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Probabilistic teleportation of a quantum dot spin qubit

Y. Kojima @', T. Nakajima (%, A. Noiri@?, J. Yoneda @?>, T. Otsuka®®”?®, K. Takeda(@?, S. Li%, S. D. Bartlett @?, A. Ludwig®,

A. D. Wieck* and S. Tarucha?®™

Electron spins in semiconductor quantum dots have been intensively studied for implementing quantum computation and high-
fidelity single- and two-qubit operations have recently been achieved. Quantum teleportation is a three-qubit protocol exploiting
guantum entanglement and it serves as an essential primitive for more sophisticated quantum algorithms. Here we demonstrate a
scheme for quantum teleportation based on direct Bell measurement for a single-electron spin qubit in a triple quantum dot
utilizing the Pauli exclusion principle to create and detect maximally entangled states. The single spin polarization is teleported
from the input qubit to the output qubit. We find this fidelity is primarily limited by singlet-triplet mixing, which can be improved
by optimizing the device parameters. Our results may be extended to quantum algorithms with a larger number of semiconductor

spin qubits.
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INTRODUCTION

An electron spin qubit in semiconductor quantum dot' is a
promising building block for quantum computing. Recent
progress has realized fundamental control on single and two
qubits*™. Implementing three-qubit algorithms®® is a significant
step forward, as they include demonstrations of key primitive
algorithms such as detection and correction of single bit-flip
errors® using a repetition code. Quantum teleportation'® (QT) is an
attractive instance of three-qubit algorithms and has been
demonstrated in many physical systems''~™'?, because it enables
long-range quantum communication via quantum repeaters'>, as
well as computational models such as gate teleportation'® and
measurement-based control®. In gate-defined quantum-dot spin
qubits, however, a probabilistic QT protocol has been demon-
strated only recently’, employing a SWAP operation® in a
Heisenberg spin chain to distribute quantum entanglement in a
quadruple quantum dot.

Here we design a simple probabilistic QT protocol for a single-
electron spin qubit, where an entangled state is distributed by
direct transfer of a qubit with a linear ramp pulse in a
semiconductor triple quantum dot (TQD) device. We show that
the spin polarization of the input qubit is teleported to that of the
output qubit when and only when we have access to the outcome
of the Bell measurement, as expected for QT. We analyze possible
error sources in our QT process based on the input-output
relation and find that the teleportation infidelity originates
primarily from the leakages of singlet states to and from spin-
polarized triplet states in the preparation and the measurement of
the singlets.

RESULTS
The QT protocol

The key ingredients in QT protocol are coherent distribution and
detection of an entangled state. Our QT protocol realizes these

steps by rapid adiabatic passage'” employing a linear ramp of the
detuning energy rather than two-qubit gate operations. Advan-
tages of this approach are that the pulse sequence is less complex,
and that the entire operation time is within nanoseconds under
appropriate inter-dot tunnel couplings.

Figure 1a, b illustrate the sequence of the QT protocol. We
teleport the state of an input qubit Q1 to the state of an output
qubit Q3 using an ancillary qubit Q2 that is initially entangled with
Q3. The top dot (QD1) hosts Q1 and the bottom dot (QD3) hosts
Q3, whereas the middle dot (QD2) serves as a transport channel of

Q2. First, the Q2-Q3 singlet state |Sy;) = % is prepared in

QD3 by setting the Fermi level in the neighboring reservoir
between the singlet and triplet levels in QD3. Next, Q2 is moved to
QD2 and the Bell measurement of Q1 and Q2 is performed using
Pauli spin blockade (PSB)'”'8, where Q1 and Q2 are projected to

the singlet state |S;,) = % only if Q2 can tunnel into QD1.

On the other hand, when the tunneling of Q2 is blocked, they are
projected to one of the triplet states. As the Bell measurement
only distinguishes the singlet out of the four two-qubit basis
states, QT is realized stochastically. This type of QT is called
probabilistic QT.

TQD device

A linearly coupled TQD'?° is fabricated on a GaAs/AlGaAs
heterostructure wafer as shown in Fig. 1c. We apply voltage
pulses to the P1 and the P3 gates to rapidly control energy levels
of the TQD. The measured lever arm along e is about 30 peVmv "',
where ¢ is defined as the energy difference between (2,0,1) and
(1,0,2) (see Fig. 1d). A micromagnet fabricated on the wafer
surface forms an inhomogeneous local magnetic field and enables
addressable electric-dipole spin resonance (EDSR)*?' control (see
Supplementary Note 2). The local magnetic field is largest in QD1
followed in order by in QD2 and QD3 (the static external magnetic
field is Bexy =3.07 T and the resonance frequency in QD1 is
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Fig. 1 QT protocol in a TQD. a Sequence for the demonstration of
QT with markers representing the operation points in the stability
diagram in d. The colored rectangular boxes represent individual
steps using the pulse shapes shown in Fig. 2 with corresponding
colors. b Schematic of our implemantation of the QT protocol. The
spin state is teleported from a qubit in QD1 to that in QD3. A spin
singlet is prepared in QD3 by adjusting the Fermi level in the
reservoir to be between the singlet and triplet levels in QD3. After
transfering one of the two electrons in QD3 into QD2, we use Pauli
spin blockade (PSB) for the single-shot measurement of the two-
spin state in QD1 and QD2 to distinguish whether it is singlet or not.
To complete the QT protocol, we post-select the single-shot data
conditioned on the singlet outcome. ¢ Annotated scanning electron
micrograph of the TQD similar to the one used for the experiment. A
QD charge sensor with rf-reflectometry is used to detect the TQD
charge states. d Charge stability diagram obtained by sweeping the
voltages Vp, and Vpg on the gate electrodes PL and PR. The symbols
represent the bias positions used for various operations in the QT
experiment (see Figs. 2 and 3).

16.3 GHz). The local Zeeman field difference between QD1 and
QD2 is ABy; = 500 MHz, and the one between QD2 and QD3 is
ABy3; = 300 MHz. We detect the electron charge configuration in
the TQD by measuring the reflectometry signal (V,)*> of the
nearby sensor dot. Figure 1d shows the charge stability diagram of
the TQD around the charge states of (N;,N,,N3)=(1,1,1), (1,0,2),
and (2,0,1) used in this work, where N; denotes the number of
electrons in QDi. The measured electron temperature is 150 mK
(13 peV), which is low enough to perform spin readout by energy-
selective tunneling under the effective Zeeman splitting of about
64 peV in QD3. It is noteworthy that we tune the inter-dot tunnel
couplings t. with the larger one being 2 GHz for QD1 and QD2 so
that direct spin-spin interaction between QD1 and QD3 in (1,1,1)
is negligible (see Supplementary Note 1).

Ingredients of the QT protocol

The fidelity of the entire process of our QT protocol is subject to
the tunnel coupling strengths, because our approach relies on the
mapping between two-spin states and charge states by detuning
ramps. In our protocol, we need to perform PSB between QD1 and
QD2, where Q1 and Q2 are projected to |Si;) only when the
tunneling of Q2 into QD1 is allowed. Furthermore, we need to
separate |S,3) into QD2 and QD3. However, these operations may
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fail because of the weak inter-dot tunnel couplings. For example,
when the tunneling of Q2 from QD2 to QD1 is slow, we need a
slow detuning ramp for the Bell measurement, which can cause
mixing of |Sy,) and ‘T0‘12> during the ramp. Furthermore, the slow
tunneling of Q2 from QD3 to QD2 during the |S,3) separation
process can cause a transition to the excited singlet state and
destroy the coherence of |S,3). To confirm the feasibility of |S;,)
detection, we perform the PSB measurement with QD1 and QD2
(Fig. 2a). Figure 2b shows the histogram of the single-shot PSB
signal Vs after loading an up spin to QD1 and a random spin into
QD2. We use a latched readout technique to enhance the readout
visibility, which transfers the spin-blocked (1, 1, 1) charge state to
(2,1,1) before the readout®>** The solid line is a fit using two
noise-broadened Gaussian distributions considering the relaxation
of triplet states'®. The state is registered as singlet (triplet) when
Vi¢ is lower (higher) than the threshold voltage, Vihreshold- Next, we
measure singlet-triplet oscillation (ST, oscillation'®2>, where T,
denotes non-polarized triplet) in QD2 and QD3 induced by AB,s,
to ensure the creation and separation of |S,3) (Fig. 2¢). Figure 2d
shows the measured singlet probability, Ps, as a function of the
dwell time tgwen in (1,1,1). As the dwell point is far detuned from
the (1,1,1)-(1,0,2) degeneracy point, the exchange coupling
between Q2 and Q3 is suppressed and the observed periodic
oscillation of Ps indicates coherently repeated transitions between
|S23) and |To,3) (the oscillation visibility is largely limited by
readout error arising from the relaxation of |To 23), which does not
contribute to the teleportation infidelity). These results (Fig. 2b, d)
show that the device is properly set up to realize coherent
separation of |S,3) and projection measurement onto |S;;).

Preparation of input qubit and readout of output qubit

To prepare an input state for the QT protocol, we rotate Q1 using
resonantly driven coherent oscillation.  Although the
micromagnet-mediated EDSR?' is useful for the qubit rotation,
we find that Q1 can be manipulated faster with less decay by
resonant SWAP?*?” using QD1 and QD2 in this particular device
(see Supplementary Fig. 3 in Supplementary Note 2). To realize the
resonant SWAP, we first load |1;{}) in QD1 and QD2 using slow
adiabatic passage28 (Fig. 2e), where the double-line arrow (1} or |})
represents an extra spin in QD2, which is temporarily loaded to
assist the rotation of Q1 and is later discarded to the reservoir.
Then, resonant transitions between |1,{}) and |];1}) are driven by
a microwave (MW) burst applied to the P2 gate. The resulting two-
spin state is a| ;) + B|1,1}) with |a|* +|B]>= 1. By emptying QD2,
the coherence of Q1 is lost but the probabilities in the up/down
basis |a]> and |B|* are retained. Therefore, an input state is a
classical state with the density matrix p; = Py in|T1)(11]+
Piinll1)(l1], where Pyin = |a|2 and P, = |B|2. To estimate Py jn,
we measure the probability of |1,{) (PI™) after an MW burst by
PSB (shown in Supplementary Fig. 3). P{™ is modeled as P™ =
frinPrin + (1 — f1in)(1 — Pyin) With the readout fidelities, f; i, and
fin for the spin-up and -down states. The readout fidelities are
determined by two error sources: the state-mapping error and the
electrical detection error. Here we ignore the state-mapping error,
because our ramp time used for the readout (15ns) is long
enough given AB;; = 500 MHz and t. = 2 GHz between QD1 and
QD2, but revisit this issue in “Discussion” section. By considering
the electrical detection error based on the charge distinguish-
ability of two Gaussian distributions (see Supplementary Note 3),
we estimate the readout fidelities to be f;;, =0.96 and
f1in = 0.90. Figure 2f shows P, as a function of the MW burst
time tyyrst, indicating that we can vary the spin-up probability of
the input state. The decay of P, for the longer tyys: is due to
decoherence and relaxation, while the amplitude and the offset of
the oscillation are influenced by the initialization error. It is
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Fig. 2 Ingredients of the QT protocol. a Detuning pulse shape
represented for Vpr used for the PSB measurement between (1,1,1)
and (2,0,1). The detuning is first ramped by rapid adiabatic passage
across the (1,1,1) and (2,0,1) resonance, and then instantly pulsed to
the measurement point (marked by a pentagon) to avoid spin
mixing at the anti-crossing of the singlet and the spin-up polarized
triplet. b Histogram of the single-shot PSB measurement signal V.
The left population indicates (2,1,1) charge state and the right
indicates (1,1,1) charge state. ¢ Pulse shape used for preparing a
singlet and measuring the ST, oscillation in QD2 and QD3, while a
random spin is left in QD1. A singlet initialized in QD3 at the triangle
marker is separated at the square marker and subsequently
measured by the ramp similar to the one used in a. The dwell
point (marked by a square) is chosen so that the exchange
interaction between Q2 and Q3 is negligible. d STy oscillation in
QD2 and QD3. The solid line is a fit using the Gaussian decaying
envelope. e Pulse shape for preparing and measuring the input
qubit Q1. To load and measure |T,{), the ramp is slower than those
in a. An MW burst is applied at the point marked by a circle. f Rabi
oscillation driven by the resonant SWAP using QD1 and QD2. The
MW burst time tyyrst is 4, 8, 12, ..., 80 ns. Triangles indicate the values
of P;i, obtained after correcting the readout errors in detecting
[T14}). Error bars represent the SE. The solid line is a fit using

Ain COS(271fint + by e <’2R-af5') 4B,  with An=017+0.02, By =
0.57£0.02, fiy = 13.1£0.8MHz, T{ = 86+13ns, ¢, = 0.18+0.2.
The low visibility is supposed to be due to initialization error of
singlet in QD1, because gate voltages for setting the initialization
point and dot-lead couplings are not optimal.

noteworthy that those errors are irrelevant to the fidelity of our QT
protocol.

The state of Q3 teleported from Q1 is read out by the spin-
selective tunneling to the lower reservoir®®. This readout is
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performed by pulsing gate voltages near the (2,0,1)-(2,0,0)
transition line (marked by a star in Fig. 1d), where Q3 can tunnel
out to the reservoir only when its spin is down. We estimate the
output qubit readout fidelities for spin-up and -down state to be
fiouww =0.83 and f|, ot = = 0.50 from additional experiments and
analytical calculation®® (see Supplementary Note 4). f| o is limited
by a relatively small tunnel rate to the reservoir compared to the
readout time. We estimate the spin-up probability by taking into
account those infidelities—similar to Q1.

Demonstration of QT

We now integrate all the steps for the preparation of Q1, the QT
protocol, and the final readout of Q3 in one sequence. Figure 3a
shows the spin-up probability of Q3 obtained as a function of tyyst
to drive Q1. The gray squares denote P; oy, the spin-up probability
produced regardless of the Bell measurement outcome. P oy is
independent of t,,st, sShowing no correlation with the input qubit
Q1. In contrast, if we extract the data set conditioned on the
singlet outcome in the Bell measurement (classical information,
Cl), we obtain PCI : (see blue circles in Fig. 3a), which reproduces
the Rabi osc1|lat|on of Q1 (Fig. 2f). Here, Vinreshola Of the Bell
measurement is chosen to take full advantage of Cl (see the black
dashed line in Fig. 3b), i.e., to maximize the oscillation amplitude

Aout Of Pl . As the accuracy of the Cl is degraded deliberately by
raising Vihreshold, @ monotonic decrease of the amplitude is
observed. These agree well with an essential property of the QT,
that QT requires the local measurement of Q3 and the outcome of
the Bell measurement to reproduce the original state of Q1. The
similarity between Py i, and PS!,  supported by the requirement of
both the entangled state and the Cl is the hallmark of successful
teleportation.

DISCUSSION
Cl.model

We consider the spin-up probability of Q3, Pl out , expected from
the estimated values of P;j, and the error model of our QT
protocol discussed below. Pink triangles in Fig. 4 show the direct
comparison of PS!  with PT°, assuming that there are no
errors in the operatlons for our QT protocol. The discrepancy
between the two, namely the deviation from the red line, allows
us to infer possible errors in the whole QT process. We discuss
below the effects of the errors.

First, an error may occur in the singlet preparation step during
the transition of Q2 from QD3 to QD2. The prepared two-spin
states in QD2 and QD3 are described by a combination of |1, ]3),
[1573), [T273), and ||, 5. However, the leakage to ||, |3) is unlikely,
because this state has much higher energy throughout the QT
protocol due to the large magnetic field. On the other hand, |1,15)
may be mixed with |Sy;) due to the transverse magnetic field
difference AB, at their degeneracy point during the ramp from

(1,0,2) to (1,1,1). As this transition is coherent®'??, the prepared
state is described as

[W23) = v[T213) +6]1213) +{[12T3) m
with \y| +\6| +|C| =1 Here the perfect singlet preparation
would lead to y = 75 6= and (=0.

The second source of error |s in the detection process. This can
be decomposed to the state-mapping error and the electrical
detection error in the Bell measurement. The latched readout
technique employed here helps to suppress the electrical
detection error to 0.02 but a state-mapping error in transferring
the spin-blocked (1,1,1) to (2,1,1) may remain due to the nonideal
dot-to-lead tunnel rates®**3, This error is modeled by using the
measurement operator

Mgen = Fs genl|S12) (S12] + (1 — Frogen) | To,12)(To12|

_ _ )]
+(1 = Fogen) (|07) (03] + |07,)(03]),
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Fig. 3 Demonstration of the QT protocol. a Spin-up probability of Q3 obtained as a function of the MW burst time tpyst (0, 2, 4, ..., 80 ns)
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of the Bell measurement. The blue solid line is a fit to Aoy cos(2mfint + ¢, )e <T§-a""m> + Bout With Aoyt = 0.11+£0.01 and By = 0.69+0.02,
respectively. b Dependence of Aoyt on the threshold voltage Vinreshold in the Bell measurement. Error bars represent 68% confidence interval
determined from the fit in P%'out. The threshold voltage used in a is shown by a black dashed line. The upper panel shows the histogram of the
Bell measurement signal Vit. The lower panel shows Aoy and the singlet probability, Psgey, as a function of Vinreshold- Vi lower (higher) than
Vihreshold 1S judged as singlet (triplet). As Vinreshold is increased, Aoy decreases because the accuracy of the classical information decreases. On

the left side of the black dashed line, A,.: decreases as the number of singlet outcomes in the Bell measurement decreases and PS¢ . cannot
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Fig. 4 Correlation between the spin-up probabilities of the
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the SE. Vertical error bars represent error calculated using Eq. (5)

with the SE of P{\ . P!, is the one observed experimentally,
Cl.model .-

Tour  is what is expected from the model. The red line

. Cl Cl,model : : Cl H
shows the ideal case when P and P; ;™ are identical. P, is

obtained by averaging the scattered data points at each tyyst in

Fig. 3a for clarity. P%';)'Sfde' is calculated by assuming no errors in the
whole process of the QT protocol (pink triangles), finite errors in
preparation and detection of singlet (orange squares), and an
additional mapping error in the input qubit readout (blue circles),
respectively. We use estimated values of Fsgey — Fr, geit = 0.38,
Fo genl = 0.96, |6|2: 0.51, and |C\2: 0.05 (for orange squares and
blue circles), and fin; (fin,) = 0.90 (0.93) (for blue circles).

whereas P

where 1 — Fspell, 1 — Fr, gell, and 1 — Fg geir are the detection errors
of the singlet S, the non-polarized triplet Ty, and the other two Bell
states O*.

Using Egs. (1) and (2), we now calculate the final spin-up
probabilities of Q3 with and without CI, P*Mo%! ang pmodel

T,out T.out ’
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respectively (see Supplementary Note 5). The density matrix of the
three-qubit state before the Bell measurement is expressed as
P123 = P71 ® Pa3, Where p,3 is the density matrix of Q2 and Q3, and
is given by p,; = |Wa3)(W23]. The probability of finding the singlet
outcome in the Bell measurement is then given by

P;",;S.?' = Tr(0123MgeyMsenl) = Fsgelips + (1 — Fry et Pr, + 2(1 — Fo.geil) Po,
(3)

where ps = Tr(p;53/512)(S12]) is the ideal probability of detecting S
and pr, (o) is defined similarly. It is noteworthy that Pg‘?ggne' depends
on the state of Q1 unless the preparation of singlet is perfect.
Using this notation, we obtain

P??gl?fl = (13[Tr2(p123)13]) = |5‘2 + \CIZ (4
PCLmodeI _ [13)MeniPr23ML, [ 15)
T,out Tr(p1z3Mge”Maeu) (5)

(Fs geti+1—Fro i) (P1 in |61 +Pyin |01 +2(1=Fo gen ) (P <17 +Pyin |6
pgan !
Bel

where Trq, denotes the partial trace over Q1 and Q2. To infer the
error values, we now compare Egs. (3)-(5) with experimental
results. By minimizing the deviations between PMd! 3nd P; outs

T,out
Soar and Psgen, and finally between pEhmodel PTCfout,

T,out
we arrive at P?g)“l]fde' shown by orange squares in Fig. 4 with

Fsgell — Fr, el = 0.38, Fogen = 0.96, |6]°=0.51, and |{|°=0.05.

Cl,model Cl
Piow  and Pi,, now match each other reasonably well, but

there remains a noticeable discrepancy. A possible explanation for
this discrepancy is the state-mapping error in the PSB readout of
Q1 mentioned before, which needs to be taken into account in
fin1 and fi, |. Indeed, when we assume fi, ; = 0.90 and fi, | = 0.93
(instead of f;j, =0.96+0.01 and f|j» =0.90+0.01), we find

P%';,”dee' agrees well with P{\ . (see blue circles falling on the
red line in Fig. 4).

Finally, we predict the fidelity of the QT protocol using the
inferred error values. We anticipate that our protocol could
teleport an arbitrary input state coherently, because the 2 ns ramp

time from (1,0,2) to (2,0,1) is sufficiently shorter than the measured

Pmodel

between and
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dephasing time of 21+ 1ns in the device. A complete fidelity
analysis may be performed by quantum tomography experiments,
in combination with the techniques to suppress the effect of
fluctuating nuclear fields, which degrades tomographic rotation of
qubits®®. In the meanwhile, the classical fidelities give useful
information about the main error sources in the QT protocol. We
define the classical fidelity to be the probability of finding the
spin-up (-down) output qubit for the spin-up (-down) input qubit.
The error values obtained in the above suggest the fidelities of
Fi =0.95 and F| = 0.86. The fact that F; is close to 1 and F| is
much lower than F; suggests that the effect of a finite T,
component ({) in the prepared singlet pair in Q2 and Q3 is large,
because T, leads to a bit-flip error only for the spin-down input,
whereas erroneous detection of ®* as singlet results in a bit-flip
error regardless of the input qubit state. We therefore conclude
that the main error source of the classical infidelity is leakage to T
in the preparation process of the singlet state.

We note that the design of the magnetic field gradient induced
by the micromagnet is crucial for the teleportation fidelity. The
spin mixing between the ground singlet and T, may be caused by
the transverse magnetic field difference AB, between adjacent
QDs. The micromagnet in our device induces large AB,, because
its geometry is asymmetric around the TQD axis*>. In addition, it is
desirable to reduce AB, to mitigate the effect of ST, mixing during
the measurement and combine the latched readout technique,
which increases FTO‘Be”B. Although this does not improve the
classical fidelities F; and F|, it is important for the quantum
mechanical fidelity in coherent teleportation.

In summary, we demonstrate a simple and efficient protocol of
the probabilistic QT for a quantum-dot spin qubit. The ground-
state initialization of a doubly occupied dot, together with a simple
pulsed control of the detuning energy, allows for the preparation
of an entangled state and the Bell measurement. The statistics of
the spin polarization of the output qubit conditioned on the
outcome of the Bell measurement reproduces that of the input
qubit, demonstrating that the spin orientation is teleported from
the input qubit to the output qubit. Given the short operation time,
we expect that our QT protocol could teleport an arbitrary
quantum state, although a quantum tomography experiment is
necessary for its demonstration. We find that the main error source
in this protocol is the mixing of the entangled states with T,
substantially due to the large magnetic field gradients, which may
be improved by optimizing the device design. Our demonstration
is among the first demonstrations of teleportation with a single-
electron spin qubit in semiconductor quantum dots. Our results
open a path to demonstrate quantum algorithms with three or
more qubits in semiconductor electron spin qubits.
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