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Efficient Dynamic Nuclear Polarization at High Magnetic Fields
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By applying a new technique for dynamic nuclear polarization involving simultaneous excitation of
electronic and nuclear transitions, we have enhanced the nuclear polarization of the nitrogen nuclei in
SN @Cg, by a factor of 10% at a fixed temperature of 3 K and a magnetic field of 8.6 T, more than twice the
maximum enhancement reported to date. This methodology will allow the initialization of the nuclear
qubit in schemes exploiting N@Cg, molecules as components of a quantum information processing

device.
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The incarceration of atomic nitrogen in a Cg, cage leads
to a species (known as N@Cg,) with remarkable proper-
ties: The nitrogen occupies a high-symmetry site at the
center of the cage and retains its atomic configuration, and
the cage offers protection of the nitrogen electron para-
magnetic moment from interactions with the environment
[1]. It exhibits the longest electron spin lifetimes observed
in any molecular species with a phase coherence time T, =
240 ws [2] in solution at 170 K, and spin-lattice relaxation
time, T, of 4.5 min at 4 K [3]. T, is of the order of 10*
times longer than the time taken to manipulate the electron
spin state by pulsed electron spin resonance (ESR), and this
has led to speculation that it may be a useful component in
an electron-spin-based quantum computer [4—8].

The nuclear spin of the incarcerated N atom exhibits
even longer lifetimes, and it too can in principle be used to
store quantum information. However, before the nuclei
could be exploited as qubits, a method of polarizing them
would be required, and this method should work at tem-
peratures that are high on the scale of the nuclear Zeeman
energy. (While the preparation of pseudopure initial states
allows high-temperature NMR quantum computing [9], the
readout signal becomes exponentially small as the number
of qubits goes up [10]). Methods of achieving nuclear
polarization are also useful in other contexts, including
NMR [11] and high-energy physics [12].

Four microwave-induced dynamic nuclear polarization
(DNP) effects have been demonstrated in the past: The
Overhauser effect (OE) [13], the solid effect (SE), thermal
mixing (TM), and the cross effect (CE). These are de-
scribed in Ref. [14] and the articles cited therein.
Defining the polarization enhancement as & = %
(where the polarization, P, is the net number of aligned
nuclear spins divided by the total number), these tech-
niques lead to enhancements in the NMR signal intensity
of up to € =400 [11]. In this Letter we describe a new
approach in which the nuclei are polarized using electron-
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nuclear double resonance (ENDOR), exploiting the large
difference between the electronic and nuclear spin-lattice
relaxation times. We refer to this technique as ‘“‘polariza-
tion of nuclear spins enhanced by ENDOR” (PONSEE).
PONSEE has several significant advantages over OE, SE,
TM, and CE DNP. First, the polarization enhancement for
PONSEE increases with magnetic field, while for OE, SE,
TM, and CE DNP this enhancement falls as the field
increases. This makes PONSEE well suited for use in
contemporary NMR spectrometers which benefit from
the improved spectral resolution available at 7-21 T.
Second, the time required for PONSEE is a few times the
electronic T, which is shorter than the OE, SE, TM, and
CE because no forbidden transitions or three-spin transi-
tions are used.

PONSEE may also be well suited to other samples such
as the organic radical TEMPO. In a high magnetic field the
ESR spectrum of TEMPO becomes highly anisotropic
[15], but PONSEE should still work for the nitrogen nuclei
as their hyperfine splitting is clearly resolved. For an
electron spin with unresolved hyperfine structure, it would
still be possible to use PONSEE by burning a hole in the
ESR spectrum as long as one nuclear spin orientation could
be preferentially addressed.

Room-temperature NMR signal-to-noise enhancements
of >10000 have been achieved by cooling a sample, per-
forming “‘traditional DNP”, and then (in a time that is
short compared to the nuclear 7)) rewarming [16]. The
“traditional DNP” created a polarization of 26% with 1 h
of the TM effect at 1.1 K, but using PONSEE instead of
TM would have produced larger polarization in a shorter
time.

A molecule of PN@Cy, in a strong magnetic field has
eight energy levels as shown in Fig. 1. The electronic and
nuclear spins, S, and /,, are both good quantum numbers.
The N isotope has spin I = 1, which is a natural qubit,
unlike the more abundant '*N nucleus which has I = 1.
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FIG. 1 (color online). Energy levels and allowed transitions of -1 ! Voo !
BN @Cg, in a strong magnetic field, B, parallel to the z-axis. The I : | |
system is well described by the effective spin Hamiltonian H = E E E E
B(gupS, — gypnl,) + hAS_I,. The three terms describe the 5 7, 0@ : ! :
electronic Zeeman, nuclear Zeeman and isotropic hyperfine - E E E E
interactions. The hyperfine constant is A = 21.9 MHz. The S ! ! !
four nuclear transitions are labeled v;; — v;4. The two triply 2 —000 - 000 | 000 e

degenerate electronic transitions are labeled v, and vy,.

Complete two-qubit quantum computation is feasible with
an ensemble of PN@Cy, [3].

At a temperature of 7 = 3 K and a magnetic field of
B = 8.6 T, the electronic Boltzmann factor is

_ 8mpB
kgT

o= exp( ) =~ 0.02. (1)
This implies that about 98% of the electrons are in the §, =
—3/2 state and only 0.001% are in the S, = 3/2 state.

Our PONSEE technique consists of the three steps
shown in Fig. 2. The first (second) step selectively excites
electronic (nuclear) spins whose nuclear (electronic) spins
are in a particular state. The third step requires that
Thoclear s pelectronic - which is generally true for many
spin systems.

PONSEE works efficiently with either continuous-wave
(cw) or pulsed radiation. With cw radiation the three steps
take place simultaneously. If pulsed radiation is used, 7
pulses should be chosen and after four applications of the
three-step cycle, the nuclear polarization reaches the cw
result for ¢ << 1 [3].

PONSEE is distinct from electron-nuclear cross polar-
ization (eNCP) [14] which also uses ESR and NMR ex-
citations, in that eNCP relies on spin locking which
operates in pulsed mode only.

Our experiments used cw radiation for the first two
steps. To maximize the nuclear polarization, the radiation
should be powerful enough to saturate the transitions,
equalizing the populations of the connected energy levels.
After waiting for a time longer than 7$'°¢™nc but shorter
than 77" the nuclear polarization is maximized and the
populations of the four states in the [, = — % manifold are
close to thermal equilibrium. This maximum nuclear po-
larization is hence greatest when the populations of the

FIG. 2 (color online). Schematic of the pulsed version of the
PONSEE sequence for "N@Cy,. v, radiation is shown in step
2, but v;3 or v, could be used instead.

states we seek to empty (I, = % are made equal to the
population of the high-energy state (I, = —% and S, =
3/2). This should be achieved using rf radiation with
frequency v4. Alternatively, v;3 (v,) radiation could be
used, making the population of the I, = % states equal to

the population of the S, =1 (S, = —1) state. However,
since the energy difference between the ground (S, =
—3/2) state and the S, =3 (S, = —3) state is smaller

than between the ground state and the S, = 3/2 state, the
thermal equilibrium electron spin polarization between this
state and the ground state is also smaller, resulting in a
smaller net nuclear polarization after the v;; (v;,) pulse
than if v, were used.

BN@Cy, was prepared by ion implantation [17] with
isotopically pure ’N and purified with high performance
liquid chromatography (HPLC) [18]. HPLC, combined
with ESR and UV characterization indicated that about
80% of the cages contained nitrogen atoms. The purified
sample was dissolved in deuterated toluene and put into a
quartz ESR tube of outer diameter 4 mm. The solvent was
deoxygenated with three freeze-pump-thaw cycles and
sealed under a dynamic vacuum.

Measurements were made with a home-built 240 GHz
cw ESR spectrometer [15]. Figure 3 shows an ESR spec-
trum recorded at 3 K. The absorption lineshape is charac-
teristic of a saturated electronic spin-system with a long
spin-lattice relaxation time, 7'; [19], and shows no nuclear
polarization.

A small amount of nuclear polarization can be produced
by applying microwave radiation only. Figure 4 shows the
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FIG. 3. 240 GHz cw ESR spectrum of ’N@Cy, in thermal
equilibrium at 3 K.

ESR spectrum after radiation of frequency vg, was applied
for 2.5 h at 4.2 K. The relative area of the two peaks shows
that the nuclear polarization is 21 = 2%. This form of DNP
is due to the Overhauser effect [13].

Repeating this experiment with vg; radiation did not
produce antipolarization. This shows that the polarization
in Fig. 4 does not result from a difference in the 7' times of
the four nuclear transitions.

Instead, the polarization achieved with only vy, radia-
tion is due to flip-flop transitions in which the nuclear and
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FIG. 4 (color online). cw ESR spectrum of N@Cg, at 4.2 K
after 2.5 h vy, radiation. The nuclear polarization is due to flip-
flop transitions. The smooth curve is the bi-Lorentian best fit.
The ratio of the areas of these peaks shows the nuclear polar-
ization to be 21%.

electronic spins simultaneously flip in opposite directions,
conserving total angular momentum. When an electron
relaxes back to a lower energy level it loses a quantum of
angular momentum, so the corresponding part of a flip-flop
transition must add a quantum of angular momentum to the
nuclear spin. This effect always acts to align nuclear spins
with the magnetic field, and occurs more often than the
competing transitions in which the electron and nucleus
must both lose a quantum of angular momentum. The
perturbation causing flip flops arises from the nonsecular
part of the isotropic hyperfine coupling, as can be seen
when this interaction is expressed in terms of the raising
(S and I'") and lowering (S~ and ™) operators:

A
AS- 1 =Z(STI" + ST +AS.I. 2)

We found that the DNP effect was stronger with
PONSEE than with the Overhauser effect. Furthermore,
it was equally possible to align the nuclear spins with or
against the applied field using PONSEE. Applying v, and
vp, radiation for 20 minutes produced the spectrum shown
in Fig. 5 in which the nuclear polarization is 62 * 2%. In
theory, exciting the v;3 and v, transitions should polarize
the nuclear spins more strongly, but instead we found that
the effect was weaker. We attribute this to the lower rf
power available at these frequencies, and less effective
(frequency-dependent) coupling to the sample in our
apparatus.

The thermal equilibrium polarization of isolated N
nuclear spins at 3 K in a field of 8.6 T is 0.03% [20].
Confinement inside a C¢, cage increases the strength of the
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FIG. 5 (color online). cw ESR spectrum of P"N@Cg, at 3 K
after 20 min PONSEE. The smooth curve is the bi-Lorentzian
best fit with the linewidth of the two peaks constrained to be the
same. The nuclear polarization is 62%, an enhancement of £ =
1100. Inset shows N@Cg, molecule.
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hyperfine interaction, so the corresponding equilibrium
polarization in PN@Cy, is 0.06%. Our PONSEE experi-
ment produced 62% nuclear polarization, an enhancement
of ¢ = 1100 = 50.

We found that the v, transition was excited most effec-
tively by sweeping the rf frequency from 47.916 to
47.924 MHz about once a minute. This frequency range
provides a measurement of the hyperfine constant via the
expression given in Fig. 1:

2 B
A=2pp,— ENHN

=21.88+0.01 MHz, (3)
using the accepted value of the nuclear g factor for °N,
gn = —0.56637 [20]. This value of A agrees with that
measured from the splitting in Fig. 4 (A =219 =
0.15 MHz) and is close to the measurement made previ-
ously at the lower field of 0.34 T (A = 22.021 MHz) [1].
Frequencies v;y, v;3 and vy, were calculated using our
value of A, and found to agree with the values that pro-
duced PONSEE.

A simple model was used to predict the amount of
polarization observed, assuming complete saturation of
transitions vg, and vj,. The nuclear polarization is

l/a =3+ a+ a?
l/a+5+ a+ a?

Pafier PONSEE = =84%, 4
for @ = 0.02. The measured polarization of 62% is smaller
than this for two reasons: The rf radiation raised the sample
temperature, and the v, transition was not saturated. The
rf power was set to 40 W to strike a balance between these
competing issues. If the v, transition had been used, our
model predicts a nuclear spin polarization of 99.99%,
corresponding to £ = 1700.

Once a measurable nuclear polarization had been
achieved, we were able to investigate the nuclear T;.
After producing a 62% nuclear polarization, the tempera-
ture was raised to 4.2 K and the sample was allowed to
relax for 11.5 h. The spectrum recorded after this time
revealed that the nuclear polarization had only fallen to
40%. More measurements would be needed to properly
describe the nuclear spin relaxation of "N @Cg, but these
data show that the nuclear 7 is on the order of 12 h at
4.2 K. This long time means that >N nuclear T, processes
are not a significant mechanism for the electronic 7,
relaxation of P’N@Cg at this temperature.

In summary, we have demonstrated a new DNP tech-
nique, PONSEE, achieving a polarization enhancement
exceeding & = 10° in a sample of PN@Cy, at the high
magnetic field of 8.6 T. PONSEE will be a valuable tool in
initializing the nuclear qubits in quantum information pro-

cessing devices employing N@Cg, molecules; the effi-
ciency of this technique is independent of the number of
qubits involved in the computation. Our measurement of a
very long nuclear T time suggests that these nuclear states
could be useful as memory elements. Furthermore,
PONSEE could find applications beyond quantum infor-
mation processing; NMR experiments at high fields could
benefit from signal-to-noise enhancements to selected nu-
clei using PONSEE.
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