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Experimental Realization of Nonadiabatic Holonomic Single-Qubit Quantum
Gates with Optimal Control in a Trapped Ion
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Quantum computation with quantum gates induced by geometric phases is regarded as a promising
strategy in fault-tolerant quantum computation, owing to its robustness against operational noise. How-
ever, because of the parametric restrictions in previous schemes, the main robust advantage of holonomic
quantum gates is reduced. Here, we experimentally demonstrate a solution scheme, obtaining nonadiabatic
holonomic single-qubit quantum gates with optimal control in a trapped "' Yb* ion based on a three-level
system with resonant driving, which also has the advantages of rapid evolution and convenient imple-
mentation. Compared with previous geometric gates and conventional dynamical gates, the superiority
of our scheme is that it is more robust against control amplitude errors, which is confirmed by the gate
infidelity as measured by both quantum-process tomography and random benchmarking methods. In addi-
tion, we outline how nontrivial two-qubit holonomic gates can also be realized using currently available
experimental technology. Thus, our experiment confirms the feasibility of this robust and fast holonomic

quantum-computation strategy.
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I. INTRODUCTION

Recently, the construction of practical quantum comput-
ers has attracted much attention. However, any large-scale
quantum system is inevitably subjected to the influence of
control fields and the surrounding environment, leading to
corruption of the desired quantum information. Thus, there
is a need for robust and fast quantum-information process-
ing. Interestingly, both Abelian [1] and non-Abelian [2]
geometric phases, which depend only on the global prop-
erties of the evolution trajectories, have intrinsic robust
features against certain local noises [3—6]. Moreover, given
the decoherence of quantum systems, nonadiabatic evo-
lution [7] is preferred to adiabatic evolution [1,2], which
requires a long run time. In this context, high-fidelity quan-
tum gates obtained in a nonadiabatic geometric way are
of great interest [8,9], and therefore considerable attention
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has been devoted to nonadiabatic geometric quantum com-
putation [10].

The non-Abelian geometric phase has the intrinsic prop-
erty of noncommutativity, and thus it can naturally be
used to realize universal quantum gates for so-called holo-
nomic quantum computation, which was originally pro-
posed [11,12] and experimentally demonstrated [13,14]
on the basis of adiabatic evolution. However, environ-
mentally induced noise will impose a severe limitation
on gate performance, because of the limited coherence
time of a quantum system. To overcome this limitation,
nonadiabatic holonomic quantum-computation (NHQC)
schemes [15,16] have been proposed, in which the restric-
tion to an adiabatic condition is removed. The pioneer-
ing NHQC schemes have been extended theoretically
[17-25] and verified experimentally using superconduct-
ing circuits [26—28], nuclear magnetic resonance (NMR)
[29-31], nitrogen-vacancy centers in diamond [32—37],
and other approaches. However, owing to restrictions on
the parameters in the governing Hamiltonian, these NHQC
schemes are subject to systematic errors [38,39], which
removes the main advantage of geometric quantum gates.

© 2020 American Physical Society
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Recently, theoretical schemes [40,41] have been pro-
posed to relieve the parametric constraints of previous
NHQC schemes, and an arbitrary holonomic quantum gate
can thereby be achieved in a single-loop evolution. Follow-
ing Ref. [40], a shortcut to non-Abelian geometric gates
has been demonstrated experimentally [42] in a super-
conducting circuit with off-resonance drives. However, for
compatibility with pulse shaping, the detuning between the
drive and the corresponding qubit should be time depen-
dent, and furthermore, the detuning and the driving ampli-
tudes should be precisely controlled in a correlated way,
which is difficult to achieve experimentally. Therefore, the
implementation of a robust NHQC (RNHQC) with reso-
nant drives is a preferable experimental approach, since it
only requires control of the two resonant driving fields.

In this paper, we present an experimental demonstration
of nonadiabatic holonomic quantum gates in the RNHQC
scheme [41] using a trapped '7'Yb™ ion with a three-level
configuration. To introduce optimal control for the holo-
nomic gates, the evolution of the nonadiabatic holonomy is
induced by modulating both the time-dependent amplitude
and phase of a two-tone resonant microwave drive. In our
realization, characterized by a random benchmarking (RB)
method, the obtained average gate fidelity is above 99%
and is restricted mainly by the limited coherence times.
Moreover, we demonstrate that our holonomic gates are
more robust against control amplitude errors than both pre-
vious NHQC schemes and conventional dynamical gates,
under the same maximum drive amplitude. In addition,
in combination with a nontrivial nonadiabatic holonomic
two-qubit gate, universal RNHQC can be achieved in
this trapped-ion setup using current technology. Thus,
our experimental results demonstrate the possibility of
RNHQC and are relevant for the development of practical
large-scale quantum systems.

II. UNIVERSAL SINGLE-QUBIT GATES

We first address the realization of arbitrary holo-
nomic single-qubit gates in the {|0),|1)} subspace on
S1/» ground states of a trapped '"'YbT ion, with |0) =
|le/2,F = l,mp = O) and |1> = |le/2,F = l,mF = 1)
la) = |2Sl/2,F =0,mr =0) is an auxiliary state, as
shown in Fig. 1(a). The holonomic quantum gates are
realized by applying two microwave fields with time-
dependent amplitude and phase, which are resonantly
coupled to the transitions |0) <> |a) and |1) < |a), respec-
tively. In the interaction picture with respect to the free
Hamiltonian of the ion, this interaction Hamiltonian can
be written as

Qo(t . Q(t .
H() = %fl%mm) (a] + %e"‘bl(’)ll)(al +H.c.
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FIG. 1. Realization of arbitrary single-qubit nonadiabatic
holonomic gates. (a) Hyperfine energy levels of a '7'Yb™ ion
The qubit states |0) and |1) are encoded in |2S1/2,F =1,mp =
0), and |ZSI/2,F = 1,mp = 1), respectively. Two microwave
fields wy, and w,, are resonantly coupled with transitions |0) <
|a) and |1) <> |a) to generate holonomic gates in the qubit sub-
space. (b) Illustration of the implemented holonomic gates in
the Bloch sphere of the {|b), |a)} subspace. The whole evolu-
tion is divided into two steps: first evolving from the bright state
|b) to the auxiliary state |a) and then back with an additional
phase. (c) Our simplified experimental setup. An ion is trapped
in a needle trap that has a pair of rf electrodes and two pairs
of dc electrodes. The microwaves generated from an AWG mix
with microwave from a signal generator (E8257D), and then this
mixed signal interacts with the ion through a microwave horn.

Here, ©; and ¢; (j =0,1) are related to the time-
dependent amplitudes and phases, respectively, of the

two microwave fields; Q (1) = \/Q3(1) + Q2(¢) and |b) =

sin(0/2)|0) — cos(8/2)e?|1), where tan(0/2) = Q(¢)/
Q1(#), with 6 being time independent, and ¢ = ¢ (¢) —
¢1(¢) + 7 is a constant angle. From the Hamiltonian H, (¢),
the quantum dynamics reduces to a resonant coupling
between the bright state |») and the auxiliary state |a),
which leaves the dark state |d) = —cos(6/2)e~*|0) —
sin(6/2)|1) decoupled from the {|b), |a)} subspace. That
is, under the Hamiltonian H;(f) with constant 6 and ¢,
the dark state |d) will remain unchanged. Thus, all of
the dynamical processes occur within the {|b), |a)} sub-
space, in which the time-dependent Schrodinger equation
i(0/90) | (D)) = Hi ()| (1)) is satisfied [43]. In this sub-
space, the evolution state |1 (#)) that induces the holonomy
can generally be parameterized by two time-dependent
angles «(¢) and B(¢) and a global time-dependent phase
f(?) as follows:

V(D) = 2

e~ /2 cos[a () /2]ePD/?
sin[o (t)/2]e—i/3(t)/2
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According to the time-dependent Schrodinger equation,
the relationships between the parameters in the evolution
state |y (¢r)) and the Hamiltonian H () can be solved as

f(t) =B/ cosa(d), (3a)
a() = Q@) sin[B(2) + ¢o(D)], (3b)
B(t) = Q) cota(t) cos [B() + do(D],  (3¢)

where the dot indicates the time derivative. In particu-
lar, under the conditions in Egs. (3), we can choose an
appropriate set of variables «a/(?), f (), and B(¢) to inversely
engineer the Hamiltonian H, (f) and determine a target evo-
lution path. Therefore, we can design the path to induce
a pure non-Abelian geometric phase on the bright state
|b) after a cyclic evolution [40,41], from which arbitrary
nonadiabatic holonomic single-qubit quantum gates can be
constructed in the {|0), |1)} subspace.

Specifically, during a cyclic evolution with time 7, we
seta(t) =m sinz(nt/T) and f(t) = n[2«a — sin(2w)], with
n being a constant, which chooses an evolution path for
the purpose of optimization; see Appendix A for details.
Meanwhile, the evolution path should be divided into two
equal time intervals [0, 7/2] and [7/2, T]. During the first
interval ¢ € [0, T/2], the initial value of B(¢) is set to
B1(0) =0, and B1(T/2) = [;*f (1) cosa(#) dt = 0. The
corresponding evolution operator is U (7/2,0) = |d){(d| +
e”a)(b|, where y; = —f (T/2)/2. During the second
interval t € [T/2,T], we set B,(T/2) =y, and Bo(T) =
fTT/2 /() cosa(f)dt = y, with y being an arbitrary con-
stant angle. Then, the evolution operator is U, (T, T/2) =
|d)(d| + €"2|b)(a|, where y» = f (T/2)/2 + y. For geo-
metric visualization of the cyclic evolution, as shown in
Fig. 1(b), the two evolution paths have rotational symme-
try on the Bloch sphere, and the cyclic geometric phase is
exactly the rotation angle y corresponding to half the solid
angle of the rotation area. Therefore, even if dynamical
phase has accumulated during the evolution process, it will
be concealed at the end of the cyclic evolution. Moreover,
the dark state is always decoupled. Consequently, the holo-
nomic matrix is given by U(T,0) = |d)(d| + € |b)(b| in
the {|d), |b)} subspace, as a consequence of which arbitrary
holonomic single-qubit gates in the qubit basis {|0), |1)}
are represented as

U, ¢,y) = e"/2e v/me, 4)

where n = (sinf cos ¢, sin 8 sin ¢, cos #) and the compo-
nents of o are the Pauli matrices. This rotation matrix U
describes a rotation around the axis n by an angle y, up to
a global phase factor exp(iy /2).

1. EXPERIMENTAL REALIZATIONS

Our experiment is performed on a trapped "' Yb™ ion,
with the simplified circuits being shown schematically

in Fig. 1(c). The two energy-level differences between
|0), |a), and |0}, |1} in our qutrit are measured to be wy, =
12.6428 GHz and wy; = 12.5 MHz, with the correspond-
ing magnetic field being about 8.93 G. This magnetic field
is produced by 30 permanent magnets fixed in a circu-
lar aluminum holder to avoid magnetic disturbances [44].
The microwave driving on the qutrit is generated from
a 12.4428 GHz signal generator (Agilent E8257D), and
this is mixed with a 200-MHz microwave signal gener-
ated from an arbitrary waveform generator (AWG). After
a high-pass filter (HPF), this signal is amplified to about
10 W and then sent to the ion via a microwave horn [45].
Our trap device is shielded with a 1.5-mm-thick single
layer of p metal [46], making the coherence times, mea-
sured by Ramsey experiments, about 20 and 200 ms for the
[1) <> |a) and |0) < |a) transitions, respectively. Through
optimized time-dependent amplitude and phase modula-
tion, we can couple the transitions |0) <> |a) and |1) < |a)
simultaneously, to achieve a target geometric gate.

In each cycle, the experiment adopts the following pro-
cedure: after 1-ms Doppler cooling, the state of the ion is
initialized to |a) by 20-us optical pumping [47]. Then, a
resonant microwave drives the transition |a) <> |0), which
prepares the ion in the |0) state with 99.5% fidelity. The
holonomic gates are obtained through two microwave
fields with frequencies wg, and w;, resonantly coupled to
the |0) <> |a) and |1) <> |a) transitions, the amplitudes and
phases of which are modulated according to the condi-
tions in Egs. (3). Finally, a microwave field with frequency
wo, (w1,) 1s resonantly coupled to the transition |0) <> |a)
(|1) <> |a)), which transfers the final |0) (|1)) state to the
|a) state for the purpose of state-dependent fluorescence
detection, through an objective with NA = 0.4.

Here, we first describe the experiment with the global
time-dependent phase being taken as f(¢f) = n[2«a —
sin(2e)]; without loss of generality, we choose n =
1/5. The corresponding gate duration is 224 us under
the maximum driving strength of (2mw) 10 kHz. We
characterize the single-qubit holonomic gate through
standard quantum-process tomography (QPT), and the
corresponding experimental sequences are shown in
Fig. 2(a). In the QPT process, we first prepare a set
of states [|0), (1), (10) + 1))/+/2,(10) = [1))//2, (10) +
il1))/+/2, (10) — i|1))/+/2] by applying the set of respec-
tive operations [/, R.(7),R,(7/2),R,(—7/2), R (—7/2),
R.(/2)] to the state |0). The holonomic gate is then
implemented immediately. Finally, we measure the output
states through quantum-state tomography to reconstruct
the states. The process matrices are estimated from all the
results through a maximum-likelihood estimation method
[48]. We use the process fidelity Fax = |Tr()xexp X:L)| to
evaluate the QPT results, where x.y, and xy, are the exper-
imental and theoretical process matrices, respectively. The
experimental results for four example gates U(rr /2,0, ),
U(m/4,0,7), U0,0,7/4), and U(0,0,7/2), which are
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FIG. 2. QPT results for holonomic single-qubit quantum gates.
(a) Experimental sequences for the QPT. A group of com-
plete bases are used to prepare the initial state, and each final
state is reconstructed by performing quantum-state tomography.
An arbitrary holonomic single-qubit gate to be characterized is
implemented in the middle of these sequences. (b) Bar charts
of the real and imaginary parts of the process matrix for the X,
H, T, and S gates. The solid black outlines are plotted from the
theoretical estimation.

respectively the X, H, T, and S gates, are shown in
Fig. 2(b), and the corresponding gate fidelities are found
to be Fy =9721%=+0.03%, Fy = 97.65% % 0.06%,
Fr=97.85% £ 0.05%, and Fy = 97.43% =+ 0.03%.

To characterize the performance of the implemented
holonomic single-qubit quantum gates, we also use the
random benchmarking method, which is not dependent
on perfect state preparation and measurement. A refer-
ence RB experiment and an interleaved RB experiment are
performed to investigate the fidelity of the implemented
gates, the experimental sequences of which are shown
in Fig. 3(a). The results for four holonomic single-qubit
gates are shown in Fig. 3(b). The reference RB experi-
ment gives the average fidelity Faye = 99% of single-qubit
gates in the Clifford group. The interleaved RB experiment
gives the fidelity of specific holonomic gates, which are
found to be Fy = 99.10%, Fy = 98.90%, Fr = 99.20%,
and Fg = 99.10%, respectively. The remaining infidelity
arises mainly from decoherence of the |1) state due to
magnetic field disturbance.

IV. ROBUSTNESS TEST

We now proceed to demonstrate the robustness of the
gates against control amplitude errors, which are among
the main sources of gate errors in large-scale quantum
systems. We compare RNHQC gates (n = 1) with conven-
tional NHQC gates (n = 0) (see Appendix A for details),
under the same maximum driving strength [(277)10 kHz
in our experiment], which is limited by the power of our
amplifier. The gate durations of the RNHQC and NHQC

(a)
Reference === Cym=C3m=Cymm == == C,,=—{{] _’7‘~_
Interleaved -(Cl- X )—(Cz- X )— — -(Cm- X )— U —’7‘—
(b)
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= -
qg.: 0.6 F
o 05F
N
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Number of Clifford gates
FIG. 3. RB results for holonomic single-qubit quantum gates.

(a) Sequences of reference and interleaved RB experiments.
(b) Sequence fidelity with the number of Clifford gates. The
fidelity for each sequence length is measured for 20 different
random sequences, with the standard deviation from the mean
plotted as the error bars. All curves are fitted through F' = Ap™ +
B. The average gate fidelity is calculated using Fye = 1 — (1 —
Dref)/2, and a specific gate fidelity is calculated using Fye =
I — (1 = pgate/Pret) /2, Where prer and pgace are the p parameters
for the reference and interleaved RB processes, respectively.

gates are 815.6 and 157 us, respectively. Figures 4(a) and
4(b) show the results of our experimental characterization
of the performances of the X and H gates, respectively, as
functions of the Rabi-frequency error €, obtained using a
single-qubit RB method for both the RNHQC and NHQC
cases. All of the experimental results agree very well with
the numerical simulations. The comparisons clearly illus-
trate the distinct advantages of the realized RNHQC gates
with regard to the effect of amplitude errors, especially in
the case of large errors, for both of the demonstrated gates.

We also demonstrate the superiority of quantum gates
in RNHQC over dynamical gates in terms of robustness
against amplitude errors, under the same pulse shape. In
our experiment, we compare the holonomic gates (1) with
the dynamical gates (np) under the same driving pulse,
with the maximum driving strength being (27)10 kHz
and n = np (see Appendix B for details). The correspond-
ing durations of the geometric and dynamical gates are
both 429.8 ws. Figures 4(c) and 4(d) show the results
of our experimental characterization of the performances
of the X and H gates, respectively, as functions of the
Rabi-frequency error €, obtained using the single-qubit RB
method for both the RNHQC and dynamical cases. These
results again show the superiority of holonomic gates over
dynamical ones.

V. NONTRIVIAL TWO-QUBIT GATES

To achieve universal quantum computation, two-qubit
entangling gates are also necessary. Here, we propose a
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FIG. 4. Noise-resilient features of different types of quantum
gates. In (a),(b), the X and H gate infidelities, respectively, are
plotted as functions of the Rabi-frequency error for RNHQC with
n = 1 and conventional NHQC with n = 0. These results indi-
cate the superiority of RNHQC against Rabi-frequency error,
especially when the error is large. In (¢),(d), the infidelities of
both holonomic and dynamical gates are plotted as functions of
the Rabi-frequency error for X and H gates, respectively. These
results indicate the superior robustness of holonomic gates com-
pared with dynamical ones. The error bars indicate the standard
deviation, and each data point is averaged over 2000 realizations.

feasible scheme to implement a robust nonadiabatic holo-
nomic controlled-phase gate between the internal atomic
states {|0),|1)} and the motional state of the ion. Only
the {|0), |1)} subspace of the motional state is considered,
while its Hilbert space is infinite. To avoid leakage out
of the logical subspace, a resonant blue sideband drive
couples the |a0) <> |11) transition (see Appendix C for
details), with the effective Hamiltonian in the interaction
picture being

Hy(1) = ?("&(”ul)(am + QT(t)ef”3<f>|ao><11|, (5)

where Q(¢) and ¢~>(t) are the effective coupling strength and
phase of the parametric drive, respectively. This effective
Hamiltonian has the same form as the Hamiltonian for the
single-qubit case in Eq. (1), with & = 0, and now the corre-
sponding bright state is |b) = |11). Similarly to the single-
qubit case, a geometric gate diag(e’”, e~") in the subspace
{|a0),|11)} can be realized through modulating the effec-
tive coupling strength () and its phase ¢ (7). For the two-
qubit computational subspace of {]|00),|01),[10),]|11)},

the resulting geometric operation reduces to a controlled-
phase gate with a conditional phase y, i.e.,

U(y) = diag(1,1,1,€"7). (6)

A universal set of quantum gates can then be realized in
this trapped-ion system.

VI. CONCLUSION

In conclusion, we experimentally demonstrate arbitrary
robust nonadiabatic holonomic single-qubit gates with res-
onant drives. The superiority against control amplitude
error of these gates is verified by comparing them with
gates in conventional NHQC, as well as with dynamical
gates. This distinct advantage of holonomic gates illus-
trates their promise as candidates for future robust quantum
computation. Finally, aiming at a universal RNHQC, we
also propose a scheme for a nontrivial two-qubit con-
trol phase gate, which can be realized with the spin qubit
and phonon qubit of an ion. Thus, our work confirms the
feasibility of RNHQC using trapped ions.
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APPENDIX A: OPTIMAL CONTROL TECHNIQUE

For the Hamiltonian H,(¢) in Eq. (1), there are two
adjustable time-dependent parameters, which enables us
to incorporate optimal control technique [43,49] to fur-
ther enhance the robustness of the implemented holonomic
quantum gates against amplitude errors. Here, we con-
sider the static amplitude error situation, i.e., 2 () — (1 +
€)S2(¢), and the Hamiltonian with this error can then be
written as

H.(t)=(1+ e)?e‘i%(’)w) (a] + H.c. (Al)

Under this type of error, an optimal control technique can
be adopted during the two intervals for the single-loop
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evolution to induce the holonomic quantum gates. Specif-
ically, the influence of the error can be evaluated at the
end of the first interval 7/2, and the probability amplitude
is then given by P. = |(¥/(t/2)|¥(r/2))> =14 O +
O+ - -, where [/(t/2)) is the output state under the
static amplitude error, and O,, is the mth-order perturba-
tion term. For realistic experimental realization, up to the
second order, this probability amplitude reads

2

T2
P.~1—¢? / e & sin® o dt (A2)
0

To achieve (Y (t/2)|Ve(t/2)> =1, we set a(f) =
b4 sinz(nt/T), f(® =n[2a —sinCx)], B1(0) =0, and
B1(T/2) = y, which gives

P, ~ 1 —ée*sin® nr/(2n)%; (A3)
i.e., for nonzero integer n, P, >~ 1. When n — 0, the cur-
rent implementation reduces to the previous NHQC case.
For experimental realization, comparing with the previ-
ous NHQC case with n = 0, we select n = 1 to demon-
strate the robustness of nonadiabatic holonomic quantum
gates against amplitude errors within the range of —0.2 <
€ <0.2. To provide a fair comparison, the same maxi-
mum value of (7) is set in both cases, namely, Q. =
(27)10 kHz. The maximum value of the optimized pulse

(a) (b)
. _l T T T T T T T l_ 1.0 _l T T T T T T T T T l_
1&eo H gate f‘
08 F yn H gate ’ ‘ 4
| |
0.6 | \ R
04 F / \ / \ ]
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c d
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t/T t/T
FIG. 5. Amplitudes and phases of the microwave field used in

our experiments. (a),(c) The normalized amplitudes and phases,
respectively, of conventional NHQC and RNHQC X gates.
(b),(d) The normalized amplitudes and phases, respectively, of
RNHQC and dynamical H gates.

is bounded by Qmax, and thus the improvement in gate
performance can only be attributed to the optimal control.
Specifically, the time-dependent amplitudes and phases of
both microwave fields in our experiment with n = 0 and
n =1 for the X gate U(xr/2,0, ) are given in Figs. 5(a)
and 5(c).

APPENDIX B: DYNAMICAL GATE

Here, we present the construction of arbitrary quan-
tum gates without canceling dynamical phase in a
single-loop evolution. Specifically, a cyclic evolution
with time 7 is divided into two equal time inter-
vals [0,7/2] and [7/2,T]. During the first interval ¢ €
[0,7/2], we set a(t) = sinz(nt/T) and f (1) = np[2a —
sin(2a)]. The initial value of B(¢) is set to B1(0) =
0, and B,(T/2) = OT/zf (H)cosa(t)dt =0. The corre-
sponding evolution operator is U;(7/2,0) = |d){d| +
e"\a)(b|, where y; = —f1(T/2)/2. During the second
interval t € [T/2,T], we set a(f) =nx sinz(m‘/T), and
f () = —np[2a —sinQ2a)], f2(T/2) =0, and Bo(T) =
fTT/z f () cosa()dt = 0. The evolution operator is then
Ux(T, T/2) = |d)(d| + e |b){al, where y» = —£1(T/2)/2.
Overall, after this cyclic evolution, the evolution matrix
is given by U(T,0) = |d)(d| + €"P|b)(b| in the {|d), |b)}
subspace with yp = —f1(T/2) = —2npm, and arbitrary
dynamical single-qubit gates are then represented in the
qubit basis {|0), 1)} as

U@, ¢, yp) = elvp/2 o=ilyp/Dm-0 (B1)
We can then experimentally confirm the superiority of the
geometric phase gate over the dynamical one in terms
of robustness against control amplitude errors —0.2 <
€ < 0.2 under the same driving amplitude. Because the
dynamical evolution depends on the parameter np, we can
construct geometric gates for the same evolution matrix
as in the main text under the condition np = n for the
same driving amplitude and yp = —2npw = y and with
the same parameters (6,¢). The time-dependent ampli-
tudes and phases of our experimental microwave fields
with np = n = —1/2 for the H gate U(;r /4,0, ) are given
in Figs. 5(b) and 5(d).

APPENDIX C: COUPLING OF SPIN AND
PHONONS

The motion of a charged particle trapped in a Paul trap
can be described by a set of basis states |n) in which
n=1,2,...,00[50]. These so-called phonon states are the
dynamical counterpart of the harmonic-oscillator number
(Fock) state. A nontrivial two-qubit control-phase gate can
be implemented on the spin and motional state of an ion.
As shown in Fig. 6, the interaction between the spin with
energy splitting wy, and the phonons with frequency w; can
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F=0

*P1 /2

FIG. 6. Energy-level diagram of a trapped !7'Yb™ ion. Two
355-nm pulsed laser beams perpendicular to each other are used
to excite the motional mode. The difference in frequency between
these two lasers is w,] — w2 = wo, + Wy, Which corresponds to
a blue sideband operation. By optimizing the waveform of this
blue sideband, a nontrivial two-qubit phase gate can be realized
as mentioned in the main text.

be induced by a pair of appropriately selected stimulated
Raman laser beams with beat-note frequency w,; — w,, =
wo, £ w;, in which 4+(—) denotes the blue (red) sideband
[51]. The blue sideband interaction can be described by the
effective two-level anti-Jaynes-Cummings Hamiltonian
Huiac = ihQnup(ora’e” +He)  (C)
under the rotational wave approximation (RWA), where
Q, = /1€, is the total Rabi frequency, nr p is the Lamb-
Dicke coefficient, and a'(a) is the creation (annihilation)
operator. To obtain tunable coupling, we can add an arbi-
trary waveform generator to modulate the phase ¢ and
amplitude €2, of one beam through an acousto-optical
modulator (AOM). Just like the microwave operations
mentioned in the main text, with optimized phase and
amplitude, two-qubit control-phase gates could be realized
through the blue sideband transition |a, 0) < |1, 1).

On our platform, nrp = 0.1 and w, = 2.4 MHz. With
20-mW average power in each laser beam, the effec-
tive Rabi frequency 1 p€2, of the blue sideband is about
100 ws. The corresponding time of the two-qubit gate
is about 224 us with the optimized parameter n = 1/5.
Although Raman operation will introduce more errors
than microwave operation, such as disturbances of the
intensity and phase of the laser, the stimulated Raman
process can be manipulated very rapidly with sufficient
laser power. Besides, the single-qubit gates experimentally
demonstrated in this paper could also be realized through
the stimulated Raman process with frequency w,; — w,, =

wyp,. With arbitrary single-qubit gates and a two-qubit con-
trol phase gate, universal quantum computation could be
realized on a trapped-ion platform.
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