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Electron spin qubits in molecular systems offer high reproducibility and the ability to self assemble
into larger architectures. However, interactions between neighbouring qubits are ‘always-on’ and
although the electron spin coherence times can be several hundred microseconds, these are still much
shorter than typical times for nuclear spins. Here we implement an electron-nuclear hybrid scheme
which uses coherent transfer between electron and nuclear spin degrees of freedom in order to both
effectively turn on/off inter-qubit coupling mediated by dipolar interactions and benefit from the
long nuclear spin decoherence times (Thn). We transfer qubit states between the electron and *N
nuclear spin in *N@Cgo with a two-way process fidelity of 88%, using a series of tuned microwave
and radiofrequency pulses and measure a nuclear spin coherence lifetime of over 100 ms.

Hybrid quantum computing schemes aim to harness
the benefits of multiple quantum degrees of freedom
through the coherent transfer of quantum information
between them. Such transfer has previously been shown
between light and atomic ensembles [1, 2], as well as
electron to nuclear spin states in nitrogen vacancies [3]
and 3'P donors [4], and progress is being made to-
wards coupling electron spin ensembles to superconduct-
ing qubits [5, 6]. Common motivations for state transfer
between electron to nuclear spin qubits include the much
longer decoherence times typically exhibited by the nu-
clear spin, and also the weaker dipolar interaction be-
tween nuclear spins which allows interactions between
neighbouring qubits to be effectively turned off [3, 4, 7—
11]. Both effects can be attributed to the relatively weak
nuclear magnet moment, typically 3 orders of magnitude
smaller than an electron spin. Thus, a powerful hybrid
model for quantum computing is one where the electron
spin qubit (which is more readily polarised and more
quickly manipulated) is used for initialisation and pro-
cessing, while the nuclear spin is used as a memory. The
presence of the electron spin also offers considerable ad-
vantages for the readout of a single qubit, either of the
electron spin state directly [12, 13], or a quantum non-
demolition measurement of the nuclear spin [14, 15].

Endohedral fullerenes (atoms held within a carbon
cage) offer promise as molecular qubits due to their
exceptionally long electron decoherence times [16-18]
and convenient coupling to a local nuclear spin. This
has led to various theoretical proposals that make of
use of both the electron and nuclear spin properties of
these molecules [8-11, 19]. Experimental examples of
these include the use of NQCgy to demonstrate polar-
isation transfer from the electron to the nuclear spin
and subsequent ‘bang-bang’ decoupling [20], dynamic nu-
clear polarisation (DNP) [21], as well as generation of
pseudo-entanglement between the electron and nuclear
spin [22, 23]. The advantages of molecular spin qubits

include the ability to use chemical methods to engineer
precise electron dipolar interactions [24], and self assem-
bly into larger arrays [25, 26], however this approach is
limited by the ‘always-on’ nature of dipolar interactions
between neighbouring spins. This is in contrast to sys-
tems such as donors in silicon, where precise qubit place-
ment is more challenging, but where electrical gates could
allow control of qubit interactions [7]. In this Letter we
employ a molecular high spin system, comprising an '°N
atom encapsulated within a carbon cage (°N@Cgg). We
select a spin concentration such that the electron dipolar
coupling is of the order of ~2 kHz. We transfer a co-
herent state from the electron spin degree of freedom to
the nuclear spin, and show that this is able to effectively
turn off the dipolar coupling between nearby qubits. We
study the fidelity of the transfer process and investigate
the decoherence time of the nitrogen nuclear spin at low
spin concentrations.

The ®N@Cgo system consists of an S = 3/2 elec-
tron spin coupled via an isotropic hyperfine interaction
of 22 MHz to the '®N nuclear spin (I = 1/2). Under an
applied magnetic field of ~ 0.35 T, the energy level dia-
gram is shown in Figure 1(a)— this produces a doublet in
the electron spin resonance (ESR) spectrum where each
line corresponds to a state of my [21]. To first order, the
three electron Amg = 1 transitions in each m; subspace
have the same energy and cannot be addressed individ-
ually [27]. Thus a 7/2 ESR pulse (selective on one mj
state) produces coherences across all three pairs of lev-
els (with Amg = 1). For convenience, we will refer to
an electron coherence between mg levels +% : —% as an
inner coherence, and those between mg levels :I:% : :i:%
as outer coherences. A qubit can be represented by the
inner pair of mg levels, in the subspace of m; = % (see
Figure 1(a)). The Ty, we report here refers to this inner
coherence [28].

We used dilute N@Cgq in a Cgp matrix (2.5 x 1015
spins/cm?), prepared by arc discharge and ion bombard-
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FIG. 1: (color online). a) The coupled electron spin (S =
3/2), nuclear spin (I = 1/2) system for N@Cgo leads to 8
levels. A qubit can be represented across an electron spin
transition where m; = —%, msg = :t% are denoted states |0)
and |1). Transitions can be addressed via resonant microwave
(mw) and radiofrequency (rf) pulses. b) Varying the length
of the refocusing pulse 62 (see main text) allows a measure of
the dipolar coupling between spin qubits, found to be much
weaker when they reside in the nuclear spin than in the elec-
tron spin (data taken at 20 and 40 K respectively). Due to
the limited nuclear spin coherence time, only an upper bound
for the nuclear dipolar coupling strength can be extracted. c)
Transfer of a qubit state from an electron spin degree of free-
dom to the ®N nuclear spin, within the mg = +% subspace.
Coherences are depicted by zig-zag lines and ‘unwanted’ co-
herences generated by the initial 7/2 pulse on the S = 3/2
electron spin are shown in (grey). At the end of the transfer
sequence, such coherences will decay on the timescale of The
or faster, while the stored qubit will lose coherence on the
timescale of Toyn. d) The full two-way transfer sequence.

ment. The sample was purified using high performance
liquid chromotography (HPLC) to remove unwanted
amorphous material, placed in a quartz EPR tube and
pumped for several hours to remove paramagnetic Og
before sealing. For pulsed EPR, we used an X-band
(9-10 GHz) Bruker Elexsys spectrometer and a low
temperature helium-flow cryostat (Oxford CF935).
Typical pulse lengths are 80 ns for a mw 7 pulse using a
travelling wave tube (TWT) amplifier and 10 us for an
rf 7 pulse using a 500W Amplifier Research solid state
amplifier.

The effect of the dipolar interaction between the elec-

tron spins of "N@QCg, can be observed through a stan-
dard Hahn echo experiment (7/2—7—60s — 7 —echo) used
to measure the electron spin decoherence time (T%) [29].
In this experiment the f5 pulse (which is typically 7) acts
to refocus effects such as magnetic field inhomogenity as
well as other interactions experienced by the spin which
are constant on the timescale of 7. However, if the 605
pulse flips both the spin that is observed and a dipolar-
coupled neighbouring spin, the effect of this interaction
is not refocused and the effective Tb, is reduced (this ef-
fect is termed instantaneous diffusion). If the s pulse
is shortened it will act to refocus only a sub-set of spins
and mimic a homogeneously dilute spin sample [29-31].
Plotting 1/Tbe vs sin?(65/2), The can be then be extended
from 190 us using the standard Hahn echo sequence to an
extrapolated 300 ps in the limit #2=0 (see Figure 1(b)
and [28]). From this measurement we extract a dipolar
coupling of 2.5 kHz between electron spins at the average
N@Cyg, separation [28], that we will show is not present
between nuclear spins.

To probe the nuclear spin qubit we employ the trans-
fer sequence shown in Figure 1 to propagate an electron
coherence to a nuclear coherence. The implementation of
this sequence is complicated compared to previous stud-
ies [4] by the presence of the S = 3/2 electron spin, such
that the initial 7/2 mw pulse produces both an inner co-
herence and unwanted outer coherences. The application
of an rf 7 pulse on the mg = +3 transition (a controlled-
NOT in quantum gate terminology) then transfers the
qubit to an electron-nuclear cross coherence (¢;). A mw
7 pulse selective on mj; = —% then completes the SWAP
operation to produce a nuclear coherence (¢,). Un-
wanted outer coherences generated during the sequence
remain as both electron- and multiple-quantum coher-
ences, which decay on the timescale of the electron spin
decoherence time (T5e) or faster [28]. The desired nuclear
spin coherence can then be stored for many milliseconds
before transfer back to the electron spin via a reverse of
the sequence and readout by a conventional electron spin
(Hahn) echo. The full sequence is shown in Figure 1 with
the addition of carefully placed pulses to refocus the ef-
fect of inhomogeneous broadening on the spin packets in
electron, nuclear and multiple quantum coherences. It is
not possible to store the qubit within a nuclear coherence
in the mg = i% subspaces using this sequence, but they
are considered in the supplementary material [28].

There are a number of ways to confirm that the recov-
ered electron spin echo arises solely from a state which
was stored in a nuclear spin degree of freedom. One
method is to apply a time-varying phase shift to the nu-
clear spin (e.g., a geometric phase gate [32]) and observe
a corresponding phase shift in the electron spin echo.
This measurement shows no evidence of any other con-
tribution to the electron spin echo, and is described in
more detail in the supplementary material [28]. Ulti-
mately, the success of the transfer scheme is shown by



FIG. 2: (color online). Quantum process tomography matrix
(x) for the transfer of a qubit state from the electron to the
nuclear degree of freedom and back, in the basis (I, o, oy,
o). X Is evaluated given reference and recovered matrices
and gives a fidelity compared to a perfect I of 0.88.

the ability to recover any input state with high fidelity
after storage in the nuclear spin. This is achieved by ex-
citing the full electronic and nuclear transitions, made
possible by the short pulse lengths used and the narrow
intrinsic sample ESR and NMR linewidths < 0.6 MHz
and 15 kHz, respectively. We prepare the input states,
+X, £Y and + Z, by varying the phase of the initial 7/2
mw pulse (£X,£Y), applying an initial 7 pulse (+Z) or
by removing the initial pulse (—Z). Using quantum pro-
cess tomography we can then extract the process matrix
for the transfer scheme, x;, in the basis (I, 0, 0y, 0.) [33].
To accurately evaluate x we compare the recovered states
from the transfer sequence with those given by an ordi-
nary Hahn echo (7 = 7¢1 + 7e2). Thus, x incorporates
any losses at the storage or retrieval step, as well as dur-
ing the storage period in the nuclear spin, but not any
errors associated with the state generation or measure-
ment. Figure 2 shows the measured y, giving a fidelity of
0.88, compared to the ideal Identity process (I). We at-
tribute this fidelity primarily due to errors in the transfer
pulses—the use of composite mw pulses using the BB1 se-
quence improves the fidelity for +X state from 90 to 94%
and we would expect further improvement with compos-
ite rf pulses (see supplementary material [28]).

The nuclear decoherence time (T5,) can be found by
varying the time the qubit is held within the nuclear spin
state (275,). The resulting exponential decay in echo in-
tensity gives Toy, as long as 135+10 ms (at 10 K). At this
temperature, T is 160 us and thus the nuclear memory
gives almost three orders of magnitude improvement in
the decoherence time. Nuclear dipolar coupling can be
assessed through the effect on Tb, of an ‘instantaneous
diffusion’ experiment, similar to that applied on the elec-
tron spin. Reducing the length of the nuclear refocusing
pulse (0.2 < sin?(6,7/2) < 1.0, see Figure 1(b)) results
in no appreciable change in 75, at 20 K. Hence, coherent
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FIG. 3: (color online). Relaxation and decoherence times
as a function of temperature: Tie (blue, circle), Tae (green,
square), To, (red, triangle), from monoexponential fits with
error less than the marker size unless shown. The dashed line
is a fit to an Arrhenius temperature dependence for Ti.. The
dotted line for T». is a guide. Inset, the nuclear decoherence
curve with a monoexponential fit to 135410 ms at 10 K.

transfer reduces the inter-qubit coupling term from the
electron-electron dipolar constant to the nuclear-nuclear
dipolar interaction which we show to be weak as ex-
pected, < 25 Hz [36].

The temperature dependence of the fundamental spin
relaxation parameters in the system are shown in Fig-
ure 3. The electron relaxation time, Ti. (measured by
a standard inversion recovery sequence (m — 7 — w/2 —
T —m—T —echo [29])) is shown to increase exponentially
with decreasing temperature. This follows an Arrhenius
dependence, consistent with a two-phonon process reso-
nant with an excited vibrational mode [17, 34] and can
reach several seconds at low temperatures. Electron spin
flips (whose timescale is characterised by T7.) ultimately
act to limit the nuclear coherence time. In the temper-
ature range, 50-80 K, we find that 75, follows T, with
the experimentally determined relationship, T, ~ 0.6
T1.. Below 50 K, a secondary mechanism is evident that
limits the nuclear decoherence time to ~130 ms. We an-
alytically model relaxation in the system by applying the
Lindblad equation, with the relevant raising and lower-
ing operators, to a given initial state (e.g. a pure nuclear
coherence, for Ty, or inverted electron state, for Tie):

p=—7a(pSTS* + ST5%p —25F5T) —i[H,p] (1)

where 7, represents both ~1, the electron spin relaxation
rate between the mg levels :i:% — j:% and 79, the relax-
ation rate between mg levels % — —%. The raising and



lowering operators are given by ST and S~. Applying re-
laxation in the high temperature limit and assuming no
direct nuclear relaxation, the relevant density matrix ele-
ments show a nuclear dephasing rate, I';, = (371 + 472).
Similarly, taking Eq. 1 and solving a series of coupled
linear equations the electron polarisation is expressed in
terms of two parts:

P(t) = ae 1 4 Be M+t (2)

where o and (3 are prefactors which are a function of v,
and 79, and the eigenvalues A are given by:

Ar =T+ V/(37)% + (472)° 3)

It can be shown that the slower decaying component,
A_, must be dominant, which gives a maximum ratio of
A= Fe ~ 0.3 Fn (TQH ~ 0.3 Tle)a when 3’)/1 = 4’72 To
reconcile this ratio with the experimentally obtained 75,
~ 0.6 T}, additional relaxation processes can be included
in the model, for instance, if 73 is given by mg = :I:% —
mg = $% then when 1 = 73 > 75 a theoretical T5, of
up to 2/3 Tie, can be found.

In conclusion, we have reported the coherent transfer
of qubit states between electron- and nuclear spin
degrees of freedom, in a high spin system. The quantum
process tomography of the two-way transfer shows a
fidelity of 88%, while we measure a nuclear decoherence
time of up to 130 ms, almost three orders of mag-
nitude longer than the electron spin coherence time.
Thus, the '®N nuclear spin can be employed as both a
quantum memory and to effectively turn off inter-qubit
coupling. This is a crucial element in the realisation of
fullerene hybrid QIP schemes that exploit the nuclear
and electron spin [8-11, 19], especially given recent
work in producing larger fullerene architectures [24].
Alternatively, the coupling between spin ensembles and
cavities could be exploited [5, 6], along with the storage
of multiple microwave excitations [35], to produce a
robust multimode nuclear memory.
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