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Using trapped atomic ions, we demonstrate a tailored and versatile effective spin system suitable for quantum simu-
lations and universal quantum computation. By simply applying microwave pulses, selected spins can be decoupled
from the remaining system and, thus, can serve as a quantum memory, while simultaneously, other coupled spins
perform conditional quantum dynamics. Also, microwave pulses can change the sign of spin-spin couplings, as well as
their effective strength, even during the course of a quantum algorithm. Taking advantage of the simultaneous long-
range coupling between three spins, a coherent quantum Fourier transform—an essential building block for many
quantum algorithms—is efficiently realized. This approach, which is based on microwave-driven trapped ions and is
complementary to laser-based methods, opens a new route to overcoming technical and physical challenges in the

quest for a quantum simulator and a quantum computer.

INTRODUCTION

The idea of using one quantum system under sufficient experimental con-
trol to investigate the static and dynamic properties of another, complex
quantum system that is difficult to access directly (1) has spurred the
development of proposals for universal quantum computing and for
quantum simulations. Devices for processing quantum information
promise new insight into pertinent scientific problems ranging from
quantum field theories, to molecular dynamics, to cosmology, to name but
a small sample (2-4). A universal quantum computer would be suitable
for tackling any of these scientific questions. More specialized quantum
simulations—already in close experimental reach—also promise ground-
breaking new insight into phenomena governed by quantum processes.

Recently, important experimental progress was demonstrated with
several auspicious, potentially scalable physical systems, including
trapped neutral atoms (5), propagating photons (6), superconducting
qubits (7), and spins in semiconductors (8). Trapped atomic ions offer
a level of quantum control of individual quantum systems that is un-
surpassed, and systems of coupled effective spins realized by trapped
ions are a powerful resource not only for universal quantum comput-
ing (9-11) but also for specific quantum simulations (12-19).

Here, we explore a system of effective spins represented by individ-
ual trapped ions that exhibit long-range spin-spin coupling. Such a
long-range coupling between effective spins can be induced by a spatial-
ly varying static or dynamic magnetic field leading to a state-dependent
shift of the ions’ internal states (14, 20-24) or by laser beams inducing
a state-dependent optical dipole force (10-19, 25).

In the case of magnetically induced coupling, coherent operations
are carried out using radio-frequency (RF) radiation, and the appli-
cation of global pulses is sufficient to control coherent interactions be-
tween spins, thus avoiding technical and physical challenges associated
with the use of laser light (26-31).

Quantum simulations carried out on a physical system that is par-
ticularly well suited for solving a particular problem are likely to yield new
insight that is not available from computations on classical computers. A
universal quantum computer could perform any such quantum sim-
ulation and, in addition, solve other problems that are intractable, for
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all practical purposes, on classical computers (32-36). Various imple-
mentations of essential elements of such a device and even complete
quantum algorithms have been carried out (37), with atomic trapped
ions playing a prominent role.

Here, we take advantage of magnetic gradient-induced coupling
(MAGIC) between effective spins of trapped ions. We experimentally
realize different coupling topologies within a three-spin-1/2 system
and show ferromagnetic and antiferromagnetic interactions. All cou-
pling topologies are attained by individual ion control using microwave
(MW) pulses (38). Hence, during a quantum simulation or quantum
algorithm, one can easily and rapidly change (“on the fly”) from one
interaction to another. Furthermore, we also decouple any desired spin
from the rest of the system. This enables one to use a subset of the qubit
register as a quantum memory while simultaneously carrying out
conditional quantum gates with other qubits. In addition, the change
between coupling topologies enables the efficient implementation of
quantum algorithms that are useful for quantum information proces-
sing, which is demonstrated by realizing a coherent quantum Fourier
transform (QFT), taking advantage of simultaneous coupling between
three spins.

RESULTS

Experimental setup

'71Yb" ions are confined in a linear Paul trap with an axial trap frequen-
cy of v; = 21 x 130 kHz and a radial trap frequency of 21 x 500 kHz.
After Doppler cooling, the ions form a linear Coulomb crystal (39).
Two hyperfine states of each ion’s ground state S, , represent an effective
spin 1/2. If this spin is formed using at least one magnetically sensitive
state, and in the presence of a static magnetic field gradient, effective spins
can be distinguished by their frequency for resonant excitation. Also, they
are coupled via a pairwise spin-spin interaction (14, 20-22, 29). If
the spin-up state is encoded in the magnetic sensitive level |*S; 5, F = 1,
mg = £1) = |1), the (linear) Zeeman effect causes the internal energy of
spin i to depend on the ion position as #w; = grm L pB(z;), where gr
denotes the Landé factor, mg denotes the magnetic quantum number
(#1 for magnetic ¢ transitions used here), up denotes the Bohr mag-
neton, and B(z;) denotes the magnetic field at qubit ’s axial position z;.
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The magnetic gradient present in our setup is 19 T/m (29). An
additional magnetic bias field and the trapping potential described above
result in magnetic fields at the ions’ positions of 0.1881(4), 0.4146(4), and
0.6432(5) mT. The corresponding addressing frequency separations are
about 3.2 MHz. Hence, each of these spins can be individually excited by
dialing in the MW frequency near 12.6 GHz, matching the respective
spin resonance (38).

The Hamiltonian describing the spin-spin interaction of N ions
reads (21, 22, 29)

n X -
Hi==3 2 Jolol )
iyj=1
i#j

where 7 denotes the Planck constant and oi") denotes the z Pauli matrix
on qubit i’s subspace.
The mutual coupling strengths are given by

N
]ij = Zl Vin€in€jn (2)
n—

with the dimensionless constants €;,, = 9, ; sz,, Sin. The dimensionless

entry S;, of the unitary matrix that diagonalizes the dynamical matrix
of the system is the scaled deviation of ion i from its equilibrium posi-
tion when vibrational mode # is excited. Hence, €;, describes how
strongly the spin of this ion couples to the vibrational mode. Here,
Az, = \/h/2mv, denotes the extension of the ground-state wave
function of vibrational mode #, which has the angular frequency v,,
and m is the ion’s mass.

Because the partial derivative of the internal energy of the spins
always occurs pairwise in the J-coupling strength between two spins
[(3,0;) x (3,w;) in Eq. 2], it is possible to control the sign of their mu-
tual coupling. If the two spins have their spin-up state encoded in dif-
ferent hyperfine levels |>S;/,, F = 1, mp = +1), then their magnetic
quantum numbers my. differ in sign and, thus, their mutual J-coupling
will be negative. However, if the magnetic quantum numbers are
equal, the J-coupling will be positive.

When choosing (to first order) magnetically insensitive spin states,
[S12 F=0) = ||) and |*Sy,5, F = 1, mp = 0) = |1) (referred to as the ©
basis in what follows), all of the spins have the same resonance frequency
of the magnetic n transition; in addition, spin-spin coupling is suppressed.

Fully coupled three-spin systems

To experimentally determine the joint couplings within a three-spin sys-
tem, we observe its internal dynamics for different initial states. All spins
are encoded in the hyperfine levels ||) = |*Sy/, F = 0) and |1) = [°Sy )5,
F =1, mg = —1) (henceforth referred to as the 6~ basis). The dynamics
are studied using Ramsey-like experiments (see Materials and Methods),
where one of the spins is prepared in a superposition state, whereas the
other two are prepared in energy eigenstates. During a conditional evo-
lution time, the system is left to evolve according to the time evolution
U(T) = e #MT, which results in a precession of the spin in the super-
position state, whereas the spins in energy eigenstates are left unaffected.
The spin precession is revealed by observing Ramsey interference fringes.
Because the conditional dynamics are slower than the inverse dephasing
time of a single spin, we apply 20 dynamical decoupling (DD) pulses
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during the conditional evolution time to protect the dynamics (see
Materials and Methods) (40).

Exemplary results indicating conditional precession of spin 1 are
shown in Fig. 1. The resulting Ramsey fringes with spins 2 and 3
prepared in %T>2|T>3 (the indices denote the spin) are shown in Fig.
1A for two different conditional evolution times (1 and 4 ms). As
one can see, the fringe minimum, which is found at © for vanishing
conditional evolution time, is shifted to smaller phases for increasing
conditional evolution time, which reveals the spin precession. One
may also notice a reduction of the fringe contrast, which can be ex-
plained mainly by dephasing because of magnetic field noise that is
not fully compensated by the present DD sequence. We measure
the dephasing time of a single spin as t° = 7.1(1.1) ms when 20
DD pulses are applied to each spin (see Materials and Methods).

This experiment is repeated for different input states of the second and
third spins and for different conditional evolution times. In Fig. 1B,
the acquired phase shifts conditioned on the initial states of spins 2
and 3 are shown. From these phase shifts A@ = JT, acquired by spin
1 during a conditional evolution time T, we obtain information about
the couplings among the system. For the symmetric input state 1,11,
the time evolution of the first spin is described by e U2 +/ #)o:"1/2 yohich is
a precession around the z axis at angular velocity J = J;, + J;3. Hence,
from the observed phase shifts, we conclude that J, + J;5 = 2 x 52(9) Hz.
For the other symmetric state [1),1),, the evolution corresponds to a
precession about the negative z axis at the same angular velocity J;, +
J13. For the antisymmetric input state |T>2|l>3, the time evolution is de-
scribed by e~/ 2)5."t/2 and from the phase shifts, we conclude that
Jiz — Jiz = 21 X 21(9) Hz.

The other antisymmetric input state [,115 causes a spin preces-
sion in the other direction at the same angular velocity. Here, the value
of the precession frequency derived from a fit is 2 x 16(9) Hz. For the
symmetric input states, the angular velocity is larger; hence, the
slopes extracted from a fit of the data are less affected by statistical
errors.

To measure the mutual coupling between two spins among the
three-spin system, we effectively suppress the third spin’s coupling
by selective recoupling (see Materials and Methods) (41). Here, an ad-
ditional spin echo (SE) m pulse is addressed to the third spin and
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Fig. 1. Conditional quantum dynamics in a fully coupled three-spin
system. (A) Ramsey fringes from the first spin after different conditional
evolution times (1 and 4 ms). The phase shift reveals the coupling to other
spins. Each data point represents the result of 50 repetitions of the experiment.
(B) For different initial states of the second and third spin and different
conditional evolution times, the acquired phase shift is plotted. From the slope,
information about the couplings can be deduced. Error bars represent SDs.
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cancels the phase shift due to this spin. From this, we reconstruct the
J-coupling matrix shown in Fig. 2A with all couplings being positive.

Changing the coupling topology

We realize spin systems with different signs of the couplings by coding
the spin states in different hyperfine levels. In contrast to the experi-
ments described above, one of the spin-up states is now encoded in
[1) = |?S1/2 F = 1, mp = +1), and this spin is realized by the magnetic
6" transition of its ion. The J-coupling matrices of such systems are
reconstructed, and we summarize the results in Fig. 2 (B and C). The
topology from Fig. 2B features next-neighbor couplings of opposite
signs, whereas in the topology from Fig. 2C, the next-neighbor cou-
plings have the same sign.

As we have shown, single-ion control allows for preparing any spin
in different basis states, thereby tailoring the couplings in the system.
In addition, it is possible to change the spin states during a quantum
algorithm by application of MW pulses, which will change the cou-
plings accordingly. Therefore, the change between different couplings
can be performed on the time scale of the Rabi frequency €, that is,
nearly instantaneously on the time scale of the conditional evolution.
In these experiments, Q =~ 21 x 50 kHz.

We demonstrate this change between two bases by preparing the
first spin in a superposition state in the ¢~ basis. Then, we transfer the
state by a sequence of MW pulses (see Materials and Methods) to the
7 basis where it is decoupled from the rest of the spin system. After a
conditional evolution time, the spin state is transferred back to the ¢~
basis, and the coherence is probed with a Ramsey pulse as before.
Now, this spin does not acquire any phase shift that depends on
the other spins’ initial states. Because this spin is less affected by
magnetic field fluctuations, we measure its coherence time to be
7" = 50(10) ms when only a single DD pulse is applied. The coupling

A - J,5/27 = 34(7) Hz
- .A. B /21 =39(7) Hz
° N o Ji3/2m=27(7) Hz
B - Jy/21 = -39(5) Hz
Jo/2m = 34(7) Hz
N .
© — © J52n =-27(5) Hz
.
c g Jul2n = -37(5)Hz
i 'A.  Ly2m=-40(5) Hz
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D S . J,/2m = 0(8) Hz
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Fig. 2. Different experimentally realized spin-1/2 systems. Spins are
symbolized by dots, and the base in which each spin is encoded is denoted
by ¢* and =, respectively. A line connecting two dots represents a J-coupling
between them, whereas + indicates the sign of this interaction. Experimental
results are summarized in the right column. (A) All spins are encoded in the
same basis; hence, their coupling has a positive sign. (B and C€) One of the
spins is encoded in a different base, which results in different interactions.
(D) It is also possible to decouple a selected spin while the remaining spins are
left coupled. (E) If the coupling of all spins is suppressed, their states are
preserved.
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between spins 2 and 3 is, again, reconstructed by Ramsey-like ex-
periments, and experimental results are shown in Fig. 2D. In the con-
text of quantum information processing, such a system of two coupled
spins and one uncoupled spin with a long coherence time realizes a
quantum memory, while simultaneously, the other two spins may per-
form a conditional quantum gate.

Furthermore, it is possible to simultaneously suppress all couplings
within the system by transferring all the spin states to the magnetic
insensitive base (compare Fig. 2E). Experimentally, we protect the
product state of equal superposition states 1/v/8(|) + i[1))(|1) +
i) (1) +i|1)) (hereafter, indices are omitted for simplicity) for 10 ms
and detect a preserved coherence, for instance, of the second spin having
a fidelity of 0.91(2).

Quantum Fourier transform

Fully coupled spin systems are a resource for quantum computation,
where each spin represents a qubit. We present the realization of an
example quantum algorithm: the QFT, defined with its action on an
orthonormal basis |0}, [1),..., [N - 1)

1 N-1 )
FN|1’l> _ ﬁ kgo eank/N |k> (3)

We have chosen this particular algorithm because of its relevance
in providing exponential speedup as a subroutine in many quantum
algorithms (35, 42, 43). Previous realizations of the QFT in systems
based on nuclear magnetic resonance (44, 45) rely on single-qubit
gates and conditional two-qubit gates. A realization with trapped ions
was achieved using single-qubit gates, collective nonentangling gates,
and collective entangling gates (46). A semiclassical QFT, without
conditional two-qubit gates, using trapped ions is described by
Chiaverini et al. (47). Such a realization can be used, for example,
in the Shor algorithm (32), where the QFT is the last subroutine before
a projective measurement of the output state. Because only probability
amplitudes (and no relative phase information) need to be deduced, the
fully coherent QFT can be replaced by the semiclassical version in such
cases. However, there are existing algorithms in which the QFT or the
inverse QFT is not the final subroutine and phase information of the
output states is of further importance [for example, Harrow et al. (34)
and Wiebe et al. (36)]. In these algorithms, the QFT cannot be replaced
by a semiclassical version; hence, the fully coherent QFT is necessary for
their realization.

In physical systems that are described by an Ising-type Ham-
iltonian, usual realizations of the QFT demand for the suppression
of undesired couplings among the system during the conditional evo-
lution of two selected qubits. However, in general, it is favorable to
decompose the QFT into gates that can be realized naturally in the
Ising-type system, for example, single-qubit operations and waiting
times, during which the system evolves according to all the mutual
couplings (48-51). In this way, the available physical system is effi-
ciently used to achieve a reduced operation time and, consequently,
to improve the fidelity of the quantum process, if the physical system
is subjected to decoherence.

In what follows, we describe our gate set, which comprises a rota-
tion R(0), a phase gate ®(¢), and an entangling gate U(T). We will
also use phased rotations R(6, ¢), where the phase gate is absorbed
in the rotation according to the rule R(6, ¢) = ®(¢/2)R(0)D(—¢/2).
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The gate R(6, ¢) can be obtained with a simple phase shift in the driv-
ing MW field implementing R(6). We have

Ri(6,0) = e*i%((s)(‘(kJ coso-+oy’ sing) (@)

Dy () = e (5)

where the indices denote the qubit number and Ri(0) = Ry(6, 0).

The entangling gate is easily obtained from free evolution: We
leave the ions to evolve with no driving for a certain conditional evo-
lution time T

; k)
Un(T) = &7/ (6)

where Ji; represents the coupling strength for qubits k and L.
We derive the following sequence, which implements the QFT (up
to a global phase) based on single-qubit rotations and entangling gates

Uqer = Ra(A2, 38 )Rs (T, —%) Ups(T3)R, (m, 3%)
Ry(A1,3%)Rs (1, —3%) U(T,)Rs(n) (7)
U(T1)R: (m)Ry (1) Rs (m) Hy

The derivation is described in more detail by Ivanov et al. (52) and in
Materials and Methods where the duration T; and the pulse areas A;
and A, are also discussed. For the typical experimental parameters of
the setup (29), one obtains the evolution times T} = 3.69 ms, T, =
022 ms, and T3 = 4.87 ms. Hence, the total duration of the algorithm
is 8.78 ms. For the pulse areas, one obtains A; = 0.686m and A, = 0.716m.

The sequence in Eq. 7 can be further optimized. We first note that
T, is much shorter than the other conditional evolution times and can
therefore be neglected, which results in an infidelity on the order of 10,
By making use of the fact that the entangling gate and simultaneous ©
pulses applied to all three qubits’ commute, we combine subsequent
pulses applied to a qubit whenever possible. The gate Uy;(T5) where
the first qubit’s coupling is suppressed could be realized by a change of
the qubit base, as shown in our experiments. However, for simplicity, it is
realized here by an SE pulse in the middle of the evolution time. An
additional  pulse compensates for the state change of the first qubit and

takes into account a phase gate that originates from the combination
of subsequent m pulses. The optimized sequence reads

o 3n T 3m 271
o= [ (4 5)0 55 ) (5 )

[U(T3/2)R1 (;;g U(T3/2)} 8)
{RZ(AI, )Rz(n 0)R3< 1136n)]U(T1)H1

and the circuit is presented in Fig. 3. An additional SWAP;; gate that
interchanges the state of qubits 1 and 3 completes the QFT. This gate
is realized by just relabeling the qubits.

The chosen realization takes advantage of the fully coupled three-
qubit system and consists only of conditional free evolution times and
single-qubit gates (see Materials and Methods) (52). In comparison to
the serial decomposition of the QFT using two-qubit gates, which
would take about 23 ms in our setup, the duration of this efficient
sequence is only 8.6 ms. The relative advantage in terms of time grows
further with growing N (50).

A first validation of the desired quantum dynamics is achieved by
simultaneous Ramsey-type measurements after the three-qubit
register was prepared in one of the eight computational basis states
|000),/001),[010),|011),]100),[101),|110),|111). Because the QFT
transfers each computational basis state to a product state of super-
positions, we apply to each individual qubit a Ramsey n/2 pulse to
probe the qubit states. In Fig. 4, exemplary results for the input state
|010) are shown. The solid lines are fits to the data points, whereas the
light dashed lines represent the ideal outcome of the QFT. The Ramsey
fringes’ phases match the expected result of a QFT, which is also true
for all the other computational basis states chosen as initial states. The
average deviation between the expected and the experimentally obtained
phase is (3¢) = —0.07(15) rad. The phase of each qubit is determined
by all couplings present in the three-qubit system. Therefore, we con-
clude that the conditional evolution times and single-qubit gates cho-
sen to implement the QFT match the couplings among the system.

Although the phases of the fringes match the expectations, their
contrast is significantly reduced. We explain this by dephasing during
the conditional evolution periods despite applying DD, by pulse im-
perfections of the 60 DD pulses applied during the complete QFT, and
by a limited single-shot readout fidelity (see Materials and Methods).

—— UT) — R&O) RS = UT) UTD) — RS
— - reEE - — G

Fig. 3. Circuit for the QFT. The circuit that realizes the QFT in our experiments consists of single-qubit rotations [R(6, ¢)] and conditional evolutions [U(T)]
of different duration. For technical reasons, single-qubit operations on different qubits are applied one after another, and the Hadamard gate (H) is realized

by two rotations [R(n/2, —nt/2)R(x,

0)1. The additional SWAP gate that completes the QFT is realized by relabeling qubits 1 and 3 after the projective

measurement. During the optimization of the sequence, the conditional evolution time, T, = 0.22 ms, was neglected. The whole sequence takes 8.6 ms
as a result of the conditional evolution times. The duration of the single-qubit rotations can be neglected because the Rabi frequency is about 2r x 50 kHz.
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The three single-qubit output fidelities for input state |010) are
F, =0.76(7), F, = 0.86(4), and F; = 0.84(4). If the output state is a
fully separable state, then the three-qubit state fidelity is simply given
by F; x F, x F;. For a general state, the three-qubit state fidelity F of
the state p right after application of the QFT is given by F = (y|p|w),
where |y) is the ideal outcome. We further quantify the performance
of the QFT by reconstructing this fidelity and obtain an average fidel-
ity (F) = 0.58(5). Fidelities of the QFT for all input states (the basis
states mentioned above and, in addition, for several superposition
states) are given in Materials and Methods. Because the QFTs of
the computational basis states are given by superposition states with
equal weights for each qubit, an average fidelity of (F) = 0.58(5) clearly
indicates nonclassicality. For comparison, an average fidelity of 0.5 =
0.125 can be achieved with classical states.

In addition to validating the process that realizes the QFT for com-
putational basis states and some exemplary superposition states, we
demonstrate that the algorithm correctly estimates the period of quantum
states. After initializing the register in the desired input state of interest,
the sequence is applied and a projective measurement takes place. The
probability of each possible outcome (|000),|001),...,]111)) is recorded.
In binary notation, these states represent the integer numbers i = 0, 1,
2..7, which label the output states. The necessary SWAP;; operation
that completes the QFT is realized by interchanging qubits 1 and 3
during the analysis.

Figure 5 shows the results for the four input states [111),[+11),|++1),
and |+++), which are of periods 8, 4, 2, and 1, respectively. We
compare the experimental results both to the ideal expectation
and to simulations that take into account the experimental imper-
fections present in the setup. Suitable measures that allow for a
comparison of the experimentally determined probability p; with
the expected correlations g; are the squared statistical overlap

(8SO)vss0(p:q) = (2 v/Pi X g1)* and the distinguishability D(p, q) =
1= 1/23|pi — g (53).

As one can see, the SSO and the distinguishability for the different
states vary from 0.99(3) to 0.54(2) for the input states |111) and |+++),
respectively. The reason for this broad range is the different susceptibility
of different states to technical imperfections. One further observes that
the match of the classical measures of the SSO and the distinguishability
can be higher than the mean quantum state fidelities of 0.58(5) that have
been discussed above. This can be explained by the fact that these bench-
marks, in contrast to the quantum state fidelities, do not measure quan-
tum phase relations.

1 e Qubit 1
= Qubit 2
0.75 o Qubit 3

0.25

Excitation probability
o
wn

0 w2 T 3n/2 on
Ramsey phase (rad)

Fig. 4. Exemplary results of a QFT. After the QFT with input state [010), addi-
tional Ramsey 7/2 pulses reveal interference fringes from every single qubit. The
experimental results (solid lines) are compared with the predicted outcomes
(dashed lines). Each data point represents 50 repetitions and error bars denote SDs.
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DISCUSSION

MAGIC makes it possible to coherently manipulate trapped ions
using exclusively MW and RF radiation for all coherent operations.
In similar laser-based experiments with trapped ions, signals control-
ling the coherent dynamics of ions are generated first in the MW or RF
regime; then, laser light is modulated using these signals. Here, we avoid
this detour via the optical regime, demanding the precise control of co-
herent light, and thus considerably simplify experimental requirements.
In addition, spontaneous scattering is practically eliminated, and the vul-
nerability of quantum logic operations to motional excitation is reduced.
The latter is true as long as the ions experience a harmonic potential,
which is the case for Doppler-cooled ions, as has been investigated in
much detail theoretically and in recent experiments (to be published).
Also, individual addressing of interacting spins is possible with un-
precedented low crosstalk (38).

We show that the spin-spin coupling topology can be experimentally
tailored to best suit a desired quantum simulation or computation, and
we have investigated different coupling topologies among an exemplary
three-spin system realized by single-ion control using MW pulses. We
demonstrate how to rapidly change the sign of the couplings in the
system. Furthermore, any spin can be decoupled from the remaining
coupled system. Thus, switching between the role of an ion as a memory
qubit, on the one hand, and a qubit conditionally processing quantum
information, on the other hand, is realized by simple MW pulses and
does not require physical relocation (shuttling) of ions or the use of dif-
ferent ion species.

Also, the effective magnitude of spin-spin coupling during a quan-
tum simulation or computation can be adjusted by varying the inter-
action time. In addition, the coupling strength can be varied by
adjusting the trapping potential (29) and the magnetic gradient.

A B
1 _ 1 _
111y Yssg=0990) +11)  Ysso=0-840)
z D D=09202) =z +11) D = 0.80(2)
= Theory =
_‘é’ 0.5 Simulation _‘é’ 0.5
ks [ Experiment & I
0 ' | ' ' ' ' ' ' 0 L] | e I [ | Y
012345617 01234567
Output state Output state
C D
1 =0.64(2) =0.54(2)
++1)  Ysso =% +++) Y550 = V-
= ++1) D=0642)| 2z ) D = 0.54(2)
g )
g 05 g 05
g g
~ I I ~
0 i ,l,',n 0 ,.,',-,',l,l,.
012345617 01234567

Output state

Fig. 5. Estimating the period of quantum states. (A to D) After appli-
cation of the QFT for different input states, a projective measurement takes
place. The measured probability of finding each possible output state is
shown (blue bars) along with the ideal results (gray bars) and with simula-
tions that take into account experimental imperfections of the setup (yellow
bars). The SSO S and distinguishability D are measures of the performance.
Each experiment is repeated 1250 times. The statistical error is too small to
be shown.
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In microstructured segmented ion traps (54), detailed control of
(quasi-)static DC potentials is possible. These potentials determine local
and global trapping potentials, thus allowing for control of the range of
interaction (for example, from long range to next-neighbor). At the
same time, larger magnetic gradients can be achieved in microstructured
traps. Thus, the use of such traps adds more versatility for realizing
coupling topologies suitable for quantum simulation and computation
(55-59).

A QFT that may serve as an essential ingredient of other quantum
algorithms is implemented here. We take advantage of simultaneous
coupling between all qubits, and a speedup of nearly a factor of 3 is
achieved for three qubits as compared with a decomposition of the
QFT into two-qubit gates.

The spin-spin coupling used here increases quadratically with larger
magnetic gradients. In recent experiments, a gradient of 150 T/m (60)
has been implemented, which would already yield an increase in coupling
strength by about a factor of 60, as compared to the experiments reported
here. In this case, the entangling gate time of the algorithm is reduced by
the same factor to about 140 ps, and DD is no longer required. Single-
qubit MW gates, as used here, have been previously realized with out-
standing fidelity (31, 61). Thus, a fidelity of the QFT higher than 0.99 is
realistic when using a larger magnetic gradient (see Materials and Methods).

Because of the generality of the method used here, which takes ad-
vantage of a fully coupled spin system, this approach is attractive for
other physical systems as well. A three-qubit processor could be used
as an elementary unit for distributed quantum computing (62). Also, a
relatively small quantum processor with qubits that serve at the same time
as a quantum memory and a quantum processor for simultaneous
conditional quantum dynamics is well suited as an essential element of a
quantum repeater (63).

Using a larger magnetic gradient would also be useful for quantum
simulations of various spin systems with flexible control of the cou-
pling topologies. Furthermore, the system and methods described here
are well suited for other quantum simulations, for instance, of lattice
gauge theories (64).

MATERIALS AND METHODS

Spin precession and Ramsey experiments

We used Ramsey-like experiments to observe the ions’ internal coherent
dynamics and deduce the couplings among the spins from these mea-
surements. In this experiment, all of the spins were first prepared in
[L11). Then, one of the spins was prepared in a superposition state
|w) = % (J4y +i[1)). The other two spins were prepared in one of
the energy eigenstates {||1), |{1), [T{), |11)}. During a conditional evo-
lution time T, the system evolved according to

. ) (@) 2) _3) 1) _(3)\ e
U(T) _ ez(]ucsi o +Iz3cz)c§)+]|3ci>cz )T/2 (9)

Hence, the spins in energy eigenstates will not change their states,
whereas the spin in the superposition state will perform a spin precession
conditioned on the state of the other two spins. After the conditional
evolution time T, a Ramsey ©t/2 pulse was addressed to the spin in the
superposition state, and the spin’s state was measured. The phase of this
pulse was varied while repeating the experiment to record Ramsey inter-
ference fringes. The phase information of these fringes revealed information
about the spin state. Therefore, by observing the Ramsey fringes changing
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their phase for a varying conditional evolution time, we deduced the
angular frequency of the spin precession.

For reconstructing the J-coupling matrix, we made use of the fact that
the J-coupling is equal to the precession velocity. To measure the isolated
mutual coupling between two distinct spins, we decoupled the third spin
from the remaining system. This can be achieved using the selective re-
coupling method (41). Here, a single SE 7t pulse is addressed to the spin that
shall be decoupled right in the middle of the conditional evolution time.
Hence, the other spins’ evolution that is caused by this individual spin is
eftectively canceled. Like before, one of the coupled spins was prepared in a
superposition state, whereas the other was prepared in an energy eigenstate.
From the spin precession, the coupling among these two spins was deduced.

Pulse sequence to change between couplings

The pulse sequence that transfers the spin state from one base to an-
other is based on single-ion control with MW pulses. In the
experiments, we showed the transfer from the magnetic sensitive base
S/, F = 0) <> [’Syyp, F = 1, mp = 1) (magnetic ¢~ transition) to the
(first-order) insensitive base |*Sy /5, F = 0) <> [*Sy5, F = 1, mp = 0)
formed by the magnetic © transition. The particular sequence for this
transfer of spin n consists of three MW pulses and reads

(10)

ey

where 7, denotes a w pulse on the magnetic & transition and 7:55")
denotes a Tt pulse on qubit #’s ¢ transition. The phase of all pulses is ¢ = 0.

When using this sequence to decouple a spin by transferring it
from the o to the 7 base, it is possible that a small detuning of the pulse
that prepares the superposition causes this spin to precess during the
conditional evolution time. To suppress this spurious effect, an SE ©
pulse is included into the experimental sequence. After half of the
desired evolution time, the isolated spin is recoded back to the sensitive
base, and an SE pulse of phase ¢ = 1/2 on the sensitive transition is
applied before it is recoded back to the insensitive base. Right after the
complete evolution time, the spin is again recoded back to the sensitive
base. Now, a possible Ramsey experiment can probe the state of this
spin #. In summary, the spin is recoded four times during the experi-
mental sequence to decouple it.

For the case where more qubits (if not all) are recoded, the
sequence in Eq. 10 is changed to

(1)

P,

Dynamical decoupling

The dynamics within the three-spin system are driven by J-coupling,
which is typically about 21 x 40 Hz for next-neighbor spins using a
static magnetic gradient of 19 T/m at a center-of-mass frequency, vy, of
the ions’ motion of about 2 x 130 kHz. Because the single spins’ co-
herences decay in the present experiment on the time scale of 200(100) us,
these dynamics are slower than the dephasing. To stabilize the dynamics
and to enhance the coherence time, we applied DD pulses (40) during the
conditional evolution times. To keep the desired conditional dynamics
unaffected by the DD pulses, they need to be applied to all qubits simul-
taneously. Because the MW source used at present generates a single
frequency at a certain time and the qubits’ addressing frequencies differ,
the DD pulses were applied to the qubits one after another.
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The timing of the DD pulse sequence used to measure the J-coupling
matrix corresponds to a Carr-Purcell-Meiboom-Gill (CPMG) sequence
with 20 pulses, and the time evolution reads

) g% (12)

where T denotes a waiting time, " denotes a 1 pulse on qubit #’s
magnetic ¢ transition, and the exponent denotes a repetition of the
evolution in the brackets. The phase relation of the © pulses corresponds
to a Knill DD sequence (65).

Although more pulses may further enhance the coherence time
and hence the fringe contrast, after a certain duration, the pulse se-
quence becomes more and more susceptible to instrumental imperfec-
tions (40). In our setup, the pulse errors are consequences of a slow drift
of the spins” addressing frequencies. With 84 pulses, for example, it was
possible to protect conditional spin dynamics for 11 ms (29, 40). Thus,
more pulses may enhance the contrast after 4 ms but, at the same time,
reduce it for shorter evolution times. In general, there exists an optimal
number of pulses for each evolution time. Twenty DD pulses turned out
to be a good compromise for evolution times between 1 and 5 ms, as
used here, to measure the conditional phase shift.

The realization of the QFT took 8.6 ms; hence, more DD pulses
were necessary to stabilize the dynamics during this period. During
the QFT, a total of 60 DD pulses were addressed to each qubit. Twenty
pulses were applied during the first conditional evolution time T} and
40 pulses were applied during T5. These pulse numbers turned out to be
an optimal choice, and more pulses did not improve the performance in
terms of the fidelity. The reason is that for more pulses, the sequence
becomes more susceptible to instrumental errors, which counteract the
improvements due to a longer coherence time.

Derivation of the QFT sequence
We based our implementation on the more general approach pres-
ented by Ivanov et al. (52). The N = 3 Fourier gate can be obtained with

11[( c( )Gg)) m( c( G(Z)Jr cl)c )
the circuit ®pHse H,e H, ®;, where H; is

the Hadamard gate, applied to ion k, and
N

. —k+1 k
a -
1!2 1-2 ok
D =e i Jo: (13)
and
N
52, (1-28N)olh
k=1

are the phase gates, applied to all N = 3 ions in the beginning and at
the end of the circuit. Note that the phase gates represent a shift of the
phase of the driving field, rather than a physical modification of the
qubit. Hence, they are not associated with infidelity. The circuit can
be written in a more explicit form (up to a global phase of —m/2)

_ g) Ry(m)e™(io "o ) R, (E _ E)

T
CDR(—, ,
V) 20 2

. (1) (2 (1) _(3) T T
Ry (m)em(ser o o o) ) (—7 - 5) R, (m)dy

> (15)
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where we have used the Hadamard gate decomposition H = iR(rt/2, —t/2)R(r).
Below, we will implement this circuit with our gate set.

An operation that requires particular attention is the implementa-
(1@ 4 15053

G, 0, 40, O;

tion of the term ¢™(: ). During this process, no net evo-

lution occurs between qubits 2 and 3, whereas a conditional evolution
occurs between qubits 1 and 2 and between qubits 1 and 3. One possible
realization is the consecutive realization of the coupling topologies
where only qubits 1 and 2 or qubits 1 and 3 are coupled. In particular,
one could first isolate qubit 3 for a certain time interval and then iso-
late qubit 2 for an additional time interval. However, such a realization
would be time-consuming, and a parallel decomposition seems advan-
tageous. For the implementation of this operation, we note that if we
surround the gate U(T) (which is based on all the couplings among the
system being present) with two m pulses on one of the qubits, we ef-
fectively change the sign of the coupling of the same ion with the other
ions. If we apply the n pulses to ion 3, we change all couplings Ji,
where index 3 is present

R3 (Tc)eg(]uc(l)cﬂhr] 36(1)6(3)+/230'(2>G(3))
iT(th G

(16)

2) (3)

]0‘0‘)

a6

XRs(m) =e
Thus, the sequence U(T,)R3(m) U(T;)Rs(m) yields

e((T2+T1)th o +(T=T1) 300" 68 +(To=Ty ) s or” Gi)

(17)

Now, if we choose

(19)

i (10 (2) ;1 (1)
we get the term ¢mlio o 445097 and a residual factor. This factor can be

eliminated with properly selected rotations, determined from the expansion

%% = cosol + ising oo, (20)

where k, p = x, y, z.

Thus, we rearrange the above sequence, which now acquires the form

RZ(A27 )R3(z 7_§ (

R (m,32 )Rz Ay, *F)R (Tf —*) (21)
U(T2)Rs(m)U(T1)Ri (1) Ry (1) Rs () H,y

where the duration T; and the pulse areas A; and A, are obtained
from the following set of equations

— pte(at2) il T3 /2 % COS% =0 (22)

LA Ay
- s1n7 sin—= e/ 4 cos
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1
—

2

) . ) A A
iE(0-2) s Ts /2 elnTs _ cos7‘ sin— =0 (23)

AL Ay
— sin— cos—
2 2

Here, o = J3//15. Note that the sequence in Eq. 21 is generic in the
sense that it is valid for any spin-spin coupling J. This sequence was
further optimized as described in the main text.

State fidelities

To validate the QFT, we implemented the appropriate pulse sequence
after initializing the three-qubit system in one of the computational
basis states or in some exemplary superposition states. In the next
step, we reconstructed the fidelity F = (y|p|w) of the three-qubit state
p after the QFT, given the ideal result |y). Further analysis takes into
account the single-qubit fidelities in each qubit’s subspace, F;, F,, and
F;, and the full three-qubit state fidelity F.

The QFT transfers the input states investigated here to fully sepa-
rable product states |y) = |w1)|w2)|w3). Under the assumption of a
fully separable state after the QFT, p = p; X p, X ps, we derived the
single-qubit state fidelities F,, = {y,,|p.,|w,,) from Ramsey fringes (phase
and amplitude).

The three-qubit state fidelity is measured without any assumption
on p. The fidelity F = (y|p|y) can be written as F = (000|Vp]000),
where V denotes local rotations that connect the ideal outcome |y)
with the ground state |000). The procedure is therefore to apply ap-
propriate single-qubit rotations V at the end of the QFT just before the
projective measurement takes place. The probability of detecting the
state |000) then yields the fidelity F. The results are summarized in
Table 1.

We point out that we have carefully selected the input states in
Table 1 in the following sense: With the first eight measurements,
we made sure that the QFT is applied correctly to all eight computa-
tional basis states. Thus, we verified that each column vector in the
measured QFT matrix is correct, possibly up to a column-specific
global phase, which may vary from column to column. Next, we ver-
ified that these column-specific phases are equal, so that the correct
QFT matrix is obtained up to a global phase. For this purpose, we
performed seven additional measurements on superpositions. The first
four measurements indicate that column 1 is in phase with column 5,
column 2 is in phase with column 6, column 3 is in phase with column
7, and column 4 is in phase with column 8. The last three measurements,
respectively, verify that column 1 is in phase with column 3, column 2 is
in phase with column 4, and column 1 is in phase with column 2.
With the described 15 measurements, we validated the QFT matrix
up to a global phase.

For the computational basis states, the average state fidelity is (F) =
0.58(5). As one can also see, the results do not significantly differ for
the investigated computational basis states and the exemplary super-
position states. One may further notice that the product F; x F, x F;
that is equal to the three-qubit state fidelity under the assumption of
fully separable final states and the measured three-qubit state fidelities
F are in agreement.

Technical imperfections in the setup

Experimental imperfections in the setup are sources of error. The
most dominant source at present is the magnetic field noise that
causes dephasing of the qubits. During the conditional evolution time,
magnetic field noise is counteracted by DD pulses. However, these
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pulses are not perfect, due to slow drifts of the qubits’ addressing fre-
quencies (40), and can cause a seemingly random behavior of the qu-
bits, when many DD pulses are applied. Another instrumental error is the
nonperfect single-shot detection efficiency. This causes a mistagging of
the results and, hence, effectively a seemingly random outcome as well.

These different error sources have consequences for the performance
of the QFT that differ for different input states of the algorithm. Qubits
that are in a superposition state during the sequence are affected by
dephasing, whereas a qubit in an energy eigenstate is not. Also for
the histograms from which the periods are deduced (compare Fig. 4
in the main text), one may notice a very good performance for the
input state |111). The reason is that the expected ideal histogram of
this output state is the same as that for a totally dephased mixture of
states. Therefore, the results are almost not affected by the present
technical imperfections.

To date, there is no magnetic shielding or active stabilization of the
magnetic field at the location of the ions. Adding this is expected to
substantially improve coherence times and fidelities. In addition, the
single-shot readout fidelity of the experiments reported here is 0.96 for
a bright or a dark state and will be improved either by more advanced
analysis (66) or by changes of the optical detection setup (67).

Simulations

In independent experiments, we experimentally quantified the expo-
nential decay of single-qubit coherences during the conditional evolu-
tion times. Hence, we can simulate the dephasing that leads to the
partially dephased three-qubit density matrix pgephasea- In this matrix,
the single-qubit coherences are partially decayed, and the particular

Table 1. State fidelities after application of the QFT. The single-qubit
state fidelities F;, F,, and F3 are estimated from Ramsey fringes and ex-
citation probabilities after applying the QFT. From correlation measure-
ments, the three-qubit state fidelities F are deduced.

Initial state F, F, Fs Fy X F; X F3 F
|000) 0.74(5) | 0.88(5) | 0.82(5) 0.53(6) 0.59(2)
|oo1) 0.77(4) | 0.81(2) | 0.86(4) 0.53(4) 0.54(2)
|010) 0.76(7) | 0.86(4) | 0.84(4) 0.55(4) 0.55(2)
|011) 0.77(5) | 0.84(2) | 0.83(4) 0.54(5) 0.54(2)
[100) 0.74(5) | 0.89(5) | 0.88(5) 0.58(6) 0.59(2)
[101) 0.73(4) | 0.85(2) | 0.90(4) 0.56(4) 0.66(2)
[110) 0.70(4) | 0.78(4) | 0.90(3) 0.49(4) 0.57(2)
[111) 0.68(4) | 0.79(3) | 0.89(4) 0.48(4) 0.63(2)
|+00) 0.84(2) | 0.78(5) | 0.86(5) 0.56(5) 0.65(2)
[+01) 0.83(2) | 0.84(3) | 0.81(4) 0.56(4) —
[+10) 0.81(2) | 0.77(4) | 0.76(4) 0.47(3) —
[+11) 0.82(2) | 0.81(2) | 0.80(4) 0.54(3) —
|++0) 0.79(2) | 0.74(2) | 0.88(4) 0.51(3) —
[++1) 0.84(2) | 0.73(2) | 0.75(4) 0.46(3) —
[+++) 0.86(2) | 0.79(2) | 0.77(2) 0.52(3) 0.54(2)
8 of 10
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decay depends on the duration during which a single qubit was in a
superposition state. The experimentally determined decay constant is
0.0625/ms.

Furthermore, we deduced from separate experiments the effect of a
seemingly chaotic behavior due to imperfect DD pulses and a limited
single-shot readout fidelity. These two effects cause a change between
the qubit states |0) and |1) and can be treated by mixing the three-qubit
density matrix with white noise: pnused = &1 + (1 = &)Paephased-

The resulting fidelity affected by dephasing of the qubits and by
white noise reads

F = C/S + (1 - Q)Fdephased (24)

Here, Fephasea describes the fidelity due to pure dephasing without
any further instrumental errors, and the phenomenological parameter
€ = 0.25 describes the amount of white noise in the final state. These
phenomenological parameters (the decay constant and () allow us to
simulate the time evolution of the pulse sequence that realizes the
QFT in a way that includes the experimental imperfections.

We compared the simulated results to the recorded data for the
experiments in which the periods of quantum states were computed
by our quantum computer prototype. In detail, we computed the SSO
between the measured probabilities p; and the simulated outcomes

2
s;as S ({p;}, {si}) = (Z VDi X s,») . For all data sets, we obtained an

SSO close to unity, and the average of all data sets was 0.98(—3+2).
Therefore, we conclude that the limitations of the experimental results
are dominated by the experimental imperfections that are part of our
model.

Error budget and perspectives

On the basis of our measurements and simulations of the experiment,
we now further discuss how the infidelities due to the different error
sources contributes to the average fidelity of F = 0.58(5). Using Eq. 24
and setting { = 0, we conclude that if the system were subjected to
residual dephasing only, the fidelity would be limited to Fgephased =
0.73. White noise only (that is, considering only errors in detection
and DD pulses by setting Fyephased = 1 in Eq. 24) would limit the re-
sulting fidelity in Eq. 24 to F = 1 — 0.22 = 0.78 (for { = 0.25), where
0.12 = 1 — 0.96° is the contribution to the infidelity from the limited
single-shot detection fidelity and the remaining infidelity (0.10) is
caused by errors in the DD sequences.

This error budget allows us to predict the possible performance in
an improved experimental setup. In the present setup, the magnet gra-
dient experienced by the ions is 19 T/m. If the gradient is enhanced to
150 T/m, as was recently reported by Lekitsch et al. (60), the coupling
strengths, being proportional to the gradient squared, will be about a
factor of 60 higher. Therefore, such a gradient will speed up the
algorithm by the same factor, resulting in a total duration of only
about 140 ps.

In this situation, there would be no need for sequences of DD
pulses because a single SE pulse already enhances the coherence time
to a few milliseconds in our setup. Hence, the error due to imperfect
DD pulses will be eliminated. For discussing the fault tolerance of a
quantum gate, state preparation and detection errors can usually be
neglected. Therefore, the gate fidelity will only be limited by errors
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of the few remaining pulses that realize the QFT. Because MW-driven
single-qubit gates can be realized with high fidelity (31), a gate fidelity
of the QFT in the range of 0.99 is realistic in a system that features a
gradient of about 150 T/m. Measures to increase the qubit coherence
time (shielding and active stabilization of magnetic fields) would fur-
ther increase this fidelity.

REFERENCES AND NOTES

1. R.P. Feynman, Simulating physics with computers. Int. J. Theoret. Phys. 21, 467-488 (1982).

2. S. Lloyd, Universal quantum simulators. Science 273, 1073-1078 (1996).

3. J. 1. Cirac, P. Zoller, Goals and opportunities in quantum simulation. Nat. Phys. 8, 264-266 (2012).

4. I. M. Georgescu, S. Ashhab, F. Nori, Quantum simulation. Rev. Mod. Phys. 86, 153-185

(2014).
5. I. Bloch, J. Dalibard, S. Nascimbene, Quantum simulations with ultracold quantum gases.
Nat. Phys. 8, 267-276 (2012).

6. A. Aspuru-Guzik, P. Walther, Photonic quantum simulators. Nat. Phys. 8, 285-291 (2012).

. M. H. Devoret, R. J. Schoelkopf, Superconducting circuits for quantum information: An

outlook. Science 339, 1169-1174 (2013).

8. D. D. Awschalom, L. C. Bassett, A. S. Dzurak, E. L. Hu, J. R. Petta, Quantum spintronics:
Engineering and manipulating atom-like spins in semiconductors. Science 339,
1174-1179 (2013).

9. J. |. Cirac, P. Zoller, Quantum computations with cold trapped ions. Phys. Rev. Lett. 74,
4091-4094 (1995).

10. A. Serensen, K. Mglmer, Entanglement and quantum computation with ions in thermal
motion. Phys. Rev. A 62, 022311 (2000).

11. R. Blatt, D. Wineland, Entangled states of trapped atomic ions. Nature 453, 1008-1015
(2008).

12. D. Porras, J. I. Cirac, Effective quantum spin system with trapped ions. Phys. Rev. Lett. 92,
207901 (2004).

13. A. Friedenauer, H. Schmitz, J. T. Glueckert, D. Porras, T. Schaetz, Simulating a quantum
magnet with trapped ions. Nat. Phys. 4, 757-761 (2008).

14. M. Johanning, A. F. Varén, C. Wunderlich, Quantum simulations with cold trapped ions. J. Phys.
B 42, 154009 (2009).

15. K. Kim, M.-S. Chang, S. Korenblit, R. Islam, E. E. Edwards, J. K. Freericks, G.-D. Lin, L.-M. Duan,
C. Monroe, Quantum simulation of frustrated Ising spins with trapped ions. Nature 465,
590-593 (2010).

16. R. Blatt, C. F. Roos, Quantum simulations with trapped ions. Nat. Phys. 8, 277-284 (2012).

17. J. W. Britton, B. C. Sawyer, A. C. Keith, C.-C. J. Wang, J. K. Freericks, H. Uys, M. J. Biercuk,
J. J. Bollinger, Engineered two-dimensional Ising interactions in a trapped-ion quantum
simulator with hundreds of spins. Nature 484, 489-492 (2012).

18. P. Richerme, Z.-X. Gong, A. Lee, C. Senko, J. Smith, M. Foss-Feig, S. Michalakis, A. V. Gorshko,
C. Monroe, Non-local propagation of correlations in quantum systems with long-range inter-
actions. Nature 511, 198-201 (2014).

19. P. Jurcevic, B. P. Lanyon, P. Hauke, C. Hempel, P. Zoller, R. Blatt, C. F. Roos, Quasiparticle
engineering and entanglement propagation in a quantum many-body system. Nature
511, 202-205 (2014).

20. F. Mintert, C. Wunderlich, lon-trap quantum logic using long-wavelength radiation. Phys.
Rev. Lett. 87, 257904 (2001); Phys. Rev. Lett. 91, 029902(E) (2003).

21. C. Wunderlich, Laser Physics at the Limit, D. Meschede, C. Zimmerman, H. Figger, Eds.
(Springer, New York, 2002), p. 261.

22. C. Wunderlich, C. Balzer, Quantum measurements and new concepts for experiments with
trapped ions. Adv. At. Mol. Opt. Phys. 49, 293-372 (2003).

23. J. Chiaverini, W. E. Lybarger Jr., Laserless trapped-ion quantum simulations without spon-
taneous scattering using microtrap arrays. Phys. Rev. A 77, 022324 (2008).

24. C.Ospelkaus, C. E. Langer, J. M. Amini, K. R. Brown, D. Leibfried, D. J. Wineland, Trapped-ion
quantum logic gates based on oscillating magnetic fields. Phys. Rev. Lett. 101, 090502 (2008).

25. R. Ozeri, The trapped-ion qubit tool box. Contemp. Phys. 52, 531-550 (2011).

26. M. Johanning, A. Braun, N. Timoney, V. Elman, W. Neuhauser, C. Wunderlich, Individual
addressing of trapped ions and coupling of motional and spin states using RF radiation.
Phys. Rev. Lett. 102, 073004 (2009).

27. C. Ospelkaus, U. Warring, Y. Colombe, K. R. Brown, J. M. Amini, D. Leibfried, D. J. Wineland,
Microwave quantum logic gates for trapped ions. Nature 476, 181-184 (2011).

28. N. Timoney, |. Baumgart, M. Johanning, A. F. Varén, M. B. Plenio, A. Retzker, C. Wunderlich,
Quantum gates and memory using microwave-dressed states. Nature 476, 185-188 (2011).

29. A. Khromova, C. Piltz, B. Scharfenberger, T. F. Gloger, M. Johanning, A. F. Varén,
C. Wunderlich, Designer spin pseudomolecule implemented with trapped ions in a
magnetic gradient. Phys. Rev. Lett. 108, 220502 (2012).

~N

9 of 10

9102 ‘v 1snBny uo /B1o Bewadualns sasueApe//:dny wWwoly papeojumod



R

ESEARCH ARTICLE

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52

Pil

. S. C. Webster, S. Weidt, K. Lake, J. J. McLoughlin, W. K. Hensinger, Simple manipulation of a
microwave dressed-state ion qubit. Phys. Rev. Lett. 111, 140501 (2013).

T. P. Harty, D. T. C. Allcock, C. J. Ballance, L. Guidoni, H. A. Janacek, N. M. Linke, D. N. Stacey,
D. M. Lucas, High-fidelity preparation, gates, memory, and readout of a trapped-ion quantum
bit. Phys. Rev. Lett. 113, 220501 (2014).

P. W. Shor, Algorithms for quantum computation: Discrete logarithms and factoring. Proc.
Annu. Symp. Found. Comput. Sci. 124-134 (1994).

L. K. Grover, Quantum mechanics helps in searching for a needle in a haystack. Phys. Rev.
Lett. 79, 325-328 (1997).

A. W. Harrow, A. Hassidim, S. Lloyd, Quantum algorithm for linear systems of equations.
Phys. Rev. Lett. 103, 150502 (2009).

J. Li, X. Peng, J. Du, D. Suter, An efficient exact quantum algorithm for the integer square-
free decomposition problem. Sci. Rep. 2, 260 (2012).

N. Wiebe, D. Braun, S. Lloyd, Quantum algorithm for data fitting, Phys. Rev. Lett. 109,
050505 (2012).

T. D. Ladd, F. Jelezko, R. Laflamme, Y. Nakamura, C. Monroe, J. L. O'Brien, Quantum com-
puters. Nature 464, 45-53 (2010).

C. Piltz, T. Sriarunothai, A. F. Varén, C. Wunderlich, A trapped-ion-based quantum byte with
107° next-neighbour cross-talk. Nat. Commun. 5, 4679 (2014).

C. Balzer, A. Braun, T. Hannemann, C. Paape, M. Ettler, W. Neuhauser, C. Wunderlich, Elec-
trodynamically trapped Yb* ions for quantum information processing. Phys. Rev. A 73
041407 (2006).

C. Piltz, B. Scharfenberger, A. Khromova, A. F. Varén, C. Wunderlich, Protecting conditional
quantum gates by robust dynamical decoupling. Phys. Rev. Lett. 110, 200501 (2013).

D. W. Leung, I. L. Chuang, F. Yamaguchi, Y. Yamamoto, Efficient implementation of
coupled logic gates for quantum computation. Phys. Rev. A 61, 042310 (2000).

R. Jozsa, Quantum algorithms and the Fourier transform. Proc. R. Soc. London Ser. A 454,
323 (1998).

C. M. Bowden, G. Chen, Z. Diao, A. Klappenecker, The universality of the quantum Fourier
transform in forming the basis of quantum computing algorithms. J. Math. Anal. Appl. 274,
69-80 (2002).

Y. S. Weinstein, M. A. Pravia, E. M. Fortunato, S. Lloyd, D. G. Cory, Implementation of the
quantum Fourier transform. Phys. Rev. Lett. 86, 1889-1891 (2001).

L. M. K. Vandersypen, M. Steffen, G. Breyta, C. S. Yannoni, M. H. Sherwood, I. L. Chuang,
Experimental realization of Shor's quantum factoring algorithm using nuclear magnetic
resonance. Nature 414, 883-887 (2001).

P. Schindler, D. Nigg, T. Monz, J. T. Barreiro, E. Martinez, S. X. Wang, S. Quint, M. F. Brand|,
V. Nebendahl, C. F. Roos, M. Chwalla, M. Hennrich, R. Blatt, A quantum information
processor with trapped ions. New J. Phys. 15, 123012 (2013).

J. Chiaverini, J. Britton, D. Leibfried, E. Knill, M. D. Barrett,. R. B. Blakestad, W. M. Itano,
J. D. Jost, C. Langer, R. Ozeri, T. Schaetz, D. J. Wineland, Implementation of the semi-
classical quantum Fourier transform in a scalable system. Science 308, 997-1000 (2005).
K. Dorai, D. Suter, Efficient implementation of the quantum Fourier transform: An exper-
imental perspective. Int. J. Quant. Inf. 3, 413 (2005).

M. D. Bowdrey, J. A. Jones, E. Knill, R. Laflamme, Compiling gate networks on an Ising
quantum computer. Phys. Rev. A 72, 032315 (2005).

T. Schulte-Herbriggen, A. Sporl, N. Khaneja, S. J. Glaser, Optimal control-based efficient
synthesis of building blocks of quantum algorithms: A perspective from network
complexity towards time complexity. Phys. Rev. A 72, 042331 (2005).

R. Fisher, F. Helmer, S. J. Glaser, F. Marquardt, T. Schulte-Herbriggen, Optimal control of
circuit quantum electrodynamics in one and two dimensions. Phys. Rev. B 81, 085328
(2010)

S. S. lvanov, M. Johanning, C. Wunderlich, Simplified implementation of the quantum
Fourier transform with Ising-type Hamiltonians: Example with ion traps. Quantum Phys.
arXiv:1503.08806 (2015).

tz et al. Sci. Adv. 2016;2:e1600093 8 July 2016

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

. C. A. Fuchs, Distinguishability and accessible information in quantum theory. Quantum
Phys. arXiv:quant-ph/9601020 (1996).

M. D. Hughes, B. Lekitsch, J. A. Broersma, W. K. Hensinger, Microfabricated ion traps. Contemp.
Phys. 52, 505-529 (2011).

D. Mc Hugh, J. Twamley, Quantum computer using a trapped-ion spin molecule and
microwave radiation. Phys. Rev. A 71, 012315 (2005).

S. A. Schulz, U. Poschinger, F. Ziesel, F. Schmidt-Kaler, Sideband cooling and coherent
dynamics in a microchip multi-segmented ion trap. New J. Phys. 10, 045007 (2008).

J. Welzel, A. Bautista-Salvador, C. Abarbanel, V. Wineman-Fisher, C. Wunderlich, R. Folman,
F. Schmidt-Kaler, Designing spin-spin interactions with one and two dimensional ion
crystals in planar micro traps. Eur. Phys. J. D 65, 285-297 (2011).

D. Kaufmann, T. Collath, M. T. Baig, P. Kaufmann, E. Asenwar, M. Johanning, C. Wunderlich,
Thick-film technology for ultra high vacuum interfaces of micro-structured traps. Appl. Phys. B
107, 935-943 (2012).

S. Zippilli, M. Johanning, S. M. Giampaolo, C. Wunderlich, F. llluminati, Adiabatic quantum
simulation with a segmented ion trap: Application to long-distance entanglement in
quantum spin systems. Phys. Rev. A 89, 042308 (2014).

B. Lekitsch, S. Weidt, A. G. Fowler, K. Mglmer, S. J. Devitt, C. Wunderlich, W. K. Hensinger,
Blueprint for a microwave ion trap quantum computer. Quantum Phys. arXiv:1508.00420 (2015).
K. R. Brown, A. C. Wilson, Y. Colombe, C. Ospelkaus, A. M. Meier, E. Knill, D. Leibfried,
D. J. Wineland, Single-qubit-gate error below 107 in a trapped ion. Phys. Rev. A 84,
030303 (2011).

Y. Li, S. C. Benjamin, High threshold distributed quantum computing with three-qubit
nodes. New J. Phys. 14, 093008 (2012).

L. Jiang, J. M. Taylor, K. Nemoto, W. J. Munro, R. Van Meter, M. D. Lukin, Quantum repeater
with encoding. Phys. Rev. A 79, 032325 (2009).

D. Yang, G. S. Giri, M. Johanning, C. Wunderlich, P. Zoller, P. Hauke, Trapped ion quantum
simulation of (1 + 1)D lattice QED with spins and phonons. arXiv:1604.03124 (2016).

A. M. Souza, G. A. Alvarez, D. Suter, Robust dynamical decoupling for quantum computing
and quantum memory. Phys. Rev. Lett. 106, 240501 (2011).

S. Wolk, C. Piltz, T. Sriarunothai, C. Wunderlich, State selective detection of hyperfine qubits.
J. Phys. B At. Mol. Opt. Phys. 48, 075101 (2015).

R. Noek, G. Vrijsen, D. Gaultney, E. Mount, T. Kim, P. Maunz, J. Kim, High speed, high fidelity
detection of an atomic hyperfine qubit. Opt. Lett. 38, 4735-4738 (2013).

Acknowledgments
Funding: We acknowledge funding from the Deutsche Forschungsgemeinschaft, the Bundes-

mi
en

nisterium fiir Bildung und Forschung (FK 16KIS0128), and the European Community’s Sev-
th Framework Programme (FP7/2007-2013) under grant agreement no. 270843 (iQIT).

Author contributions: CW. proposed the project and conceived the idea. C.P. and T.S. carried

ou

t the experimental study. S.S.I. proposed and developed the realization of the QFT. S.W.

assisted in data analysis and interpretation of the results. C.P. and C.W. wrote the paper. All

au

thors analyzed the data and commented on the manuscript. Competing interests: The

authors declare that they have no competing interests. Data and materials availability: All

da
rel

Sul
Ac
Pu
10

ta needed to evaluate the conclusions in the paper are present in the paper. Additional data
ated to this paper may be requested from the authors.

bmitted 19 January 2016
cepted 14 June 2016
blished 8 July 2016
.1126/sciadv.1600093

Citation: C. Piltz, T. Sriarunothai, S. S. Ivanov, S. Walk, C. Wunderlich, Versatile microwave-
driven trapped ion spin system for quantum information processing. Sci. Adv. 2, e1600093
(2016).

10 of 10

9102 ‘v 1snBny uo /B1o Bewadualns sasueApe//:dny wWwoly papeojumod



OO amnpe  Versatile microwave-driven trapped ion spin system for
S{_]LHLLAdVdHLEE: quantum information processing

Wass - Christian Piltz, Theeraphot Sriarunothai, Svetoslav S. Ivanov,
Sabine Wolk and Christof Wunderlich (July 8, 2016)
Sci Adv 2016, 2:.
doi: 10.1126/sciadv.1600093

This article is publisher under a Creative Commons license. The specific license under which
this article is published is noted on the first page.

For articles published under CC BY licenses, you may freely distribute, adapt, or reuse the
article, including for commercial purposes, provided you give proper attribution.

For articles published under CC BY-NC licenses, you may distribute, adapt, or reuse the article
for non-commerical purposes. Commercial use requires prior permission from the American
Association for the Advancement of Science (AAAS). You may request permission by clicking
here.

The following resources related to this article are available online at
http://advances.sciencemag.org. (This information is current as of August 4, 2016):

Updated information and services, including high-resolution figures, can be found in the
online version of this article at:
http://advances.sciencemag.org/content/2/7/e1600093.full

This article cites 61 articles, 7 of which you can access for free at:
http://advances.sciencemag.org/content/2/7/e1600093#BIBL

Science Advances (ISSN 2375-2548) publishes new articles weekly. The journal is
published by the American Association for the Advancement of Science (AAAS), 1200 New
York Avenue NW, Washington, DC 20005. Copyright is held by the Authors unless stated
otherwise. AAAS is the exclusive licensee. The title Science Advances is a registered
trademark of AAAS

9102 ‘v 1snBny uo /B1o Bewadualns sasueApe//:dny wWwoly papeojumod



