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Solid-state rare-earth ions are promising candidates for implementing repeater nodes for quantum networks. However,
the state-of-the-art quantum nodes use only a single qubit per node, which greatly limits the functionality of the node and
the scalability of the network. Here, we propose a scheme that utilizes a hybrid system of two ion qubits coupled to a
nanophotonic cavity as a quantum node. Simultaneously applying a fast adiabatic pulse to the two ions can lead to an
effective interaction between the two ion spin qubits by exchanging virtual photons in the cavity. Using this interaction, a
controlled phase gate between the two ion qubits can be realized with a fidelity of 99.6%. Further utilizing this interaction,
entangled states within the node can be generated deterministically with high fidelity, and are robust to a variety of noises
and fluctuations. These results pave a way for fully functional quantum repeater nodes based on solid-state rare-earth ions.
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1. Introduction

Quantum networks play an important role in both fun-
damental research in quantum physics and in the application
of quantum technologies, ranging from long-distance quantum
communication to distributed quantum computing and quan-
tum sensing.!'#*! Quantum networks usually consist of quan-
tum repeater nodes and photonic channels, where quantum
nodes have various physical platforms as candidates. In re-
cent years, rare-earth ion doped in solids has emerged as a
promising platform that has attracted much attention.>-!71 On
the one hand, rare-earth ions have a strong electric dipole mo-
ment, which can form an efficient interface with flying pho-
tons. On the other hand, the electron and nuclear spins of rare-
earth ions have long coherence times and can be used as a
long-lived memory for quantum information.

Despite these impressive breakthroughs, current demon-
strations use only a single ion qubit per node,!4-1%! which con-
strains the functionality of quantum nodes and thereby greatly
impedes the scalability of quantum networks. A fully func-
tional quantum repeater node requires not only transducers
and memories to interface with photons, but also processors
to manipulate the information encoded in the entangled states.
Therefore, designing a multi-ion node capable of preparing

and manipulating entangled states is a highly desired, but chal-
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lenging goal. These challenges include: (i) rare-earth ions
have only weak magnetic dipole interactions with each other,
making it difficult to achieve strong coupling for entangle-
ment. (ii) Rare-earth ions typically have complex energy level
structures and decoherence mechanisms, it remains unclear
how to harness this complexity.

Here, we propose a hybrid system consisting of two rare-
earth ions in a nanophotonic cavity as a quantum repeater
node. We design a fast adiabatic pulse by adjusting the shape
and phase of the laser driving pulse. The fast adiabatic pulse is
then applied to the two ions simultaneously, causing the spin
states of the two ions to interact effectively through a virtual
photon process in the cavity. This method is able to maintain
the coherence of the hybrid system while effectively manip-
ulating the states of the two ions. Using this synchronized
fast adiabatic pulse, we demonstrate that entangling gates can
be achieved with a fidelity of up to 99.6% under realistic pa-
rameter conditions, which is a significant improvement over
the previously reported operation fidelity of the ions.['*17] In
addition, we demonstrate the robustness of this method to var-
ious noise and decoherence, as well as high-fidelity on-node
entanglement preparation. These results provide a powerful
and convenient toolbox for quantum nodes based on rare-earth

ions in solids.
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2. Models of quantum repeater nodes

As shown in Fig. 1, we consider a hybrid system that in-
cludes two rare-earth ions and a nanophotonic cavity. Such a
solid-state hybrid system can act as a fully functional quan-
tum repeater node. Firstly, each ion can act as a transducer
to realize an efficient interface with flying photons. Secondly,
the spin states of each ion can be used as a memory, capa-
ble of storing quantum information for a long time. More im-
portantly, we can design high-fidelity entanglement operations
between two ions that can act as a processor for quantum in-
formation.

T @@ (@)
AN

Driving pulse

Two rare-earth ions

Fig. 1. Schematic of two-ion nodes in a quantum network architecture.
Two rare-earth ions are coupled to a nanophotonic cavity, and this hy-
brid system can act as a fully functional quantum repeater node.

For concreteness, we consider a typical system:!!7l two
171Ybh3* ions doped in a YSOy4 crystal. The Hamiltonian of
each ion can be described as

1+
Hion = (Eg +g.uBBSz+DeSz) ) :
-1,

+(guBBS: + DgS;) ey

5
where 7, denotes the orbital state operator with eigenvalue of
—1 for the ground state and 1 for the excited state, and S, de-
notes the spin state operator with quantum number ms = 1/2
for the state | 1) and ms = —1/2 for the state | J). The pa-
rameter E; denotes the energy gap between the excited state
and the ground state, and the term gugBS, denotes the Zee-
man splitting of the spins in an external magnetic field. Dy
and D, denote zero-field spin splittings of the ground state and
the excited state, respectively.

Since rare-earth ions have large electric dipole moments,
we can apply a laser driving field to manipulate each ion.
Working in a rotating frame with the laser frequency @, we
can write down the control Hamiltonian

A oL .
Hy = gugBS; + DS, — ESZ + ?Tz + (gLT— +gLT+)7 )

where we define D = (Dg+De)/2 and A = (Dg —De)/2 as
the mean and difference between zero-field spin splittings, T+

represent the transitions between the ground and excited states,
O, = Eg — @y is the frequency detuning, and gy is the driving
strength of the laser field.

When the whole crystal is placed in a nanophotonic cav-
ity, each ion couples to the cavity field. Therefore, the interac-
tion Hamiltonian can be written as

H.=d.a'a+g(t a+1 a"), 3)

where §; = @. — @ denotes the frequency detuning between
the cavity field and the laser field. «" and a denote the creation
and annihilation operators of the cavity photon mode, and g,
is the coupling strength between the ion and the cavity.

Putting things together, the whole Hamiltonian of the hy-
brid system can be described as

H=Hy+V, 4)
147 .
Hy=6&a'a+ ) > (0L +ASY), (5)
=12
V=Y (gLt +gua't. +Hc.). (©6)

i=1.2

Here we use the label i to denote the ions.

3. Synchronized fast adiabatic pulses

The hybrid system consists of two ions and a cavity,
which contains multiple degrees of freedom. It is therefore
subject to various noises and fluctuations. For example, the
excited state can suffer from decoherence processes due to
charge noise in the environment, and the photon modes can
leak due to imperfections in the cavity. Additional noises and
fluctuations are introduced when the control pulses are ap-
plied. For example, when adjusting the waveform of the laser
driving field, it is sensitive to external charge noise, leading to
significant errors.

Adiabatic pulses have been developed to compensate for
the effects of noises and fluctuations. Adiabatic tuning con-
trol pulses, which keep the quantum system in the instanta-
neous eigenstates, can avoid errors caused by non-adiabatic
transitions of quantum states. However, the adiabatic pro-
cess requires a long evolution time, and the decoherence ef-
fects accumulated during this time can introduce significant
errors. Therefore, there is a strong interest in developing a

(18211 Among them, fast adi-

shortcut to adiabaticity methods.
abatic pulses can both eliminate the non-adiabatic transitions
between quantum states and shorten the manipulation time by
designing suitable driving field waveforms. In recent years,
fast adiabatic pulses have been demonstrated in various single-
qubit systems. 2>~

However, hybrid systems have complex energy level
structures and interactions compared to single-quantum sys-
tems. In particular, due to the large differences in the manipu-

lation and decoherence times of each component of the hybrid
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system, this poses a completely new challenge in designing the
corresponding fast adiabatic pulses.

As shown in Fig. 2, we designed a synchronized fast adia-
batic pulse sequence. At the rising stage of the pulse, the laser
field drives the ion to the excited state. At the falling stage
of the pulse, the laser field drives the ion back to the ground
state. Because the laser pulse is detuned from the transition
frequency of the ion, the ion does not occupy the excited state
and does not emit a real photon into the cavity, but is disper-
sively coupled to a virtual photon in the cavity field. When
this pulse sequence is applied to the two ions at the same time,
both ions can interact with a virtual photon in the cavity field.
In this way, the excitation of one ion can be transferred to the
other ion by exchanging a virtual photon in the cavity.

@
| El ‘7
<"\ \\\ AV
Cavity Laser Cavity Laser
T -
T )
Ybl Yb2
(b)
18}
N
T 12¢
&
s 6f

0 100 200 300 400 500
Operation time (ns)

Fig. 2. (a) Schematic of two-ion energy levels with laser pulses. The
laser pulses drive the two ions into virtual excited states and back to the
ground states synchronizedly, and thereby the two ions are coupled via
exchange of virtual photons in the cavity. (b) The laser pulse gp () as a
function of time. This pulse is designed as a convolution of a rectangle
and a Gaussian shape.

On the other hand, because the driving pulse is slowly
varying, the adiabatic theorem ensures that the system stays
in the instantaneous eigenstate of the time dependent Hamil-
tonian. Such a fast adiabatic pulse allows efficient gate op-
erations between ions and avoids errors due to non-adiabatic
transitions outside the computational subspace.

To better understand this synchronized fast adiabatic
pulse, we utilize the Schrieffer—Wolff transformation to de-

[26,27

scribe the hybrid system. I First, we write the total Hamil-

tonian as the sum of the free part Hy and perturbed part V as
in Eq. (4). Then we apply a unitary transformation U = e*,

which gives

Her = eSHe S~ H+[S H]+ %[& [S,H]]
1 1
+8[Sa [S7 [SﬂHme_ﬂ[& [S7 [S’ [Sva] (7)

Notice that the coupling between each ion and the cavity field
under the fast adiabatic pulse is a second order virtual photon
process. So the interaction between the two ions is a fourth or-
der virtual photon process. Here we calculate the Schrieffer—
Wolff transformation to the fourth order of perturbation theory.

In order to eliminate the cavity field term, we choose the

transformation matrix S to satisfy [S,Hy] = —V, and we can
obtain the effective Hamiltonian in the spin subspace of the
two ions as
8+%’+% 0 0 0
0 8+% 7% 0 0
Heff - 0 0 871 +l 0 (8)
272
0 0 0 € 1 1
202
This is a diagonal matrix whose diagonal terms are
_ 2|nggL2|gC1gCQCOS(¢1 _¢2) (9)

& V/ - )
s 2 (81 + Amg1 ) (012 + Amg ) 6

where ¢ is the phase of the laser pulse. Here we define the
two-qubit computational subspace in the logic bases of two-
ion spins: | 14, 11), 11, ] 1.

This effective Hamiltonian evolves over time ¢, generat-
ing a quantum gate Us, = exp(—iHesi?). As a single-qubit op-
eration, it realizes a controlled-phase gate operation between
two ion spins U, = diag(e'?,1,1,1) with phase 7. In particu-
lar, this gate operation is realized by applying a fast adiabatic
pulse and using the virtual photon process. So this scheme is
immune to some noises and fluctuations in the hybrid system
while accomplishing gate operations.

4. Master equation of the hybrid system

To evaluate the performance of this synchronized fast adi-
abatic operation, we use the master equation to model the dy-
namics of the hybrid system

p = —i[H,p]+«Dlalp

+ le (nDlo; lp+%Dloflp) (10)
=1,

where p is the density matrix of the hybrid system, H is the
Hamiltonian of the hybrid system, and the Lindblad operator
D[0]p = 0pO' — (0T0p + p0O'0)/2 describes the environ-
mentally induced decoherence processes: the relaxation pro-
cess % = 1/7; and the dephasing process ¥3 = 1/Ty of the ion
spins, as well as the leakage process k of the cavity. On the
other hand, we design the control pulse gp.(¢) as a convolution
of a rectangular and a Gaussian shape. As shown in Fig. 2(b),
such a control pulse can be characterized by the following pa-
rameters: the frequency detuning &, of the laser field, the max-
imum amplitude g1 max of the pulse, and the full widths at half-
maximum fFwHM,r> IFwHM,¢ Of the rectangle and the Gaussian
shapes.
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In order to obtain a scheme that is instructive for experi-
ments, we use experimentally feasible control parameters and
noise parameters in our simulations:['*?%-3%1 the spin relax-
ation time 7; = 10 ms, the spin dephasing time Ty = 0.8 ms
and k¥ =20 MHz; g. = 100 MHz, g1 max = 18 MHz, trwhm,r =
20 ns and trwHMm,g = 133 ns.

5. Performance of synchronized fast adiabatic
pulses

First, we demonstrate that this synchronized fast adiabatic
operation enables controlled-phase gates. As shown in Fig. 2,
the pulse sequence consists of two stages. Initially, both ions
are in the ground state. At the rising stage of the pulse, the
laser field slowly increases, driving both ions to the virtual ex-
cited state. At the falling stage of the pulse, the laser field
slowly decreases, driving both ions back to the ground state.
Since the two ions are driven simultaneously, they interact ef-
fectively by exchanging virtual photons. In this way, the final
state is a coherent superposition of the two-ion spin states.

In Fig. 3(a), we simulate the phase of the non-diagonal
element p;; of the density matrix in the two-ion spin subspace
using the master equation. As the driving pulse is applied, p;;
accumulates a phase dependent on the difference in eigenval-
ues of the evolving Hamiltonian H.¢. For example, p14 and
P41 acquire the largest phase accumulation, while the phases
of p»3 and p3, do not change due to the fact € )=

Second, to evaluate the performance of the synchronized
fast adiabatic pulse, we calculate the average fidelity of the
gate operation. The gate fidelity is determined by the overlap
between the target ideal case and the noisy case: 313!

+ % QZJ;Tr[UGal oiU'e(olop)]. (11

Fy(e,U) = ¢
Here € is the quantum evolution process, U is the target en-
tangling gate, and G; and Gg with a,b = I,x,y,z are the Pauli
operators for two spin qubits. In the first step, we start from
a product state of the two-ion spins. Then we select the cor-
responding control pulse parameters and noise parameters and
use the master equation numerically to obtain the density ma-
trix of the two-spin final state for the noisy case. In the second
step, we start from the same initial state as the first step. Then
we select the same control pulse parameters while setting the
noise parameters to zero. Thus we use the master equation
to obtain the density matrix of the two-spin final state for the
noiseless case, i.e., the ideal case. In the third step, by us-
ing the definition of the gate operation fidelity in Eq. (11), the
overlap of the density matrices of the noisy case and the ideal
case can be calculated, and the value of the corresponding gate
fidelity can be obtained.

Figure 3(b) shows the dynamics of the controlled-phase
gate operation fidelity with pulse duration. At the end of the

pulse, the fidelity reaches a high value of 99.6%. We would
like to emphasize that this value meets the fault-tolerance
threshold condition for distributed quantum computing. !

Hef g @ |
p21 and p31
| —e—P12 and pi3
0.57 —pa2 and py3
° p2a and 34
@ —e— Other
< 0
[a W}
AN
—0.57 >
Y
~ ~
-l

0 100 200 300 400 500
Operation time (ns)

1.0
(b)
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0.7

Gate fidelity
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0.5
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Operation time (ns)
Fig. 3. (a) The evolution of phase during a controlled-phase gate oper-

ation. (b) The gate fidelity F, as a function of time. Here we use the
parameters as given in the text.

Gate fidelity

1.000
0.995} (b)
0.990}
0.985}
0.980}
0.975}
0.970}
0.965}
0.960}
0.955

Gate fidelity
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Fig. 4. (a) Gate fidelity Fy as a function of relaxation time 7j and de-
phasing time 7 at k¥ = 20 MHz. (b) Gate fidelity Fy as a function of k
at 7y = 10 ms and 7 = 0.8 ms.

Further, we investigate the robustness of synchronized
fast adiabatic operation to various noises and fluctuations. In
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the hybrid system, the fidelity of gate operations is affected by
the decoherence process of ions and cavities. In Fig. 4(a), we
show the gate operation fidelity versus spin relaxation time and
dephasing time. We find that the fidelity is more sensitive to
the spin relaxation time than to the spin dephasing time. This
result implies that, since our scheme is based on adiabatic op-
eration, the system is always in the instantaneous eigenstate
of the time-dependent Hamiltonian, and thus is somewhat im-
mune to phase fluctuations. On the other hand, since this pulse
operation is still somewhat non-adiabatic, it can lead to un-
wanted transitions, and this error is sensitive to the relaxation
process between energy eigenstates.

Figure 4(b) shows the relationship between the gate oper-
ation fidelity and the cavity leakage rate. For example, when k
is increased by a factor of 5, the fidelity decreases only slightly
from 99.6% to 97.5%.
virtual photon process and does not actually excite the cavity

Because this scheme is based on a

field, it is robust to leakage due to cavity imperfections.

6. Entanglement preparation on a quantum re-
peater node

As a full-functional quantum repeater node, it is not only
capable of storing quantum information, but also capable of
processing entangled state information. Here we demonstrate
the use of synchronized fast adiabatic operation to achieve ar-
bitrary entangled state preparation on the repeater node. As
shown in Fig. 5(a), the scheme in generating entangled states
on the node consists of three steps. In the first step, we pre-
pare the initial state of two ion qubits with four product states.
In the second step, we apply a controlled-phase gate and three
single-qubit rotation gates. In the third step, we perform quan-
tum state tomography on the generated states. In this way, we
can generate the following entangled states:

a o L
) = Sl ], (12)
%) = |10 =] 1) (13)

S

2

To characterize entanglement at the repeater node, we
model the dynamics of entanglement generation using the
master equation and reconstruct the density matrix of two-spin
qubits. Figure 5(b) shows the real part of the density matrix
for the final state. We calculate the fidelity of the entangled
state Fe = Tr(y/+/Pipry/Pi) With the realistic density matrix
pr compared to the target ideal density matrix p;.[>33* The fi-
delity of these four entangled states is about 95%, which has
reached the fault-tolerance threshold condition for a variety

(33361 Thus our entangling

of quantum network architectures.
gate scheme provides a simple but powerful elementary com-
ponent for realizing a fully-functional quantum repeater node.

In realizing the controlled-phase (CP) gate, we need to apply

only one operation pulse sequence. While in preparing the
Bell states, we need to apply three single-qubit gates and one
two-qubit CP gate, i.e., we need more operation sequences and
longer operation time. In this process, the external noise accu-
mulates more errors, so it results in the fidelity of the prepared
Bell state being lower than that of the gate operation.

(2 T————— Entangler ————

|0) R1/? — R
State
CP tomography
|0) Rp/?
(b) (c)
0.5 {‘ W |
N
0.5, “‘.O‘*‘
‘M\iﬂ )
[Ty~ Wm‘m
M) Ty M
(d)
0.5
Qh. 0 “ :
—0.5
> ‘<>
) L )
MINN I O M)
™) ) [TV [N
IT1) |u>m> 1T ui)'m

Fig. 5. (a) Gate sequences for generating intra-node entanglement be-
tween two ion spin qubits. (b)—(e) Quantum state tomography of the
final density matrix p; for different entangled states.

7. Conclusion

To summarize, we propose a scheme to manipulate a
quantum repeater node composed of two ion qubits and a cav-
ity. By applying a synchronized fast adiabatic pulse sequence,
this hybrid system can operate in the dispersive regime and use
the exchange of virtual photon process to realize the interac-
tion between two ion qubits. We find that this scheme can real-
ize control-phase gates between two qubits with 99.6% fidelity
under current experimental parameter conditions. Further, this
scheme can also generate local entangled states at quantum re-
peater nodes. These on-node entangled states are an important
quantum resource that can improve the flexibility of quantum
network architectures and reduce the demanding requirements
of quantum error-correction codes and fault-tolerant quantum
computation. We also investigate the robustness of this oper-
ation to various noises and fluctuations in the hybrid system.
In this paper, we use a simple pulse waveform design. By
designing more complex pulse waveforms,!'%23] the fidelity
of the gate operation and entangled states can be further im-
proved. This scheme provides a promising approach for dis-
tributed quantum information processing in network architec-
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tures and can be generalized to various other solid-state spin

systems. |

37-42]
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