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Abstract Two proof-of-principle experiments toward T1-
limited magnetic resonance imaging with NV centers in di-
amond are demonstrated. First, a large number of Rabi os-
cillations is measured and it is demonstrated that the hyper-
fine interaction due to the NV’s 14N can be extracted from
the beating oscillations. Second, the Rabi beats under V-
type microwave excitation of the three hyperfine manifolds
is studied experimentally and described theoretically.

1 Introduction

The ever increasing need for high resolution imaging in the
life sciences, material science, and more recently quantum
information processing, has led over the past decade to the
development of a variety of methods that try to overcome
the limits set by optical diffraction [13]. Exploiting the non-
linear behaviour of fluorescent labels, a spatial resolution
down to few nanometers was demonstrated using optical
techniques such as STED [7], PALM [3], and STORM [15].
A technique whose resolution is independent of the wave-
length is magnetic resonance imaging. Magnetic resonance
imaging and nanoscale magnetic and electric field sensing
are key technologies in various areas of science. Recently,
magnetic resonance imaging as well as scanning probe mag-
netic imaging on scales relevant to molecular biological
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processes was demonstrated [1, 9]. A spin label that is suit-
able for high resolution measurements are nitrogen vacancy
centers embedded in diamond nanocrystals [19]. Owing to
their optical addressability, photostability, and long spin co-
herence time, recently sub 10 nm spatial resolution as well
as the detection of magnetic fields close to individual elec-
tron spins has been demonstrated using NV nano sensors
[1, 9]. The spatial resolution of a magnetic resonance mea-
surement is determined by the strength of the field gradient
and the effective linewidth of the electron spin transition.
Pulsed imaging modes, such as the Hahn–Echo and Carr–
Purcell–Meiboom–Gill (CPMG) [10] sequence can be used
to decrease the effective linewidth. The continuous driving
of Rabi oscillations has been proposed to decrease the effec-
tive linewidth down to the limit given by the spin decay time
[18]. In this paper, we perform a proof-of-principle study of
this imaging mode. The feasibility of the method is demon-
strated by resolving the hyperfine interaction of the NV cen-
ter due to its 14N nuclear spin.

In the simplest magnetic resonance imaging mode, a
CW electron spin resonance (ESR) measurement is per-
formed, and the effective linewidth is given by the inho-
mogenously broadened spin de-coherence time T ∗

2 , which
is typically short and only of the order of few microsec-
onds in case of the NV center. In the Hahn–Echo sequence,
π/2 − π − π/2 pulses are used to refocus precessing spins,
such that noise generated by slowly fluctuating spins in the
environment is canceled. For the Hahn–Echo sequence, the
effective linewidth is given by the dephasing time T2 of the
spin system, which is larger than T ∗

2 , and can reach sev-
eral hundred microseconds in the case of the NV center
[2]. More advanced pulse sequences, such as the CPMG
sequence, hold promise to decrease the effective linewidth
even further [5, 11, 16]. Another elegant imaging mode is
based on the continuous driving of Rabi oscillations. The
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Fig. 1 Principle of magnetic resonance imaging based on Rabi beats

decay time of Rabi oscillations depends on the microwave
power and is similar to the decay time observed in a spin
locking experiment. The exact decay time is determined by
the noise spectral density at the Rabi frequency and for the
typical 1/f -Noise, and assuming that the Rabi frequency
does not accidentally coincide with a peak in the noise spec-
tral density—such as 13C Larmor peak or other discrete
spin noise—it is expected to approach T1 as the Rabi fre-
quency becomes close to the transition frequency. Note that
at the transition frequency, the rotating wave approximation
starts to break down. Among the various magnetic resonance
imaging modes, this mode may potentially achieve a particu-
larly long decay time, and thus high spatial resolution. Over
the past years, there has been a continued effort to apply this
magnetic resonance imaging mode to the NV center [18].
However, this poses great challenges. In this mode, spatial
information is extracted from beat frequencies observed in
the Rabi oscillations. A high spatial resolution requires the
measurement of a large number of Rabi oscillations. Here,
we demonstrate the feasibility of this imaging mode by real-
ising the measurement of a large number (>500) of Rabi os-
cillations, and resolve the hyperfine splitting due to the NV’s
14N nuclear spin from the Rabi beats. Moreover, we investi-
gate experimentally and describe theoretically the observed
Rabi beats in case of a V-type energy level scheme, which is
the desired excitation mode in a high resolution experiment.

The principle of magnetic resonance imaging using Rabi
beats is illustrated in Fig. 1. We envision a sample, such as
a living cell, that is tagged with nano diamonds that con-
tain single NV centers. The NV electron spins are initialized
and read out optically using a confocal microscope. An in-
homogeneous microwave field—such as the one generated
by a coplanar waveguide—is applied to the sample. The mi-
crowaves are matched to the ms = 0 → ±1 electron spin
transition and drive Rabi oscillations between the ground-
state spin sub-levels. The Rabi frequency depends on the
microwave power, thus encoding the position within the mi-
crowave field. From an a priori knowledge of the microwave
field (or from a reference measurement), the position of the
individual NV centers with respect to the electrodes can be
determined. To obtain the NV position in two spatial direc-
tions as well as the angle of the NV center, successive mea-
surements are performed with microwave gradients applied
in different directions using a two-dimensional waveguide
structure.

In this magnetic resonance imaging mode, the resolution
is given by the decay time τ of the Rabi oscillations, the Rabi
frequency Ω , and the strength of the microwave gradient.
The number N of observable Rabi oscillations is linked to τ

and the Rabi frequency as

Ωτ

2π
= N. (1)

For the present coplanar waveguide, the field gradient is de-
termined by the width G of the gap, and the resolution δx

follows approximately as

δx = G

N
. (2)

The maximum achievable Rabi frequency is of the order of
the Larmor frequency of the spin [4]. In this case, the de-
cay time τ of the Rabi signal becomes T1 and the resolution
approaches

δx = 2πG

T1Ω
, (3)

where Ω = ω = D ≈ 2.88 GHz is equal to the electron spin
transition. For NV centers, the T1 time is typically few ms
at room temperature [14], such that a product T1ω = 106

could in principle be achievable. With G = 10 µm a spa-
tial resolution of 0.01 nm would be reached. However, this
poses stringent requirements on the stability of the applied
microwave field. Both the power stability and the spatial sta-
bility of the microwave field (expressed as a relative error)
should be at least as small as 1/(T1Ω), and to achieve sub-
Angstrom resolution; the microwave wire should not drift
by more than a fraction of an atomic diameter. Since the
Rabi frequency is determined by the component of the mi-
crowave’s magnetic field vector along the NV magnetic di-
pole axis, the Rabi frequency depends on the orientation of
the NV. Thus a practical imaging experiment requires sev-
eral measurements with different field configurations of the
applied microwaves. While this experiment requires an in-
creased amount of resources, this measurement scheme is
suitable to determine both the position and the orientation of
the NV center. For imaging with NV active nano diamonds,
in addition the strain splitting (which differs from crystal to
crystal and typically amounts to tens of MHz) has to be care-
fully calibrated, e.g., by several measurements with and with
an applied DC bias magnetic field.

2 Results and discussion

To demonstrate the observation of Rabi beats, we study a
single NV center in a fixed microwave field. Rabi beat mea-
surements with a single NV center are possible owing to hy-
perfine interaction of the electron spin with the 14N nuclear
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Fig. 2 ESR spectrum of the NV center showing the hyperfine splitting
of the ms = 0 → −1 spin level due to 14N. The spectrum was recorded
with an applied DC magnetic field of about 150 G. Detuning is denoted
relative to the lowest hyperfine transition corresponding to 2.4524 GHz

spin that results in a splitting of the groundstate spin man-
ifold into three hyperfine sub-levels. Each hyperfine transi-
tion has a slightly different Rabi frequency, which results in
a beat signal in the measured Rabi oscillations. These hy-
perfine beats will also be seen in high resolution Rabi beat
imaging data as a modulation, and it is important to identify
and assign them correctly. Here, we are interested in the hy-
perfine interaction caused by the 14N nucleus (nuclear spin
J = 1) of the NV center, which splits the ms = ±1 ground
state spin levels each into three hyperfine sub-levels with
an energy splitting of δ14N ≈ 2.18 MHz. This energy split-
ting is seen in the CW electron spin resonance (ESR) mea-
surement shown in Fig. 2. In here, the ESR measurement
is performed on the ms = 0 → −1 electron spin transition.
Zero de-tuning corresponds to a driving microwave field of
2.4524 GHz. Note that a permanent magnetic field with a
component along the NV axis of about 150 G has been ap-
plied to shift the ms = 0 → −1 transition away from its zero
field value (2.88 GHz) owing to the Zeeman effect, and thus
to separate it from the ms = 0 → +1 spin transition (which
is shifted to higher frequency of 3.3 GHz). This separation
between the two electron spin transitions is necessary in or-
der to ensure that the strong microwave field does not simul-
taneously drive both spin manifolds.

We now consider the Rabi beats expected for the given
hyperfine splitting. For a driving microwave field that is de-
tuned by a small frequency δ from the resonant transition,
the Rabi frequency Ω is increased as compared to the reso-
nant Rabi frequency Ω0, following [17]

Ω =
√

Ω2
0 + δ2. (4)

Fig. 3 Electron spin Rabi oscillations. Solid blue line: experimental
data, solid magenta line: result from Fourier transform (Fig. 4). Three
beating cosine with frequencies corresponding to the three local max-
ima in the FFT are plotted

For small detuning (δ � Ω0), the shift of the Rabi frequency
δΩ becomes

δΩ = δ2

2Ω0
. (5)

Suppose the microwave frequency corresponds to the low-
est hyperfine transition (as in the present experiments). In
this case, the lowest hyperfine transition is driven with Rabi
frequency Ω0, while the two other hyperfine transitions are
driven with faster Rabi frequencies corresponding to detun-
ings δ0 = 2.18 MHz and δ−1 = 4.36 MHz. Using (4), we can
evaluate the expected Rabi frequencies. The resulting signal
is the sum of three oscillations, whose frequencies can be
extracted by Fourier transformation. Also, the three frequen-
cies result in several beat frequencies in the Rabi signal.

To measure Rabi beats, a coplanar waveguide (gap =
10 µm, width = 10 µm) was fabricated directly onto a type
IIa diamond sample with 〈100〉 crystallographic orientation
and less than 4 ppb nitrogen concentration (element6, elec-
tronic grade). A DC magnetic field was applied with a per-
manent magnet. A microwave field resonant to the lowest
of the hyperfine transitions (2.4524 GHz) was generated
with a synthesizer (Rhode&Schwarz SMIQ) and applied to
the sample through a fast switch (mini-circuits ZASW-2-
50DR). A single NV center was identified in the coplanar
gap using a home built confocal fluorescence microscope.
Rabi oscillations were measured using a standard laser and
microwave pulse sequence [8]. Figure 3 shows the corre-
sponding Rabi oscillations. The data shows a base oscilla-
tion of about 42 MHz (see inset). Due to the beating this
is approximately twice the base Rabi frequency. The two
beat frequencies δΩ0 = 100 kHz and δΩ+1 = 400 kHz
correspond to the ms = 0 and ms = +1 hyperfine transi-
tion. Thus, in total, three Rabi oscillations are observed.
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Fig. 4 Fourier transform of the Rabi signal. The data shows three dis-
tinct Rabi frequencies corresponding to the individual hyperfine levels

Their individual frequencies are seen in the Fourier trans-
form (Fig. 4) that shows Ω−1 = 22.2 MHz, Ω0 = 22.3 MHz,
and Ω+1 = 22.6 MHz. Note that the FFT data shows less
pronounced peaks due to the relatively sparse sampling of
less then 10 points per period (see also zoom in Fig. 3) and
power drift during the measurement. The sparse sampling
was necessary to keep the total measurement time (several
days for Fig. 3) within reasonable bounds. To complete our
measurement of the hyperfine splitting from the Rabi beats,
we use (5) and convert the measured beats into energy level
shifts. We find δ0 = 2.1 MHz and δ−1 = 4.2 MHz, which is
in good agreement with the ESR spectrum (Fig. 2).

The Rabi oscillations show a decay at about 25 µs, which
is much smaller than T1. We tentatively attribute this to mi-
crowave power drift. In this case, the resolution of the hy-
perfine measurement is as follows. We denote the experi-
mentally observed decay constant by τ . The resolution of a
hyperfine measurement from the Rabi beats is determined
by the Rabi frequency and the number N of visible Rabi os-
cillations. To measure a small change in the Rabi period T ,
we need to measure a large number of oscillations. Combin-
ing (1) with (5), we have

δ = Ω√
N

= 2π√
τT

. (6)

In our case, we find δ ≈ 6 MHz, which is in good quali-
tative agreement with our observations, since our data, in
particular the Fourier transform, Fig. 4, shows that we can
indeed resolve the 4.32 MHz detuning related to the farther
detuned hyperfine level (22.6 MHz peak in the FFT), how-
ever, we can just barely resolve the 2.16 MHz detuning re-
lated to the lesser detuned hyperfine level (22.3 MHz peak
in the FFT). In the present measurements, the total number
of Rabi oscillations is about 500, which translates into an
equivalent spatial resolution of about 10 nm. We expect that

an improvement of the power stability to a level better than
10−4 should be achievable without a large technical effort,
and that spatial drifts of the microwave field should still be
negligible in this case. Thus, a spatial resolution of about
1 nm is feasible.

For a high resolution imaging experiment, a large num-
ber of Rabi oscillations, and thus a fast Rabi frequency
is required. In this case, it is no longer feasible to shift
the ms = ±1 spin levels sufficiently far apart from each
other such that a single spin transitions is driven selectively.
This is because the separation between the ms = ±1 lev-
els needed to be larger than the Rabi frequency. This would
in turn require a large magnetic field. However, at a large
magnetic field, level mixing causes the optical ESR contrast
to vanish, unless the magnetic field is aligned parallel to
the NV axis [12]. Alignment of the magnetic field parallel
to the NV axis is, however, not possible in a sample with
many randomly distributed NV centers. Thus, in a high res-
olution measurement, we will always measure with a small
DC bias field, and hence we will simultaneously drive the
ms = ±1 spin transitions. In this case, six hyperfine lev-
els are present whose Rabi oscillations beat with each other.
This situation differs from the previous experiments. While
in the previous case, the Rabi signal was an incoherent sum
of three oscillations (during a measurement, the nuclear spin
switched randomly and slowly between the different spin
states), now each nuclear spin manifold forms a V-type en-
ergy level scheme that is driven simultaneously. In the fol-
lowing, we evaluate the corresponding Rabi beat signal.

The NV’s spin Hamiltonian with external magnetic field
reads (for a recent discussion of the electronic structure as
well as ground state spin Hamiltonian, see, e.g., [6])

H = HZFS + HZ (7)

with

HZFS = D

(
S2

z − 2

3
1

)
+ E(S2

x − S2
y) (8)

HZ = g μB

h
B Sz, (9)

where D is the zero field splitting and E is the strain split-
ting. We transform into the energy eigenbasis and denote the
ms = 0 state as |0〉 and the two states that correspond to the
ms = ±1 states as |1〉 and |2〉. The interaction of the spin
system with the microwave field is treated using the semi-
classical approximation, expressed by the Hamiltonian

HMW = Ω0 eiω t Sx, (10)

where ω is the microwave frequency and Ω0 is the Rabi
frequency. Here, we assume that both transitions have the
same transition matrix elements, which is justified for typ-
ical strain splittings E observed in experiment, which are
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of the order 100 kHz. We apply the rotating wave approxi-
mation (RWA) and transform into the rotating frame, which
leaves us with the Hamiltonian

Hrot =
⎛
⎝

0 Ω0 Ω0

Ω0 Δ − δ′ 0
Ω0 0 Δ + δ′

⎞
⎠ , (11)

where δ′ = ΔE|1〉 |2〉/2 and Δ the detuning of the microwave
from |1〉 + δ′.

To obtain an analytical solution, we set Δ = 0. Calcula-
tion of the eigenvalues leads to the Rabi frequency Ω ′ =√

2Ω2
0 + δ′2. Considering that Ω0 
 δ′, we see that the

Rabi frequency is
√

2 times faster, as compared to the case
of driving a single level. We now consider the time evolution
of the system with initial state |0〉. The dynamics of |0〉 are

ρ|0〉 =
(δ′2 + 2Ω2

0 cos [
√

2Ω2
0 + δ′2t])2

(2Ω2
0 + δ′2)2

. (12)

The expression indicates, that there are actually two oscilla-
tion frequencies involved, corresponding to the cos and cos2

terms. Appreciating that Ω0 
 δ′, we see that the dominant
term is the cos2 term, whereas the cos term represents an
additional small signal. The former will represent the base
Rabi frequency observed in experiments and will generate
beat signals. Using a standard trigonometric identity, we find
the expression for the Rabi frequency

Ω ′ = 2
√

2Ω2
0 + δ′2, (13)

with base frequency Ω ′
0 = 2

√
2Ω0 and a detuning term 2δ′.

Approximating the square root to leading order, we find

δΩ ′ = 2δ2

Ω ′
0
. (14)

Note the additional factor 4 as compared to the expression
for the standard case with non-V-type driving given in (5).

To measure Rabi beats with V-type microwave excitation,
we remove the DC bias field. Moreover, we pick a differ-
ent NV center that is closer to the central conductor and
feels a higher microwave power. Figure 5 shows the ESR
spectrum, with a total of five dips. The central dip is about
twice larger as compare to the other dips. In this experiment,
the Zeeman splitting due to a residual magnetic field (earth
magnetic field as well as magnetized parts of the setup)
closely matches the hyperfine splitting. As a consequence,
the two hyperfine triplets corresponding to the ms = −1 and
ms = +1 spin transition are shifted in such a way that the
highest transition of the lower triplet overlaps with the low-
est transition of the higher triplet, resulting in a total five
dips with a pronounced central dip. Rabi oscillations are

Fig. 5 ESR spectrum of the second NV center without DC bias field.
The two hyperfine triplets corresponding to the ms = −1 and ms = +1
spin levels overlap in the central dip. Detuning is denoted relative to
the central hyperfine transition corresponding to 2.8706 GHz

Fig. 6 Rabi oscillations under V-type microwave excitation. Solid blue
line: experimental data. Red and green markers denote the extracted
beat frequencies. Solid magenta line: result of the extracted beat fre-
quencies. Three beating cosine with the corresponding frequency shifts
are plotted

now driven with the microwave frequency tuned in reso-
nance with the central dip corresponding to 2.8706 GHz.
This case corresponds to the theoretical case Δ = 0 treated
above, with δ0 = 2.18 MHz and δ+1 = 4.36 MHz for the
driving of the mj = 0 and mj = +1 manifold, respectively.

The Rabi oscillations and their Fourier transform are
shown in Figs. 6 and 7. The first observation is that the Rabi
frequency is increased by about a factor of two as compared
to the previous case. Two effects contribute here. First, with
V-type driving, the Rabi frequency is enhanced by a factor
of

√
2 as compared to driving a single transition, and sec-

ond, the Rabi frequency is additionally increased due to the
higher microwave power in the close vicinity of the central
conductor. The second observation is a fast and a slow beat
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Fig. 7 Fourier transform of the Rabi oscillations under V-type mi-
crowave excitation. Peaks around 42 MHz and 21 MHz correspond
to the base Rabi oscillations and a modulation at half the frequency.
The inset shows the beating Rabi frequencies around 42 MHz. Labels
mark the three frequencies as extracted from the beat analysis of the
raw data. The FFT resolves the fast beat, while it does not resolve the
slow beat due to sparse sampling

with frequency of about 185 kHz and 812 kHz, respectively.
These beats are seen most clearly in the Rabi oscillations.
Note that the slower beat is not resolved in the FFT (Fig. 7)
due to power drift and sparse sampling. We can now convert
the observed beatings to energy level shifts. According to
(14) we find δ0 = 2.0 MHz and δ+1 = 4.1 MHz, which is in
good agreement with the ESR spectrum. We also observe
the expected weak peak at half the base Rabi frequency
(21 MHz) corresponding to the cos term evaluated in (12).

3 Summary and conclusions

We have performed two proof-of-principle experiments to-
wards T1 limited magnetic resonance imaging with NV cen-
ters in diamond. First, we have demonstrated the measure-
ment of a large number (>500) of Rabi flops, and we have
shown that the hyperfine interaction due to 14N can be re-
solved from such a measurement. Second, we have studied
the Rabi beats without a large DC bias field, where the nu-
clear spin manifolds form V-type energy level schemes. The
base Rabi frequency is increased by

√
2 and the time evo-

lution of the state population is modulated by an oscillation
with half the base Rabi frequency. While the present exper-
iments were performed in bulk, in the future, it will be an
important step to demonstrate Rabi beat imaging with NV
centers embedded in diamond nanocrystals. The present ex-
periments are relevant to quantum information processing in

diamond. The ability to drive a large number of Rabi flops
could allow to precisely control the spin state of several (de-
tuned) NV centers simultaneously. We envision a microwave
pulse with precisely adjusted length that performs indepen-
dent unitary transformations on a quantum register, such as
rotate an NV A to |1〉 while simultaneously rotating an NV
B to the superposition

√
2(|0〉 + |1〉.
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