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Hybrid quantum registers consisting of different types of qubit offer a range of advantages as well as
challenges. The main challenge is that some types of qubit react only slowly to external control fields,
thus considerably slowing down the information-processing operations. One promising approach that has
been tested in a number of cases is to use indirect control, where external fields are applied only to qubits
that interact strongly with resonant excitation pulses. Here, we use this approach to indirectly control the
nuclear spins of a nitrogen-vacancy center, using microwave pulses to drive the electron spin, combined
with free precession periods optimized for generating logical gate operations on the nuclear spins. The
scheme provides universal control and we present two typical applications: polarizing the nuclear spin
and measuring nuclear-spin free-induction-decay signals, both without applying radio-frequency pulses.
This scheme is versatile, as it can be implemented over a wide range of magnetic field strengths and at
any temperature.
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I. INTRODUCTION

Hybrid quantum systems [1], such as electron-nuclear
spins of the nitrogen-vacancy (N-V) center in diamond [2],
have emerged as useful physical systems for the imple-
mentation of quantum computing and imaging [3–7]. The
differences in the inherent properties of the two subsystems
are often useful, e.g., for implementing fast gate opera-
tions on the electron spin and achieving long information
storage in the nuclear spin. However, they also provide
challenges for the coherent control of hybrid spin systems;
e.g., since the interaction between the nuclear-spin mag-
netic moment and the control fields is orders of magnitude
weaker than that of the electron spins, which has relatively
short coherence times.

The magnetic moment of the nuclear spin can be
enhanced by the hyperfine coupling with the electron spin
in the N-V center [2,8]. This corresponds to an enhance-
ment in the effective gyromagnetic ratio of the nuclear spin
and is determined by the strength of the coupling. For sys-
tems with sufficiently strong couplings, such as those of
the nearest 13C spins to the N-V center [8–10] or the 14N
spin in the N-V center [11–13], the enhancement results
in nuclear-spin Rabi frequencies that are high enough for
direct control of the nuclear spins by the application of
radio-frequency (rf) fields. However, the enhancement and
thus the usefulness of the nuclear spins as qubits decreases
dramatically with increasing distance of the nuclear spin
from the N-V center.
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To alleviate this problem, the approach relying on indi-
rect control of the nuclear spins has been developed
theoretically [14,15] and experimentally demonstrated in
various systems, such as the malonic acid radical [16,17]
and N-V centers [18–21]. This scheme does not require
any rf pulses and therefore achieves much faster opera-
tions on the nuclear spins. Instead, it uses only microwave
(MW) pulses acting on the electron spin, combined with
free precession under the effect of anisotropic hyperfine
interactions. The anisotropic interactions result in differ-
ent orientations of the nuclear-spin quantization axes for
different states of the electron spin and provide the possi-
bility of achieving indirect control of the nuclear spin by
only controlling the electron spin [14,16]. The basic idea
of this scheme is to start with the electron spin initialized,
e.g., in the mS = 0 state, and the nuclear spin aligned along
the corresponding quantization axis, which is close to the
z axis. If a MW pulse changes the state of the electron
spin on a time scale that is fast compared to the preces-
sion period of the nuclear spin, the nuclear spin remains
unchanged during the MW pulse. After the pulse, it is
therefore oriented at a nonzero angle from the new quan-
tization axis and starts to precess. The control procedure
then consists in finding the best combination of precession
periods around the different axes that bring the spin close
to the targeted orientation. The control efficiency can be
improved by maximizing the angle between the different
quantization axes of the nuclear spin [14].

In our present work, we choose a system in which the
hyperfine couplings are close to the Larmor frequency of
the nuclear spin, which optimizes the difference in the
orientation of the quantization axes to a value close to 90◦.
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Moreover, unlike the scheme in [14], we generalize the
switched control scheme by replacing the 180◦ pulses by
arbitrary operations implemented through pulses with vari-
able flip angles and phases. Such generalization extends
the search space for optimizing the pulse sequence param-
eters and is useful in improving the control efficiency, e.g.,
to reduce the number of pulses. In our work, the elementary
unitary operations consist of only two or three rectangu-
lar MW pulses separated by delays. Compared to earlier
works based on dynamical decoupling [19,20] or modu-
lated microwave pulses [16,17], which used hundreds, or
even thousands, of MW pulse segments, this is a dramatic
reduction of the control cost.

In this paper, we use this scheme to implement opera-
tions that occur in many quantum-information or -imaging
tasks: we generate and detect nuclear-spin coherence and
transfer population between the electronic and nuclear
spins and generate a pseudo-Hadamard gate on the nuclear
spin. Using these operations, we polarize the nuclear spin
and measure the nuclear-spin transition frequencies using
free-induction-decay (FID) signals. Our system of inter-
est consists of the electron spin and one 13C nuclear spin,
which is relatively weakly coupled to the electron (A <
0.2 MHz). In this system, the nuclear-spin transition fre-
quencies (the NMR spectrum) are spread over a spectral
range of more than 200 kHz, which would be out of reach
for direct rf excitation but can be readily excited by our
indirect control scheme.

II. SYSTEM AND OPERATIONS TO IMPLEMENT

The spin system consists of the electron, the 14N nuclear
spin, and one 13C nuclear spin. In this context, we do
not consider the 14N spin but focus on the subsystem in
which the 14N is (and remains) in the mN = 1 state. The
spins interact with a weak magnetic field B oriented along
the symmetry axis of the N-V center. In a suitable refer-
ence frame (for details, see Appendix A), we can write the
relevant part of the Hamiltonian as

He,C

2π
= DS2

z − (νe − AN )Sz − νCIz + AzzSzIz + AzxSzIx,

where Sz denotes the electron spin-1 operator and Ix/z
the 13C spin-1/2 operators. The zero-field splitting is
D = 2.87 GHz and νe/C = γe/CB denote the Larmor fre-
quencies of the electron and 13C nuclear spins and γ the
gyromagnetic ratio. AN = −2.16 MHz is the secular part of
the hyperfine coupling with the 14N nuclear spin, while Azz
and Azx are the relevant components of the 13C hyperfine
tensor.

The eigenstates of He,C are |1,ϕ+〉, |1,ψ+〉, |0, ↑〉, |0, ↓〉,
|−1,ϕ−〉, and |−1,ψ−〉, where | ↑〉 and | ↓〉 are the eigen-
states of Iz,

|ϕ±〉 = | ↑〉 cos(θ±/2)+ | ↓〉 sin(θ±/2),

|ψ±〉 = −| ↑〉 sin(θ±/2)+ | ↓〉 cos(θ±/2)
(1)

are the nuclear-spin eigenstates, and

θ± = arctan
Azx

Azz ∓ νC
(2)

are the angles between the nuclear-spin quantization axis
and the z axis of our coordinate system for the subsystems
where the electron spin is in the state mS = ±1. |1〉, |0〉,
and |−1〉 are the eigenstates of Sz. Additional details are
given in Appendix A. The nuclear-spin transition frequen-
cies are νC and ν± = √

A2
zx + (νC ∓ Azz)2 if the electron

spin is in the states mS = 0 and mS = ±1, respectively. In
the following, we use the eigenstates {|0〉, |−1〉} ⊗ {| ↑〉,
| ↓〉} of the operators Sz and Iz as our computational basis.

The experiments are performed at room temperature.
We use a 12C-enriched diamond crystal with a 13C con-
centration of 0.002% [22,23] and apply a magnetic field
B = 14.8 mT. We select a center with a resolved cou-
pling to a 13C nuclear spin, with the coupling constants
Azz = −0.152 MHz and Azx = 0.110 MHz. For this center,
the quantization axis of the nuclear spin is oriented at an
angle θ+ = −10◦, θ− = 86◦, and θ0 ≈ 0 from the z axis if
the electron spin is in the ±1 or 0 state. The MW pulses
have a Rabi frequency of approximately 0.5 MHz, which
is small compared to AN and to νe. Accordingly, they only
drive the transition from the mS = 0 to one of the mS = ±1
states and are selective for mN = 1.

As initial examples of the indirect control approach, we
implement three state-to-state transfer operations, which
we refer to as Uc, U†

c , and Up , and one unitary operation,
U90. The initial state for the first three operations is

ρ0 = |0〉〈0| ⊗ E/2, (3)

where E is the 2 × 2 identity operator. This state corre-
sponds to the electron spin in a pure state and the 13C
nuclear spin in the maximally mixed state.

We first consider the operations Uc and U†
c , where Uc

converts ρ0 into nuclear-spin coherence in the manifolds
mS = 0 and mS = −1 of the electron spin and U†

c transfers
the coherence back to the population in mS = 0. The target
state of the operation Uc is

ρc = Ucρ0U†
c

= 1
2
(|0〉〈0| ⊗ |s0〉〈s0| + |−1〉〈−1| ⊗ |s−〉〈s−|), (4)
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where

|s0〉 = (| ↑〉 + i| ↓〉)/
√

2,

|s−〉 = (|ϕ−〉 − |ψ−〉)/
√

2
(5)

denote superpositions of the nuclear spin in the energy
eigenbasis of the manifolds mS = 0 and −1.

Up implements a selective population transfer. It trans-
forms the initial state ρ0 to

ρp = Upρ0U†
p = 1

2
(|0〉〈0| + |−1〉〈−1|)⊗ | ↑〉〈↑ |, (6)

where the electron spin is in the maximally mixed state in
the subspace mS = {0, −1}, while the nuclear spin is in the
pure state | ↑〉. Clearly, Up implements a SWAP operation
that aligns the nuclear spin along the z axis.

To implement the operation Uc, U†
c , or Up , we search for

a pulse sequence that maximizes the overlap between the
final state and the target state. We use a MATLAB® subrou-
tine based on a genetic algorithm [24] to find the optimal
set of parameters. The third operation, U90 = e−i(π/2)Ix , is
a π/2 rotation around the x axis for 13C, or a pseudo-
Hadamard gate, since it is equivalent to the Hadamard gate
UH up to operations around the z axis, as

UH = ie−i(π/2)Iz U90e−i(π/2)Iz , (7)

where the z rotations can be easily absorbed in a suit-
able reference-frame shift [25,26]. For U90, we maximize
the process fidelity of the gate. Figure 1(a) illustrates the
pulse sequence, where the pulse durations tk, phases φk,
and durations τk of the free precession periods are used as
adjustable parameters in the optimization.

To obtain sequences that are robust against fluctuations
of the MW power, we average the fidelities over a range
of MW-field amplitudes, as described in Appendix B. We
obtain theoretical state fidelities of 95% for the target
states of Uc and U†

c and 98% for Up with sequences of
three pulses and three delays, and a gate fidelity of 92%
for U90 with a sequence of two pulses and two delays.
The total duration of these pulse sequences is approx-
imately 7–15 μs, shorter than the transverse relaxation
time T∗

2 ≈ 20 μs of the electron spin. Figures 1(b)–1(d)
show the evolution of the electron and 13C spins during
the pulse sequence on the Bloch sphere during these pulse
sequences.

III. EXPERIMENTAL RESULTS

The experimental scheme to measure 13C transition
frequencies via indirect FID measurement in electron sub-
spaces of mS = {0, −1} and the pictorial representations of
the state evolution are shown in Figs. 2(a) and 2(b). The
first laser pulse initializes the system to state ρ0. This is

(a)

(b) (c) (d)

FIG. 1. The pulse sequence and Bloch-sphere representation
for the evolution of the electron and 13C spins. (a) The MW pulse
sequence at a fixed power with the carrier frequency set to the
ESR transition frequency mS = 0 ↔ −1. The pulse durations,
phases, and delays are indicated as tk, φk, and τk, respectively.
(b)–(d) The evolution trajectories of the electron and 13C spin on
the Bloch sphere under the operations Uc, Up , and U90. The ini-
tial and final states are indicated by diamonds and filled circles,
respectively. In (b), Uc maps ρ0 to ρc, corresponding to a mixed
electron state and a maximum possible 13C coherence. In (c), Up
swaps the states between the electron and 13C. In (d), the elec-
tron and 13C spins are both initially in state |0〉. Under U90, the
13C spin evolves toward the −y axis, while the electron returns
to its initial state. Here, U90 consists of only 2-MW pulses and
two delays, i.e., t1 = τ1 = 0 in (a). The color of each partial tra-
jectory corresponds to the color in (a). The parameters of these
operations are given in Appendix B. The x, y, and z components
of the final states on the Bloch sphere are presented in Table IV,
in Appendix D.

followed by the generation of 13C coherence using Uc as
indicated by the wavelike patterns in Fig. 2(b). ρc then
evolves freely for a time τ . U†

c converts the final coher-
ence back to the population of mS = 0. The last laser pulse
is used to measure the population of mS = 0 and generates
a signal proportional to

P|0〉 = Tr{ρcρτ } = [cos(2πνCτ)+ cos(2πν−τ)]/8 + 1/4,
(8)

with ρτ = e−iτHe,CρceiτHe,C .
Figures 2(c) and 2(d) show the experimental scheme and

state representations for the 13C FID in mS = {−1, 1}. It
starts with the same sequence as in Fig. 2(a) to put the
system into the state ρc. A first 180◦ pulse applied to the
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FIG. 2. The experimental schemes and results for generating and detecting coherence in 13C spin via indirect control. (a),(c) The
pulse sequences. The red rectangles denote MW pulse sequences resonant with transition mS = 0 ↔ −1 to implement the operations
Uc and U†

c , as indicated above the rectangles. The blue rectangles denote 180◦ pulses resonant with transition mS = 0 ↔ 1 in the
mN = 1 subspace. The first laser pulse initializes the electron and 13C in state ρ0. Uc transforms ρ0 to ρc. ρc, or ρ ′

c and then undergoes
free evolution for time τ , while U†

c transfers the evolved coherence back to the population of the mS = 0 state. During the second laser
pulse, photon counting measures this population. (b),(d) Schematic representations of the state evolution at each stage of the operation.
The filled circles represent the populations and the wavelike patterns represent coherence. (e),(f) The spectra of the 13C spin, measured
with the sequences (a) and (c), respectively. The states of the electron spin are indicated in the panels for each resonance line.

mS = 0 ↔ 1 transition then transforms ρc into

ρ ′
c = (|1〉〈1| ⊗ |s0〉〈s0| + |−1〉〈−1| ⊗ |s−〉〈s−|)/2. (9)

In the mS = 1 state, the nuclear-spin quantization axis
is almost parallel to the z axis (θ+ ≈ 0◦). Therefore, the
nuclear-spin coherence remains an almost equal-weight
superposition of the two eigenstates, which subsequently
undergoes free evolution for a time τ . After the free evo-
lution, the second 180◦ pulse again exchanges the states
mS = 1 and mS = 0 and U†

c works in the same manner as
in Fig. 2(a). The signal generated after the last laser pulse
is proportional to

P′
|0〉 = Tr{ρ ′

cρ
′
τ } = [cos(2πν−τ)+ cos(2πν+τ)]/8 + 1/4,

(10)

with ρ ′
τ = e−iτHe,Cρ ′

ceiτHe,C .
Figures 2(e) and 2(f) show the resulting 13C spectra,

obtained by Fourier transformation of the FID data, which
are presented in Fig. 12 in Appendix D. Since ρc and
ρ ′

c contain coherence in two different NMR transitions,
each of the resulting spectra features two resonance lines.
The measured transition frequencies are 0.159, 0.111, and

0.328 MHz and they agree well with the analytical solu-
tions for νC, ν−, and ν+, respectively. The line widths are
not the natural line widths but are determined by the trun-
cation of the FID signal. Since the FID for Fig. 2(f) is
measured for 300 μs and that for (e) for 200 μs, the res-
onance lines in (f) are slightly narrower. More details are
presented in Appendix D.

As yet another illustration, we use Up to polarize 13C—a
necessary step in realizing quantum computation [9,18,
19,27–31]. Figures 3(a) and 3(b) show the experimental
scheme and a schematic representation of the states dur-
ing the intermediate steps. After the initialization step, Up
transforms ρ0 to ρp [see Eq. (6)]. The laser pulse in the
polarization step resets the electron from mS = −1 back
to mS = 0. To measure the populations of states |0, ↑〉
and |0, ↓〉, denoted as P|0↑〉 and P|0↓〉, in the mS = 0 sub-
system, we perform the standard FID experiment on the
electron spin, followed by a detection laser pulse. In the
obtained ESR spectrum, the amplitudes of the resonance
lines are proportional to the populations P|0↑〉 and P|0↓〉,
respectively.

Figure 3(c) shows the spectra obtained from ρ0 (as a ref-
erence) and ρp when the laser pulse in the polarization step
is switched off. In the spectrum from ρp , the population

064047-4



INDIRECT CONTROL OF NUCLEAR SPINS... PHYS. REV. APPLIED 12, 064047 (2019)

(a)

(b)

(c)

FIG. 3. The polarization scheme and the experimental results.
(a) The pulse sequence. In the initialization step, the electron and
13C spins are set into state ρ0. For the population transfer, we
apply MW pulses to transfer the population from states |0, ↓〉 to
| − 1, ↑〉. In the polarization step, a laser pulse resets the electron
from mS = −1 back to mS = 0. We then measure an electron spin
FID on the transition mS = 0 ↔ mS = 1 to determine the popu-
lations of the carbon spin states | ↑〉 and | ↓〉. Here, we use MW
pulses with a Rabi frequency of 3.7 MHz to reduce the opera-
tion time, since the selectivity for the subspace of 14N state is
not required. The peaks of other 14N states are also observed
but not shown here. (b) A schematic representation of the state
during the intermediate steps in (a). The filled circles denote the
population size. The short (long) vertical double arrows indicate
the transition mS = 0 ↔ −1 (mS = 0 ↔ 1). (c) The ESR spec-
tra of the mS = 0 ↔ 1 transition obtained from states ρ0 and ρp
when dL = 0, where the 13C spin is unpolarized (thermal) and in
state| ↑〉, indicated by the black and red curves, respectively.

of state |0, ↓〉 is almost completely moved away, shown
as the negligibly small left peak. Ideally, the right peak
should have the same height as in the unpolarized state
spectrum. The ratio of the two peak amplitudes is approx-
imately 0.92, which we use as a measure of the fidelity of
the implemented Up .

Figure 4 shows the experiment result for polarizing the
13C spin with a laser pulse of duration dL = 1.1 μs. The
corresponding spectrum for the unpolarized 13C spin is
also shown as a reference. The inset shows the nuclear-spin
polarization p = P|0↑〉 − P|0↓〉 as a function of the laser
pulse duration, for a laser power of about 0.5 mW. It can
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FIG. 4. The ESR spectra of the mS = 0 ↔ 1 transition when
the 13C spin is in the unpolarized state and when it is polarized
with a laser pulse of duration dL = 1.1 μs, resulting in a polariza-
tion p ≈ 80%. The inset shows the dependence of the population
difference p on the laser pulse duration dL.

be fitted by the function

prepo = 0.31 − 0.51e−(α+β)dL + 0.50e−2γ dL , (11)

where α = 1.10μs−1, β = 0.41μs−1, and γ = 0.022μ s−1

are the pumping rates for states |−1, ↑〉 → |0, ↑〉 (or
|−1, ↓〉 → |0, ↓〉), |−1, ↑〉 → |0, ↓〉 (or |−1, ↓〉 → |0, ↑〉),
and |0, ↑〉 ↔ |0, ↓〉, respectively [9]. The highest polariza-
tion of pmax ≈ 80% is reached for a laser pulse duration dL
around 1.1 μs.

In the following, we use this polarized state to demon-
strate the pseudo-Hadamard gate U90. We detect its effect
by implementing the standard 13C FID experiment (see,
e.g., Refs. [9,11]). The MW pulse sequences and exper-
imental results are shown in Fig. 5. Unlike in subspace
mS = 0, we replace U90 by a 180◦

y MW pulse that trans-
forms mS = 0 to −1 and generates a coherence between
|ψ−〉 and |ϕ−〉 of 13C in mS = −1 subspace, since θ− ≈
90◦. The scheme for the mS = 1 subspace is similar to
the case of mS = 0, except that we transfer the spin states
between mS = 0 and mS = 1 by 180◦

y pulses before and
after the free evolution time τ . The transition frequencies
are measured as 0.158, 0.110, and 0.328 MHz, matching
well with νC, ν−, and ν+.

The performance of the operations Uc and U90 can be
evaluated by analyzing the signals shown in Figs. 2 and
5, combined with numerical simulation. The experimental
fidelities for Uc and U90 are 0.91 and 0.74, respectively.
The details are presented in Appendix C. The theoretical
infidelities for the sequences are 0.02, 0.05, and 0.08, for
Uc, Up , and U90. The excess infidelities can be attributed
to relaxation effects of the electron spin and pulse imper-
fections.
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FIG. 5. Experimental 13C FIDs
obtained with the transformation
U90. The time-domain data and
the Fourier transforms are shown
as the left to right columns.
From top to bottom, we list the
results obtained in the subspaces
mS = 0, −1, 1, and the insets show
the MW pulse sequences cor-
respondingly. Ut performs as a
controlled NOT-like gate approxi-
mately in the subspace spanned in
the basis {mS = 0, mS = 1} ⊗ {↑
, ↓} to transfer the population from
state |0, ↓〉 to |1, ↓〉 [32], so that
the 13C coherence can be detected
by the readout laser. Ut is imple-
mented by two 90◦ MW pulses
with 90◦ phase shift and separated
by a delay of 1/(2|Azz|).

IV. DISCUSSION

A. The coupled 14N

Since our interest in the current work focuses on the con-
trol of the electron and 13C spins, the perturbing effects
from the 14N, which is also coupled to the electron spin,
should be minimized. For this purpose, we choose a suit-
able strength of the MW pulses such that the Rabi fre-
quency of the MW pulses is strong enough compared with
the couplings of the 13C but weak enough to affect only
one subspace of the 14N [32]. This strategy works well for
the case in which the couplings of the 13C are even weaker
and the MW strength can be further reduced to improve
the selectivity for the subspace [33]. However, for the case
in which the couplings of the 13C are comparable or even
higher than the coupling from the 14N, the selection of the
subspace becomes more challenging. For this case, one of
the alternatives is to polarize the 14N [34,35], e.g., to the
state mN = 1, so that the 14N only contributes a fixed fre-
quency shift and high-power (or hard) MW pulses can be
used. Obviously, the effects of the coupled 14N depend on
the achieved polarization of the 14N. Recent results show
that a polarization of >98% can be reached [31].

We use numerical simulations to investigate the fidelity
and duration of the operations Up and U90 for different
Rabi frequencies. The results are listed in Table I. For Up ,
the results are not sensitive to the Rabi frequency. For U90,
higher Rabi frequencies lead to higher fidelities, with sim-
ilar total sequence length. In these simulations, the pulse
sequences are not robust against the fluctuation of the MW
power and therefore the theoretical fidelities at 0.5 MHz
Rabi frequency are higher than the robust sequences used
in the experiment.

B. Comparison with the previous work

In previous works based on dynamical decoupling (DD)
[19,20], multiple cycles of the DD sequences have been
applied. The delay time between the DD pulses has been
determined by DD spectroscopy and the weak coupling
condition has been used, in which the hyperfine coupling
is small compared to the Larmor frequency of the nuclear
spin. In our system, however, the Larmor frequency νC is
close to the hyperfine coupling, violating this condition.

In Ref. [21], the proximal 13C spin has been studied,
where the hyperfine coupling is much larger than the Lar-
mor frequency. In this case, it is possible to generate a large
angle between the nuclear-quantization axes of the mani-
folds mS = 0 and mS = −1 by choosing a suitable angle
between the static field and the N-V axis. The DD pulses
are used to flip the states of the electron spin. Compared
with this work, the hyperfine coupling in our work is much
weaker and the Rabi frequency of the nuclear spin cannot
be observed in our experimental setup.

TABLE I. Simulated results for the dependence of the fidelity
and total duration of the operations Up and U90 on the Rabi
frequency of the MW pulses.

Up U90

Rabi (MHz) Fidelity Duration Fidelity Duration
(μs) (μs)

0.2 0.996 8.65 0.82 13.9
0.5 0.997 7.85 0.97 13.4
10 0.998 7.65 0.99 13.1
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TABLE II. Results obtained by simulation using the theoreti-
cal scheme proposed in Ref. [14]. In the optimization for Up or
U90, we use the same numbers of pulses and delays in the pulse
sequence shown in Fig. 8, except that we fix the flip angles for
each pulse at 180◦.

Up U90

Rabi (MHz) Fidelity Duration Fidelity Duration
(μs) (μs)

10 0.65 6.5 0.99 13.1
0.5 0.61 10–17 0.97 13.5

Using the theoretical procedure outlined in Ref. [14], we
simulate the short sequences of MW pulses but fix the flip
angle for each pulse at 180◦. We check the optimization
for Up and U90. The results of the simulation are listed in
Table II. For Up , the fidelity is quite low, which indicates
that this method does not work for Up . For U90, however,
we obtain useful results as listed in Table II. These results
illustrate the similarity between our pulse optimization and
the switched control in Ref. [14]. Such similarity can also
be noted in the pulse sequence for U90 used in the experi-
ment, shown in Fig. 8 in Appendix B, where the flip angles
are effectively close to 180◦.

C. Number of MW pulses

The use of more pulses and delays provides additional
parameters for the optimization of the pulse sequences
and can therefore result in higher theoretical fidelities. In
a typical implementation, however, they lead to longer
sequences and therefore aggravate losses of the fidelity
through decoherence. Moreover, the additional pulses also
introduce additional errors from pulse imperfections. In the
present system, we find that sequences with two or three
pulses are a good compromise.

Using numerical simulations, we investigate the depen-
dence of the fidelity and operation duration on the number
of MW pulses. For U90, using three pulses, we can improve
the fidelity to 0.99. This result is consistent with the theo-
retical prediction [14]. However, the operation duration is
about 32 μs, twice as long as with two pulses (see Fig. 8 in
Appendix B) and exceeds the transverse relaxation time of
the electron spin. The control pulses may thus have to be
combined with DD pulses, as illustrated in previous works
[19–21].

The number of pulses that are required to implement
a specific operation depends on the angle between the
nuclear-spin quantization axes in the different electron-
spin eigenstates. We demonstrate this with a simulation for
the present system: if we change the static magnetic field to
28 mT, the 13C Larmor frequency becomes 0.3 MHz and
the angle θ− changes to 36.6◦, while θ0 does not change.
Table III lists the results for the operation Up for a Rabi
frequency of ω1 = 0.5 MHz. Here, the optimal number

TABLE III. Results of the optimization of Up , for θ− = 36.6◦.

Number of pulses Fidelity Duration (μs)

3 0.86 11.6
4 0.976 13.5
5 0.997 8.89

of pulses is five, which is consistent with the theoretical
prediction that number of rotations required is not more
than six [14]. The pulse sequences are shown as Fig. 9 in
Appendix B.

V. CONCLUSION

We demonstrate highly efficient control of nuclear spins
in a solid-state system without using any rf irradia-
tion. Instead, we rely on suitably chosen sequences of
microwave pulses that drive the electronic spin and thereby
modulate the anisotropic interaction and the effective field
acting on the nuclear spins. The scheme is verified for the
example of diamond N-V centers, working at room temper-
ature. Using this technique, we implement several funda-
mental unitary operations for quantum computing, such as
generating quantum coherence, transferring populations,
and the Hadamard-like gate. For this demonstration, we
only use 2- or 3-MW control pulses, resulting in short gate
times. Our scheme does not require a specific choice of the
magnetic field, it can be used at arbitrary temperature, and
it can be applied to different types of hybrid qubit system.
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APPENDIX A: SYSTEM, HAMILTONIAN, AND
ESR SPECTRA

We consider the spin system consisting of the electron,
the 14N nuclear spin, and one 13C nuclear spin. The axis
of the N-V system, together with the position of the 13C
nucleus, define a symmetry plane for the system [8]. We
therefore use a symmetry-adapted coordinate system, in
which the z axis is oriented along the N-V axis, while
the 13C nucleus is located in the x-z plane, as shown in
Fig. 6(a). The static magnetic field

−→
B is aligned along

the N-V symmetry axis so as to simplify the Hamiltonian
and to maximize the electron-spin polarization [36]. The
relevant Hamiltonian is then

H/(2π) = DS2
z − νeSz + P(I N

z )
2 − νN I N

z − νCIz

+ AN SzI N
z + AzzSzIz + AzxSzIx. (A1)
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(a) (b) (c) (d)

(e) (f)

FIG. 6. The characteristics of the system. (a) The structure of the N-V system with the electron spin coupled to one 14N and one 13C
nuclear spin. (b) The energy levels of the system consisting of the electron, 14N, and 13C nuclear spins. The vertical double arrows
indicate the ESR transitions that we use in this work. (c),(d) Experimental ESR spectra obtained in a field of B = 14.8 mT for the
transitions between the mS = 0 ↔ −1 and mS = 0 ↔ +1 levels, respectively. The labels |0〉, |1〉, and |−1〉 mark the state of the
14N spin. The insets show the peaks corresponding to the 14N state |1〉 on an expanded scale. The horizontal double arrows indicate
the hyperfine coupling with 14N. The spectra in (e) and (f) show the matching numerical simulations. The small outer peaks in the
simulated spectrum in (f) are below the noise levels in the experimental spectrum.

The symbols for the electron spin �S and the 13C nuclear
spin �I are defined in the main text. I N

z denotes the spin-1
operator for 14N, which experiences a nuclear-quadrupole
splitting with coupling constant P = −4.95 MHz and
a hyperfine interaction with coupling constant AN =
−2.16 MHz [37–39]. Figures 6(b)–6(f) show the energy
levels and the ESR spectra.

If we focus on a subspace in which the state of the 14N is
fixed (mN = 1 in the main text), He,C can be diagonalized
by the unitary transformation

UT = |1〉〈1| ⊗ Ry(θ+)

+ |0〉〈0| ⊗ E + |−1〉〈−1| ⊗ Ry(θ−), (A2)

where Ry(θ±) = e−iθ±Iy . The four ESR transitions
mS = 0 ↔ ±1 appear, then D ∓ (νe − AN ), shifted by

1
2
(ν± + νC), −1

2
(ν± − νC),

1
2
(ν± − νC), −1

2
(ν± + νC),

(A3)

where the upper and lower signs indicate that they are
associated with the mS = ±1 states, respectively. The
corresponding transition probabilities are

sin2(θ±/2), cos2(θ±/2), cos2(θ±/2), sin2(θ±/2),
(A4)

respectively.

APPENDIX B: PULSE SEQUENCES

In a subspace spanned by the states

{|0〉, |−1〉}e ⊗ {|1〉}N ⊗ {| ↑〉, | ↓〉}C, (B1)

the Hamiltonian of the electron-13C system can be repre-
sented as

1
2π

Hs =
(

−νC − Azz

2

)
Iz + AzzszIz + AzxszIx − Azx

2
Ix

(B2)

in the rotating frame with frequency D + νe − AN , where
sz denotes the pseudospin 1/2 operator for electron spin.
We consider pulse sequences consisting of n MW pulses
with fixed Rabi frequencyω1, as shown in Fig. 7. The prop-
agators for the individual MW pulses can be written as
UMW

k = e−iHMW
k tk , where HMW

k = Hs + ω1[sx cos(φk)+
sy sin(φk)], and for the free evolutions as Ud

k = e−iHsτk ,
with k = {1, . . . , n}. The total unitary U is a time-ordered
product of the UMW

k and Ud
k and is a function of the pulse

parameters (t1, . . . , tn,φ1, . . . ,φn, τ1, . . . , τn). The goal is
to design U with suitable pulse parameters such that the
fidelity Fg = |Tr(U†

TU)|/4 of the effective propagator U
with respect to the target propagator UT is maximized. We
use a genetic algorithm as a numerical search method to
obtain the best pulse parameters.

For some applications, we do not have to find a
specific unitary propagator but it is sufficient to trans-
fer a given initial state ρ0 to a target state ρT. The

064047-8
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FIG. 7. The pulse sequence and variables considered for the
numerical search. Here, t1, . . . , tn are the durations and φ1, . . . ,φn
the phases of the MW pulses and τ1, . . . , τn are the delays
between them. The amplitude of the pulses is fixed with a Rabi
frequency ω1/(2π) = 0.5 MHz.

actual final state is then ρopt = Uρ0U†, where ρopt ≡
ρopt(t1, . . . , tn,φ1, . . . ,φn, τ1, . . . , τn), and we maximize the

state fidelity Fs = Tr(ρTρopt)/

√
Tr(ρ2

T)Tr(ρ2
opt).

The performance of the pulses is sensitive to variations
in ω1. To obtain good fidelity in experiments where the
actual MW amplitude deviates from the ideal one, we
optimize the pulse sequences for a range of amplitudes,
taking the average fidelity as the performance measure.
For the gates Uc, U†

c , and Up , we use the range ω1/2π =
[0.47, 0.53] MHz and for U90, ω1/2π = [0.48, 0.52] MHz.
The optimized pulse sequences for Uc, U†

c , Up , and U90
are shown in Fig. 8. The theoretical robust state fideli-
ties for the four sequences are 95%, 95%, 98%, and 92%,
respectively.

In Fig. 9, we illustrate a pulse sequence to implement
Up for the case of νC = 0.3 MHz, by increasing the static
magnetic field.

FIG. 8. Pulse sequences for Uc, U†
c , Up , and U90 at a fixed

ω1/(2π) = 0.5 MHz. The MW pulses are solid rectangles and
are resonant with the ESR transition 0 ↔ −1. The phases of the
pulses are indicated on the top of the rectangles.

FIG. 9. The pulse sequence for Up for θ− = 36.6◦, when νC =
0.3 MHz, at a fixed ω1/(2π) = 0.5 MHz.

APPENDIX C: EXPERIMENTAL PERFORMANCE
OF U90 AND Uc

1. U90

We can exploit the measured populations P|0〉 shown
in Figs. 5(a), 5(c), and 5(e) to estimate the experimen-
tal fidelity of U90. Here, we choose the data in initial
parts, since the signals in these periods are less noisy.
Then we fit the data points using a function such as
amS + bmS sin(2πνmSτ + cmS ), shown in Fig. 10. Here, νmS
denotes the transition frequency measured in the spectra
shown in Figs. 5(b), 5(d), and 5(f), respectively, with the
index indicating the involved subspace. The parameters
amS , bmS , and cmS are constants in each subspace.

We use the ratios between bmS to estimate the exper-
imental fidelities for U90 as well as the 180◦ MW pulse
in the insets in Figs. 5(d)–5(f) as follows. In this manner,
we can eliminate the errors in the operation of polar-
izing the 13C spin and the detection operation Ut. The
fitted bmS is listed as 0.13, 0.11, and 0.20 for bmS = 0, 1,
and −1, respectively. Noting the pulse sequences shown
as the insets in Figs. 5(b) and 5(f), we can obtain the
fidelity for the 180◦ MW pulse in the inset in Fig. 5(f) as

(a)

(b)

(c)

FIG. 10. The initial parts of the FIDs shown in Fig. 5, with
(a)–(c) corresponding to Figs. 5(a), 5(c), and 5(e), respectively.
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TABLE IV. The x, y, and z components of the final states on
the Bloch sphere shown in Fig. 1.

Operation Spin x y z

Uc Electron −0.0068 0.1272 0.0008
Uc

13C −0.0788 −0.3626 0.4734
Up Electron 0.0004 −0.0016 0.0004
Up

13C 0.0698 −0.0608 0.9920
U90 Electron 0.0160 −0.0622 0.9690
U90

13C 0.1618 −0.9154 0.2810

F180 = √
b1/b0 = 0.92. In a similar way, we then obtain

the fidelity for U90 as FU90 = √
b1/b−1 = 0.74. Here, we

assume that the 180◦ pulses in the insets in Figs. 5(d)–5(f)
have the same fidelity.

2. Uc

In this section, we evaluate the performance of the oper-
ation Uc using the experimental 13C-spin spectrum in Fig.
2(f), measured with the pulse sequence shown in Fig. 2(c).
We then compare this experimental spectrum with the
corresponding theoretical spectrum. The theoretical pop-
ulation at the end of this pulse sequence is P

′
|0〉 and its

dependence on the delay τ is explained as Eq. (10) in the
main text. The Fourier transform of P

′
|0〉 in the frequency

domain is y(ν) = F{P′
|0〉}. We fit this theoretical spectrum

to the experimental spectrum by multiplying y(ν) by a fac-
tor f = 0.7. This fit is shown in Fig. 11. Following this
result, we can estimate the experimental fidelity for Uc and
U†

c as FUc = √
f /F180 = 0.91, where U†

c is assumed to be
the same as Uc.

FIG. 11. Experimental and theoretical 13C spin spectra corre-
sponding to the pulse sequence in Fig. 2(f) in the main text.
Here, the theoretical spectrum is scaled by a factor of 0.7 to fit
the experimental spectra.

(a)

(b)

FIG. 12. (a),(b) 13C FID signals obtained by the pulse
sequences shown in Figs. 2(a) and 2(c). The spectra shown in
Figs. 2(e) and 2(f) are obtained by Fourier transformation of
these signals.

APPENDIX D: OTHER SUPPLEMENTARY DATA

In Table IV, we list the components of the final states on
the Bloch sphere shown in Fig. 1.

In Figs. 12(a) and 12(b), we illustrate the FID sig-
nals of 13C obtained by the pulse sequences shown as
Figs. 2(a) and 2(c), respectively. The corresponding spec-
tra are shown in Figs. 2(e) and 2(f). In the experiment,
we optimize the duration of the FID signal as 200 or 300
μ for a higher signal-to-noise ratio. Since the duration of
the FID signals is much shorter than both the longitudi-
nal relaxation time of the electron spin (Te

1 ≈ 3.5 ms [32])
and the transversal relaxation time of 13C (estimated to be
longer than Te

1 [9]), we cannot observe the clear decay of
the signals. In the process of Fourier transformation, we
add certain window functions and zero filling to improve
the spectra. Therefore, we cannot observe such relaxation
times from the line widths of the resonance lines in Figs.
2(e) and 2(f).
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