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We report on Fourier spectroscopy experiments performed with near-surface nitrogen-vacancy centers in

a diamond chip. By detecting the free precession of nuclear spins rather than applying a multipulse

quantum sensing protocol, we are able to unambiguously identify the NMR species devoid of harmonics.

We further show that, by engineering different Hamiltonians during free precession, the hyperfine coupling

parameters as well as the nuclear Larmor frequency can be selectively measured with up to five digits of

precision. The protocols can be combined to demonstrate two-dimensional Fourier spectroscopy. Presented

techniques will be useful for mapping nuclear coordinates in molecules deposited on diamond sensor chips,

en route to imaging their atomic structure.
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Nitrogen-vacancy (NV) centers in diamond have opened
exciting perspectives for the ultrasensitive detection of
nuclear magnetic resonance (NMR), with possible appli-
cations to molecular structure imaging and chemical nano-
analytics [1-3]. NMR signals are detected by placing an
analyte on a diamond chip engineered with a surface layer
of NV centers and measuring the weak magnetic dipole
fields of nuclei via optically detected magnetic resonance
[4,5]. Examples of the rapid recent progress in NV NMR
include the detection of small numbers of nuclei within
voxels of a few (nm)® [6,7], the detection of multiple
nuclear isotopes [8,9] and naturally occurring adsorption
layers [6], the observation of surface diffusion and molecu-
lar motion [10,11], scanning imaging with <20 nm spatial
resolution [9,12], and the spatial mapping of up to eight
internal '3C nuclei [13]. One of the far goals of NV NMR is
the detection and three-dimensional mapping of individual
nuclei in single molecules deterministically placed on the
diamond chip [1,13,14].

Sensitive detection of nuclear magnetic signals is pos-
sible with multipulse sequences that consist of a series of z
pulses [see Fig. 1(a)]. These sequences act like a narrow-
band lock-in amplifier [15] whose demodulation frequency
f =1/(27) is set by the delay time 7 between the pulses
[14,16,17]. By varying 7z, a frequency spectrum of the
magnetic field can be recorded. Multipulse spectroscopy of
NMR signals has been reported for many nuclear isotopes,
including 'H, 13C, N, PN, !°F, and possibly 2°Si and 3'P
[3,6-9,12,18]. These experiments have, however, also
revealed some important shortcomings of the method,
including a modest spectral resolution [2,19] and ambi-
guities in peak assignments due to signal harmonics [18].
The fundamental reason for both effects is the indirect way
nuclear spin signals are detected via their influence on the
electronic spin.
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A more natural way for measuring NMR signals is to
observe the free nuclear precession reminiscent of the “free
induction decay” in conventional NMR. The free nuclear
precession can be detected via two consecutive nuclear spin
measurements and incrementing the duration #; between
the measurements. Mamin et al. [2] have demonstrated
Fourier NMR by an electron-nuclear double resonance
technique. Laraoui ef al. [19] and others [10,11] have used
two successive multipulse sequences to directly record the
nuclear precession.

In the present work, we demonstrate two important
applications of the free nuclear precession method: the
unambiguous assignment of NMR peaks to nuclear iso-
topes and a set of measurements for determining nuclear
hyperfine couplings with high precision. By combining two
free-precession periods, we further demonstrate two-
dimensional Fourier spectroscopy [21].

The basic sequence of a free nuclear precession experi-
ment is shown in Fig. 1(b). The sequence consists of three
propagators:

[AJEP Ufree UCP s ( 1 )

where f]cp represents_the traditional multipulse sequence
[17] and Uje, = e i describes the period of free
precession. Hye. is the free-precession Hamiltonian that
is varied in our experiments. (Note that we use units of
angular frequency). The measured ‘“‘signal” is the proba-
bility p that the initial quantum state |0) of the electronic
sensor spin is recovered after the three propagations:

P = |<O|UEPUfreef]CP|O>|2 = |<a|0free|a>|2’ (2)
where |a) = Ucp|0) is the state after the Ucp rotation.
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FIG. 1. (a) Pulse protocol for conventional multipulse spec-
troscopy. Laser pulses are colored green, and microwave pulses
are colored red. The 7 pulse series used an XY8 phase pattern
[20]. (b) Pulse protocol for a free nuclear precession measure-
ment. The pulse marked by star was used for phase cycling
(phases Y and ¥). (c) Free-precession sequences explmted in our
experiments and corresponding Hamiltonians Hf .ty and 1,
are incremented evolution periods. The z/2 delays in @ and @ are
used to adjust the axis of the nuclear Rabi rotation. (d) Sketch of
the diamond chip with a near-surface NV center and '°N, 3C,
and 'H nuclei. (e) Vectorial picture of the parallel and transverse
hyperfine parameters a|| and a . The contour represents a field
line of the NV magnetic dipole.

Equation (2) contains the essence of the free-precession
measurement. While conventional multipulse spectroscopy
detects the electronic evolution Ucp, with the signal given
by p = [(0|Ucp|0)|? the free-precession sequence mea-
sures the nuclear evolution Uy, and simply applies Ucp
and U] cp to transform from and to the detectable electronic
states |0) and |1).

We now explicitly calculate p for our experiment. For
simplicity, we focus on the detection of a single nuclear
spin. Moreover, we consider only the electronic subsystem
{]0),|1)} that is resonant with the pulse sequence [22]. The
basic Hamiltonian in the electron’s rotating frame of
reference is

A = ool + ay|1)(1|T, + a, |1)(1]1,
= wol. +ay(S.+ 5L +ay (5. +85)1,  (3)

where wy = —y, By is the nuclear Zeeman frequency, y,, is
the nuclear gyromagnetic ratio, B is the magnetic bias

field, and a; and a,; are the parallel and transverse
hyperfine goupling parameters, respectively [see Fig. 1(e)]
[22.25]. S, = 3{[1)(1] = [0){0]} and S, =3{|1)(1] +
|0)(0|} are spin operators on the electronic {]0),|1)}
subsystem, and 1, and ] . are the nuclear spin operators.
To include multiple nuclear spins, the Hamiltonian simply
needs to be summed over the contributions of individual
nuclei and possible internuclear interactions.

To analyze the effect of the three rotations U EP UteeUcps
it is convenient to represent the quantum state of the
coupled spin system by its density operator. The density
operator after initialization into [0) is &y = |0) (0|1, =
(S, = 8,)1,, where 1, is the identity. Omitting S, and 1,
for brevity, we have &, = —S..

First, we apply the Ucp rotation. This rotation is
implemented by a Carr-Purcell (CP) series of N equidistant
7 pulses that is sandwiched between two z/2 pulses, as
shown in Fig. 1(c). If the delay time z between z pulses is
adjusted to one-half the nuclear Larmor period,
t = r/(wy + a)/2), the 7 pulses generate a nuclear Rabi
rotation with an effective Hamiltonian (a, /x)2S.1,
[22,26]. The overall effect of the Ucp sequence (including
the 7/2 pulses) is

= |a)(a| = UcptoUlp = cos(w;1)S, + sin(w,1)25.1,,
(

4)
where w; =a,/n is the nuclear Rabi frequency and
t = Nt the total duration of Ucp. (Note that the expressions
for 7 and w; are exact only in the limit of vanishing
hyperfine coupling, |, a; < @,. General expressions for
arbitrary a| and a, are provided in [22].)

The state 6, is made up of two components: an electronic
coherence S‘x and a nuclear coherence 23‘JX that is condi-
tional on the state of the electronic spin. We now look at the
evolution of the two components under the Hamiltonian
Hie. [see Fig. 1(c) for examples]. If we restrict ourselves to
Hamiltonians that commute with S‘Z (up to a sign change),
the evolution is

p= ‘<a|0free|a>|2
= C052<a)1t)trace(UfreeS UfreeS )
+ sin® (@, 1)trace(Ugeel U 1,), (5)

free” x

trace(Ufreea Ufree »

where Upee = e~ and t; is the duration of free
precession. To detect the desired nuclear evolution, we
therefore simply need to record p as a function of time f,
and pick out the I, part of the signal. The latter can be
achieved in several ways, for example, by phase cycling
[see Fig. 1(b)] or by exploiting that the nuclear coherence is
much longer lived than the electronic coherence [19].
Experiments were performed on an electronic-grade
diamond chip with an ~5 nm deep layer of NV centers
created by 2.5 keV N ion implantation [see Fig. 1(d)].
The chip surface was patterned with an array of nanopillar
waveguides [27]. The chip was integrated in a confocal
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fluorescence microscope equipped with a 532 nm excita-
tion laser and a photon-counting module. Laser pulses of
1.5 us were used to initialize and read out the spin state of
single NV centers, and microwave pulses passed through a
nearby transmission line were used for spin manipulation.
All measurements exploited the mg = O<>mg = —1 spin
transition (corresponding to |0) and |1), respectively) and
were carried out in a bias field of ~0.18 T and at room
temperature. The bias field was aligned with the NV
symmetry axis to within a few degrees.

As a first application, we show that the (A]EP(A]ﬁeelAJCP
sequence can uniquely identify a NMR resonance and
resolve ambiguities with harmonics affecting traditional
multipulse spectroscopy [18]. To demonstrate this, we first
record an extended multipulse spectrum using a simple Ucp
sequence [Fig. 2(a)]. The spectrum shows many peaks
caused by the resonances of nuclear spins in the vicinity
of the NV center. Some of the peaks [Figs. 2(c), 2(d), and
2(g)] can be tentatively assigned to 'H, 13C, and ’N by
consulting Table I. The other peaks [Figs. 2(b), 2(e), and
2(f)] have frequencies that are not found in the table, and it
is not obvious which nuclear species they belong to.

Figures 2(b)-2(g) show spectra obtained with the
UCPf]freefJCp sequence. These spectra were recorded by
tuning Ucp (via adjusting 7) to one of the peaks labeled in
Fig. 2(a), measuring the free precession for a series of t,
values, and performing a Fourier transform with respect to
t;. We find that all Fourier spectra show peaks at expected
NMR frequencies (Table I) and that we are now able to
uniquely identify all nuclear species.

By comparing the frequencies between corresponding
peaks in the multipulse and Fourier spectra, we can
discriminate between different harmonics of the multipulse
sequence. We find that both “ordinary” harmonics created
at f/k and “spurious” harmonics appearing at 2f/k and

1.0

4f/k are present (where k = 1,3, 5, ...). Ordinary harmon-
ics are expected resonances of the multipulse filter function
[14,16,17]. Spurious harmonics, by contrast, result from
phase accumulation during 7z pulses and depend on many
parameters, including 7 pulse duration, amplitude, and
detuning [18].

Figure 3 shows another example of a multipulse spec-
trum alongside with two Fourier spectra. In the multipulse
spectrum, three peaks are visible that partially overlap. The
Fourier spectra reveal that the peaks are caused by the
resonances of two nuclear species, including the second
harmonic of a strongly coupled '3C and the fundamental
signal of a 'H ensemble.

As a second application, we demonstrate that the
UCP Ufree UCP sequence allows for accurate measurements
of the nuclear Zeeman frequency w, as well as the two
hyperfine parameters a|| and a; . A precise measurement of
@, 1s important to assign the nuclear species and to resolve
weak additional effects, such as chemical shifts or nuclear
dipole couplings. Accurate knowledge of @ and a, is
critical for performing distance measurements on nuclei in
a molecule.

To measure w, and a), we perform a free- precess10n
experiment without the central 7 pulse [Hamiltonian & grge
in Fig. 1(c)]. The nuclear evolution now becomes condi-
tional on the state of the electronic spin: If the electron is in
state |0), the hyperfine interaction is absent and the nucleus
precesses with frequency . By contrast, if the electron is
in state |1), the hyperfine interaction is present and the
nuclear precession frequency is wg + a| | [22]. A beating
pattern is seen in the time evolution [Fig. 4(a)], and two
peaks appear after Fourier transformation [Fig. 4(b)],
reflecting the two frequencies. By comparison, the conven-
tional multipulse spectrum shows only a single broad peak
at wy + a( | /2 [Fig. 4(b)]. We have written ai | to emphasize
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FIG. 2. Unambiguous identification of NMR signals: (a) Multipulse spectrum in a field of BO = 174 mT. Colors identify different data

sets. (b)—(g) Fourier spectra for the six peaks labeled in (a). All spectra used Hamiltonian )24 gre)e, except for (d) and (e) that used i

free [See

Fig. 1(c)]. The nuclear species and multipulse harmonic are indicated for each spectrum. The N peak is present due to a small

misalignment of the external bias field.
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TABLE I. NMR frequencies for the nuclear spin species
detected in the experiment. For N, two resonances are possible
that are split by a hyperfine coupling of 3.05 MHz.

Isotope NMR frequency (at 174 mT)
'H 7.40 MHz

BC 1.86 MHz

5N 0.75 MHz, 2.30 MHz

that the measured frequencies are slightly different from the
exact a;| [Eq. (3)] because of our approximation that aj,
a; < my [22].

By applying a train of 7 pulses (Hamiltonian & free) [28],
we can also measure the transverse coupling parameter a |
[see Figs. 4(c) and 4(d)]. As with the CP sequence, the 7
pulses induce a nuclear Rabi rotation with frequency
w; =d'| /n from which a/| can be extracted. Again,
because of our approximation that ), a; <y, the
measured @, will deviate from the exact a, [22].

In both of the above measurements, the nuclear coher-
ence is maintained for much longer than the electronic 7,
time (here T, ~ 10 us). This is because the ZS‘ZfX state in
(4) and (5) is insensitive to electronic decoherence and
affected only by electronic spin flips or nuclear
decoherence. In our experiments, the state lifetime was
limited by electronic spin flips with 7| ~0.2 ms. This
constitutes an ~20x improvement compared to the lifetime
of the electronic coherence. The lifetime could be extended
further by storing the state S . in an auxiliary nuclear spin
during free precession [19,29].

The long free-precession times allow for a high meas-
urement accuracy of the hyperfine parameters. As shown
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FIG. 3. (a) Multipulse spectrum and (b),(c) Fourier spectra at

~8 MHz. Two signals are present: one produced by the funda-
mental resonance of a 'H ensemble (b) and one produced by the
second harmonic of a strongly coupled '3C nucleus (c). The third
peak (star) in (a) is caused by the same '*C (data not shown). The
number of pulses applied during Ucp was N = 1200 in (a), 720 in
(b), and 1000 in (c).

in Fig. 4 and Ref. [22], frequencies can be measured
with up to five digits of precision. We have calculated
the exact ¢ and a, for the *C of Fig. 4, taking into
account that )|, a; << wy is not fulfilled [22]. The resulting
values are @) /27 =4.00195(30) MHz and a, /27 =
0.5132(17) MHz [22]. Tentatively, this '*C can be assigned
to lattice site E, F in Ref. [30]. The radial distance of these
sites is about r ~3 A. Although one could, in principle,
use a and a; to calculate a precise distance and inter-
nuclear angle based on the dipolar interaction [22], this
calculation is inaccurate for the present 3C due to a
significant Fermi contact contribution.

Finally, we demonstrate that two hyperfine measure-
ments can be combined to record two-dimensional (2D)
Fourier spectra [21,31,32]. Two-dimensional spectroscopy
is an important technique in magnetic resonance for
determining the connectivity in a spectrum [33,34]. As a
proof of principle, we demonstrate that ) and a, spectra

can be correlated. During a first period #; we apply
(1)

Hamiltonian A free

followed by a period t, of with

Hamiltonian Hfree [see Fig. 1(c)]. We then increment
the evolution times #; and ¢, to produce a two-dimensional
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FIG. 4. Precision measurement of @, a and a, obtained by
observing the nuclear, rather than the electronic, evolution. The
same '3C as in Fig. 3 is being studied. (a) Free-precession signal
under Hamiltonian Hﬁree (b) Fourier spectrum of (a) showing two
peaks at @, and wq + al The enlargement on the upper peak
shows a high-resolution spectrum obtained from an under-
sampled data set (see [22]), with #; up to 200 us. (Star) shows
a traditional multipulse spectrum for comparison. Deduced
parameters are @gy/2zx = 2.09320(11) MHz and a /2n: =
4.02350(16) MHz [22]. (c) Free-precession 51gnal under
Hamiltonian Htree (Star) shows the corresponding multipulse
signal obtained by incrementing the number of z pulses
N = 1, /7. (d) Fourier spectra of the two curves from (c). The
deduced parameter is a'| /27 = 0.25070(41) MHz. Measure-
ment uncertainties are fit errors [22].
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FIG. 5. Two-dimensional Fourier NMR spectrum (absolute

value) of two '3C nuclei labeled by “A” and “B.” (a) is the
measurement, and (b) is a simulation. The f; dimension plots
wy + a ‘/ 2 and the f, dimension plots a/| /z. Dwell time was
120 ns (120 increments) for f; and 2168 ns (40 increments) for
f>. The peaks marked by star are present because the phase of the
nuclear Rabi rotation was not perfectly adjusted. The total
measurement time was 16 h.

data set that results, after a two-dimensional Fourier
transform, in the spectrum shown in Fig. 5.

In summary, the concept of “free nuclear precession” has
been implemented to demonstrate several important new
capabilities in diamond-based NMR spectroscopy. Spectral
peaks could be uniquely assigned to nuclear isotopes,
thereby resolving critical ambiguities with multipulse quan-
tum sensing sequences. Selective and highly precise mea-
surements of Zeeman and hyperfine frequencies were
introduced, and 2D Fourier spectroscopy was demonstrated
to add further spectral resolution. Together, the two methods
will allow assigning many more nuclei in outside molecules
than is possible with conventional detection schemes.
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