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The geometric phase is regarded as a promising strategy in fault tolerance quantum information process-
ing (QIP) domain due to its phase only depending on the geometry of the path executed. However, deco-
herence caused by environmental noise will destroy the geometric phase. Traditional dynamic
decoupling sequences can eliminate dynamic dephasing but can not reduce residual geometric dephas-
ing, which is still vital for high-precision quantummanipulation. In this work, we experimentally demon-
strate effective suppression of residual geometric dephasing with modified dynamic decoupling schemes,
using a single trapped 171Ybþ ion. The experimental results show that the modified schemes can reduce
dephasing rate up to more than one order of magnitude compared with traditional dynamic decoupling
schemes, where residual geometric dephasing dominates. Besides, we also investigate the impact of
intensity and correlation time of the low-frequency noise on coherence of the quantum system. And
we confirm these methods can be used in many cases.

� 2019 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.
1. Introduction

The geometric phase, also known as Berry phase [1], associated
with adiabatic and cyclic evolution of Hamiltonian in parameter
space, plays a fundamental role in a broad range of physics appli-
cations, including precision measurement [2,3], Aharonnv-
Anandan phase [4], mixed state [5] and non-unitary evolution
[6]. Especially in quantum information processing (QIP) domain,
Berry phase is deemed as a promising way to realize precise quan-
tum control due to its nature of being immune to specific environ-
mental noise. A number of platforms, such as nuclear magnetic
resonance (NMR) [7], superconducting circuit [8,9], graphene
[10], nitrogen-vacancy (NV) [11] and ultracold atoms [12,13], have
done manymeaningful research about Berry phase in past few dec-
ades. Among these research, high fidelity geometric phase gate
based ion trap has made surprising progress in recent years: an
entangled Bell state with 97% fidelity was prepared in Ref. [14];
the single geometric phase gates with fidelity above threshold
required for fault-tolerant quantum computation have been
achieved in Refs. [15,16], in which dephasing is the dominate gate
error source. Because much fewer physical qubits are required to
encode a logic qubit with higher gate fidelity, further suppressing
the dephasing and improving control precision in single geometric
phase gates become one of the most important task to realize
practical fault-tolerant quantum computation.

Dephasing arising from the information correlation between
the qubit system and its environment, causes randomization of
the phase of the qubit, then the information stored in the qubit
is ultimately lost [2,17]. One part of this dephasing is dynamic
dephasing while the other part is from geometric origin [18].
Geometric dephasing is present even in the adiabatic limit and
when no geometric phase is acquired [19]. Although dynamic
dephasing can be suppressed through spin echo method [7], the
residual geometric dephasing is difficult to eliminate. So, for the
purpose of high fidelity quantum manipulation, it is necessary to
suppress residual geometric dephasing. Fortunately, more and
more work have begun to investigate the geometric contribution
to dephasing [18–20]. And new schemes were recently proposed
to suppress the residual geometric dephasing [21].

In this letter, we investigate the geometric dephasing under
classical Ornstein-Uhlenbeck (OU) [22] fluctuating field using a
quantum two-level system (TLS) in a trapped ion. Utilizing

https://doi.org/10.1016/j.scib.2019.09.007
mailto:hyf@ustc.edu.cn
mailto:zwzhou@ustc.edu.cn
mailto:cfli@ustc.edu.cn
https://doi.org/10.1016/j.scib.2019.09.007
http://www.sciencedirect.com/science/journal/20959273
http://www.elsevier.com/locate/scib


1758 J.-M. Cui et al. / Science Bulletin 64 (2019) 1757–1763
modified dynamical decoupling schemes such as Spin Echo (SE)
and Carr-Purcell-Meiboom-Gill (CPMG) [21], we suppress the
residual geometric dephasing effectively. Furthermore, by altering
the intensity and correlation time of noise, we demonstrate the
scope of application of these schemes in real experiments.
2. Experimental

2.1. Geometric phase of a qubit

Consider a TLS exposed to a slowly varying magnetic field, the
Hamiltonian (setting �h ¼ 1) for such a system is H1 ¼ B � r=2,
where r ¼ ðrx; ry; rzÞ are the Pauli operators, B is the magnetic
field vector, expressed in units of angular frequency. This Hamilto-
nian can be simulated by a microwave driven hyperfine qubit of a
trapped ion, where fast and accurate control of the magnetic field B
is achieved through phase and amplitude manipulation of the
microwave radiation coupled to the hyperfine qubit. The qubit
Hamiltonian [8] in the frame rotating at the frequency of micro-
wave drive xmw is

H2 ¼ 1
2
ðDrz þX sinurx þX cosuryÞ; ð1Þ

where D ¼ x0 �xmw is the detuning between the microwave drive
frequency (xmw) and qubit transition frequency (x0), X is the Rabi
frequency related to the intensity of the drive, and u is the phase of
drive. This Hamiltonian is equivalent to H1 as we can regard
B ¼ ðX sinu; X cosu; DÞ as the magnetic field applied to TLS. Here
B forms an angle h ¼ arctan X

D with the z axis in the Bloch sphere.
By changing the phase of microwave, the magnetic field precesses
around this axis with palstance _u as shown in Fig. 1a. If the _u is
small enough, usually satisfying the requirement that the adiabatic
parameter A ¼ _u sin h=2B � 1 for the case of constant angle h [8],
dynamical phase and geometric phase will be accumulated in the
duration of this process. In order to observe pure Berry phase, one
usually takes advantage of the SE technique to eliminate the part
of dynamic phase as shown in Fig. 1b.

2.2. Dephasing in dynamic evolution of Hamiltonian

In order to introduce dephasing, we add additional noise in
detuning in Eq. (1). Now let’s consider the Hamiltonian under clas-
sical OU processes fluctuating field. OU process is a stationary
a

Fig. 1. (Color online) Dynamics of Hamiltonian H in Bloch sphere and corresponding
represented by the green dots. The blue arrow and solid lines represent the direction and
and z axis in the evolution process. The swap of eigenstate of Hamiltonian after p pulse
h ¼ arctan X

D from z axis precesses about z axis with palstance _u. Eigenstates of the Hamil
Spin echo strategy in which the Hamiltonian rotate in the opposite direction after a p swa
phase in eigenstates of the Hamiltonian. The phase of swapping p pulse is equal to the
Gauss-Markov process and a prototype of a noisy relaxation pro-
cess. Many theoretical simulation and experimental investigation
of Berry phase and holonomic quantum computation use
Ornstein-Uhlenbeck stochastic process as a good analogy of realis-
tic control noise [23–27]. An OU process noise KðtÞwith Lorentzian
spectrum of bandwidth C and noise power a, displays the power
spectrum SðxÞ ¼ 2aC=ðC2 þx2Þ. Because decoherence in trapped
ions platform is mainly from destabilization of environmental
magnetic, i.e., noise in detuning D. We assume that the fluctuating
noise KðtÞ ¼ ð0; 0; K3Þ, which is mainly the detuning noise and is
independent of the controllable field BðtÞ. This assumption results
in the Hamiltonian

H3 ¼ 1
2
ððDþ K3Þrz þX sinurx þX cosuryÞ: ð2Þ

Due to the classical fluctuation field, the geometric phase exhibits a
statistical distribution and this would cause dephasing. In the adia-
batic limitation, the noise fluctuation and palstance are much smal-
ler, that is K3ðtÞj j � Bj j and _uj j � Bj j, we can define coherence
function [28]

W ¼ hei/i ¼ e�h/2i; ð3Þ

in which [21]

/ ¼ �
Xn
k¼1

Z Tk

Tk�1

skðcos h� _u sin2 h= Bj jÞK3ðtÞdt: ð4Þ

ðTk�1; TkÞ is the time segment cut apart by the p swapping pulses in
dynamic decoupling sequences, sk is eigenvalue of Hamiltonian H2

in the kth time interval. The phase / represents the dephasing in
the whole dynamic process. The W will be less than one, which
means dephasing due to existence of the noise once / does not
equal to zero. The term sk cos h gives rise to the dynamic dephasing

while the second term �sk _u sin2 h=B induces the geometric dephas-
ing in Eq. (4) [21].
2.3. Suppressing residual geometric dephasing

If we can make the sum of integration in Eq. (4) become zero,
both dynamic and geometric dephasing will be eliminated in prin-
ciple. As demonstrated in Ref. [21], there are two schemes to solve
this problem, as illustrated below:
b

geometric phase. The start point and end point of the trajectory of segment are
trajectory of Hamiltonian. The magenta arrows mark the angle between Hamiltonian
is represented by shallow orange arrow. (a) The Hamiltonian H tilted by an angle

tonian will accumulate dynamic phase cd and geometric phase cg in this process. (b)
pping pulse, will result in elimination of dynamic phase and acquire pure geometric
final phase of evolution of Hamiltonian plus p=2.
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(1) In traditional dynamic decoupling schemes, such as Spin
Echo and CPMG sequences, the neighbouring evolution part seper-
ated by swapping p pulse have the same angle h, so the / would
not be zero. But in this modified scheme, we vary the angle h in
neighboring adiabatic paths as shown in Fig.2a (SE sequences)
and Fig. 2b (CPMG sequences). For the convenience of understand,
we illustrate this scheme using modefied SE sequence. The
Hamiltonian evolves 2p angle around z axis in Bloch sphere anti-
clockwise with angle ha, then a swapping p pulse whose phase is
equal to the final phase of evolution of Eq. (1) plus p=2 is used
to exchange the eigenstate of Hamiltonian. Finally, another evolu-
tion 2p angle clockwise with angle hb is implemented. By carefully
designing these two angles, we can make the following equation
hold:

cos ha �
_uþ sin2 ha

B

 !
þ � cos hb þ

_u� sin2 hb
B

 !
¼ 0; ð5Þ

where _uþð�Þ refers to the clockwise (anti-clockwise) angular veloc-
ity of Hamiltonian on the Bloch sphere (see Fig. 2a and b). Substitute
Eq. (5) into (4) can receive the result / ’ 0, which indicates there is
no dephasing. It is noteworthy that since we use different slant
angle for two adiabatic paths, the final Berry phase depends on
these two angles, that is d ¼ 2p cos ha þ 2p cos hb.

(2) To ensure that the Berry phase does not depend on two
angles ha and hb, in the second scheme we separate two adiabatic
paths of SE sequences into four parts separated by swapping p
pulses, as shown in Fig. 2c. The Hamiltonian evolves p angle
around z axis in Bloch sphere anticlockwise with angle h, then a
swapping p pulse exchanges the eigenstate of this Hamiltonian.
Fig. 2. (Color online) Trajectory of Hamiltonian of modified dynamic decoupling sequen
represented by the green dots. p swapping pulse is represented by the orange post. The b
magenta arrows mark the angle between Hamiltonian and z axis in the evolution process
orange arrow. Two examples of scheme one are shown in (a) modified SE strategy: the H
and with angle hb clockwise after a p swapping pulse. (b) modified CPMG strategy: the
circle with angle hb clockwise after a swapping p pulse. Finally an evolution with angle
Next the Hamiltonian will evolve a p angle clockwise with angle
h, which followed by another evolution clockwise with angle
p� h. The second swapping p pulse will exchange the eigenstate
of this Hamiltonian. Finally, a p angle evolution anticlockwise with
angle p� h will be implemented. In this scheme we can make the
following equation hold:

cos h� _uþ sin2 h
B

� �
þ � cos hþ _u� sin2 h

B

� �
þ

� cos hþ _uþ sin2 h
B

� �
þ cos h� _u� sin2 h

B

� �
¼ 0;

ð6Þ

where _uþ ¼ � _u� refers to the clockwise (anti-clockwise) angular
velocity of Hamiltonian on the Bloch sphere just as scheme one.
These two schemes can ensure the integration / in Eq. (4) to be
zero, and both dynamic and geometric parts of dephasing will
disappear.

We test these two schemes using a trapped 171Ybþ ion in needle
trap with the setup similar to the one described in Ref. [29].
The TLS is structured by two hyperfine levels of the 171Ybþ ion

in the S1=2 ground-state, with 0j i � j2S1=2; F ¼ 0; mF ¼ 0i and

1j i � j2S1=2; F ¼ 1; mF ¼ 0i, as shown in Fig. 3.

3. Results and discussion

In our experiment, Berry phase and coherence of the qubit have
been measured as a function of angle spanned by the Hamiltonian
and z axis. Using a SE pulses sequences, in which dynamic phase
will be eliminated by opposite loop direction of neighboring adia-
batic evolution, we can measure pure Berry phase. The modified
ces in Bloch sphere. The start point and end point of the trajectory of segment are
lue arrow and solid lines represent the direction and trajectory of Hamiltonian. The
. The swapping of eigenstate of Hamiltonian after p pulse is represented by shallow
amiltonian evolves with angle ha with z axis in Bloch sphere anticlockwise initially
Hamiltonian evolves half round with angle ha anticlockwise initially, and evolves a
ha anticlockwise half round is implemented. Scheme two is shown in (c).



Fig. 3. (Color online) Experimental setup. (a) Needle trap used in experiment. A single 171Ybþ ion is trapped in the trap. (b) Energy levels diagram of 171Ybþ ion. Qubit state
0j i; 1j i are mapped onto F ¼ 1; mF ¼ 0j i; F ¼ 0; mF ¼ 0j i in the S1=2 ground state manifold, respectively. The transition frequency between 0j i and 1j i is ð2pÞ12:642819 GHz.
(c) Mixing wave scheme to drive the trapped ion qubit. AWG: arbitrary wave generator, HPF: high pass filter.
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Spin Echo experiment in scheme one takes the following process:
After 1 ms Doppler cooling, the state of the ion is initialized to
0j i by 20 ls optical pumping [30]. Then a series of coherent manip-
ulations are implemented using microwave pulses xmw through a
microwave horn. In order to observe different Berry phase with dif-
ferent angle h, we vary xmw around qubit transition frequency
x0 ¼ 12:64 GHz, which will cause different h ¼ arctan X

D. The 2p
time for Rabi oscillation is adjusted to 95 ls, that is, the Rabi fre-
quency X ¼ 10:5 kHz. The complete sequences start by preparing
the superposition state of 0j i and 1j i with a p=2 resonant micro-
wave. Then the Hamiltonian traces around z axis adiabaticly with
angle ha by varying u, the phase of microwave in Eq. (1) slowly,
causing one of the eigenstate þj i of H2 acquiring a phase
cþ ¼ �cd þ cgþ, �j i acquiring a phase c� ¼ cd þ cg�. cd and cg are
dynamic and geometric phase respectively, cgþ ¼ pð1þ cos hÞ and
cg� ¼ pð1� cos hÞ. We make _u=B ¼ 0:1, which guarantees the
adiabatic parameter A ¼ 0:05 sin h � 1. A resonant p pulse then
swaps the eigenstates of Hamiltonian in Eq. (1), after which the
magnetic field traces along opposite direction with angle hb,
causing the eigenstate þj i of H2 acquiring cþ ¼ cd � cg�, �j i
acquiring c� ¼ �cd � cgþ. Finally the pure geometric phase
difference between these two eigenstates is d ¼ 2cg� � 2cgþ ¼
�2p cos ha � 2p cos hb.

In experiment, K3 noise is generated by means of adding syn-
thetic stochastic components in the detuning term D in microwave
drive. The noise applied to qubit conforms an OU process (detailed
in the Appendix) with correlation time s ¼ 10 s and intensity
a=X2 � 1. In order to simulate the statistical stochastic effect of
noise, the same experiment is done with different OU noise
sequence generated using different random seed. Every experiment
was done 100 times to obtain the average probability value. We
get density matrix q of final state by state tomography (detailed
in the Appendix) and calculate the coherent function and Berry

phase according to d ¼ arg q0;1ðTÞ
D E

and W ¼ q0;1ðTÞ
D E��� ���= q0;1ð0Þ

�� ��,
where � � �h i represent the average of all noise implementation.
In Fig. 4a, we measure the dephasing of SE and CPMG sequences
in the case of low-frequency noise CT � 1, in which C ¼ 1=s and
T is the total time of adiabatic evolution. The parameter h is changed
from 0 to p=2 because the angle h ¼ 0 is the same as h ¼ p in these
modified schemes and what we focus is the ratio of the noise in
detuning rather than the sign of the detuning. Obviously, SE and
CPMG methods only suppress the dephasing effectively in small
angle h. When it comes to bigger angle, such as h > p=4, these
two methods fail. It can be understood easily because the ratio
K3=D is bigger in larger angle h and the K3 noise will cause bigger
impact. The dephasing of these two dynamic decoupling schemes
in large angle is mainly due to geometric dephasing. This can be
seen from the second term in Eq. (4), which indicates geometric
dephasing increases with incremental angle h. In order to suppress
the residual geometric dephasing, we modify the SE and CPMG
sequences according to the above-mentioned methods exhibited
in Fig. 2. The results are shown in Fig. 4b, in which modefied
dynamic decoupling sequences (SE-scheme1, CPMG-scheme1 and
scheme2) suppress residual dephasing successfully even in

large angle h. If we define dephasing rate v ¼ � log10W
T , the dephasing

rate will be reduced up to one order of magnitude in large h after
using modified schemes compared with traditional dynamic
decoupling sequences as shown in Fig. 4c. Meanwhile, Berry phases
acquired by all these schemes are in accordance with theoretical
predictions as shown in Fig. 4d and e. The theoretical predictions
are calculated by numerical simulation of Eq. (2) with the Monte
Carlo method.

In the motivation of realistic applications in QIP, we further
investigate the performance of these modified methods, under dif-
ferent parameters s and a of Gaussian noise at h ¼ 9p=20. First, we
vary the bandwidth C from 10�1 to 104 Hz with fixed parameter
a=X2 � 1. The results are shown in Fig. 4f, which indicate that
these methods become invalid along with increasing correlation
time 1=C of the noise. Especially, when C > 100 Hz, dephasing
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Fig. 4. (Color online) Performance comparison between the classical and modified dynamic decoupling protocols under Gaussian noise on experiment. Two classical
protocols (SE (orange circle) and CPMG (blue triangle)) and three modified protocols (SE-scheme1 (orange circle), CPMG-scheme1 (blue triangle) and scheme 2 (green
square)) are studied. The hollow markers indicate the numerical simulation data and the solid markers indicate experimental data. (a), (b) Measured dephasing rate and
coherence as a function of angle h with the classical and modified dynamic decoupling protocols, respectively. All of the classical schemes become invalid in large angle h,
while all the modified schemes can suppress dephasing even in large angle h. (c) Dephasing rate ratio between the modified schemes and classical decoupling protocols. (d),
(e) Berry phase measured in classical and modified dynamic decoupling protocols, respectively. The dashed lines are the theoretical Berry phase difference �4pcosh (green)
and modified protocol scheme1 Berry phase difference �2pcosha �2pcoshb (gray). (f) Coherence of the qubit measured in modified decoupling protocols with fixed intensity
of noise a ffiX2. The modified schemes work effectively when C<100 Hz. (g) Coherence of the qubit of modified decoupling protocols with fixed correlation time s = 0.01 s.
The error bars indicate the standard deviation by statistic treatment of the measured data with 100 realizations of noise.
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begins to be notable and these schemes begin to be ineffective.
Second, we fix s ¼ 0:01 s and change a to make the ratio a=X2 to
vary from 0:01 to 10. The coherence of the qubit is shown in
Fig. 4g. The bigger the ratio a=X is, the worse the effect of these
methods will be. Fortunately, the correlation time of magnetic field
noise is usually larger than 0.01 s and the intensity of noise usually
less than X2 [31,32]. So these two schemes will still be very useful
in many scenes.
4. Conclusion

In our work, we studied the dephasing of a TLS under Gaussian
noise using a single trapped ion. Under this situation, OU type of
noise is considered to the classical fluctuating field, which
roughly corresponds to the treatment for the second-order
time-convolution in the framework of quantum open system
[33]. However, our treatments cannot be applied directly to the
main equation. Because, the feature of the pure state of the system
cannot be preserved in the framework of the main equation. How
to generalize the geometric phase operations for a generic open
quantum system based on microscopic models remains extraordi-
nary attractive. Some novel progresses on geometric phase in
non-Markovian open systems have been made [34,35].

In summary, we experimentally investigate suppressing the
residual geometric dephasing effectively by utilizing modified
dynamic decoupling sequences. In contrast with traditional
dynamic decoupling schemes, these modified schemes can reduce
dephasing rate more than one order of magnitude. The measure-
ment results share well agreement with theoretical simulations.
In addition, we also discuss effects of these sequences in different
intensities and correlation times of noise, andmake sure that it will
reduce the interference between quantum systems and environ-
ment in most laboratory environment. It will be helpful for precise
quantum state manipulation in realistic experiments of QIP.
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Appendix A. Classical OU fluctuating noise in experiment

The OU process has a long history and has many applications in
physics. For example, it has been used to describe Brownian
motion and Johnson noise [36]. Many investigators used the OU
process as a model of ‘‘colored noise” [37]. In many Markov pro-
cesses about a ‘‘stable state”, the fluctuations can approximately
be described as an OU process if those fluctuations are sufficiently
small enough. It can be understood to be the universal Markov pro-
cess K that evolves with time t according to the following equation
[22]:

dKðtÞ
dt

¼ �1
s
KðtÞ þ c1=2GðtÞ; ðA1Þ

in which s and c are positive constants called respectively, the cor-
relation time and the diffusion constant, and GðtÞ is Gaussian white
noise. An exact updating formula for K by itself is [38]

Kðt þ DtÞ ¼ KðtÞe�ð1=sÞDt þ cs
2
ð1� e�ð2=sÞDtÞ

h i1=2
n; ðA2Þ

and n represents a sample value of the unit normal random variable
NðtÞ ¼ Nð0;1Þ.

We generate the Gaussian noise according to Eq. (A2) in exper-
iments. In order to acquire statistical average results, 100 times
experiments are implemented using different statistical random
seed in every experiment data point. The KðtÞ noise signal is added
to constant carrier frequency x0 using arbitrary waveform gener-
ator (AWG).

Appendix B. Tomography and SPAM error

The state of the qubit is determined in a deatructive readout
through the resonant fluorescence and reconstructed using state
tomography. Any single-qubit density matrix q̂ can be uniquely
represented by four parameters fS0; S1; S2; S3g [39]:

q̂ ¼ 1
2

X3
i¼0

Sir̂i; ðB1Þ

the r̂i matrices are

r̂0 ¼ 1 0
0 1

� �
; r̂1 ¼ 0 1

1 0

� �
; r̂2 ¼ 0 �i

i 0

� �
; r̂3 ¼ 1 0

0 �1

� �
;

ðB2Þ
and the Si values are given by Si ¼ Trfr̂iq̂g. We measure these four
parameters according to a specific pair of projective measurements:

S0 ¼ P 0j i þ P 1j i;

S1 ¼ P 1ffiffi
2

p ð 0j iþ 1j iÞ � P 1ffiffi
2

p ð 0j i� 1j iÞ;

S2 ¼ P 1ffiffi
2

p ð 0j iþi 1j iÞ � P 1ffiffi
2

p ð 0j i�i 1j iÞ;

S3 ¼ P 0j i � P 1j i;

ðB3Þ

where P wj i is the probability to measure the state wj i. Then the den-
sity matrix of final state can be reconstructed according to Eq. (B1).

Besides, we measured the state preparation and measurement
(SPAM) error of the qubit. The dark error, mainly due to dark count
of the photo-multiplier (PMT), is about 0.003. And the bright error
is 0.009, which is mainly from the collection efficiency of objective.
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