correction is implemented using strongly coupled nuclear spins.

Quantum error correction analysis. The applied errors realize the quantum map

Methods

in which r is the initial density matrix and I is the identity operator (error
characterization in Supplementary Information). We analysed the error-correction
protocol by separating depolarization during the encoding, decoding and errorcorrection steps from the robustness of the encoded state to applied errors, which is
characterized by the three probabilities Pn that an error applied on qubit n is
successfully corrected (for derivation see Supplementary Information). The process
ﬁdelity for a single-qubit error (Fig. 4d) is then given by

Diamond sample and hyperﬁne interactions. We used a room-temperature type
IIa diamond with 1.1% of 13C grown by chemical vapour deposition (Element 6).
We applied a magnetic ﬁeld of Bz ≈ 403 G along the NV symmetry axis (Z-axis),
yielding a 13C Larmor frequency of vL ¼ 2p × 431 kHz. The electronic dephasing
time T2* is 3.3(1) ms. The hyperﬁne interaction for nuclear spin i is given by
Ai = Ai ẑ + Ai⊥ x̂ (Fig. 1a), where A is the component parallel to the magnetic ﬁeld
and A⊥ is the perpendicular component. The values determined by dynamical
decoupling spectroscopy23 are A1 ¼ 2p × 78.2(8) kHz and A1⊥ ¼ 2p × 30(1) kHz
for nuclear spin 1, and A2 ¼ 2p × 32(3) kHz and A2⊥ ¼ 2p × 44(2)
√ kHz for nuclear
spin 2 (see Supplementary Information). Because A , A⊥ , (2 2)/T2* =
2p × 136(1) kHz, the nuclear spins are weakly coupled to the electron spin and
the hyperﬁne splittings are unresolved.
Nuclear gate design. In a suitable rotating frame, the Hamiltonian with a single
nuclear spin can be written as


H = |0lk0H 0 + |1lk1H 1
where H0 = vL ÎZ and H1 = (vL + A ) ÎZ + A⊥ ÎX and |0l and |1l are the mS ¼ 0
and mS ¼ 21 electron states, respectively. Nuclear spin gates were performed by
applying sequences of the type (t – p – 2t – p – t)N/2 on the electron spin (Rabi
frequency ¼ 31.25 MHz). Because we set vL≫A⊥ , sharp periodic resonances
occur at

t≈

kp
2vL +A

with integer k (see Supplementary Information). At these values, a nuclear Xrotation was performed (assuming A⊥=0). For odd k the direction of the rotation is
p/2
conditional on the electron spin (for example, the R+
X gates), and for even k it is
unconditional (Rp/2
X gates). We used values of k for which the resonances of the
different spins do not overlap. For the conditional gates we took t ¼ 2.656 ms
(k ¼ 5), N ¼ 32 for spin 1 and t ¼ 3.900 ms (k ¼ 7), N ¼ 18 for spin 2. For the
unconditional gates we used t ¼ 3.186 ms (k ¼ 6), N ¼ 40 for spin 1 and
t ¼ 2.228 ms (k ¼ 4), N ¼ 64 for spin 2. Z-rotations were implemented by choosing t
to be off-resonant: for values of t that do not satisfy the above resonance condition
the nuclear spins precess unconditionally around the Z-axis with frequency
v
 = vL + A /2. Detailed simulations of the nuclear spin dynamics are available in
the Supplementary Information.
Nuclear spin initialization. The electron Ramsey measurements in Fig. 1d,e were
analysed in two ways. In the ﬁrst, the measurements were ﬁt separately to
 2
t
1 1 − T*
2
F= − e
cos(dt)
2 2

 
u
u
E r, u = cos2 I rI + sin2 X rX
2
2



Fp (u) = Fp0 + AYZ [Pn + 1 − Pn cosu]

(1)

where Fp0 ¼ (Fx þ F–x)/4 and AYZ ¼ (Fy þ F–y þ Fz þ F–z – 2)/4 characterize the
additional depolarization and are given by the average ﬁdelities without applied
errors. Equation (1) contains a constant due to the |+Xl states, which are unaffected
by the applied error, and a sum of successful (Pn ¼ 1) and unsuccessful (Pn ¼ 0)
error correction for the |+Yl and |+Zl states. For errors simultaneous on all three
qubits (Fig. 4e), the process ﬁdelity becomes
 
Fp Pe = Fp0 + AYZ [1 − 3Pe + 3Pe2 − 2Pe3



+ 3 2 kPn l − 1 Pe − 3Pe2 + 2Pe3 ]
where Pe = sin2 (u/2) is the error probability. In general, this equation describes a
third-order polynomial. For ideal error correction (kPnl ¼ 1) the linear term
vanishes, whereas without robustness to errors, kPnl ¼ 2/3, the result is strictly linear.
The inversion symmetry about Pe ¼ 0.5 observed both theoretically and
experimentally ensures that the nonlinear behaviour is not due to spurious
coherent rotations.
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