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Quantum computers have the potential to speed up certain problems that are hard for classical
computers. Hybrid systems, such as the nitrogen-vacancy (NV) center in diamond, are among the most
promising systems to implement quantum computing, provided the control of the different types of qubits
can be efficiently implemented. In the case of the NV center, the anisotropic hyperfine interaction allows
one to control the nuclear spins indirectly, through gate operations targeting the electron spin, combined
with free precession. Here, we demonstrate that this approach allows one to implement a full quantum
algorithm, using the example of Grover’s quantum search in a single NV center, whose electron is coupled

to a carbon nuclear spin.
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Introduction.—Storing and processing digital informa-
tion in quantum mechanical systems has an enormous
potential for solving certain computational problems that
are intractable in classical computers [1,2]. Important
examples of efficient algorithms that require quantum
mechanical processors include Grover’s quantum search
[3] over an unsorted database and prime factorization using
Shor’s algorithm [4]. Hybrid systems consisting of different
types of physical qubits, such as the nitrogen-vacancy (NV)
center in diamond, appear promising for building quantum
computers [5-9], since they combine useful properties of
different types of qubits. The NV center [9-11], e.g.,
combines the long coherence time of the nuclear spins
with the rapid operations possible on the electron spins.
However, the benefits are limited by the fact that the
coupling between the nuclear spins and the external control
fields is 3—4 orders of magnitudes weaker than for the
electron spins, which results in slow operations of the
nuclear spins if the gates are implemented by control fields
based on radio-frequency (rf) pulses [12,13].

The strategy of indirect control [14-25] can reduce this
limitation. This approach does not require external control
fields (rf pulses) acting directly on the nuclear spins.
Instead, only microwave (MW) pulses acting on the
electron spin are applied, combined with free precession
under the effect of anisotropic hyperfine interactions
between the electron and nuclear spins. In previous works,
we used this approach for the implementation of basic
operations like initialization of qubits and quantum gate
operations, including a universal set of gates for quantum
computing [24,25]. In these works, we could greatly
improve the control efficiency, e.g., compared with
approaches based on multiple dynamical decoupling cycles
[19,20,22] or modulated pulses [14,16]: our elementary
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unitary operations consisted of only 2-3 rectangular MW
pulses separated by delays.

Here, we apply this approach to the implementation of a
full quantum algorithm, Grover’s search algorithm [3],
which is one of the milestones in the field of quantum
information. In the task of finding one entry in an unsorted
database, Grover’s search algorithm scales with the size N
of the database as O(v/N), while all classical algorithms
scale as O(N). Grover’s quantum search has been imple-
mented in various physical systems, such as NMR [26-28],
NV centers [12,29], trapped atomic ions [30,31], optics
[32], and superconducting systems [33]. In this Letter, we
implement it by indirect control, with only 4 MW pulses for
the whole quantum search. The experimental results dem-
onstrate the very high efficiency of the indirect control in
implementing quantum computing.

Grover’s quantum search.—Grover’s search algorithm
[3] can speed up the search of an unsorted database
quadratically compared to the classical search. The algo-
rithm starts by initializing the n-qubit quantum register to
an equal superposition of all basis states,

=
¥)in :ﬁ;m,

where N = 2" and |i) denote the basis states of the system,
each of which maps to an item in the database. This state
can be prepared by initializing all qubits into state |0) and
then applying Hadamard gates (H®") to each of them.
The algorithm then requires the repeated application of
two operations D and [,, where the oracle /, implements a
phase flip operation for the target state |s,) but does not
change any other state: I, = I —2|s,)(s,|, where I is the
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FIG. 1. (a) Structure of the NV system with the electron spin
coupled to one '“N and one '’C nuclear spin. (b) Schematic
representation of the experimental procedure, including the
initialization, the quantum search, and the state tomography
for determining the outcome, where (c) shows the gate sequence
for searching the target state |11). |¥),, denotes the equal
superposition of all basis states. The output state |¥),, is the
target state |11). The circuits for the other target states |00), [01),
|10) are obtained by replacing the phase flip operation /};;y by
Liooys To1)» 1}10y> Which can be implemented by the circuits shown

in (d)—(f).

identity operator in the n-qubit system. D denotes
a diffusion operation, and can be represented as
D =2P—1=H®"Iy _¢H®", where [00...0) denotes
the state of all qubits in |0) and P = (3°)}[i)(j])/N.
After applying U = DI, to |¥),, m times, the system is in
the state |¥),,, = U"|¥);,. In this state, the amplitude of
the target state can approach 1 after m ~ O(v/N), while a
classical search requires O(N) oracle operations.

Experimental protocol—For the experimental imple-
mentation we used a diamond with 99.995% !2C, and
the concentration of substitutional nitrogen of < 10 ppb to
minimize decoherence [34-36]. The experimental setup is
presented in the Supplemental Material (SM) [37], which
includes Refs. [38—41]. The experiment was performed at
room temperature in a static magnetic field B of 14.8 mT
along the symmetry axis of the NV center. The structure of
the NV center with the coupled '“N and '3C nuclear spins is
illustrated in Fig. 1(a). Here, we use a symmetry-adapted
coordinate system, where the z axis is oriented along the
NV axis, while the '3C nucleus is located in the xz plane
[42]. In this context, we focus on the subsystem where the
14N is in the state my = 1. The relevant Hamiltonian for the
electron and '*C spins is then

He,C

T DS% - (VeB _AN)SZ - 7CBIz + AzzSzIz + AszzIx'

27
(1)

Here, S, denotes the spin-1 operator for the electron and
I, the 13C spin-1/2 operators. The zero-field splitting is

D =2.87 GHz. y,/c denotes the gyromagnetic ratios for
the electron and '3C spins, respectively. Ay = —2.16 MHz
is the secular part of the hyperfine coupling between the
electron and the N nuclear spin [43-45], while A, and
A, are the relevant components of the '3C hyperfine tensor,
which are A, = —0.152 MHz and A, = 0.110 MHz in
the present system.

We select a 2-qubit system for implementing the quan-
tum search by focusing on the subspace with the electron
spin in {|0),| — 1)} as qubit 1 and the *C spin as the
second qubit. Our computational basis {]0),[1)}; ®
{]0), 1)}, corresponds to the physical states {|0),| — 1)},
® {|1),[{)}¢, where the states |0) and |—1) denote
the eigenstates of S., |1) and |]) the eigenstates of
I, with eigenvalues of 1/2 and —1/2, respectively.
Figure 1(b) outlines the protocol for implementing the
quantum search.

In the step of qubit initialization, we use a 4 us, 0.5 mW
pulse of 532 nm laser light to initialize the electron spin into
the mg = 0 state. Additional details of the setup are in the
SM. Based on the initialized electron spin, we further
polarize the '3C spin by a combination of MW and laser
pulses, and set the qubits into the pure state |00) [24,25].
Additional details are given in the SM.

The protocol for the actual quantum search is shown in
Fig. 1(c) for the target state |s,) = |11). The circuits for the
other target states |00), |01), and |10) are obtained by
replacing the phase flip operation /};; by /o), /|o1), and
1}10), as shown in Figs. 1(d)-1(f), respectively.

To implement the actual search shown as Fig. 1(c), we
considered sequences of MW pulses with constant MW and
Rabi frequencies but variable durations and phases. The
MW frequencies were resonant with the ESR transitions
between the electron states mg = 0 <> mg = —1. The pulse
durations, phases, and delays were used as variables in an
optimization procedure based on optimal control (OC)
theory [24,25,46] that maximizes the overlap between
the operation generated by the sequence and the operation
required by the quantum circuit of Fig. 1(c), which can
reach unity in the ideal case [14,15,47].

The OC process has to balance several considerations.
While it is helpful to use many pulses and therefore many
degrees of freedom to optimize the theoretical fidelity of the
gate operation, additional pulses also increase the total
duration of the sequence and therefore the effect of
decoherence (mainly from the electron spin in the present
work), and the experimental imperfections also tend to
increase with the number of pulses. We found sequences of
4 pulses and 5 delays to be a good compromise for all four
target states, see details in SM.

To determine the state of the system after the search
operation, we use the techniques developed in quantum
state tomography [1,48], to reconstruct the populations or
full quantum states. This requires a set of measurements
applied to the output state |¥)

out*
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FIG. 2. Experimentally measured populations of the four basis
states after the quantum search with the targets |00), [01), |10),
and |11), as indicated in the panels. The error bars indicate 1
standard deviation, which was determined by repeating each
experiment.

Experimental results.—Figure 2 illustrates the experi-
mental results for the different target states. Here, we only
show the populations obtained from partial tomography.
The measured populations of the target states, or the
probabilities of finding the target states, are 0.87 4= 0.05,
0.82 £0.03, 0.76 = 0.03, and 0.85 £ 0.03 for the target
states |00), [01), [10), and |11), with the sums of the
populations 1.00 £+ 0.03, 0.90 4+ 0.03, 0.95 4+0.06, and
1.06 + 0.02, respectively. In each case the probability of
finding the target state is much higher than the classical
result of 0.25. In the ideal case, the population of the target
state should be 1 and the others 0. The deviation of the sum
of the populations for each case from the unity can be
mainly attributed to imperfections in the tomography,
which cause population leakage to the electron state
mg = 1. Second, the incomplete selectivity of the MW
pulses leads to loss of population from the computational
subspace. We estimate that this contribution is less than
0.027 in our experiments. The effects from the coupled '“N
spin can be decreased, e.g., by polarizing '“N [49-55],
where the polarization can be > 98% [49,55]. The details
are presented in the SM.

Figure 3 shows the reconstruction of the full density
matrices for the initial state and the search result for
the target state [11). By calculating the fidelities as
F = Tr{pnpexp}, We obtained F;y =0.92+0.01 and
Fji1y = 0.85 £ 0.03 for the initial state and the final state
after the quantum search. The loss of the fidelity in the
quantum search can be attributed to the imperfection of
the theoretical pulse sequence, the experimentally

Initial state

ini
ini

Final state

FIG. 3. Measured density matrices for the prepared initial state
|00) (top) and for the state after the completion of the quantum
search with target state |11) (bottom). The real and imaginary
parts are shown in the left and right columns.

implemented sequence, and the experimentally imple-
mented initial state including the state tomography, in
the order of importance. The details of the error estimation
are presented in the SM.

Discussion.—The OC efficiency can be improved by
maximizing the angle between the different quantization
axes of the nuclear spin for the different states of the
electron spin [15]. The experimental fidelity might be
improved further, e.g., by increasing the robustness with
respect to fluctuations of the Rabi frequency (see examples
in the SM, Sec. VII A), and increasing the Rabi frequency
[24], e.g., in the case that the 4N s polarized. Moreover,
the choice of a more efficient optimal algorithm should be
helpful [56,57]. To estimate the scalability of the OC
scheme in larger systems, we use numerical simulation
of systems with one electron spin and n =1, ...,4 13C
spins. As examples, we use 3—4 MW pulses with 4-5
delays to implement the CNOT-like gates, where the electron
spin (in the subspace mg =0 and mg = —1) acts as the
control qubit, while one '*C spin is the target qubit. The
target operation is chosen as R(z) = e~"r, where j
indicates the target '3C spin. The details are presented in
the SM.

We investigate the dependence of the gate fidelity and
duration on the number of the qubits in the system. The
results are shown in Fig. 4, and the parameters for the pulse
sequences are presented in the SM. The results show that
the '3C spin quantization axis orientation in the subspace
mg = —1, denoted as 4_ in Fig. 4(a), is a crucial factor in
the optimization. The quality of the gate, here evaluated by
the gate fidelity and duration, is degraded only marginally
by the passive '3C spins coupled to the electron. For
example, for j =1, with _ = 87°, the gate fidelity is
higher than 0.995, and the gate duration remains the range
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FIG. 4. (a) The quantization axis orientation of jth '3C spin of

the subspace mg = —1 between z axis, the orientation of the
subspace mg = 0. (b),(c) Results by simulation of controlled-
R/ (r) (cNoOT-like gates) in 2-5-qubit systems, respectively, where
the electron spin is the control qubit, and R} () = e~ with j
indicating the affected '3C spin. (b) and (c) show the gate fidelity
and duration, respectively.

of 16-18 us for up to 5 qubits. In other cases, with 6_ in the
range of 97°-118°, we obtain fidelities in the range of
0.930-0.995, with gate durations of 11-23 us. The fidelity
can be improved further by increasing the number of MW
pulses.

Since the CNOT gate can be combined with single-qubit
gates to yield a universal set of gates [1,17], the method
presented in this Letter represents a universal solution for
implementing quantum computing.

Conclusion—We have experimentally implemented
Grover’s quantum search algorithm in a hybrid quantum
register in a single NV center in diamond by indirect
control: control pulses were applied only to the electron
spin, which has a much faster response time than the
nuclear spins. In a 2-qubit system, we implemented 4 cases
of the quantum search, in each of which one target state was
searched. The whole procedure for demonstrating the
quantum algorithm was implemented, including the prepa-
ration of the pure state, implementation of the quantum
search and reconstruction of the output state. For each
target state, the complete search algorithm was imple-
mented with only 4 MW pulses. This corresponds to a
significant reduction of the control cost compared with
previous works. Further improvements should be possible
by designing the pulse sequence robust against dephasing

effects, or by combining the operations with dynamical
decoupling techniques [13,58-60].
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