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SPECIAL TOPIC — Quantum frontiers with Rydberg atoms
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We propose a scheme for realizing nonadiabatic holonomic quantum computation within a decoherence-free subspace
using Rydberg atoms. By employing large-detuned lasers and the Rydberg antiblockade condition, we construct an effec-
tive Hamiltonian that couples logical states in a three-atom decoherence-free subspace while ensuring that the Rydberg
states remain unpopulated. This approach significantly suppresses decoherence caused by atomic spontaneous emission
and mitigates the mechanical effects and sensitivity to interatomic distance variations associated with Rydberg excitations.
We demonstrate the realization of both conventional and single-loop single-logical-qubit holonomic gates with high fidelity.
Furthermore, by utilizing an asymmetric encoding method, in which the control logical qubits employ Rydberg-state encod-
ing to provide the required conditional blockade, we extend the scheme to construct universal two- and three-logical-qubit
holonomic gates, offering a robust and scalable approach for quantum information processing.

Keywords: quantum computation, Rydberg atom, geometric phase, decoherence-free subspace
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DOI: 10.1088/1674-1056/aebcce

1. Introduction

Rydberg atoms, when excited to Rydberg states, exhibit
large dipole moments and generate Rydberg—Rydberg interac-
tions (RRIs).!'~7] RRIs have been directly measured in experi-
ments and have led to the observation of the Rydberg blockade

[2.3.8.91 Based on RRIs, several quantum informa-

phenomenon.
tion processing tasks have been studied, including the prepa-
ration of quantum entangled states,!'%13] the construction of
quantum logic gates,['*'"1 quantum simulators,!'3-2°! quan-
tum algorithms, *!-23! quantum metrology, **-2°! and quantum
repeaters.!27~2%]

Early in 1984, Berry found that a quantum system with
a nondegenerate eigenstate acquires a geometric phase when
it undergoes adiabatic cyclic evolution.*! Shortly there-
after, the geometric phase of quantum systems with degen-
erate eigenstates undergoing adiabatic cyclic evolution was

investigated, 3]

and nonadiabatic evolutions of quantum sys-
tems with nondegenerate!>?! and degenerate**! eigenvectors
were studied, respectively. Subsequently, the first geometric
quantum computation scheme based on the Abelian geometric
phase and adiabatic processes was presented.3*! The adiabatic
holonomic quantum computation was then proposed based on

adiabatic evolution and non-Abelian geometric phases.!3>-3¢]

TCorresponding author. E-mail: jlwu517@zzu.edu.cn
fCorresponding author. E-mail: slsu@zzu.edu.cn

CSTR: 32038.14.CPB.aebcce

Quantum computation based on nonadiabatic Abelian geomet-
ric phases was also studied.37-38] In addition, nonadiabatic
holonomic quantum computation (NHQC) based on nona-
diabatic non-Abelian geometric phases was proposed.3%40]
On the one hand, NHQC possesses a geometric nature that
provides tolerance against certain control errors. On the
other hand, NHQC does not need to satisfy the adiabatic
condition, which can reduce the influence of dissipation
by avoiding the requirement of long operation times. Ex-
perimentally, NHQC has been demonstrated in supercon-
ducting circuits,*!~*3] nitrogen-vacancy centres,***°/ NMR

(48] and has been extensively

22,49-65]

systems,*”] and trapped ions,
studied theoretically in Rydberg atom systems. !

Despite the remarkable progress in Rydberg-atom-based
quantum information processing, practical quantum compu-
tation remains susceptible to decoherence induced by un-
wanted coupling between the system and its environment.

)I66:67] provides an ele-

The decoherence-free subspace (DFS
gant approach to addressing this issue, as it exploits a set of
physical states that are inherently immune to specific types
of noise, such as collective dephasing. The combination of
NHQC and DFS08] has been extensively explored in vari-

ous physical platforms, including superconducting circuits!®’!
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5.0l However, compared with the two

and trapped-ion system
platforms mentioned above, the Rydberg-atom platform fea-
tures longer coherence times and stronger long-range inter-
actions, enabling faster gates and flexible scalability with-
out relying on fixed circuit couplings or collective motional
modes. Therefore, realizing NHQC within a DFS using Ry-
dberg atoms, which combines the advantages of all three
paradigms, remains an important and timely goal.

In this work, we propose a scheme to implement NHQC
within a DFS using Rydberg atoms. Specifically, we en-
code a logical qubit in a three-atom DFS spanned by
{]|001),|010),|100) }, which is inherently immune to collec-
tive dephasing noise. By employing large-detuned laser fields
and operating under the Rydberg antiblockade condition, we
adiabatically eliminate all Rydberg states and derive an ef-
fective Hamiltonian that couples the logical states |0); and
|1), through an auxiliary state |a);, = |010). This effective
dynamics enables the realization of both conventional and
single-loop single-logical-qubit holonomic gates. To extend
the scheme beyond single-qubit operations, we adopt an asym-
metric encoding strategy for the control and target logical
qubits and demonstrate how to construct universal two- and
three-logical-qubit holonomic gates by exploiting conditional
Rydberg blockade effects. Throughout the entire protocol, Ry-
dberg states remain virtually unpopulated, which significantly
suppresses errors caused by atomic spontaneous emission and
reduces sensitivity to variations in interatomic distances. The
combination of DFS encoding and Rydberg-state elimination
thus provides a route toward quantum information processing
with intrinsic robustness against decoherence in neutral-atom
systems.

2. Basic framework
2.1. Decoherence-free subspace encoding

The simplest DFS immune to collective-dephasing noise
is

SP = Span{|001), [010), [100)}. (1)

We encode the logical qubit as |0);, = |001) and |1), = |100).
Meanwhile, |a);, = |010) is encoded as an auxiliary logical
state. We consider a simple model to demonstrate that this
encoding is immune to collective-dephasing noise. Suppose

the dephasing-noise-induced Hamiltonian for each single atom
igl67]
is

A = £0(1)[0) (0] + &1 (1) 1) (1], @)

where €(¢) and €(¢) denote the energy shifts of the states
|0) and |1), respectively, induced by external noise sources
such as magnetic-field fluctuations and laser-induced AC Stark

shifts. We rewrite it in the three-atom basis and restrict it to
the logical-qubit subspace as

Hiyi(1) = [2€0(r) +€1(0](10)(0] + [1)2(1] + |a)(al). (3)

In the interaction picture, considering the commutation rela-
tion, the evolution operator of a system initially in the DFS
can be expressed as

U= e_ifl:lc/lni(t)dte_i,fﬁsys(t)dt’ @

where ﬁsys is the system Hamiltonian. Thus, the collective
noise term e~/ Hani(0)dr only generates a global phase, which
has no effect on the logical qubit encoded in the DFS.

2.2. System and effective Hamiltonian

The configuration of the single logical qubit is shown in
Fig. 1(a), where three Rydberg atoms are required. Each Ryd-
berg atom has one Rydberg state |R) and two ground states |0)
and |1), as shown in Fig. 1(b). The coupling from |0) (|1})
to the Rydberg state |R) of atom k (k = 1,2,3) is realized
by lasers with Rabi frequencies Qp;_1 (£22;) and detunings
Agi—1 (A ), respectively. In the interaction picture, the Hamil-
tonian of the system atoms is (setting 7 = 1)

3 A1t iAoyt
A Qy e'52k—1 Q e "2k
Ay =) (%IO%(RHZI‘#H),((RHH.C.)
k=1
3
+ Y Vi1 [R) 1 (R ® |R)«(R]. ®)
=2

In the following, we assume V; =V for simplicity. If the fol-
lowing conditions are satisfied:

Al +A, =V -8, Ay+A3=V -6,

A=Ay =Ag, A =A3=As,

Ay — A > Q{41 A} >8> Q1 X/A,  (6)

with 1/A = 1/2(1/A; +1/4,), the effective dynamics indi-
cate that the system Hilbert space is divided into four inde-
pendent subspaces under perturbation theory: S' = {|000)},
SP = {|001), [010), [100)}, SP! = {|011), |101), [110)},
and §? = {|111)}. After a frame rotation with respect to
Ué = eizi:zV‘R>1<R|®‘R>k<R" , one possible effective Hamilto-
nian of the system can be obtained through perturbation theory
as

Hir = Q07|001)(010] + £2;7[100)(010| +H.c.
+S001 + So10 + S100, @)

when the initial state is in the subspace SP_ where

Qy = 919§‘Q§Q4(L+ 1 )( 1 n 1 )7

166 A A \Ay A
QQQs /1 1N/ 1
o= SEER(LL (Lo d), o
I 166 YAV ®)
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and
. Qi1 | 19512 |9QFa)* /1 12
Som:[\ 1|+|4|+\5|+| 1]7[€24] (7 7)
Al Ay As 166 \A; A4
~E14,5] lo01) (0011,
Sot0 = [\-Qz|2+|93|2+\95|2 2[5 (i L)z
010 Ay As As 166 \A, ' As
|.(22|2|Q3|2( 1 1 )2
E2Esl L ) ¢ }010 010/,
65 \a, Ta;) —&3s|l010)(010]
R Qi1 19517 |97 192112196/ 1 12
51002[‘ 1|+|3|+\6|+| 171 (7 7)
Ay Az Ag 166 A Ag
~£136][100)(100]. ©
We define
1 /71Q0% |9,2 Q.2
%’Z:i(\ le \ yz\ +| z2|)
16\ A2 A A
(I-Qxl2 IQyIZJr IQZIZ)
Ay A, A, )

For the three-atom basis |abc) in Egs. (7) and (9), a, b, and ¢
denote the states of atoms 3, 1, and 2, respectively. For this
model, we introduce a detuning & based on the conventional

71721 and use high-order per-

Rydberg antiblockade condition!
turbation theory to adiabatically eliminate the two-excitation
Rydberg states. Unlike conventional Rydberg blockade or an-
tiblockade schemes, the collective states involving Rydberg
excitations are eliminated in this approach. Consequently, the
mechanical effects, sensitivity to variations in interatomic dis-

tances, and influence of atomic decay are significantly sup-

pressed.
op P —— iy
/ \
\
Atom 1
0-0-0
Atom 3 Atom 2
Atom k
\\\ //I N |0> Il) P

~. - ~ .

Fig. 1. (a) Configuration of three system atoms used to construct a
single-logical-qubit encoding in the DFS. V; and V, denote the Rydberg—
Rydberg interaction strengths. We assume that the neighboring RRIs are
identical for simplicity. We then show that the non-neighboring RRI has
a negligible effect on the scheme. (b) Each atom is driven by two blue-
detuned lasers.

We then introduce additional large-detuned interactions
on the state |1) of two atoms among the three atoms to gen-
erate Stark shifts for the states |0),, |1), and |a);. Without
loss of generality, we consider an auxiliary energy level |f),
coupled to |1); of atom / (I = 2,3) with Rabi frequency Q;
and detuning A;. If the conditions

Q%) /(4452) = C(So10) — C(Soo1),

Q73/(4A73) = C(So10) — C(S100), (10)

are satisfied, with C(®) denoting the coefficient of the opera-
tor O, the system Hamiltonian can be further simplified to

Hegr = Q0)|0).(a| + R17|1)1.{a| +H.c., (11)

by taking the completeness relation into account. In the fol-
lowing, we show how to realize NHQC in the Rydberg-atom
DFS based on the constructed Hamiltonian in Eq. (11).

3. Single-qubit NHQC gate in Rydberg DFS
3.1. Conventional NHQC in Rydberg DFS

We consider all classical lasers to be square pulses, where
Qq, £y, 23, and Q5 are real, while 24 = .Q"‘ei‘f’4 and Q¢ =
.Qéei‘%, with Q), Qf, @4, and @ being real. In this subsec-
tion, we set ¢ = 0 and ¢4 = @, and rewrite Hamiltonian (11)
as

N 6 _. 0
Her=A (sin ) e '?a)(0] +cos 5 \a>L<1|> +Hec, (12)

where

0 Qo

A= Qo 1?2+ (211)? — = . 1
/10> + (211)%, tan o (13)

The realization of NHQC can be clearly seen in the dressed-

state representation, where the two lowest-energy states of
Hamiltonian (12) are

0 0 _.
|d), = cos§|O>Lfsin§e_”P|l>L,
.0 0
|b)p = s1n§el¢\O>L—|—cos§|1>L. (14)

The state |d), is the dark state and is decoupled from Hamil-
tonian (12). Therefore, Hamiltonian (12) can be viewed as
Ala)r(b| + H.c., indicating that |a);, only couples to the state
|b);, with the effective Rabi frequency A.

Under the control of Eq. (12), |b),, and |d) ., evolve as

[

(O)ld)r = |d)r,
1(8)|p) L = cos(At)|b) — isin(At)|a)r. (15)

wi(0)r =
W2 (1)L =

Y

In the basis {|d).,|b)r,|a)r}, this evolution operator has the
matrix form

1 0 0
Ui(t)= [0 cos(At) —isin(Ar)
0 —isin(Ar) cos(At)

To realize NHQC, the cyclic condition and the parallel trans-
port condition should be satisfied.*>*"! When At = 7 is sat-
isfied, the dressed states undergo cyclic evolution, since |d);.
remains invariant while |b); evolves to —|b)y, satisfying the
cyclic condition. Moreover, one has (y;i(t)|Hefe|y;(t)) =
0 (i,j = 1,2). This result shows that the parallel transport
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condition holds for arbitrary states in the evolving logical sub-
space. Based on this condition, the NHQC gate in the logical
qubit subspace {|0).,|1).} is constructed as

cos O
—e 1%sing (16)

—cos 0

A —el?gj
000 01 8y o000,

where 0 and ¢ are determined by the parameters of the laser

pulses.
Hadamard NOT
(a) 1.0 i (b) 1.0
0.8 0.9
0.8
Z 06 Z
Ev TE 0.7
= 04 =
0.6
o2p  f 0.5
C
% 0z 04 06 o8 1o %% 0z 04 06 08 10
/T /T

Fig. 2. Fidelity of the conventional single-qubit NHQC during one evo-
lution period 7 = m/A: (a) Hadamard gate and (b) NOT gate. The pa-
rameters are chosen as V ~ 57.407Q;, A| ~ 16.667, A, ~ 38.889Q;,
6~ —1.85291, Qz = .Ql, .Q3 = .Q4 = \/sin(e/z)!)], and 95 = 96 =
1/c0s(6/2)Q,. For the Hadamard gate with 6 = 7/4 in (a), line a is ob-
tained with & = /7 and @ = 7, line b with ¥ = /4 and ¢ = 7, and line
c with ¥ = w/4 and ¢ = /8. For the NOT gate with 6 = /2 in (b), line
d is obtained with ¥ = /7, while line e with ¥ = 7/8. The remaining
parameters are chosen based on Egs. (6) and (10).

If the initial state is set as |@) = sin®}|0), + cos 1)L,
the ideal final state is given by |¢)ig. = U(0, ¢@)|¢). On the
other hand, the actual state |@,) can be obtained by numeri-
cally solving the Schrédinger equation. We use the definition

F = |{¢p|@ide)|* to calculate the fidelity, as shown in Fig. 2.

3.2. Single-loop NHQC in Rydberg DFS

Although the holonomic gate in Eq. (16) is universal, it
requires two applications, such as U(x/2, ®/2)U(x/2, 0),
to implement a phase gate with an arbitrary phase @. Thus,
it is more interesting to generalize U to a more general case,
i.e., realizing arbitrary unitary operations through single-loop
evolution.[”3! To this end, we divide the total evolution dura-
tion 7 into two equal intervals and set ¢4 and @g as

ps=m; t <0, T/2],

(P4:_(p7 (17)
O=—@0+y+m, Q=7 t€[T/2, T].

One can easily verify that the cyclic and parallel transport con-
ditions are also satisfied under this choice of parameters. The
evolution operator in the basis {|0)z, |1)1} is calculated as

U0.9,7)
iy (cos¥ —icosOsinf —isinlsinfe1?
=e 2 S . ; g .
—1s1n%s1nee“" COS%+1COSGSIH%

— ¢ i} giino (18)

which corresponds to a rotation around the axis m =
(sinBcos @, sinfsin@, cosO) by an angle y/2 and generates

a set of universal single-qubit gates in the DFS after ignoring
the global phase factor e /2. The single-loop scheme en-
ables arbitrary unitary operations by flexibly engineering the
evolution path in parameter space, such that the accumulated
geometric phase corresponds to an arbitrary SU(2) rotation.
The performance of the single-loop universal gate is shown
in Fig. 3. Three types of holonomic gates can achieve high
fidelity at the end of evolution for specific initial states. To
verify their effectiveness for arbitrary initial states, we simu-
late the average fidelity using the NOT gate as an example, as
shown in Fig. 3(b).

Hadamard NOT

0.8 0.8
N ---Average |
:‘? 0.6 i; 0.6 —— Specific /.’
3 = ’
& 04 = 04
0.2 0.2
0 0
0 02 04 06 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0
t/T t/T
Phase relevant
© 100
0.8F
f%
= 0.6fF
=4
= 04F
0.2F
0 L L L L L L L L L )

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
T

Fig. 3. Fidelity of the single-loop single-qubit NHQC during one evo-
lution period: (a) Hadamard gate with ¥ = /4, 6 = /4, y = m, and
¢ = m; (b) NOT gate with & = /7, 0 = n/2, y= 7, and ¢ = 7 (solid
line). The dashed line represents the average fidelity; (c) phase gate with
¥ =mn/4, 60 =n/5 y=mr/4, and ¢ = w/3. The parameters are chosen
asV ~ 34.6791, Al = IO.Q] N Az ~ 233391, 6= —(4/3)9] N .Qz = .Q] )

Q3 = Qy = /sin(0/2)Q;, and Qs = Qg = /cos(6/2)Q;. Other pa-

rameters are chosen based on Egs. (6) and (10).

In the discussion above, we ignored the RRI between
atoms 2 and 3. In practice, the influence of V,3 should also
be discussed. In Fig. 4, we show the influence of V,3 on the
conventional single-qubit NHQC gate. The results show that
the influence of V53 is negligible when V,3/V < 0.4. Exper-
imentally, this influence can be effectively suppressed by en-
gineering the spatial configuration of atoms, such that the dis-
tance between atoms 2 and 3 is larger than that between the
nearest-neighbor pairs. Since the RRI scales strongly with
distance, this leads to a significant reduction of V,3. In ad-
dition, the large-detuning conditions ensure that residual in-
teractions only contribute as higher-order perturbative correc-
tions to the effective Hamiltonian. Our numerical results in
Fig. 4(b) further confirm that the gate fidelity remains high for
V23/V < 0.4, indicating that the scheme is robust against such
imperfections. Therefore, the effect of V,3 can be safely ne-
glected under realistic experimental conditions.

We then consider the influence of decoherence through a
non-Hermitian method described in Ref. [74], with the Hamil-
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tonian becoming
19)

where 6'1 = |0>1 <r|, 62 = |1>1<I"|, 63 = \O>2<r\, 6'4 = |1>2<r|,
65 = |0)3(r|, and &6 = |1)3(r|. H includes the original Hamil-
tonian in Eq. (5) and the additional large-detuning interactions
acting on the state |1). It is assumed that the Rydberg states
of the three atoms have the same atomic spontaneous emission
rate I" /2 to the two ground states. In Fig. 5, we plot the single-
qubit gate fidelity versus the dissipation rate, from which one
can see that the fidelity remains higher than 0.9 even when the
atomic spontaneous emission rate I" /€ reaches 2 x 1073,

(a) 1.0 (b) 1.00
— - —e __
0.8} o Va/V=01 0.99 ce
. ’ -
—V,3/V=0.2 I
Z 0.6 Vie/V=0.3 z 0.98 \
g *V:u/V:()_A-L E 0.97 \\
£ 04} v Va/V=05 2 .
0.96 :
02 0.95 \
L]
¢
% 02 04 06 08 Lo U901 02 03 04 05
4T Vas/V

(c) 1.00 . , . : . .

Fidelity

/T

Fig. 4. (a) [(c)] The fidelity of the single-qubit NHQC gate U (x/4, m/3)
for different V3 values as a function of evolution time. (b) The optimal
fidelities as a function of V3. The parameters are chosen as 6 = /4,
¢ =n/3, and ¥ = 1r/8. The remaining parameters are the same as those
in Fig. 2.

100
‘\~

0.98F T~

0.96 F o

0.94} -

0.92f T

0.90

Fidelity
4

0 0.2 04 06 0.8 1.0 1.2 1.4 1.6 1.8 2.0
/2, (1073)

Fig. 5. Fidelity of the conventional single-qubit NHQC gate U (7 /4, 7/3)
with V53 /V = 0.1 as a function of the dissipation rate. The parameters are
chosen as 8 = w/4, ¢ = /3, and ¥ = /8. The remaining parameters
are the same as those in Fig. 2.

4. Multi-logical-qubit holonomic gates

In the single-logical-qubit gates, the laser-coupled Ry-
dberg states are adiabatically eliminated, so that unwanted
Rydberg-state populations are strongly suppressed. However,
in the multi-logical-qubit gates, the control logical qubits em-
ploy Rydberg-state encoding to provide the required condi-
tional blockade. To construct two- and three-qubit holonomic

gates in DFS, we take advantage of the asymmetric encod-
ing. For the control logical qubit, we encode the DFS as
[0)$ = |0R)c1c2, |1)§ = |RO)c1c2, While for the target logical
qubit, we encode the same DFS as in the single-qubit case in
Section 3, as shown in Fig. 6.

During the two-logical-qubit gate operation, no driving
fields are applied to the control atoms, and the control logi-
cal qubit affects the target logical qubit through the Rydberg—
Rydberg interaction. The full Hamiltonian can be written as

Hoq (1) = Hi (1) + H}gq (1) + He, (20)

where Flﬁy(t) is the target-qubit Rydberg-driving Hamiltonian
3
N Qo1 Qo
Hlt{y(t) _ Z( 2; lelAZk’1t|0> <R|—|— 2k 1A2kt|1>tk<R‘
k=1

+H.c.>+ Y. Vi |RR)i (RR|. @1

1<i<j<3

The term H!,(¢) denotes the additional large-detuned inter-
actions used to compensate for the Stark shifts in the target

logical qubit
. Q.
Higa() =), <2fe“‘-//’1>t,<fz|+H.c.>. (22)
=23

The interaction between the control atoms and the target atoms
is described by
2 3
ﬁct = Z Z C‘utk‘R cu R|®|R>tk< | (23)
a=1k=1

The above Hamiltonian leads to a controlled holonomic evo-
lution of the target logical qubit. More specifically, the driving
fields are applied only to the target logical qubit, while the
control logical qubit remains unchanged during the gate op-
eration. When the control logical qubit is in |0)¢, atom c; is
in the Rydberg state and produces a strong Rydberg blockade
on the target atoms. As a result, the laser-induced transitions
required for the target-qubit holonomic evolution are largely
suppressed, and the target logical qubit undergoes an iden-
tity operation. In contrast, when the control logical qubit is
in |1)§, the Rydberg excitation is located on atom c¢;, whose
interaction with the target atoms is designed to be negligi-
ble. In this case, the target logical qubit evolves under the
effective Hamiltonian I:Iéff, i.e., Eq. (12), which is the same
as that for the single-logical-qubit holonomic gate. There-
fore, for an arbitrary two-logical-qubit input state |¥(0)) =

10)YS ® [@o)t +]1)S @ |91);, where | @), and |@;)} are arbitrary
target-qubit states, the evolution after one cyclic period gives

(7)) =0)L® |90)1.+ 1)L ®T'(6,9)[1)].
Thus, the resulting two-logical-qubit operation is

=10); @ +[1); @U(6,9);, 24)
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which realizes a controlled holonomic gate on the target logi-
cal qubit.

It is also noted that although Eq. (24) shows that uni-
versal two-logical-qubit operations can be constructed, how
to realize single-logical-qubit operations in DFS¢ should also
be addressed. To do so, three steps are required. Step (i):
Apply a 7 pulse to realize |[R) — |1) of atom ¢, (k =1, 2).
Correspondingly, the state transformations [0)§ — |01). and
|1)§ — |10). are realized. The states |01). and |10). remain in
the collective-dephasing DFS. Step (ii): Apply the same lasers
to atom ¢ as those applied to atom k in Fig. 1. The effec-
tive Hamiltonian A = A’|01).(10| + H.c. is achieved, based
on which universal operations can be realized. Step (iii) is the
inverse operation of Step (i).

Fig. 6. Configuration for constructing two- and three-logical-qubit
NHQC in DFS with asymmetric encoding: |0)z = |OR) and |1). = |RO)
for the control logical qubit subspace DFS (j = 1, 2), while |0),, = |001)
and |1), = |100) for the target logical qubit subspace DFS’. The config-
uration enclosed by the dotted line denotes the two-logical-qubit case,
while the entire configuration denotes the three-logical-qubit case.

U u
(a) 1.0 E (b)1.0 1
0.8 0.9
> >
£ 06 = 08
S S
& 0.4 & 0.7
0.2 0.6
0 0.5 -
0 0.2 04 06 0.8 1.0 0 02 04 06 0.8 1.0
t/T t/T
Fig. 7. The fidelity of the two-logical-qubit NHQC gate with

the initial state |y), = sinasinf[0)§[1); + coscrsinB|0)S|0), +
sinoccos B1)§[1)5 + cosacos B]1)§]0); . The parameters are chosen as
|4 234.6791,A| = 13.391,A2 12091, 6= —(4/3)91, .Qz :.Q|, .Qg =

Q4 =/sin(0/2) 2y, and Qs = Q¢ = /cos(6/2) 21, with o = 7/3 and
B = m/3. For U}, the remaining parameters are chosen as 6 = /4 and
¢ =m. For U, the parameters are chosenas @ = /3, f =n/3, 0 =1/2,
and ¢ = 7.

To verify feasibility, we show the fidelities of two rep-
resentative two-logical-qubit NHQC gates in Fig. 7. The fi-
delities exceed 0.98 and 0.99, respectively, at the end of the
evolution, demonstrating that the conditional operation can be
implemented with high fidelity. This verifies the feasibility of
constructing two-logical-qubit holonomic gates by using the
asymmetric encoding of the control logical qubit as a condi-
tional blockade resource.

Generally, for a three-logical-qubit case, on the premise
that conditions one and two are still satisfied for DFSS, the
evolution operator of the whole system can be expressed as

U = (10)f1 ®10)i, +10)5; ®[1)ip +[1)5s @ 10)iy) ® 1

1) @), ®0(0,0). (25)

|0)g; and [1)7 ; denote the logical qubit states in DFS. Equa-
tion (25) shows that the U operation is applied to the target
logical qubit if and only if both control logical qubits are in
the state | 1), indicating a universal three-logical-qubit opera-
tion. The scheme can be generalized to multi-qubit NHQC in
DFS in a similar way.

5. Discussion and summary

In experiments, one can choose 87Rb or 133Cs atoms to
realize the scheme. For Rb atoms, the ground states can be
chosen as [0) = (58,5, F =1, mp =0) and [1) = |58, ), F =
2, mp = 0),l''l and the Rydberg state can be chosen as
708} /2,my = —1/2)119] for the two-photon excitation pro-
cess. For Cs atoms, the ground states can be encoded in
the hyperfine "clock states” |0) = [6S, »,F = 4,mp = 0) and
1) =682, F = 3,mp = 0),15 and the Rydberg state can
also be chosen with a principal quantum number 7 larger than
60.115] In the above numerical simulations, we take Q; /27 =
3.5 MHz as a realistic reference value.!'%! Since the remaining
parameters are given as dimensionless ratios with respect to
€1, their physical values can be obtained directly by rescaling
according to these ratios.

In summary, we have proposed a scheme to imple-
ment nonadiabatic holonomic quantum computation within
a decoherence-free subspace using Rydberg atoms. By en-
coding a logical qubit in the three-atom DFS spanned by
{]001),]010), |100)}, the scheme is inherently immune to col-
lective dephasing noise. Working under the Rydberg an-
tiblockade condition with large-detuned driving fields, all Ry-
dberg states are adiabatically eliminated throughout the en-
tire evolution, which not only minimizes errors due to atomic
spontaneous emission but also largely suppresses the mechan-
ical effects and sensitivity to interatomic distance variations
associated with Rydberg excitations. Furthermore, by em-
ploying an asymmetric encoding strategy for the control and
target qubits, we have extended the scheme to construct uni-
versal two- and three-logical-qubit holonomic gates, offer-
ing a scalable pathway toward multi-qubit geometric manip-
ulation in Rydberg systems. Given its robustness against
environment-induced decoherence, the present scheme may
provide a promising route toward fault-tolerant quantum in-
formation processing with neutral atoms.
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