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Entanglement of two quantum memories via 
fibres over dozens of kilometres

Yong Yu1,2,3,6, Fei Ma1,2,3,4,6, Xi-Yu Luo1,2,3, Bo Jing1,2,3, Peng-Fei Sun1,2,3, Ren-Zhou Fang1,2,3,  
Chao-Wei Yang1,2,3, Hui Liu1,2,3, Ming-Yang Zheng4, Xiu-Ping Xie4, Wei-Jun Zhang5, Li-Xing You5, 
Zhen Wang5, Teng-Yun Chen1,2,3, Qiang Zhang1,2,3,4*, Xiao-Hui Bao1,2,3* & Jian-Wei Pan1,2,3*

A quantum internet that connects remote quantum processors1,2 should enable a 
number of revolutionary applications such as distributed quantum computing. Its 
realization will rely on entanglement of remote quantum memories over long 
distances. Despite enormous progress3–12, at present the maximal physical separation 
achieved between two nodes is 1.3 kilometres10, and challenges for longer distances 
remain. Here we demonstrate entanglement of two atomic ensembles in one 
laboratory via photon transmission through city-scale optical fibres. The atomic 
ensembles function as quantum memories that store quantum states. We use cavity 
enhancement to efficiently create atom–photon entanglement13–15 and we use 
quantum frequency conversion16 to shift the atomic wavelength to 
telecommunications wavelengths. We realize entanglement over 22 kilometres of 
field-deployed fibres via two-photon interference17,18 and entanglement over 50 
kilometres of coiled fibres via single-photon interference19. Our experiment could be 
extended to nodes physically separated by similar distances, which would thus form a 
functional segment of the atomic quantum network, paving the way towards 
establishing atomic entanglement over many nodes and over much longer distances.

Establishing remote entanglement is a central theme in quantum  
communication1,2,20. So far, entangled photons have been distributed 
over long distances both in optical fibres21 and in free space with the 
assistance of satellites22. In spite of this progress, the distribution suc-
ceeds only with an extremely low probability owing to severe transmis-
sion losses and because photons have to be detected to verify their 
survival after transmission. Therefore the distribution of entangled 
photons has not been scalable to longer distances or to multiple 
nodes20,23. A very promising solution is to prepare separate atom–pho-
ton entanglement in two remote nodes and to distribute the photons 
to a intermediate node for interference17,19. Proper measurement of the 
photons will project the atoms into a remote entangled state. Although 
the photons will still undergo transmission losses, the success of remote 
atomic entanglement will be heralded by the measurement of photons. 
Therefore, if the atomic states can be stored efficiently for a sufficiently 
long duration, multiple pairs of heralded atomic entanglement could 
be further connected efficiently to extend entanglement to longer 
distances or over multiple quantum nodes through entanglement swap-
ping23, thus making quantum-internet-based applications feasible2,24,25

Towards this goal, a great number of experimental investigations 
have been made with many different matter systems23,26–29, each of 
which has its own advantages in enabling different capabilities. So far, 
entanglement of two stationary qubits has been achieved with atomic 
ensembles3,4,6,7, single atoms8, nitrogen vacancy centres9,10,12, quantum 

dots11, trapped ions5, and so on. Nevertheless, for all systems, the  
maximum distance between two physically separated nodes remains 
1.3 km (ref. 10). To extend the distance to the city scale, there are three 
main experimental challenges, which are: to achieve bright (that is, 
efficient) matter–photon entanglement, to reduce the transmission 
losses, and to realize stable and high-visibility interference in long 
fibres. In this Article we combine an atomic-ensemble-based quan-
tum memory with efficient quantum frequency conversion (QFC)16, 
and we realize the entanglement of two quantum memories via fibre 
transmission over dozens of kilometres. We make use of cavity enhance-
ment to create a bright source of atom–photon entanglement. We 
employ the differential-frequency generation (DFG) process in a peri-
odically poled lithium niobate waveguide (PPLN-WG) chip to shift the  
single-photon wavelength from the near-infrared part of the spectrum 
to the telecommunications O band for low-loss transmission in optical 
fibres. We then make use of a two-photon interference scheme17,18 to 
entangle two atomic ensembles over 22 km of field-deployed fibres. 
Moreover, we make use of a single-photon interference scheme19 to 
entangle two atomic ensembles over 50 km of coiled fibres. Our work 
can be extended to long-distance separated nodes as a functional 
segment for atomic quantum networks and quantum repeaters30 
and should soon enable repeater-based quantum communications,  
paving the way towards building large-scale quantum networks over 
long distances in a scalable way1,2.
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Quantum memory with telecommunications interface
Our experiment consists of two similar nodes linked via long-distance 
fibres, as shown in Fig. 1. In each node, an ensemble of about 108 atoms 
trapped and cooled by laser beams serves as the quantum memory23. 
All atoms are initially prepared in the ground state |g⟩. Following the 
Duan–Lukin–Cirac–Zoller protocol19, in each trial, a weak write pulse 
coupling ground-state atoms to the excited state |e⟩ induces a spon-
taneous Raman-scattered write-out photon together with a collective 
excitation of the atomic ensemble in a stable state |s⟩ with a small prob-
ability χ. The collective excitation can be stored for a long time and 
later be retrieved on demand as a read-out photon in a phase-matching 
mode by applying the read pulse, which couples to the transition of  
|g⟩ ↔ |e⟩. The write-out and read-out photons are nonclassically correlated.  
By employing a second Raman-scattering channel |g⟩ → |e⟩ → |s′⟩, we 
can create the entanglement between the polarization of the write-
out photon and internal state (|s⟩ or |s′⟩) of the atomic ensemble15,31. 
To further enhance the readout efficiency13 and suppress noise from 
control beams, we build a ring cavity with a finesse (a figure of merit that 
quantifies the quality of the cavity) of 23.5 around the atomic ensem-
ble. The ring cavity not only enhances the retrieval but also serves as 
a filter to eliminate the necessity of using external frequency filters 
to suppress noise31.

To create remote atomic entanglement over a long distance, it is 
crucial that the photons are suitable for low-loss transmission in opti-
cal fibres. Therefore we shift the wavelength of the write-out photon 
from the near-infrared (3.5 dB km−1 at 795 nm) to the telecommunica-
tions O band (0.3 dB km−1 at 1,342 nm) via the DFG process. We make 
use of reverse-proton-exchange PPLN-WG chips. Optimal coupling 
efficiency and transmission for the 795-nm signal and the 1,950 nm 
pump are simultaneously achieved in one chip by an integrated struc-
ture consisting of two waveguides (see Supplementary Information). 
Figure 2a shows that its conversion efficiency is up to ηconv ≈ 70% using 
a 270-mW pump laser. During the conversion, there are three main 
spectral components of noise: at 1,950 nm, at 975 nm and at 650 nm, 
which come from the pump laser and its second and third harmonic 
generation. They are all spectrally far enough away from 1,342 nm that 

we can cut them off via the combination of two dichroic mirrors and 
a long-pass filter with a transition wavelength of 1,150 nm. The pump 
laser also induces broadband Raman noise, the spectral brightness of 
which around 1,342 nm is measured to be about 500 Hz nm−1. Thus, 
we use a bandpass filter (centred at 1,342 nm, with linewidth 5 nm) to 
confine this noise to approximately 2.5 kHz, which corresponds to a 
signal-to-noise ratio of >20:1, as depicted in Fig. 2a. The filtering process 
induces only 20% loss, and fibre coupling causes an extra 40% loss. The 
end-to-end efficiency of our QFC module is ηQFC = 33%, which is the high-
est value for all memory telecommunications quantum interfaces32–38 
reported so far, to the best of our knowledge. In addition, we perform 
a Hanbury–Brown–Twiss experiment for the write-out photons with 
and without QFC, with the results shown in Fig. 2b, which verify that 
the single-photon quality is well preserved during QFC.

Entanglement over 22 km of field fibres
We first perform a two-node experiment via two-photon interference 
(TPI)18. In each node, we create entanglement between polarization of 
the write-out photon and the internal state of the collective excitation 
via a ‘double-Λ’-shaped level scheme (see Supplementary Information 
for level details). The entangled state can be expressed as 

↺ ↻( ↑ + ↓ )/ 2 , where |↑⟩ or |↓⟩ denotes an atomic excitation in |s⟩ 
or |s′⟩ respectively, and ↺  and ↻  denote polarization of the write-out 
photon. To characterize the atom–photon entanglement, we perform 
quantum state tomography, with the result shown in Fig. 3. We obtain 
a fidelity of 0.930(6) for node A and of 0.933(6) for node B when 
χ = 0.019. The two nodes are located in one laboratory on the east cam-
pus of the University of Science and Technology of China (31° 50′ 6.96″ Ν, 
117° 15′ 52.07″ E), as shown in Fig. 4a. Once the polarization entangle-
ment is ready, the write-out photon is converted locally by QFC into 
the telecommunications band. Two photons from different nodes are 
transmitted along two parallel field-deployed commercial fibre chan-
nels (11 km per channel) from the University of Science and Technology 
of China to the Hefei Software Park (31° 51′ 6.01″ N, 117° 11′ 54.72″ E), as 
shown in Fig. 4a. Over there, we perform a Bell-state measurement by 
detecting two photons simultaneously with superconducting 
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Fig. 1 | Schematic of the remote entanglement generation between atomic 
ensembles. Two quantum memory nodes (nodes A and B in one laboratory) are 
linked by fibres to a middle station for photon measurement. In each node, a 
87Rb atomic ensemble is placed inside a ring cavity. All atoms are prepared in 
the ground state at first. We first create a local entanglement between atomic 
ensemble and a write photon by applying a write pulse (blue arrow). Then the 
write-out photon is collected along the clockwise (anticlockwise) cavity mode 
and sent to the QFC module. With the help of a PPLN-WG chip and a 1,950-nm 
pump laser (green arrow), the 795-nm write-out photon is converted to the 
telecommunications O band (1,342 nm). The combination of a half-wave-plate 
(HWP) and a quarter-wave-plate (QWP) improves the coupling with the 
transverse magnetic polarized mode of the waveguide. After noise filtering, 

two write-out photons are transmitted through long fibres, interfered inside a 
beamsplitter and detected by two superconducting nanowire single-photon 
detectors (SNSPDs) with efficiencies of about 50% at a dark-count rate of 
100 Hz. The effective interference in the middle station heralds two entangled 
ensembles. Fibre polarization controllers (PCs) and polarization beamsplitters 
(PBSs) before the interference beamsplitter (BS) are intended to actively 
compensate polarization drifts in the long fibre. To retrieve the atom state, we 
apply a read pulse (red arrow) counter-propagating to the write pulse. By 
phase-matching the spin-wave and cavity enhancement, the atomic state is 
efficiently retrieved into the anticlockwise (clockwise) mode of the ring cavity. 
DM refers to dichroic mirror, LP refers to long-pass filter and BP refers to band-
pass filter.
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nanowire single photon detectors. A successful Bell-state measurement 
result projects, in a heralded way, the two atomic ensembles into a 
maximally entangled state:

Ψ| ⟩ =
1
2

(|↑⟩ |↓⟩ ± |↓⟩ |↑⟩ ) (1)±
TPI A B A B

with a internal sign determined by the measurement outcome of the 
Bell-state measurement.

The strong polarization dependence of DFG in the PPLN-WG makes 
it difficult to perform QFC directly for a polarization encoded photon. 
In this experiment, we transform the polarization encoding into time-
bin encoding39 and let the two photonic modes pass through the QFC 

module in sequence with the same polarization. As shown in Fig. 4b, 
the transformation is realized through an AMZI and a fast Pockels cell 
which erases the polarization distinguishability. For the time-bin encod-
ing, it is crucial that the two modes have a stable relative phase shift, 
which is realized via active stabilization of the two AMZIs. Moreover, the 
transformation into time-bin encoding offers an additional advantage 
of robustness in long-distance transmission in fibres.

Before long-fibre experiments, we characterize the atom–atom 
entanglement locally without QFC. For the measurement of the atomic 
qubits, we first apply Raman rotations40, then we retrieve the excita-
tions into read-out photons and measure the polarization31. Measure-
ment in an arbitrary basis is realized by configuring the Raman pulses. 
Figure 5a shows the measured fidelity averaged for |Ψ±⟩ as a function 
of χ. At χ ≈ 2%, we get ℱ = 0.798 ± 0.063 for |Ψ+⟩ and 0.829 ± 0.036 for 
|Ψ−⟩, respectively, which are in good agreement with the theoretical 
estimation. Furthermore, the fidelity is almost independent of χ, after 
subtracting the accidental coincidences that are mainly due to high-
order excitations in the Raman scattering process.

The field-deployed long fibre (L = 22 km) induces 8 dB of attenuation. 
Besides, the long fibre leads to random rotations of polarization. To 
optimize the indistinguishability, we apply polarization filtering for 
the photons after long-fibre transmission before the Bell-state meas-
urement. In addition, to get a high filtering efficiency, we perform 
active polarization compensation by replacing the manual polarization 
controllers in Fig. 1 with electric polarization controllers and minimiz-
ing the reflections of the filtering polarization beamsplitters. We get 
an average efficiency of 98%, as shown in Fig. 4c. To reduce the back-
ground noise in the fibre channels, we carefully cover all the fusion 
points and get an average background noise of about 280 Hz (including 
dark counts of the detector). In the long-fibre case, to increase the 
count rate, we set the excitation probability to χ = 0.038 and perform 
entanglement verification in a delayed-choice fashion41. The measured 
visibility in the |↑⟩/|↓⟩ basis is V1  =  0.684  ±  0.075 for |Ψ+⟩ and 
V1 = 0.635 ± 0.075 for |Ψ−⟩. Adjusting the Raman pulse delay δt, we could 
observe a sinusoidal oscillation in the |↑⟩ ± |↓⟩ basis as shown in Fig. 5b 
with a visibility of V2 = 0.574 ± 0.064 for |Ψ+⟩ and V2 = 0.647 ± 0.066 for 
|Ψ−⟩. By assuming a similar visibility in the |↑⟩ ± i|↓⟩ basis, the entangle-
ment fidelity can be estimated as42 F ≃ V V(1 + + 2 ) = 0.708 ± 0.0371

4 1 2  
for |Ψ+⟩, and 0.732 ± 0.038 for |Ψ−⟩, which greatly exceed the bound of 
ℱ > 0.5 required to witness entanglement for a Bell state. The measured 
heralding rate is Pher = 1.46 × 10−6, half of which is due to double-excita-
tion events from a single node. Thus the entangling probability is esti-
mated to be Pent ≈ Pher/2 = 0.73 × 10−6.

Entanglement over 50 km of coiled fibres
The entangling probability in the TPI experiment18 is low since it scales 
as χ2 and ηL/2

2 , where ηL/2 is the overall optical efficiency from one node 
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Fig. 2 | Performance of the telecommunications interface. a, The conversion 
efficiency ηconv and the signal-to-noise ratio (SNR) vary as a function of pump 
laser power. Blue dots refer to the overall conversion efficiency of the PPLN-WG 
chip, and red triangles refer to the signal-to-noise ratio at probability χ = 0.015. 
b, Measurement of the second-order correlation function g(2) (results of the 
Hanbury–Brown–Twiss experiment) with (red) and without (blue) QFC at 
χ = 0.057. The write-out photons are only measured if the corresponding read-
out photon is detected. The error bars represent one standard deviation.
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Fig. 3 | Tomography of the atom–photon entanglement. a, b, The 
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to the Bell-state measurement. In contrast, a single-photon interference 
(SPI) scheme19 gives an entangling probability that scales linearly as a 
function of χ and ηL/2. Thus, targeting a much higher entangling prob-
ability, we perform another two-node experiment via SPI. As shown in 
Fig. 1, two pairs of Fock-state entanglement are created at nodes A and 
B, respectively, in the form of χ0 0 + 1 1p a p a, where 0 and 1 repre-
sent the number of photons or atomic excitations. The frequency-
converted photons from both nodes are then transmitted along a long 
fibre, later combined through a fibre beamsplitter to perform SPI and 
eliminate its ‘which way’ (that is, which fibre path the photon travels 
through) information, finally detected with superconducting nanow-
ire single photon detectors. A click from detectors Da or Db (shown in 
Fig. 1) heralds that two ensembles are mapped into a maximally entan-
gled state:

Ψ e| ⟩ =
1
2

(|0⟩ |1⟩ ± |1⟩ |0⟩ ) (2)ϕ±
SPI A B

iΔ
A B

where Δϕ is the accumulated phase difference between two fibre chan-
nels. To keep Δϕ in equation (2) constant, we harness an intermittent 
phase-locking loop in situ during every experimental interval to elimi-
nate phase drift (see Supplementary Information).

To verify the Fock-state atomic entanglement, we follow a protocol 
introduced in ref. 4. The degree of entanglement is quantified in terms 
of concurrence C, which is a monotone function of entanglement and 
goes from 0 for a separable state to 1 for a maximally entangled state. 
Its definition is C d p p P= max(0, 2| | − 2 )/00 11

, where pij is the probabil-
ity of having i excitations in ensemble A and having j excitations in 
ensemble B, P = p00 + p01 + p10 + p11, d ≈ V(p01 + p10)/2, and V is the interfer-
ence visibility of the single-excitation states. The excitation statistics 
of pij can be measured directly via photon counting of the two read-out 
modes and applying loss calibration. To measure the interference 

visibility V, we add a relative phase θ between two read-out modes and 
mix them via a beamsplitter. Along with the scan of θ, counts in two 
output modes vary as a sinusoidal function of θ as shown in Fig. 6, and 
thus we could deduce V = Vθ. For the short-fibre case (L = 10 m) without 
QFC, at χ = 0.015, we get a concurrence of C = 0.677± 0.012 for |Ψ+⟩ and 
C = 0.711 ± 0.012 for |Ψ−⟩. In this condition, the entangling probability 
in one trial is Pent = 0.014, which is the highest probability of heralded 
remote entanglement creation to the best of our knowledge.

In the long-fibre (L = 10 km and 50 km) cases, we add the QFC module. 
The phase noise during long-fibre transmission fluctuates faster43 than 
the capable band of intermittent phase-locking. Hence we additionally 
insert an auxiliary continuous 1,550-nm laser beam to uninterruptedly 
monitor phase fluctuation and actively stabilize it (see Supplementary 
Information). Measured results for the read-out photon interference 
at different fibre lengths are shown in Fig. 6. By fitting the sinusoidal 
oscillations and measuring the excitation statistics, we get a concur-
rence result of C = 0.428± 0.013 at L = 10 km and C = 0.407± 0.008 at 
L = 50 km for |Ψ+⟩. For |Ψ−⟩, the results are C = 0.416± 0.008 at L = 10 km 
and C = 0.348 ± 0.011 at L = 50 km. Degradation of concurrence in com-
parison with the case of short fibre without QFC is mainly due to the 
remaining noise after phase stabilization (see Supplementary Informa-
tion), which can be greatly improved by optimizing the feedback loop. 
The measured heralded entangling probability is Pent = 1.57 × 10−3 for 
the 10-km fibre and Pent = 3.85 × 10−4 for the 50-km fibre, which corre-
spond to an entanglement creation time of Tent = 32 ms and Tent = 0.65 s, 
respectively.

Discussion and outlook
We have experimentally demonstrated two feasible ways to entan-
gle two quantum memories via long-distance photon transmission 
in optical fibres. We summarize key parameters and results in Table 1.  
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at the University of Science and Technology of China (USTC). 
Telecommunications photons from two nodes are transmitted through two 
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Software Park. Each fibre is 11 km long and has an 4-dB attenuation for the 
1,342-nm photon. (Map data from Google, Maxar Technologies.) b, Setup for 
polarization photon QFC. Two polarization beamsplitters and a coiled 
polarization-maintaining delay fibre constitute an asymmetric Mach–Zender 

interferometer (AMZI). Two orthogonal polarization components ↺ ↻( / ) of 
the 795-nm photon are separated in the time domain after the AMZI, and the 
polarization information is actively erased by a Pockels cell. Then the time-bin 
encoded photon is sent to the QFC module. c, Probability distribution of the 
reflectivity for the polarization-filtering polarization beamsplitters (shown in 
Fig. 1 after long fibres), with active compensation. The data shown was 
recorded once per second and accumulated over 24 hours. d, Background 
noise in the superconducting nanowire single-photon detector over 24 hours.
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Even though the fibre distance of the SPI experiment is much longer 
than in the TPI experiment, the SPI scheme offers a much higher prob-
ability of entanglement creation, because only a single photon passing 
through half of the whole link is detected. In contrast, the TPI scheme 
requires the detection of two photons passing through the whole link. 
For the extension to physically separated nodes over long distances, the 
TPI scheme is straightforward, merely requiring that photons be indis-
tinguishable. However, the extension of the SPI experiment requires 
more effort because the scheme is phase-sensitive. According to our 
analysis in the Supplementary Information, the main difficulty is to 
achieve phase correlation of remote independent control lasers. We 
have performed a preliminary test with two lasers locked indepen-
dently to two ultrastable cavities, which shows that phase correlation 
can be built and stable for a duration that is long enough to generate 
remote entanglement (see Supplementary Information for details). 
Thus it is also feasible to extend our SPI experiment to long-distance 
separated nodes.

The quantum link efficiency12 ηlink, defined as the ratio of memory 
lifetime over entanglement generation time, is also an important figure 
of merit for two-node experiments. In our current work, decoherence 

due to atom motions results in a memory lifetime of about 70 μs, which 
is much smaller than the entanglement generation time. According 
to our previous work on a very similar setup44, applying a three-
dimensional optical lattice can improve the lifetime to the sub-second 
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Table 1 | Comparison of two-node experiments

Experiment TPI  
(this work)

SPI  
(this work)

NV  
(2015; ref. 10)

Physical separation 0.6 m 0.6 m 1.3 km

Overall fibre length, L 22 km 50 km 1.7 km

Entanglement probability, Pent 0.73 × 10−6 3.85 × 10−4 6.4 × 10−9

Entanglement quality ℱ = 0.720 ± 0.027 C = 0.378±0.007 ℱ= 0.92 ± 0.03

Entanglement creation 
time, Tent

150 s 0.65 s 1.3 × 103 s

Quantum link efficiency, ηlink 
(ref. 12)

1.45 × 10−3 0.34 4.6 × 10−4

Assumed memory lifetime, τm 0.22 s (ref. 44) 0.22 s (ref. 44) 0.6 s (refs. 12,51)

In the long-fibre case, the propagation delay results in a maximal repetition rate of Rrep = C/L, 
where C ≈ 2 × 108 m s−1 is the speed of light in the fibre. Thus the heralded entanglement 
creation time is estimated as Tent = (RrepPent)−1. For the estimation of ηlink = τm/Tent, we make use of 
state-of-the-art lifetime results, as listed in the last row. We chose the 1.3-km nitrogen vacancy 
(NV) experiment10 for comparison, because it is the only previous two-node experiment that 
has a fibre length in the kilometre regime.



Nature | Vol 578 | 13 February 2020 | 245

regime (τm = 0.22 s), on the basis of which the quantum link efficiency 
is estimated to be ηlink = 0.34 for SPI and ηlink = 2.9 × 10−3 for TPI. For 
further improvement of ηlink, it is crucial to increase the entangle-
ment generation rate. For example, one may use Rydberg blockade to  
inhibit the high-order excitations during atom–photon entanglement 
preparation, and make the preparation process deterministic45,46. One 
can also make use of the multiplexing technique47–50 to prepare mul-
tiplexed atom–photon entanglement. Shifting the wavelength to the 
telecommunications C band, optimizing the coupling efficiencies and 
using better detectors will also greatly increase the remote entangle-
ment rate.

Extending these experiments to nodes separated by much longer 
distances will enable us to perform advanced quantum information 
tasks, such as efficient quantum teleportation over long distances. 
By incorporating more quantum memories, our experiment may be 
extended to entangle multiple quantum memories over long distances 
via multi-photon interference31. One may also create two pairs of remote 
atomic entanglement over two sub-links and extend the distance of 
atomic entanglement via entanglement swapping, following the quan-
tum repeater scheme30. Concatenating this process could extend the 
distance sufficiently to beat the limit of direct transmission23.

Online content
Any methods, additional references, Nature Research reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code 
availability are available at https://doi.org/10.1038/s41586-020-1976-7.
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Methods

Time sequences
Our experiment runs periodically, with each period being composed of 
an atomic loading phase and an entangling phase. Each loading phase 
takes 18 ms, during which we reload and cool the atoms and perform 
active phase-locking. In the entangling phase lasting 2 ms, we repeat 
entangling trials. For the SPI experiment, each trial lasts 5 μs including 
3 μs for optical pumping and 2 μs for the write and read process. For the 
TPI experiment, each trial lasts 11 μs including 3 μs for optical pumping 
and 8 μs for the write and read process. The storage duration (relative 
delay of the read pulse in comparison with the write pulse) is 7 μs for 
the TPI experiment and 100 ns for the SPI experiment.

Data availability
The data that support the plots within this paper and other findings of 
this study are available from the corresponding author upon reason-
able request.
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