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Quantum state transfer between two distant parties is at the heart of quantum computation and quan-
tum communication. Among the various protocols, the counterdiabatic driving (CD) method, by sup-
pressing the unwanted transitions with an auxiliary Hamiltonian H(t), offers a fast and robust
strategy to transfer quantum states. However, H.4(t) term often takes a complicated form in higher-
dimensional systems and is difficult to realize in experiment. Recently, the Floquet-engineered method
was proposed to emulate the dynamics induced by H4(t) without the need for complex interactions in
multi-qubit systems, which can accelerate the adiabatic process through the fast-oscillating control in
the original Hamiltonian Hy(t). Here, we apply this method in the Heisenberg spin chains, with only con-
trol of the two marginal couplings, to achieve the fast, high-fidelity, and robust quantum state transfer.
Then we report an experimental implementation of our scheme using a nuclear magnetic resonance sim-
ulator. The experimental results demonstrate the feasibility of this method in complex many-body sys-
tem and thus provide a new alternative to realize the high-fidelity quantum state manipulation in
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practice.
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1. Introduction

Quantum state transfer (QST) plays a central role in the field of
quantum computation and quantum communication [1,2]. In this
respect, spin chains have been considered as good candidates
due to the native spin-spin interactions and simple encodings
[3-11]. However, many schemes depend on precisely engineering
individual couplings as well as accurate timing of dynamic evolu-
tion, which is sensitive to practical variations, such as environmen-
tal noise, time errors, etc. Due to good robustness against weak
variations of the system, the adiabatic passage has been one of
the mostly used methods [12-17]. Nevertheless, a common short-
coming of this scheme is that a high-fidelity target state is typically
achieved at the cost of time, which may lead to a conflict between
the time required by the adiabatic theorem and decoherence time.

To speed up the quantum adiabatic process, an emergent field
so-called “shortcut to adiabaticity” (STA) [18-21] has been put for-
ward and now has found applications in a wide range of fields (see
Refs. [22,23] for a review of this field). Recently, much effort has
been devoted to QST with the help of STA methods [24-27]. For

* Corresponding author.
E-mail address: xhpeng@ustc.edu.cn (X. Peng).

https://doi.org/10.1016/j.scib.2019.05.018

example, Ref. [25] theoretically demonstrated that the non-
negligible Dzyaloshinskii-Moriya (DM) interactions in quantum
dots can be used to eliminate the undesirable quantum transitions
and accelerate the quantum state transfer. In Ref. [26] an odd-spin
chain was approximately simplified as a three-spin system based
on the weak boundary couplings, and then the shortcut-to-
adiabaticity passage was successfully constructed for QST. In addi-
tion, by inversely designing the shortcut passage with the quantum
Zeno dynamics, Ref. [27] also proposed an ingenious protocol to
implement fast QST in a quantum spin chain.

As one of the most successful strategies in STA, counterdiabatic
driving (CD) or transitionless driving provides a quite simple way
to precisely suppress nonadiabatic transitions by supplementing
the original Hamiltonian Hy(t) with a CD term Heq(t) [18,19]. But
a general problem with this approach is that the CD term typically
consists of complex interactions particularly in multi-qubit system
[28-33]. To address this issue, Petiziol et al. [34,35] proposed a
method to effectively replicate the dynamics of Hc4(t) by periodi-
cally modulating the parameters in the original Hamiltonian,
which can nullify the need for the complicated terms not included
in original quantum system. Similar ideas of accelerating adiabatic
process were also recently reported based on Floquet-engineering
techniques [36,37].
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Inspired by these work, here we put forward an accelerating
adiabatic protocol to transfer quantum state across a spin-1 chains
by only modulating two marginal couplings, which can signifi-
cantly reduce the many multi-body interactions and the experi-
mental difficulties compared with the CD method. Then we also
carry out an experiment to demonstrate the validity of our scheme
in a four-qubit NMR system. This experiment shows that the
Floquet-engineering method can provide a powerful platform for
high-fidelity quantum state manipulation in quantum multi-body
systems.

2. Method

Recently, Petiziol et al. [34] theoretically explored the relation
between the structure of Hamiltonian H.(t) and the original
Hamiltonian Hy(t), and then they proved the following theorem:

Theorem. Let the Hamiltonian of the system be expressible, at all
times and for all values of the control functions u(t) =
{uy(t),...,um(t)}, as a linear combination H(t) = S} oux(t)Hy of
time independent control Hamiltonians H = {Hy,...,Hy}. Let L be
the Lie algebra generated by the matrices —iH. Assuming the H.q ex-
ists, then —iH4(t) belongs to L, for all times t.

This theorem shows that the dynamics of the H(t) can be well
approximated with an effective counterdiabatic (E-CD) term Hg(t)
by only modulating the parameters in the system Hamiltonian. The
basic procedure to construct the E-CD term is summarized as fol-
lows [35]:

(i) Obtain the exact CD term H4(t), and express the E-CD term
Hg(t) with the control functions c(t)

M
£) = c(tHx, (1)
k=1
where {Hi,...,Hy} denotes a set of time independent control

Hamiltonians in the experiment.
(ii) Choose the truncated Fourier series as the control functions

L
= [Asin(jort) + By cos(jot)]. )
j=1

Here w,L, and {Ay;,By;} denote fundamental frequency, truncated
term, and amplitudes, respectively.

(iii) Divided the evolution time T into N, periods and in each
small evolution time 7 =T/N;=2n/w. Then, the amplitudes
{Axj, Bk _j} can be acquired with the Magnus expansion

MY (t) =~ L CH(t) dth
M% = () fodty 3 de;[H(t), H(t)],

(3)

In this process, we demand the first terms of the Magnus expan-
sion generated by Hg(t) coincide with those by the exact term
Heq(t) up to a desired order. Finally, with interpolation in different
periods we can obtain the smooth control functions

{Awi(0), Bij(6) }-
3. Application

Spin chain model has been widely studied in many physical
systems and played an important role in both condensed-matter
physics and quantum computation field [3-5,38-41]. As shown
in Fig. 1, the system we considered here involves two qubits A
and B weakly coupled to a Heisenberg chain and the whole
Hamiltonian is given by

$ikd-da

1 2 3 4 oo N

Fig. 1. (Color online) The schematic of QST in the spin chain.

Ho(t) =Js(t) o7 - 03 +Jchr, Tji1 +Jp(t)ON1 - O, 4)

where o; are the Pauli matrices for the jth spin, and J, is uniform
exchange coupling strength in the Heisenberg chain. In this work,
we only consider the case J, > J,(t),]5(t).

In analogy with other QST protocols, the goal here is to transfer
an arbitrary quantum state from qubit A to qubit B, i.e,
[¥),®10---0) ®|0); — |0}, ®10---0) ® ), Where the quantum
state |y) = al0) + b| 1) may be in a superposed state defined by
a=cosb, and b = e*sin£. Notice that [Ho(t),zgﬂ Jﬁ] =0, so the
number of excited spins in this process is conserved. In other
words, here the QST is restricted within the zero- and one-
excitation subspaces. For brevity, we adopted the notaiton as fol-
lowing: the zero-excite state |0) =|00---0) and the one-excite
state [n) = @N_, |0mn), wheren =1,2,---N and 6y is the Kronecker
delta. Thus our QST protocol can be presented as
['¥); = al0) + b[1)— |¥); = al0) + b|N).

On the other hand, due to the strong coupling limit
Jo > Ja(t),J5(t) in Eq. (4), the whole system will approximatively
evolve in an invariant Zeno subspace consisting of the initial state
|¥); according to quantum Zeno dynamics [42]. As proved by
Huang et al. in Ref. [27], here only the Zeno subspace
Zy =10),]1),]x), |N) with the eigenvalue being (N — 3)J, needs con-
sidering, and |y) is the superposition state of the other one-excited
states. Then, the effective Hamiltonian in this Zeno subspace is

Ja+Js 0 0 0
0  —Jatls 5 0
Ho®=1 o 2o oagan 2z | +WN=3l 6
VN-2 -2 VN-2
0 0 ;\,j%z Ja—=Js

Since the last constant term contributes nothing to the dynamical
evolution, it can be neglected in the following discussion. Here we
set h=1, J,(t) =Jsin¢(t) and Jz(t) =]cos$(t) with the time-
dependent parameter ¢(t) € [0,7/2] and ]iu = o < 1. Note that the
effective Hamiltonian can be always rescaled by an arbitrary factor,
and therefore we choose ] = 1,0 = 0.05 without loss of generality.
The eigenvalues of Hg(t) are E;(t) = cos¢(t)+sin¢(t) and
E34(t) = — 0SNG0 with  the time-dependent functions
n(t) = (N—1)[sing(t) —cosd(t)] and x(t) = /n?(t) +2sin2¢(t).
And the corresponding four eigenstates are |@,)=[1 0 0 0],
)=[0 1 VN-2 1] and  |p;)=[0 130

2 [ t)£K(t) T H .
2o f0 DK cos (t)]" apart from the normalized coefficients.

Especially at the time ¢t = 0 and T, the normalized eigenstate | ¢,) is

0 0
o p— LN | = 1
@4( ))* NZ—N m ’ (/)4( )* NZ—N N =2
1 1-N

(6)
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Thus the initial state | ¥); and final state | ¥); can be expressed

as
(B =al )+ bl 02 +byT= 940, )
) =al @)+l ¢2) = b1~ g1 u(M). )

which manifest that the high-fidelity QST can be realized as long as
the two conditions are satisfied: (i) | ¢,(t)) are driven adiabatically
along its instantaneous eigenstate without any transitions. (ii)
| ¢4(t)) accumulates the additional phase ¥ = (2k + 1)7 relative to
| ¢,,) after the time T, here k € Z. Note that the eigenstates | ¢,)
and | ¢,) are time independent.

Since the minimum gap between E;(t) and E4(t) tends to zero
with the growth of system size N, the time T guaranteeing the adi-
abatic condition will increase rapidly. To accelerate the adiabatic
process, according to the formula Heq(t) = iR}, |@a(t)){(¢@,(t)| the
exact CD term can be calculated:

0 0 0 0
. 0 0 1 —-vVN-2
HaO =N | o D o ] ©)

0 VvN-2 -1 0

with the parameter f(N,t) = —v/N — 2¢(t)/i%(t). In theory, the adi-
abatic evolution can be accelerated in a finite duration by directly
adding the term H¢, y(t) into the original Hamiltonian Hg(t). How-
ever, in many-body systems the CD term always makes trouble as
N increases. For example, the term H¢y,(t) in this Zeno subspace
can be exactly constructed in a four-spins system with ten two-
body interactions, twenty three-body interactions and ten four-
body interactions. To avoid the tough implementation, we now
resort to the Floquet-engineered method.

The Hamiltonian Hj(t) in Eq. (5) can be rewritten with two con-

trol Hamiltonians H{ and H3,
Ho(£) = Ja(OH +J5(O)H;.

Here the two time-independent Hamiltonians read

1. 0 0 O 10 0 O
-1 -2 0 01 0 0
Hi: 0 2 {VEZ- ol’ H;: 0 0 M2 _2 |» (10)
W2 N2 N-2  JN-2
0 0 o0 1 0 0 # -1

which satisfy the commutation relation [H,Hj] = 2iHj and the
matrix

0 0 0 0
HE = —i ° 0w (11)
’ 0 (N-2)*2 0 (N—§)3"2
0 7 - W 0
Note the CD term in Eq. (9) can be expressed with H3, i.e.,
HE g (0) = — S F(N.O)(N — 2)°2HS = Feg (05, (12)

According to the theorem in Section 2, to simulate the dynamic
evolution driven by the CD term, the E-CD term can be constructed
with the Hi and H3,

H§7N(t) =1 (t)H] + c2(t)HS. (13)
For simplicity, here the control functions c;(t) are chosen as

ci(t) = AVwcos(wt), ¢ (t) = BV wsin(wt), (14)

which can ensure precision of the fidelity at least to first order in 7.
During the nth period [t,, t;;1], the Magnus terms of Hg, y(t) and
Hg y(t) can be computed according to Eq. (9)

Mea(T) = —iTFeq(tn + T/2)H + O(7%), (15)
Me(T) = —iTABHS + O(1*2). (16)

To ensure M4(7) ~ Mg(7) at all the periods, we can get the con-
straint equations AB = F4(t) for the small 7 [34]. Since F.4(t) keeps
positive, a simple solution is A(t) = B(t) = \/Fa(t). SO we can
obtain the two control functions

c1(t) = /Fa(t)wcos(mt), ca(t) = v/Fea(t)w sin(wt). (17)

Eventually, the complete E-CD Hamiltonian reads

Hin (1) =

Then, to show the validity of the E-CD term defined above, Fig. 2
reports the numerical simulation results of transferring the eigen-
state | ¢,(0)) for N = 4,8 with three driving protocols: the native
Hamiltonian Hg(t) (blue dashed lines), the additional CD Hamilto-
nian H§(t) + Hgy y(t) (green dashed lines), and the additional E-CD
Hamiltonian Hg(t) + Hg y(t) (red solid lines). Here a linear evolu-
tion is given by ¢(t)=25 and the fidelity is defined by
F(t) =| <<p4(T) | U(0,1) | (p4(0)>|2 with U(0,t) being the evolution
operator produced by the three Hamiltonians from time O to t.
When the total evolution time T = 1, as we can see, the E-CD pro-
tocol almost has the same effect of accelerating the adiabatic pro-
cess with the CD method and the fidelity tends to 1 quickly, which
outstrip the native protocol. The slight disparity occurs in the
vicinity of the middle part where the nonadiabatic effects are
strong. In principle, we can raise the oscillating frequency to
acquire higher-precise dynamics simulation by increasing the sam-
pling rates.

Up to now, we have shown the state | ¢,(t)) can be driven fast
along its instantaneous eigenstate trajectory with the E-CD term,
which can greatly reduce the number of many-body interaction
terms and the experimental difficulty. However, this will not be
enough to transfer an arbitrary quantum state |'V); to |'¥),; due to
the possible inaccuracy of the relative phase ¢ at the final time T.

Fea(t)w[cos(wt)HS + sin(wt)H3). (18)

(a) 100 T
0.75 -

0.50 -

0.25 -

Fidelity F(¢)

0 1 1 1
0 0.25 0.50 0.75 100

Time t/T

1.00 .
0.75 |-
0.50 |-

0.25 -

Fidelity F'(t) &

e =t mi ms md ms ma me ms s fmr o= = oma =

0 0.25 0.50 0.75 1.00
Time t/T

Fig. 2. The fidelity of the state initially evolving from | ¢,(0)) for (a) N =4 and (b)
N = 8 with three protocols: the E-CD method (red line), the exact CD protocol
(green dashed line), and naive protocol (blue dashed lines). Here, the parameters
are set to be N, =50, T = 1.



H. Zhou et al./Science Bulletin 64 (2019) 888-895 891

Since the parameter ¥ depends on the time T and the number of
periods N, it is instructive to look at the fidelity landscapes with
the two parameters in specific case and make sure that our scheme
works well. For example, Fig. 3 displays the fidelities of transmit-
ting the state |y) = sin(n/3) | 0) + cos(n/3) | 1) for N=4 and
N =6, and both landscapes have some features in common as
follows.

Firstly, the high-fidelity area forms the peninsula located on the
time T with the increasement of N; as shown with the purple iso-
lines in Fig. 3. In fact, due to the periodicity of phase, many penin-
sulas will emerge periodically when we continue to increase time
T. The adiabatic path can be tracked as far as possible provided N,
was large enough, but it may lead to higher oscillation frequency w
and stronger couplings according to the Eq. (17), which will ham-
per the feasibility of experimental implementation. If the limita-
tion of adiabaticity was ruled out at the intermediated times, the
fidelity still quickly approaches to 0.99 with relatively low fre-
quency and weak couplings in the added E-CD terms. Furthermore,
the fidelity also displays the good robustness against the time T,
which can bring much flexibility and agility in experiment.

Secondly, with the periods N, increasing, the corresponding
highest-fidelity time T (red square symbols) approaches to a special
time (while line). And here is the reason: In the limit of N; — oo, the
dynamics of Hamiltonian Hg, y(t) can be precisely simulated by the

HE (t), and the geometric phase y, =i fof dt' (@, (t") | duep,(t)) = 0.

Notice that the eigenvalues E;(t) = E»(t), so only the dynamical
phase contribute to the relative phase

Ay = JolEra(t) — Ea(t)]dt
4N—4—4ﬁE(g|2N+1—N2) (19)
= T .
(N —2)

Here E(- | -) represents the incomplete elliptic integral of the second
kind. When the phase A{y equals to the target relative phase 9, we
obtain

Aly=Q2k+1)m, kez (20)

(b)

Z 30

3.40 3.60 3.80 4.00 4.20

Fig. 3. Infidelity with the different time T and number of the periods N, for (a)
N=4, and (b) N=6. The color bar represents the value of infidelity
Fr(t) = logyo[1 — F(t)]. The purple dashed isolines denote the fidelity being 0.99
and 0.999, respectively. The red square symbols represent the time of the maximal
fidelities for the given N;, and the white lines denote the time as N; — oc. Detailed
explanation can be found in the main text.

From the Eqgs. (19) and (20), we can obtain the expected time T,
for perfect quantum state transfer with different size N. For exam-
ple, the time for accumulating  phase are T, ~ 3.59, 3.75 for
N = 4,6 respectively, which are just displayed as the white lines
in Fig. 3a and b. In the limit of N — oo, the time will converge to
the point T, ~ 4.21.

If we use the traditional adiabatic method to transfer the state
with the linear sweeping ¢(t), the minimum evolution time for
keeping the same final fidelity is T ~ 11 for N = 4, which shows
that the Floquet engineering method can achieve about 3 times
speedup. In fact, the speedup will increase with the growth of
the system size N, because more times are needed to satisfy the
adiabatic theorem compared with our scheme. For example, it will
need time T ~ 19 to ensure the high-fidelity QST with the tradi-
tional adiabatic method for N = 6, while the E-CD protocol only
need T ~ 3.8 to reach the same fidelity.

To investigate the robustness of our scheme in the whole spin
systems described by Eq. (4), we add the fast oscillation term to
the original Hamiltonian Hy(t) and obtain

N-1
H(t) = 1,(t)G7 - G5 +]Jo 0; - Gji1 + N, (1)ON1 - ON (21)
2

where the parameters are #,(t) =ci(t)+J,(t) and n,(t) =
¢, (t) + Jg(t) with ¢4 (t) and c,(t) given by the Eq. (17). Here we focus
on the four-spin system and choose the parameters
(T,N;) = (3.72,8) from the Fig. 3a with the fidelity being about
0.999. The fidelity against the imperfection of amplitudes in the
functions #,(t), #,(t) was numerically calculated. As shown in
Fig. 4, even if the relative errors |dn,/n;|=10% and
| o11,/15 |= 10%, the final fidelity still keeps above 0.97, which man-
ifests that our scheme holds good robustness against the errors in
practice. In a larger system, the validity and robustness of this
scheme still exist as long as the inner coupling strength J, > #,,1,.

What's more, this method can refrain from using the multi-
body interactions and speed up the adiabatic process, which will
reduce the experimental complexity compared with the CD
method. For example, since the inherent multibody interaction is
absent in NMR, we have to simulate it with many radio-
frequency pulses and two-body interactions. Therefore, errors
accumulated from the decoherence effect and imperfect operations
will increase the difficulty in experiments. In brief, this method

0.10

0.05

£ o0}
3
-0.05
-0.10 ; ;
-0.10  -0.05 0 0.05 0.10
dm,/n,|

Fig. 4. Quantum state fidelity vs. the imperfection of two amplitudes in control
functions 7, (t) and n,(t).



892 H. Zhou et al./Science Bulletin 64 (2019) 888-895

provides new control knobs to speed up adiabatic protocols with
available resources in experiment, and in the next section we will
demonstrate our scheme experimentally with an NMR simulator.

4. Experiments setup and results

The experiment was carried out on a Bruker AV-400 spectrom-
eter (9.4T) at room temperature. The iodotrifluoroethylene dis-
solved in d-chloroform was used as a four-qubit quantum system
to simulate the spin chains. The natural abundance of the sample
with a single *C is about 1%. To distinguish those molecules
against the large background, we read out the signals of all three
19F qubits via the 3C channel. The natural Hamiltonian of this sys-
tem in the double rotating frame is

Hume = ano + Z Ui a0, (22)

i<j,=1

where v; is the chemical shift of spin i and J; is the scalar coupling
constant between spin i and j. The values of these system parame-
ters are shown Fig. 5a. The experiment consists of the following
steps.

(i) Initial state preparation

Starting from the equilibrium state, we first initialized the sys-
tem into the pseudopure state (PPS) with the line-selective method
[43,44]:

pppszlm I +¢/0000)(0000|, (23)
where I, represents the 16 x 16 unity operator and ¢ ~ 10~ is the
polarization. The NMR spectrum of the PPS after applying a readout
pulse to the first qubit is shown in Fig. 5b.

To prepare the initial state, the local pulses
Re(%) — Ry(ar) — Re(—Z) —Ry(B) were applied to first qubit. Here
the operator R, () = exp [-ifd* /2] denotes the single-bit operation
along pu direction (u=x,y,z). We chose the parameters
(a,8) = (0,2mw/3) and (m/3,m/4) to create two sets of the
initial states | ¥(0)) = cos(m/3) | 0) + sin(/3) | 1) and
| ¥(0)) = cos(m/8) | 0) + e™3sin(m/8) | 1), respectively. In order
to ensure these states successfully prepared, we performed the full
state tomography [45,46]. In our experiments, the amplitudes of
spectra were obtained by a fit to Lorentzians. Fig. 6f show the

(a)

C 154787 7.9

—33114.5 4.4

F, —297.6

F, 2756 64.6 —42674.9 6.8

—56450.7 6.8

F3 39.1 51.4 —129.1

(b)
2| 10y [010) |101) |000) [001)
= |100) [010)
3
4
E J
Z 1 1 1 1 1
=300 —150 0 150 300
NMR frequency (Hz)

Fig. 5. (Color online) (a) Molecular structure and relevant parameters of iodotri-
fluoroethylene at 303 K. The chemical shifts and J-coupling constants are on and
below the diagonal (in Hz) in the table, respectively. (b) Experimental '>C spectrum
of the equilibrium state (orange line) and the pseudopure state (blue line) after a
n/2 readout pulse along y axis. The eight resonance lines are labeled by the
corresponding states of the other three qubits.

reconstructed density matrixes for the two states respectively,
from which we acquired the state fidelities about 99.3%, and the
fidelity is defined by [47]

Tr(pexppth) .
Tr(pgxp)Tr(pfh)

Here p,,, and py, represent the experimentally measured density
matrix and the ideal expectation. The blue lines in Fig. 6i and j
denote the experimental spectra of two initial states, respectively.

F= (24)

(ii) Dynamic evolution along the engineered paths

The key step in our experiment is to implement the QST with
engineered paths H(t) as described in Eq. (21). The evolution oper-
ator U(0,T) from time O to T is given by

i)

where 7 denotes the time-ordering operator. For the experimental
implementation, the continuous passage was discretized into M
steps [48-50], and in the mth step H(t) can be expressed as

H[tn] = Z (771 [tm] - 610% + 1y [tm] - OO +]OZO-M 1+1>

H=Xyz

U, T) =

(25)

with the discrete parameters #[tn] = C1(tm) +Ja(tm), No[tm] =
Co(tm) +Jg(tm), tm = mT/M = mAt and m=1,2,---,M. The evolu-
tion operator in the mth step is U, = e Hinl and in the limit of
M — oo and At — O the total time evolution operator is given by

M M
T) = HUm _ He—IA[H[tm], (26)
m=1 m=1

which can be further decomposed into the single-qubit operations
and free evolutions with the Trotter expansion [51]. As shown in
Fig. 7, direct implementation of this pulse sequence in experiment
will accumulate systematic errors and significant decoherence
effect. To overcome these problems and reach a high-fidelity quan-
tum coherent control, here the discrete steps was numerically opti-
mized as M = 100 and the unitary operator U in Eq. (26) can keep
the final states fidelity above 0.996. Then we packed the operator
into one shaped pulse calculated by the gradient ascent pulse engi-
neering (GRAPE) method [52-55], with a duration of 25 ms. The
shaped pulse is designed to be robust against the inhomogeneity
of the practical control field and has numerical fidelities over 0.995.

(iii) Readout and state tomography

To examine if the target states were sent to the end of
spin chains, we performed state tomography on the final states
as shown in Fig. 6¢,d and g, h. The red lines in Fig. 6i and j
denote the experimental spectra after a m/2 readout pulse
applied to first qubit. The final fidelities of the four-bit density
matrix are about 98.5%. By tracing over the sending and
inner spins, we obtained the reduced density matrixes of the

. . _ 0.275 0.379 + 0.008i
receiving  spin - p1 = | 53-9"" 0 0osi 0725 and
—_ 0.819 0.170 — 0.296i . .
02 = [0.170+ 0296i 0181 } of which the fidelities

are all above 99.5%. These experimental results clearly demon-
strate the successful implementation of the high-fdelity QST
across the Heisenberg spin chains with the Floquet-engineered
method.

The infidelities of the final states in experiment were about 2%,
which mainly come from the imperfection of the initial state and
GRAPE pulses, and decoherence. Using the experimentally
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(a) (©) (e) (8)
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Fig. 6. (a)-(h) Experimental density matrix of the two initial states: (a, b) | ¥(0)) = cos(m/3) | 0) + sin(wt/3) | 1), (e, f) | ¥(0)) = cos(m/8) | 0) + €™ sin(r/8) | 1) and the
corresponding final states (c, d) and (g, h). Here the upper and under figures denote the real and imaginary components, respectively, and the rows and columns in each
subfigure represent the standard computational basis in binary order from |0000) to |1111). (i) and (j) denote the '3C signals of the two sets of states as above. The blue
spectrum denotes the initial state after a R,(n/2) pulse applied to the third qubit, and red spectrum denotes the final state after a R,(n/2) pulse applied to the first qubit.
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Fig. 7. (a) Pulse sequence for simulating the dynamic evolution with the Trotters formula, and here the gray rectangle denotes the operator
U7 (At) = exp[—iAt (1 [tm] - 0505 + J40505 + 1, [tm] - 650%)], which can be realized with the pulse sequence in (b). The other color rectangles represent the hard pulses

applied to individual qubits and pulse phases is indicated inside them. Time durations 7, = ZAT‘(L’;*:Z[“”'J,T = %;[Tm],fz3 = % represent free evolutions under the natural
Hamiltonian.

reconstructed density matrix, we find that the imperfection of ini- than 1%. The duration of each experiment is about 25 ms, which
tial state contributes about 1% to the errors. Besides, numerical is short compared to the relaxation time T} ~ 1.2 s, and therefore

simulations reveal that the GRAPE pulse will produce errors less the effect of decoherence should be relatively small.
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5. Conclusion

In summary, based on the Floquet-engineering techniques
[34,35], we here put forward a novel accelerating adiabatic proto-
col for high-fidelity QST in spin chains by approximatively counter-
act nonadiabatic transitions. This protocol can be implemented by
only modulating two marginal couplings, which can significantly
reduce the number of many-body interactions and the experimen-
tal difficulties compared with the CD method. Furthermore, we
experimentally investigate the performance of our protocol in a
four-qubit NMR system. This experiment demonstrates the feasi-
bility of this method via current technology, which provides an
effective method for high-fidelity quantum state manipulation in
complex and noisy quantum systems, and has applications in
many areas, such as entanglement creation [50], quantum heat
engines [56], and quantum phase transition [28].
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