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ABSTRACT: We recently demonstrated photodriven quantum teleportation of an
electron spin state in a covalent donor−acceptor−radical (D−A−R•) system. Following
specific spin state preparation on R• with a microwave pulse, photoexcitation of A results
in two-step electron transfer producing D•+−A−R−, where the spin state on R• is
teleported to D•+. This study examines the effects of varying the time (τD) between spin
state preparation and photoinitiated teleportation. Using pulse electron paramagnetic
resonance spectroscopy, the spin echo of D•+ resulting from teleportation shows a damped
oscillation as a function of τD that is simulated using a density matrix model, which
provides a fundamental understanding of the echo behavior. Teleportation fidelity
calculations also show oscillatory behavior as a function of τD due to the accumulation of a
phase factor between ⟨Sx⟩ and ⟨Sy⟩. Understanding experimental parameters intrinsic to
quantum teleportation in molecular systems is crucial to leveraging this phenomenon for
quantum information applications.

Transferring a quantum state over an arbitrary distance
from one location to another without destroying the

information it contains is possible through the agency of
quantum entanglement.1 The process is known as quantum
teleportation2 and has been demonstrated using both light and
matter.3−11 Recently, we achieved electron spin state tele-
portation in an ensemble of covalent organic donor−
acceptor−stable radical molecules comprising a 2,2,6,6-
tetramethylbenzo[1,2-d:4,5-d′]bis([1,3]dioxole) donor (D), a
4-aminonaphthalene-1,8-imide acceptor/chromophore (A),
and a partly deuterated α,γ-bisdiphenylene-β-phenylallyl
radical (R•) [D−A−R• (Figure 1)].12 Following preparation
of a specific electron spin state on R• in a magnetic field using a
microwave pulse, photoexcitation of A results in the formation
of an entangled electron spin pair1 (D•+−A•−). The
spontaneous ultrafast electron transfer reaction D•+−A•−−R•

→ D•+−A−R− constitutes the Bell state13 measurement step
necessary to carry out spin state teleportation. Quantum state

tomography of the R• and D•+ spin states using pulse electron
paramagnetic resonance (EPR) spectroscopy showed that the
spin state of R• is teleported to D•+ with ∼90% fidelity.
In our previous work, we noted that a phase coherent

rotation of the electron spin state teleported to D•+ occurs
when the time interval between the initial π/2 microwave pulse
that places R• into a superposition state and the laser pulse that
initiates teleportation is varied. A better understanding of this
observation and how it relates to the teleportation fidelity will
inform both future experimental and molecular design.
Utilizing the D−A−R• molecule shown in Figure 1, we
observe a damped oscillation of the teleported state when the
time between the initial π/2 microwave pulse and the laser
pulse is incremented. By simulating this behavior using density
matrix methods, we show that it is a consequence of the
differing resonant frequencies and magnetic environments of
R• and D•+.
The synthesis, structural characterization, photoinduced

charge separation dynamics, and full quantum state tomog-
raphy (QST) of teleportation in D−A−R• have been described
elsewhere.12 Briefly, following photoexcitation of A, the
triradical D•+−A•−−R• is formed in 10 ps. Given that the
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Figure 1. Structure of D−A−R•.
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spins of A•− and R• are uncorrelated, the D•+−1(A•−−R•) →
D•+−A−R− reaction occurs in 108 ps with a 25% yield, while
the D•+−3(A•−−R•) → D−A−R• reaction occurs in 5 ns with
a 75% yield.
Partial QST was performed for teleportation of the +x

prepared state using the two- and three-pulse, two-frequency
experiments as a function of the time between the initial π/2
microwave pulse and the laser pulse, τD (Figure 2). The phase

cycles used in all experiments are listed in Table S4. The data
were collected in triplicate on three separate days with three
separate samples. Additional experimental parameters for the
triplicate data sets are listed in Table S5.
Figure 3 shows the QST of a state prepared along the +x

direction of the Bloch sphere as a function of τD for data set 1.
The two-pulse teleportation experiment (Figure 3a,b) provides
⟨Sx⟩ and ⟨Sy⟩ from the in-phase and quadrature channels of the
EPR spectrometer. A damped oscillation of the spin echo
intensity is observed as τD is incremented to longer values,
where the amplitude oscillates between ⟨Sx⟩ and ⟨Sy⟩. In
addition, the spin echo moves closer in time to the π
microwave pulse with an increase in τD. As expected, the three-

pulse teleportation experiment, which provides ⟨Sz⟩, shows no
spin echo (Figure 3c).
Fitting a line across the echo maxima and minima in the ⟨Sx⟩

data (Figure 4a) gives a data slice (Figure 4b) that emphasizes
the oscillatory and damping behavior of the echo. A fit to the
data slice using an exponentially damped sine wave yields a
frequency and a decay lifetime, which averaged over the three
data sets gives values of 42.2 ± 0.7 MHz and 38 ± 3 ns,
respectively. The oscillation frequencies and decay lifetimes
from fitting the individual data sets are listed in Table S1.
Additional fitting details are also provided in Section 3 of the
Supporting Information.
The two-pulse echo versus τD spectra were simulated by

evolution of the density matrix. Due to the fast charge
separation sequence D−1*A−R• → D•+−1(A•−−R•) → D•+−
A−R−, the evolution of the density matrix can be divided into
two discrete S = 1/2 evolution periods, one before the laser
pulse and one after it, greatly simplifying the analysis compared
to previous treatments.14−16 On the basis of the fact that the
spins on A•− and R• are uncorrelated,17 the corresponding
triplet intermediate D•+−3(A•−−R•), which constitutes 75% of
the total triradical intermediate population, decays to D−A−R•

in 5 ns and thus can be safely neglected.
Initially, the thermal density matrix for each R• spin packet is

rotated by the initial π/2 microwave pulse generating the +x
state. This density matrix then evolves for time τD, acquiring a
phase of ei(ωR+ΔωR)τD

, where ωR is the resonant frequency of R
•

and ΔωR represents the offset of the individual spin packets.
Following the teleportation event, the density matrix begins
evolving under the D•+ spin Hamiltonian adding an addition
phase of ei(ωD+ΔωD)(τ−τD), where ωD is the resonant frequency of
D•+ and ΔωD represents the offset of the individual spin
packets, which are uncorrelated with those of R•. The spin
ensemble described by this density matrix is then refocused
with a π microwave pulse resonant with D•+, subtracting a
phase of ei(ωD+ΔωD)τ and forming a spin echo. The spin echo
carries the residual phase of ei(ωR+ΔωR)τD−(ωD+ΔωD)τD.
The density matrix simulation was coded in Matlab,18 and

the spin echo was generated using the Easyspin19 function
evolve. The simulations used the g values and line widths
determined previously for both R• and D•+.12 Integration over
the spin packet distributions utilized 30 evenly spaced
frequency points in the R• spectrum over 45 MHz and 1024
evenly spaced frequency points over 100 MHz in the D•+

spectrum. Specific frequency ranges were chosen to symmetri-

Figure 2. Microwave and laser pulse sequences for (a) two-pulse and
(b) three-pulse teleportation experiments in which the laser pulse is
delayed by τD relative to the initial π/2 microwave pulse. Blue
rectangles signify microwave pulses resonant with R•, and red
rectangles signify microwave pulses resonant with D•+. Purple spikes
signify the 416 nm laser pulse. Pulse turning angles are given above
each pulse. The interpulse spacing of the microwave pulses is 200 ns.

Figure 3. Spin echoes as a function of τD, which represent the measurement of (a) ⟨Sx⟩, (b) ⟨Sy⟩, and (c) ⟨Sz⟩ of a state prepared along the +x
direction. Data for panels a and b were collected using the two-pulse teleportation scheme, and data for panel c using the three-pulse scheme. The
y-axis is the time after the π microwave pulse. All three panels are from data set 1.
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cally capture the entirety of each spectrum. Experimental
microwave pulse lengths, rectangular pulse shapes, and phase
cycles were also incorporated into the numerical simulations
for each experimental data set.
The simulation of the two-pulse teleportation experiment as

a function of τD is shown in Figure 5a. Qualitatively, the
simulation agrees well with the experimental results, showing a
damped oscillation. A linear fit (Figure 5b) and a data slice
(Figure 5c) were obtained in the same manner as the
experimental data. The fit of all simulated data sets, as shown
for data set 1 in Figure 5c, with the same model as the
experimental data yields an average frequency of 42.2 MHz
and an average decay lifetime of 35.6 ns. The oscillation
frequencies and decay lifetimes from fitting the simulations of
the individual data sets are listed in Table S2.
The teleportation fidelity F(ρ, σ), where 0 ≤ F ≤ 1, was

calculated as a function of τD using the well-known density
matrix expression shown in eq 1.10,12,20

ρ σ ρ σρ≡ ( )F tr( , ) 1/2 1/2
2

(1)

where ρ and σ are density matrices for the starting and final
spin states, respectively. The previously reported12 entangle-
ment fidelity of 0.91 was used, and the values for the input
density matrix were replaced with an idealized input density
matrix for which F = 1. Our previously reported experimental
input fidelity of 0.99 suggests that this change should not
influence the fidelity calculation, and the idealized input

density matrix will allow an accurate comparison of tele-
portation fidelities as a function of τD.
The teleportation fidelity data as a function of τD were fit to

extract an oscillation frequency from each data set. The fit
protocol involved a sine wave to capture the oscillations and an
exponential component to capture the shallower troughs
particularly for data sets 2 and 3 (see the Supporting
Information). The teleportation fidelity was calculated as a
function of τD, and these data are presented in Figure 6 for data
set 1. The fidelity oscillates with an average frequency for the
triplicate data sets of 41 ± 2 MHz. Each peak returns to
roughly the same maximum fidelity well above the 2/3 needed
to confirm quantum entanglement.21 Data sets 2 and 3 show

Figure 4. (a) Data for ⟨Sx⟩ with a linear fit across echo maxima and minima. The y-axis is the time after the π microwave pulse. (b) Data slice with
corresponding sinusoidal and exponential fits. Both panels are for data set 1.

Figure 5. (a) Simulated spin echoes as a function of τD, which represent the ⟨Sx⟩ measurement of a state prepared along the +x direction. (b)
Simulated spin echoes with a linear fit across the echo maxima and minima. The y-axis in panels a and b is the time after the π microwave pulse. (c)
Data slice along the linear fit with a corresponding fit. Simulations were generated using the experimental parameters from data set 1.

Figure 6. Teleportation fidelity calculated as a function of τD for data
set 1 with a corresponding fit.
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similar oscillatory behavior, only with shallower troughs after
the trough at around τD = 12 ns (see the Supporting
Information).
The QST as a function of τD has three main features: (1)

oscillatory behavior of the echo intensity, (2) damping of the
signal intensity as τD is increased, and (3) the movement of the
echo closer in time to the π microwave pulse at longer τD
values.
The oscillation of the spin echo can be understood in the

context of the evolution of the density matrix. The spin state
evolves under two different spin Hamiltonians, resulting in the
accumulation of a phase equal to their frequency difference.
The experimentally obtained frequency of 42.2 ± 0.7 MHz
agrees well with the frequency difference of the microwave
pulses (40 MHz) used to target R• and D•+ and is in good
agreement with the average oscillation frequency of the
simulated data, 42.2 MHz.
The 38 ns experimental echo decay lifetime is much shorter

than the previously reported phase memory time of D•+ (Tm =
890 ns).12 However, the decay is reproduced quite well in the
density matrix simulation and can be interpreted as resulting
from spectral diffusion. Initially, the spins dephase due to the
magnetic environment of R•, following teleportation of the
spin states to D•+, where they continue to dephase, but now
the spins are in a different magnetic environment and do so in
an uncorrelated fashion. The π microwave pulse is unable to
completely refocus the coherence, and the spin echo is damped
due to destructive interference from the dephasing caused by
two different magnetic environments.
This mechanism is fully supported by the density matrix

simulation, with an average damping lifetime of 35.6 ns. The
simulation does not consider any Tm relaxation, and the
damping is due solely to the two uncorrelated dephasing
processes. If the dephasing occurs in a correlated fashion, i.e.,
dephasing of R• occurs with a given frequency offset and
continues with the same offset after teleportation to D•+, then
the echo amplitude does not decrease as a function of τD. This
understanding provides clues about how this teleportation
experiment could be made more robust to avoid this particular
mechanism of dephasing; for example, rather than the
initiation of teleportation immediately following the generation
of the quantum state, a Carr−Purcell−Meiboom−Gill22,23
pulse train could first be applied to the prepared spin state on
R• to refocus its spin echo prior to application of the laser
pulse that initiates teleportation.
The observation that the spin echo moves closer in time to

the π pulse with an increase in τD can be explained by
considering the time period just before and after the laser pulse
that initiates teleportation. The prepared spin state of R•

evolves initially under its spin Hamiltonian and then dephases
under the spin Hamiltonian of D•+ after the laser pulse occurs
at τD. As a result, the spin ensemble of R• prior to the laser
pulse cannot be refocused completely following teleportation.
This process is somewhat analogous to decreasing the time
between the microwave pulses in a Hahn echo sequence; only
here it is the time between the laser pulse and the π pulse,
which determines when the echo will appear. Because the time
between the microwave pulses is fixed in the experiment, the
time at which the spin echo of D•+ appears also changes as τD
changes. This is somewhat analogous to varying the time
between the π/2 and π pulses in a standard Hahn echo
experiment, so that the echo should appear at τ − τD after the
π microwave pulse. By fitting the maxima and minima in the

echo intensity, we find the average slope of the linear fit is
−0.70 ± 0.10 with an average intercept of 165 ± 5 ns. These
values are close to the ideal situation for these experimental
conditions, where the slope should be −1 and the y intercept
should be 150 ns. Analyzing the corresponding fit lines to each
two-dimensional simulated data set, we find the average slope
is −1.019 and the average intercept is 201 ns. The difference
between the intercepts of the experimental and simulated data
is due to the microwave resonator dead time. Because the
simulations are not subject to the resonator dead time, the
simulated echo data begin directly after the π microwave pulse
and are not delayed. The simulated fits show good agreement
with the idealized situation, giving credence to the argument
that the echo moves closer to the π microwave pulse with an
increase in τD analogous to adjusting the time delay between
Hahn echo microwave pulses. Overall, the high level of
agreement between the experimental data and simulations
suggests that our approach to the density matrix evolution can
serve as a predictive model for exploring other pulse sequences
and protocols for spin teleportation experiments.
In the three-pulse teleportation experiment, only a very weak

signal is present. This is the desired outcome as this
experiment measures ⟨Sz⟩, and with properly calibrated turning
angles, all of the spins should be in the x−y plane. While no
interesting dynamics occur in this experiment, it is nevertheless
necessary to collect these data to calculate the fidelity.
As shown in Figure 6 (and Figure S6), the teleportation

fidelity oscillates as a function of τD. The fidelity plots might, at
first glance, appear to suggest that the system is not teleporting
when τD is in a trough as Fteleport is less than the value of 2/3
required to confirm quantum teleportation. In a manner of
speaking that is true, the initially prepared state is not perfectly
teleported; it is however teleported with an additional phase
factor related to the difference between the spin Hamiltonians
and τD, i.e., the oscillation frequency of the spin echo. Fitting
the fidelity oscillation gives an average frequency of 41 ± 2
MHz, which, not surprisingly, agrees very well with the
oscillation frequency of the observed spin echo.
This study examined the effects of changing the interval

between producing a particular spin state on a stable radical
and initiating the quantum measurement event, in this case the
laser-driven electron transfer, on electron spin state tele-
portation in a D−A−R• molecule. The two-pulse teleportation
experiment as a function of τD showed a damped oscillation of
the teleported spin echo. A density matrix model was used to
simulate these results and provide the insight necessary to
understand the spin echo behavior. The teleportation fidelity
calculations show oscillations as a function of τD due to the
accumulation of a phase factor between ⟨Sx⟩ and ⟨Sy⟩. Overall,
these investigations elucidate how spin state evolution and the
ability to control it by varying the input of both optical and
microwave pulses into the system can enhance the observation
and leveraging of teleportation in molecular systems for QIS
applications.
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