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1 Probing single N@QCg( spins

1.1 Preparation and purification of NQCg,

The NQCgy sample was produced by the low-energy implantation of 14N inside Cgo [1]. To sum-
marize, an effusion cell was used to sublimate a thin Cgq/Crg film (mass content approx. 80:20)
on a LNy cooled copper target corresponding to approximately 0.5 g crude material. During the
formation of this film, the copper target was bombarded by 0.1 keV N and N, ions from an
ion source. A fraction of these ions enter the fullerene cages to form NQCgy and NQCyy. This
implantation process yields a filling factor (N@QCgg/[Ceo + N@QCpgg]) of around 5 x 10~%. To sep-
arate Cgo/NQCgq from Cro/N@Crq, higher fullerenes, and non-fullerene by-products, purification
by filtering and plug-filtration [2] was conducted. Eventually, enrichment of NQCgp towards Cgg
was accomplished by high pressure liquid chromatography (HPLC). This method capitalizes on
the small difference in polarizability of the two species to separate them via molecular interactions
with a pyrene-functionalized column bed (COSMOSIL Buckyprep, Nacalai Inc.).

The Cgo/N@QCgo content was characterized by an analytical HPLC protocol utilizing an UV de-
tector which was calibrated against a Cgg standard. The amount of NQCgo was determined using
X band cw-EPR spectroscopy (microwave power: 10 ptW; modulation amplitude: 0.01 mT; resolu-
tion: 5-10~* mT/bin; sweep rate: 0.02 mT/s.). Spin counting was enabled by TEMPO calibration.
Analysis of the NQCg, sample yields a purity of 99.5 % with C15¢ as main impurity, a filling factor
of 1.0(0.1) - 10—4 and a hyperfine coupling strength of 15.8(1) MHz.
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Figure S1: N@Cgo purification and characterization. a, Chromatogram of NQ@Cgy. b, X-band
cw-EPR on N@Cgg, ff=10"%

1.2 Creating a disordered matrix of N@QCgy on diamond

The purified NQCgy powder (21.8 mg, filling factor 10~%) was dissolved in 30 mL of toluene to a
concentration of 0.1 pL L~! under ambient conditions. The solution was then placed in an ultra-
sonic bath for a period of 15 min. After complete dissolution, 1L of the solution was drop-cast on
the surface of diamond and air-dried under ambient conditions. The diamond was then transferred
to an ultra-high vacuum (107° mbar) chamber via a loadlock. Within the UHV chamber the sam-
ple was thermally anchored to the base of a liquid *He bath cryostat (4.2K). The experimental

setup is described briefly in



1.3 Single near-surface NV centers

The diamond itself was an electronic grade CVD [100] diamond (from Element Six) of thickness
30um. The diamond was implanted with N at an energy of 5 keV and subsequently annealed
at 975°C for 2 h. Nanopillar waveguides (base diameter 700 nm, tip diameter 400 nm, height
1um) were etched into the diamond to increase the optical collection efficiency [3]. The dia-
mond surface was cleaned and oxygen terminated by boiling in a three acid mixture (1 : 1 :
1,HNOj3 : HySO4 : HC1O4) at 200°C for 5 h. The depth of the implanted NV centers is 3nm to
8nm. The diamond was imaged using a confocal microscope . Single NV sites were
isolated using Hanbury-Brown-Twiss measurements with a zero-delay autocorrelation dip of under
0.5 . The spin-state calculation was performed by comparing bright and dark state
contrast during the laser readout pulse . ODMR and Rabi oscillations were performed
on every NV site to measure field strength and readout contrast . In the measurement,
30 NV centers were probed, out of which a single NV showed coupling to NQCyg, indicating that
the concentration in solution was likely lower than previously calculated . The
NV centers probed during DQT measurements were excited at a frequency of 2.60581 GHz and
3.149 50 GHz, for the 0 — —1 and 0 — +1 transitions respectively.
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Figure S2: Single NV center properties. a, g(?)-correlation measurements from a sub-sample of
probed NV centers. b, Comparison of bright and dark state contrast for NV03 with integration and
reference windows used for spin-state calculation. ¢, Rabi oscillations on upper and lower ODMR
transitions of NV03.
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Figure S3: Diamond surface. Confocal image of diamond surface at ambient conditions.

1.4 NV coupling to a single N@QCg

Using the NV depth extracted from NV T, from Hahn-Echo measurements, filling
factor from and taking the Cgo cage radius from Ref. [4], we obtain the following:

e NV depth ~ 5 nm
e NV interaction radius (extracted from Ts time) ~ 10 nm
e Filling factor (N@Cgg/Cgo) ~ 1074

e Radius of Cgp cage ~ 0.7 nm

E 9000060 Diamond
c jamon
3 /.Cﬂ.... \ surface
=
wn

NV sensing volume V.

Figure S4: NV coupling to a single N@Cgy. Schematic diagram depicting the interaction radius of
the NV center (large purple circle, volume Vj,.) and fullerene cages on diamond surface (small purple
circles, volume Vg, ). Some fullerene cages (=1 in 10*), will have a *N spin inside it (cyan dot).

Assuming a maximally dense packing of Cgg cages, we can calculate the the number of Cgg cages
within the interaction radius of a single NV center. V. is the sensing volume of the NV center at
depth d with sensing radius rs above the surface of diamond and Vi, is the volume of a single Cgo
cage with radius r.. The resultant number of Cgg spins can be combined with the filling factor of
= 10~* to extract the probability of coupling to a single NQCgg spin. This is depicted in [Figure S4}
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Thus the calculated probability of coupling to a single NQCgq is approximately 4.5% (or 1 in 22
centers). The probability of coupling to more than one NQCygq spin is much smaller, e.g. for two
spins around 0.2%. However, we would like to emphasize that since we only observe one coupling
the statistical fluctuation can be high. We also note that this value is susceptible to local variations
in NQCg( density, and thus requires the solution to be uniform with N@QCgy density. The solution
used in the measurement involved ultrasonic dissolution of N@QCgy powder in toluene solution,
which is a common method for achieving uniformly dense solutions.

1.5 NV-N@Cgg coupling strength and distance

Our measurement scheme is similar to the more generalized spin-echo double resonance (SEDOR)
proposed in [5], to measure the coupling of each of the bath spin groups to the NV center. Within
this scheme the dephasing of the NV spin induced by one particular group of bath spins can
be probed, while the effect of all other dephasing channels (including other spin bath groups) is
refocused. This measurement sequence has been used to quantify the contribution from the nuclear
and electron (P1 centers) spin-baths to the total dephasing of the NV spin [B [6] and the external
spins [7]. In the employed DEER pulse-sequence we refocus only the electron spins, which could
include both the known spins from the NQCgy and any unknown electron spin-bath. Thus, the
m-pulse on the electronic spin-bath also refocuses the static noise experienced by these external
spins caused by their local environments, thereby having a two-fold effect on NV spin decoherence.
The NV spin-echo signal displays a Gaussian envelope decay with a decoherence time of 75 ~ 4.3 ps
when all the decoherence channels are refocused. On the other hand, when some of the dephasing
channels are refocused, we find the decay is well-fitted for The fits for the data are

shown in [Figure 59
—t gt
P= — = 1
exp<7_>cos<2> (1)

where 7 = 3.17 s is the coherence decay of the NV-spin determined by the magnetic environment
that is not refocused due to the m-pulse performed at the frequency w = 272 MHz. Further, this
decay is modulated by the dominant coherent coupling of the external spin at the coupling rate
g. A simple and well used model to explain such a behavior is determined by the Hamiltonian
evolution and the decoherence of the NV spin. For the Hamiltonian we consider the dominant
contribution of the dipolar interaction along the field direction (z), given by,

F;
H =5 (gaz +3° ;ok> 2)
k

where ¢’s are Pauli matrices. Here g is coupling to the target electron spin of the spin-label, and
Fy, are the couplings to the an unknown electron spin-bath. Further, we switch on a Markovian
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Figure S5: Temporal evolution comparison. a, Evolution of NV phase pickup without a spin-flip on
coupled N@Cgq. Data fit to a Gaussian decay reveals a coherence time 15 ~ 4.3us. b, Evolution of
NV phase pickup with a spin-flip on coupled N@Cgy. Fitting to reveals coupling strength
g ~ 0.29MHz, corresponding to a separation d ~ 5.6nm. c, Evolution of NV phase pickup with a
spin-flip on coupled N@Cgy and the extreme case of a few electron spins in the sensing volume. While
the deviations in the distance can increase with the bath-size, this would also lead to a substantial
broadening (>> 4 MHz) of the DEER spectrum, which is not the case for the measurement. Thus the
maximum deviation in coupling strength and distance values is within the quoted error margins. The

data is fit to a multi-cosine product from

decoherence channel for the NV spin due to its magnetic environment, characterized by the decay
constant 1/7. In the case when Fj = 0, solving the rate equation with the characteristic decay
and coherent coupling to a single electron spin with coupling g, we arrive at the same fit formula
obtained above.

The best fit for the data indicates that there is a slight discrepancy between the decay constants
obtained with and without the m-pulse i.e., 7 # T5. Using 7 = T, immediately yields a high
coupling value for g ~ 0.4 MHz instead of g ~ 0.28 MHz. This could immediately hint towards the
presence of additional electron spin-bath (third group), and whose effect was not refocused during

the DEER pulse sequence. Including these additional electron spins and re-deriving the relation
for the DEER signal [§] we obtain

P o () o (2 o (1) o

where Fj; are the coupling of the NV to additional electron spins. In including these third group of
electron spins with couplings F}j, to explain this discrepancy, we find ambiguities as a large number
of possible combinations of the values of Fj, could find a better fit for the decay of DEER signal.
Thus, estimating the unknown number in the additional electronic spin-bath and their coupling
distributions is beyond the scope of the current work. We instead give here a qualitative error
in estimating the coupling strength from the simple fit-formula, given above which is for example



including upto four additional spins would increase our uncertainty in the predicting the coupling
as 0.22 MHz < g < 0.40 MHz. As the fitted coupling values to these additional spins are in the same
order one could assume the presence of an unknown electronic spin-bath close to the surface that
also accounts for the observed asymmetry in the DEER spectrum. As the statistical probability
of more than one NQCg spin within the sensing volume is extremely low (= 0.2%), we find that
including a single or a few electron spins do not contradict our distance measurements obtained
in the ideal case. We also note that any direct dipolar coupling between the NQCg, electron spin
and electron spin-bath was neglected. Including them would lead an enhancement in the T}, of
the spins, i.e., an additional equilibration channel for the target spin. As all of them are default
in a fully-mixed state, and the Hamiltonian dynamics does not lead to any polarization, these
dissipative channels are less effective.

1.6 Experimental setup

Schematics of the 4K-UHV setup used to perform the measurements are shown in The
experimental setup [9] uses confocal microscopy to identify NV centers, pulsed EPR to control
spins, and g(?)-correlation to isolate single photon emitters. The NV centers are optically polarized
and readout using a 515nm laser and crossed avalanche photo-diodes (APD). Spin state control is
achieved using multiple local oscillators gated by nanosecond pulses. The diamond is kept in a LT
(4.2K) and UHV (10719 mbar) environment. Piezo positioners allow for diamond positioning with
nanometer precision. A 3D vector magnet can generate uniform magnetic fields up to 20mT [g].
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Figure S6: Experimental setup. a, 3D render of 4K-UHV experimental setup. b, Electronic circuit
for double electron-electron resonance (DEER) double-quantum (DQ) spectroscopy and optical layout
for confocal microscopy and photon correlation.



2 CW Spectrum according to second order perturbation
theory

14N trapped in a neutral Cg, molecule

electron spin: S = 3/2

nuclear spin: I =1 B, 0 mT
external magnetic field: B = By | = 0mT
B, 9.697 mT
NQ@Cgo Hamiltonian:
H  Hgz Hzp Hpp
h o h T T
- 1B Ty L 5ThS L STA
~ ~ A D ~ A ~ A A JUEN A a
= L8 (B85, +B,5,+B.5.) + 7 (282-82-92) + a8 Lo+ 5,1, +5.1.)

When considering the above stated Hamiltonian one would expect a splitting of the NQCgq single
molecule spectral lines with a total distance of 2a between the center of the M; = —1 and the
Mj; = 41 peaks. This can be seen utilizing a second order perturbation approach.



We assume that the Electron-Zeeman interaction (Hgz) represents the unperturbed system’s

Hamiltonian H, whereas Hyperfine (Hyp) and Zero-Field (Hzp) interactions are considered to
be the perturbation Hi:

H = H, + H;
= Hpz + (Hgr + Hzp) .

This yields the energies of the 12 states of the system including their respective energy-corrections
as can be seen in Fig. These corrections give the system’s level structure as pictured in Fig.
[S9 The allowed transitions between these energy-states give the spectral lines shown in Fig.
The dashed line indicates the result of a measurement with a zero field interaction D = 1.52 MHz.

The line broadening is Fourier limited by the experimental pulse width of 100ns, giving a line
broadening of 1/(m x 100ns) ~ 3.3MHz [10]. This is slightly smaller than what we see in the
experiment (= 4 MHz), indicating that the weak interaction of the spin-bath with the endofullerene
is moderately lowering its Ty (leading to an additional Gaussian broadening o 1/7y) [11 [12].
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Figure S7: Spectral simulation for N@Cgy. N@Cgy single molecule spectral simulation done with
easyspin for a 0.75 MHz line-width (solid line) and a 6 MHz line-width (dashed line) for values of

D = 1.52 MHz, a = 15.85 MHz, g = 2.00204 and a z-aligned external magnetic field of B = 9.697
mT including 2nd order perturbation calculation of the splitting.
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Figure S8: Energy corrections for N@Cgo. Energy corrections of a single N@QCgg molecule calculated
from 2nd order perturbation theory.
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Figure S9: Corrected energy levels. Schematic of the level structure of a single N@Cgg molecule ac-
cording to the corrections as seen in|Figure S8|including the allowed transitions (AMg = 0,+1; AM; =
0) between the M = —1 states (red), the M = 0 states (green) and the M; = +1 states (blue).

12



2.1 Dependence on zero-field axis

In an ensemble, all axial orientations of the molecule average out. This does not happen at the
single spin level. Therefore one might consider an angular dependence when computing the zero-
field splitting terms for the single molecule. The angle ¢ between the magnetic field and the
orientation of the molecular frame is introduced. The zero-field splitting tensor in the molecular
frame is given by:

2
sD

This now has to be rotated into the lab-frame with a z-aligned magnetic field. For this a rotation
around the y-axis over the angle ¢ given by R, (¢) Dol Rg(qzﬁ) yields the splitting tensor in the
lab-frame

Deo(9)=1) 0 iDsin20)
Dy, = 0 —3D 0
$Dsin(2¢) 0 D (bin2(¢) -3

leading to a zero-field splitting Hamiltonian of the form

Har _ D (82482 28) + 5 D (5.8, +8,:8.) sin(20) + 5 D (52— 82) cos(20)

This, as well as an easyspin simulation for different angles shown in Fig. shows that for
all angles ¢ the zero-field splitting leads to an almost symmetrical distance between the central
transition-peaks (solid lines) for each nuclear quantum number M.

Hence, angular dependencies in the zero-field splitting terms do not lead to an effective shift of the
peak-positions measurable at a considerable line-width. The total distance between the M; = —1
and the M; = +1 central peaks remains 2a, which can also be seen from the calculated energy
corrections.
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Figure S10: Dependence on zero-field axis. Angle dependent zero-field splitting due to an angle
¢ between the z-aligned external magnetic field with B = 9.697 mT in the laboratory frame and the
molecule’s zero-field splitting tensors own z-axis at D = 1.52 MHz for a temperature of T = 4 K
including hyper-fine splitting at a = 15.85 MHz with a g-factor of g(N@QCg) = 2.00204
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2.2 Including anisotropic hyperfine interaction

Up to this point the total width of the spectrum is given by 2a. Ensemble EPR measures 2a =
32 MHz for NQCgy. However, our single spin EPR results measure 2a = 38 MHz. Admitting
the possibility of a strong deformation of the Cgy cage we can consider an anisotropic hyperfine
interaction. The anisotropy parameter A is introduced so that the interaction tensor A becomes

o {A 0 0 a-% 0 0
A=0 4, o= 0 a-% 0
0 0 A, 0 0 a+ A

The hyperfine interaction Hamiltonian thus reads

2Sp Ly + Ay S, I, + A, 5. 1.

Hur _ grif = 4
A N N .
( —2>( II$+Sny)+(a+A)SZIz.

h

Due to this anisotropy the total distance between the M; = —1 and the M; = +1 central peaks
now becomes 2a+ 2A as can be seen in Fig. This result can also be obtained from the second
order perturbation calculation when using the above stated hyperfine Hamiltonian.

When also including an angular dependence in the hyperfine interaction (which should be the same
one as for the zero field interaction) the total splitting distance can be found to be 2a + %A +
3 A cos (29).
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Figure S11: Anisotropic hyperfine interaction. Single N@Cgy molecule spectra for different
anisotropy A in the hyperfine splitting with a = 15.85 MHz without zero-field splitting at a field
strength of B = 9.697 mT (solid line) and a single Cgp spectrum (dashed line) with a linewidth of 1
MHz at g(NQCgo) = 2.00204 and g(Cgo) = 1.994

2.3 Enhanced isotropic hyperfine and axial zero-field interaction

shows a spectral simulation of a single N@QCg, molecule (brown) with a g-factor of
g1 = 2.00204 and a additional spin-1/2 bath (purple) with a g-factor of go = 2.03, which may
originate from drop coating the N@QCg solution. The g-factor of this second spin species, however,
strongly differs from the previously considered Cgy radical. The blue line shows the combined
spectrum. Considering a hyperfine constant of A = 19 MHz for the spin-3/2 species instead
of the usual 15.85 MHz for NQCgp, the combined spectrum fits the measured data quite nicely
even without an anisotropic hyperfine interaction (AA = 0) or including an additional angular
dependence in the zero-field splitting interaction (¢ = 0).

The strong deviation of the NQCgy hyperfine parameter could result from the hyperfine constant,
possibly being quite different when the molecule is located on the diamond surface as compared
to its typical values inside the bulk. This change would imply a decrease of the fullerene cage
cavity. Considering all the information gathered from these experiments it however remains unclear
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how this specific decrease is caused, and requires follow up experiments to better understand the
chemical effects of the diamond surface.
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Figure S12: Enhanced isotropic hyperfine and zero-field interaction. Comparison of measured
(orange) and simulated spectra. The single N@Cgg is shown with 1 MHz line-width (brown) and 4 MHz
line-width (blue) at T' = 4 K with an isotropic hyperfine splitting a = 19 MHz, axial zero-field splitting
D = 1.52 MHz and a z-aligned magnetic field with B = 9.697 mT. The additional S=1/2 bath has an
axial g-factor g = 2.03.

2.4 Alternative interpretation of peak intensity: Non-thermal spin dis-
tributions.

The splitting of hyperfine components in a typical ensemble X-band EPR experiment (9 - 10 GHz)
is typically symmetric and can hence only explain the increase of the total spectrum width, not
the asymmetry. In the low-field situation here (/260 MHz), the spectrum may become slightly
asymmetric due to a combination of the zfi and second-order hfi terms. The maximum expected
downshift would however amount to A%?/2gupB. ~ 0.5 MHz under the present experimental
conditions. The downshift of the lowest-energy transition can be rationalized by considering a
possible non-thermal population that favors the minimal angular momentum state of NQCg, i.e.
|ms, mr) = |-3/2,-1). This would favor the mg = -3/2 to mg = —1/2 transition for m; = —1 and
hence explain the downshift. A possible driving mechanism could be the frequent inter-system-
crossing events of the NV center itself, which happen in the laser polarization intervals whenever
the (electronically excited) NV |-1) state crosses over to the singlet manifold. This acts as a
“drain” for angular momentum in the environment. A detailed picture of the exact sequence
of intermediate steps leading to a polarization of the NQCgy molecule and related quantitative
analysis is beyond the scope of this work. We note that the population redistribution may occur
on a long time scale since the spin relaxation times of endofullerenes at 4.7 K are on the order of
seconds (71.) and even hours (T3,) [13]. Each iteration of the measurement sequence is on the
order of 5 us, over time there may well be a detectable accumulation of tiny imbalances of the

coupling to the environment. This is shown in [Figure S13]-
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Figure S13: Non-thermal spin distributions. Simulated spectra for a 1 MHz line-width (brown) and

a 6 MHz line-width (blue) at temperatures of T = 4 K, hyperfine splitting a = 15.85 MHz, zero-field
splitting D = 1.52 MHz and molecular frame rotation of ¢ = 25° at a z-aligned magnetic field with

B =9.697 mT. Experimental data shown with orange circles.
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3 Scalable endofullerene quantum structures

In the main text, we have shown the ability of the single quantum sensor to interact and read out the
spins in a single endofullerene molecule. The measured lifetimes and the coupling strengths among
various electron and nuclear spins (see Table ) clearly indicate a promising quantum system
where information could be exchanged among the neighboring electron spins that are controlled
by the local hyperfine couplings. Given the long lifetime of the nuclear spins, one could use them
as quantum bits and the coupled electron spin chain as a bus mediating their interactions. While
such possibilities have been studied earlier in [13], here we would like to focus on a key ingredient
i.e., initialization of the quantum systems. Each fullerene molecule represents a 12-level system
with a four-level electron spin S = 3/2 and a three-level nuclear spin (I = 1). Using well-controlled
microwave and RF fields, the S spin can be tuned in resonance with the NV electron spin or its
intrinsic nuclear spin. Using this, we show in Fig. how the optical polarization of the NV spin
can be transferred first to the .S spin, which then is finally transferred to the nuclear spin. The
polarization transfer in each step is achieved through Hartman-Hahn like transfer employed earlier
in Ref. [I4] to polarize external spins. In Fig. we show the polarization of the S spin for a
fixed my, and then repeating the same for all the other m; transitions we have a fully polarized
S spin. The cooling step for a given m; takes ~ 30 x 20 us, and for all three nuclear spin states,
the total cooling time of the S spin is ~ 3 us which is quite shorter than its T7. This polarization
can then be transferred to the nuclear spin much more efficiently as they are strongly coupled. We
would also like to note that the ultra-strong coupling between the neighboring S spins (50 MHz)
does not allow the polarization to the transferred during the NV — S polarization step, allowing
to localize the spin polarization only on the endofullerene that is being polarized.

With the possibility to polarize the electron and nuclear spins, and have them transferred through-
out the chain to other endofullerene spins, the next steps would be to realize a well-initialized quan-
tum register and observe the dynamics of polarization flow through scalable geometries. Further-
more using multiple NV spins, we should be able to show the fullerene chain mediated correlations
between them [§].
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Figure S14: Scalable endofullerene quantum structures. a, (Top) Schematic representation of a
scalable structure formed using carbon nanotubes to encapsulate the endofullerene molecules. (Bottom)
Numerically simulated polarization transfer from a single NV center to a single N@Cgp electron spin
for a given hyperfine transition. The right inset depicts the further transfer of electron polarization to
nuclear spin. This polarization scheme is pictorially depicted in the inset (left). For this simulation we
have used polarization transfer rates from NV to the electron spin 7y _. = 7/4J and T._,, = w/4A.
b, Quantitative values of physical parameters such as spin relaxation times and spin-spin coupling used
in simulation. hfcc is the N@Cgo hyperfine coupling constant.
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