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Microwave pulse sequences are the basis of coherent manipulation of the electronic spin ground state in
nitrogen vacancy (NV) centers. In this work we demonstrate stimulated Raman transitions (SRTs) and stimulated
Raman adiabatic passage (STIRAP), two ways to drive the dipole-forbidden transition between two spin
sublevels in the electronic triplet ground state of the NV center. This driving is achieved by a two-photon Raman
microwave pulse which simultaneously drives two detuned transitions via a virtual level for SRTs or via two
adiabatic and partially overlapping resonant microwave pulses for STIRAP. We lay the theoretical framework
of SRT and STIRAP dynamics and verify experimentally the theoretical predictions of population inversion by
observing the dipole-forbidden transition in the ground state of a single NV center. A comparison of the two
schemes showed better robustness and success of the spin swap for STIRAP compared to SRT.
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I. INTRODUCTION

Recent advances in coherent control techniques of indi-
vidual electron spins in solid-state quantum systems have
led to a broad spectrum of possible quantum technological
applications [1]. Preparation and detection of quantum states
mainly depend on the ability to reliably manipulate quantum
systems effectively and coherently [2]. The simplest form of
coherent control would be a two-level system (qubit) exposed
to a weak resonant driving field, which leads to coherent
Rabi oscillations between the two states. Either systems with
multiple states can be effectively reduced to two-level systems
by resonant control of individual transitions, or multiple states
can be involved simultaneously by resonant or nonresonant
control fields for extended coherent control of the system [3].
Moreover, instead of directly using the bare electronic states
as a qubit, quantum information can be encoded in dressed
states, which are generated by continuous driving of the quan-
tum system [4]. This encoding can be desirable as dressed
states offer coherence protection [5,6], for example, from
bath-induced magnetic noise.

The nitrogen vacancy (NV) defect center in diamond [7,8]
can be utilized as a model solid-state spin system which
features multiple ground and excited states. The NV center
forms a single localized quantum system, an electronic qutrit
ground and excited state which can be coherently controlled
at room temperature by microwave or laser pulses [9]. In
addition, the state of the NV center can be optically prepared
and read out in a convenient way, which makes it a very inter-
esting and broadly studied solid-state spin system for a variety
of quantum experiments such as quantum sensing [10–15],
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quantum information processing [16–18], and quantum com-
puting [19,20]. Additionally, the nuclear spins associated with
the NV center and its surrounding can be controlled as well.
The latter often requires control of the employed isotope of
the employed NV center [21].

This broad range of possible applications that the NV
center offers stimulates great interest in developing further
coherent control schemes or adapting already known control
schemes to the NV center, for example, in the pursuit of
enhancing magnetic field sensitivity [22–24].

Both optical and microwave fields can be utilized for coher-
ent control. Here, we concentrate on microwave fields since
they allow for better control of field amplitudes and phases
and avoid spontaneous-emission decoherence [25]. Addition-
ally, microwave antenna structures can easily be integrated
in diamond optical chips. Finally, applying microwaves for
quantum control of superconducting qubits has been estab-
lished [26] at ultralow temperatures, which may render it
advantageous for application with other diamond defect cen-
ters, such as the silicon vacancy center [27]. To gain more
insight into the simultaneous control possibilities which the
NV center offers we look into the application of microwave
control schemes involving all three spin ground states of the
NV center, the microwave stimulated Raman transition (SRT)
and the stimulated adiabatic Raman passage (STIRAP). We
adopt and establish the theoretical framework for SRT and
STIRAP control in the ground state of the NV center and study
these dynamics experimentally on a single NV center in 15N
δ-doped diamond. The STIRAP process is particularly inter-
esting as it offers robustness against control pulse frequency
and duration errors [28], and furthermore, an interrupted STI-
RAP process can be used to controllably dress and undress the
NV states [4]. In contrast to previous works on optical Raman
transitions in the NV center between two ground state spin
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FIG. 1. Schematics for stimulated Raman transitions (SRTs) and stimulated Raman adiabatic passage (STIRAP). (a) Energy level diagram
of the NV center (see main text). (b) NV spin triplet ground state with the transition energies and driving fields for SRTs and STIRAP. (c) Pulse
sequence for SRTs and STIRAP. After polarizing the NV center into |0〉 with a green laser, the initial spin state is prepared with a resonant
π− pulse, swapping the population from |0〉 to |−1〉. Then the two Raman microwave pulses are applied for duration τ , either detuned by �

from the resonant transition frequency to state |0〉 for SRTs or applied adiabatically and partially overlapping for STIRAP. Afterwards either
the population in state |0〉 can directly be read out, or a π± pulse (shown by dashed lines) resonant to one of the two transitions is applied,
swapping the population between |±1〉 ↔ |0〉 to read out the population in |+1〉 or |−1〉. (d) Example dynamic evolution of the population of
the three states |0〉 and |±1〉 as a function of the duration of two SRT or STIRAP pulses τ with color coding matching that in (b).

sublevels with an excited state [29,30] or microwave Raman
transitions between synthetic Floquet levels [31], this work
exploits the full spin-1 nature of the NV center, demonstrating
full control of the dipole-forbidden transition between two
spin sublevels via detuned or adiabatically overlapping mi-
crowave pulses.

The methods introduced in this work expand the already
rich repertoire of control schemes for the NV center and could
be an important ingredient for future quantum information,
simulation, or sensing schemes using the NV center.

II. THEORETICAL FRAMEWORK

A single, negatively charged NV center’s electronic spin
ground state 3A forms a triplet manifold, which can be ini-
tialized, manipulated, and read out conveniently at room
temperature using laser and microwave fields [32]. The
spin dependence of the NV center’s fluorescence (about
600–800 nm) can be explained by different radiative and
nonradiative decay pathways for the mS = 0 and mS = ±1
(hereinafter referred to as |0〉 and |±1〉) spin projections. The
essential electronic structure of the NV center at nonzero
external magnetic field Bz is shown in Fig. 1(a), where ra-
diative and nonradiative transitions can occur between the
excited (3E ) and ground (3A) states, denoted by the solid and
dashed arrows, respectively. The nonradiative transitions to
metastable singlet states from the excited levels are stronger
from the |±1〉 states than from the |0〉 state; therefore, the NV
center shows less fluorescence in the |±1〉 states compared to
the |0〉 state. The solid green arrow indicates the off-resonant
excitation by a green laser, which is used to read out the spin
state of the NV center. The excitation laser also spin polarizes
the NV center into the |0〉 sublevel by cycling the radiative
and nonradiative transitions.

The Hamiltonian for the ground state of the NV center
including the coupling to the 15N nucleus (I = 1/2) can be
written as

HNV = DS2
z + γeBzSz + γnBzIz + ASzIz. (1)

The zero-field energy splitting between the |0〉 and |±1〉
spin sublevels is D = 2.87 GHz, and the degeneracy between
|±1〉 can be lifted by applying an external magnetic field
Bz along the symmetry axis of the NV center ([111] crystal
axis, we refer to this axis as the z axis). Sz and Iz are the
z components of the electronic and nuclear spin operators,
γe = 28.0 GHz T−1 and γn = 4.32 MHz T−1 are the electronic
and nuclear gyromagnetic ratios, and A = 3.03 MHz is the
hyperfine interaction strength for 15N. The hyperfine coupling
results in an additional energy splitting of each ground state,
which is undesirable for the observation of SRTs or STIRAP
(see the Supplemental Material [33] for more details on the
influence of nuclear spin polarization). Fortunately, a high
degree of nuclear spin polarization can be achieved by work-
ing close to a level anticrossing [34] or by spin polarization
transfer schemes [35].

Disregarding the multiple nuclear spin states, the 3A
ground state of an NV center can be described by a V -type
system, as shown in Fig. 1(b), where the states |0〉 ↔ |±1〉
are dipole coupled and the transition |−1〉 ↔ |+1〉 is dipole
forbidden. The transition energies between the |0〉 and |−1〉
and |+1〉 states are ω− and ω+, respectively (h̄ = 1), and the
resonant driving fields are �− and �+. The primary aim of
SRTs and STIRAP is to drive a direct transition between states
|−1〉 ↔ |+1〉 without or with only a little population transfer
to state |0〉 (indicated by the black dashed arrow). For SRTs
this is usually achieved by applying two driving fields detuned
by �, whereas STIRAP uses adiabatic, partially overlapping
pulses. The δ± labeled detuning in Fig. 1(a) indicates an
additional unintentional detuning, which is detrimental for
the outcome of both SRTs and STIRAP (see Sec. III C and
the Supplemental Material [33]). Briefly summarized, what
actually matters is �δ = |δ+ − δ−|. As for the experiment,
the driving fields are first always adjusted to δ± = 0, and
then during the measurement |δ±| > 0 can occur for different
reasons. In our opinion this is a change in temperature, which
leads to a net �δ ≈ 0 and a change in external magnetic field,
which leads to �δ ≈ 2|δ+|. Spatial inhomogeneities can be
ruled out as a cause of errors in detuning δ±, as we confirmed
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to probe only a single NV center by observing the photon
statistics (see the Supplemental Material [33])

Figure 1(c) shows the implemented protocol to drive and
detect microwave SRTs and STIRAP. First, an ∼4 μs green
(520 nm) laser pulse followed by a resonant microwave π−
pulse (∼1 μs) initializes the system into the |−1〉 state. To
drive SRTs two off-resonant driving fields, �+,� and �−,�,
each detuned by � from the respective resonant dipole transi-
tion, ω+ and ω− [see Fig. 1(a)], are applied simultaneously for
a varying time τ . For STIRAP two resonant Raman control
pulses with a Gaussian envelope are applied in an adiabatic
and partially overlapping way, where the |0〉 ↔ |+1〉 driving
field �+ is applied earlier than the |0〉 ↔ |−1〉 driving field
�−. The field amplitudes of the two Raman microwaves are,
in either case, carefully adjusted (especially also considering
the saturation behavior of the amplifier) to yield a nearly
identical Rabi frequency �+,(�) ≈ �−,(�).

Subsequent to the (detuned) Raman pulses, the population
in each of the three spin states can be read out by either
directly reading out the NV fluorescence (the population in
|0〉 is read out) or applying another state-selective resonant
microwave π+ or π− pulse (∼1 μs) before reading out the
fluorescence (the population in |+1〉 or |−1〉 is read out,
respectively).

An example of the theoretic dynamic evolution of the three
ground states, induced by two detuned SRT microwave pulses
or two adiabatic STIRAP pulses, is shown in Fig. 1(d). The
dynamics shown here are calculated by unitary time evolu-
tion of the incident state vector which starts, as indicated in
Fig. 1(a), with a polarized nuclear and electron spin in state
|−1〉. For SRTs we subsequently apply the two-photon Raman
microwave (MW) driving field:

V (t )SRT = Bx,+ sin[(ω+ − �)t] + Bx,− sin[(ω− − �)t], (2)

where Bx,+ and Bx,− are the magnetic field amplitudes of the
applied MW field orthogonal to the NV symmetry axis. For
STIRAP the driving field intensities are additionally modu-
lated by

f (t )± = e−(t−μ± )2/2σ 2
, (3)

which describes a Gaussian distribution with standard devi-
ation σ and maximum value at times μ+ and μ− for ω+
and ω−, respectively. Hence, the STIRAP driving field can be
described by

V (t )STIRAP = Bx,+ sin(ω+t )e−(t−μ+ )2/2σ 2

+ Bx,− sin(ω−t )e−(t−μ− )2/2σ 2
. (4)

With the ground state Hamiltonian of the NV center HNV

[Eq. (1)] and the driving field V (t ) [Eq. (2) or Eq. (4)], we can
write the system Hamiltonian in the laboratory frame as

HSys
NV = HNV + (γeSx + γnIx )V (t ). (5)

From this system Hamiltonian the evolution of the electron
spin population in the three sublevels |0〉, |−1〉, and |+1〉 is
computed using the Lindblad master equation solver of the
QUTIP library [36]. In this solver a dissipation process can be
added by a collapse operator. Additional collapse operators
can be added to the solver to simulate decoherence.

FIG. 2. Simulation (left) and experimental results (right) for
SRTs. From top to bottom the detuning of the drive fields is in-
creased from � = 0 MHz to � = 8 MHz, as indicated on the right.
The left column shows the simulated ideal evolution of the three
states in units of effective Rabi frequency �SRT = �+�−/(2|�|)
up to �SRT = 2π (with �±,� = 2 MHz). The data points in the
right column show the experimentally measured populations of the
three ground states |0〉, |−1〉, and |+1〉 (blue, orange, and green,
respectively) as a function of the Raman pulse length τ , and the data
were used for simultaneous fitting of simulations (solid lines). In the
experiment, the Rabi frequency of the two Raman pulses is adjusted
to �±,� ≈ 2 MHz.

III. EXPERIMENTAL IMPLEMENTATION

The experiments on SRTs and STIRAP are carried out by
observing the spin-dependent fluorescence of a single NV
center at room temperature using a home-built confocal mi-
croscope. The NV center is hosted in a [111] chemical vapor
deposition grown 15N δ-doped diamond substrate (more infor-
mation on δ doping can be found in [21]) and can be optically
excited with a diode laser at 520 nm through a high numerical
aperture (= 1.35) oil immersion objective. The 15N nuclear
spin is polarized into the mI = +1/2 state by a static magnetic
field Bz ≈ 381 G (close to the excited state level anticrossing),
applied and precisely aligned along the z axis of the NV
center via a permanent magnet. A strong hyperpolarization in
mI = +1/2 and good alignment of the magnetic field is veri-
fied by a vanishing electron spin resonance line of the nuclear
spin state mI = −1/2 (see the Supplemental Material [33] for
more information on nuclear spin polarization).
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FIG. 3. STIRAP in the ground state of the NV center. (a) The upper plot shows the normalized Gaussian profile of the two resonant
STIRAP control fields �− and �+. The Gaussian envelopes have equal width σ and maximum value at times μ− and μ+, respectively. The
lower plot shows experimental (data points) and simulated (solid lines) values for the population evolution in the NV ground states |0〉, |−1〉,
and |+1〉 subject to the above STIRAP fields with maximum Rabi frequency �± ≈ 2 MHz, pulse separation 
 = μ− − μ+ = 1.2 μs, and
pulse width σ = 0.85 μs. (b) The heat maps show the simulated (top row) and experimentally detected (bottom row) final populations in the
three ground states |0〉 (left), |−1〉 (middle), and |+1〉 (right) after STIRAP control, depending on separation 
 and width σ of the Gaussian
control pulses. The asterisk marks the values from (a), and the red dashed area marks the broad range in which almost complete STIRAP
transfer to |+1〉 occurs in the simulation as well as in the experiment, thus visualizing the robustness of STIRAP against pulse width errors.

To drive transitions between the ground state sublevels,
the two resonant and two off-resonant microwave fields for
SRT are generated by analog microwave signal generators and
chopped by fast MW switches before being combined. The
STIRAP sequence is directly synthesized by an arbitrary wave
form generator. All MW fields are amplified and sent to a
50 μm thick copper wire, which is brought in close proximity
to the NV center (see the Supplemental Material [33] for more
details on the experimental setup). To mitigate random and
systematic fluctuations in detected photons and slow drifts,
the collection of data points is randomized, and each mea-
surement sequence is additionally corrected for by a reference
sequence (see the Supplemental Material [33] for more details
on the measurement sequence).

A. Stimulated Raman transitions

In Fig. 2 we show a combination of results from simula-
tions and experiments of SRTs in the NV center. As outlined
in Sec. II, two detuned control fields �±,� are switched on
simultaneously for length τ to drive SRTs, as shown in the
upper left corner of Fig. 2.

The left column of Fig. 2 shows the simulated ideal evo-
lution for the population in the three states |0〉, |−1〉, and
|+1〉 depending on SRT pulse length without any decoherence
mechanisms and unintentional detuning δ± = 0 MHz. These
calculations show that the population into the |0〉 state and
the effective Raman inversion frequency �SRT are decreasing
for increasing detuning � (note that the detuning � changes
the scaling of the x axis in the plots). In the limit of large
detunings � the system can then be, in principle, reduced to a
two-level spin system with an effective Rabi frequency for the
spin-flip Raman transition of �SRT = �+�−/(2|�|) [37].

The right column of Fig. 2 shows experimental results
(data points) and their respective theoretical evolution (solid
lines) obtained by simulations. In the experiment, the ampli-
tude of the two detuned Raman pulses is carefully adjusted

to drive each of the two transitions with a Rabi frequency
�± ≈ 2 MHz, at the respective resonant transitions ω+ and
ω−. In contrast to the simulations in the left column of Fig. 2,
the fits to the data are made considering all three spin states
and including decoherence and errors in the amplitude of the
two detuned Raman pulses (Rabi frequencies �±,�) as well
as errors in detuning δ±. In the fitting process, simulations
of the spin dynamics with varying unintentional detuning δ±
and decoherence are performed, and the obtained data are
fitted to the experimental data points for all three spin states
simultaneously, where the quality of the fit is evaluated and
the parameters are accordingly adapted until the best values
are found.

For � = 0 three-state Rabi oscillations can be seen in
which the population in |0〉 reaches about 0.5, while at higher
detunings the population in |0〉 is drastically reduced since the
system is coherently driven from |−1〉 to |+1〉 and back. At
higher detuning �, a reduction of coherence between |−1〉
and |+1〉 can be observed, which among other typical deco-
herence channels [38] can arise from errors in �±,� and δ±
(which in turn can be caused by magnetic field drift, see the
Supplemental Material [33]), complicating the experimental
implementation of SRTs at higher magnetic fields.

B. Stimulated Raman adiabatic passage

For STIRAP control [28,39,40], the two Raman control
pulses are applied adiabatically and partially overlapping to
produce a complete population transfer between two quantum
states without or with only barely populating a (short-lived)
intermediate state. STIRAP has the advantage of being “ro-
bust” as it relies on adiabatic change in the rotating-wave
approximation Hamiltonian, which makes it less sensitive to
variations, e.g., of the control pulse (detuning, duration, shape,
area) [28] or, as in our case, changes in the magnetic field
strength, which in turn can be caused by mechanical drift of
the sample with respect to the employed permanent magnet.
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In the top panel of Fig. 3(a) the Gaussian envelope of the
two STIRAP control fields used in the experiment and de-
scribed in Eq. (3) is illustrated. In STIRAP the two pulses are
applied in a seemingly counterintuitive ordering, which in our
case means the |0〉 ↔ |+1〉 driving field �+ is applied first
with a peak at μ+ (even though there is no initial population
in state |0〉 or |+1〉) and the second driving field �−, resonant
to the transition |0〉 ↔ |−1〉 and with a peak at μ−, is applied
subsequently. The separation between the peaks of the two
Gaussian envelopes is 
 = μ− − μ+, and the two Gaussian
pulses are set to the same width and peak amplitude, as well
as temporal pulse area and hence integrated Rabi frequency.
After a width of w = 8σ the amplitude of each microwave
field is set to zero both in the numerical simulation and in the
experiment.

The bottom panel of Fig. 3(a) shows experimental results
for the dynamic evolution (data points) of the three ground
states |0〉, |−1〉, and |+1〉 (blue, orange, and green, respec-
tively) of the NV center, after applying the two previously
described resonant STIRAP Gaussian-shaped drive fields. For
this experiment, the STIRAP sequence was clipped (which
means that the amplitude of the drive fields is suddenly set to
zero) after time τ , as shown in Fig. 1(b) to visualize the STI-
RAP transfer dynamics. It can be clearly seen that population
transfer from |−1〉 to |+1〉 occurs with almost no population
in |0〉, a signature of traditional STIRAP. The experimental
results also fit well with theoretically calculated dynamics (see
Sec. II) including decoherence (solid line).

In STIRAP the focus lies in the robustness and success of
the spin swap; therefore, the six plots arranged in tabular form
in Fig. 3(b) show the final population in each of the three
ground states, depending on the separation of the two Gaus-
sian control pulses 
 and the standard deviation width σ of
the pulses. The three columns represent the final populations
in |0〉, |−1〉, and |+1〉, where the top row shows numerically
simulated data and the bottom row shows experimental data.
For 
 = 0 one sees, as expected, three-state Rabi oscillations
where the population in |0〉 reaches about 0.5, similar to the
value in the SRT experiment. For higher pulse separation 


the population shows plateaus in both simulation and exper-
imental data where a complete population transfer can occur
for a wide range of pulse widths (final populations in |0〉 → 0,
|−1〉 → 0, and |+1〉 → 1, red dashed circled areas are a guide
for the eye), showing that microwave STIRAP can be a very
robust method to drive the spin-forbidden |−1〉 ↔ |+1〉 tran-
sition in the ground state of the NV center. The heat maps in
Fig. 3(b) can also be used to choose a robust point to perform
STIRAP experiments; in this case the asterisks in the heat
maps mark the points where the dynamic STIRAP evolution
in Fig. 3(a) was recorded, and slight changes in the microwave
pulses should have no strong effects on the outcome of the
sequence around this point. Furthermore, from the dynamic
STIRAP evolution we can infer that almost no population is
transferred into |−1〉 during STIRAP evolution in the marked
area.

C. Robustness of SRT and STIRAP

STIRAP also promises to be to more robust to uninten-
tional frequency detuning of the two control pulses δ± [see

FIG. 4. Comparison of the robustness of SRT and STIRAP
against frequency errors. The heat maps represent the final popu-
lation of the desired state |+1〉 with SRT (left column) and STIRAP
(right column) control depending on an unintentional frequency de-
tuning δ± of the two control pulses. The top row shows simulation
results, and the bottom row shows experimental results. SRTs were
chosen with an initial detuning � = 5 MHz, and STIRAP was cho-
sen with no initial detuning, Gaussian rms width σ = 0.85 μs, and
pulse separation 
 = 1.2 μs. The simulation shows much sharper
patterns than the experimental data, which is most likely due to fre-
quency jitter occurring during the acquisition of data. Nevertheless,
a strong dependence of SRTs on frequency errors (which can occur
due to changes in applied magnetic field, temperature, or drift) and
the higher robustness of STIRAP against such errors, i.e., a larger
area where spin flip was successful, are apparent.

Fig. 1(b)], meaning an additional offset to the intentionally
detuned SRT pulse frequency or the resonant STIRAP pulse
frequency. The effect of this frequency detuning on the out-
come of the SRT or STIRAP sequence is presented in Fig. 4,
where detuning maps compare the final population in state
|+1〉 with respect to frequency detuning of the two control
pulses δ± for SRT and STIRAP.

The top row of Fig. 4 compares the outcome of a simulated
SRT and STIRAP sequence in the desired final state |+1〉. It is
evident from these simulations that in the case of SRT a small
frequency error (δ � 1 MHz) already has a strong effect on
the outcome of the sequence, whereas STIRAP shows a much
higher robustness against frequency changes. The bottom row
of Fig. 4 shows the corresponding experimental data. A sys-
tematic deviation of the experimental data from the simulation
can be observed, which is most likely due to frequency drifts
during the acquisition of the data. A two-dimensional (2D)
detuning map with 20 × 20 = 400 individual data points each
integrated for about 0.5–1.0 s usually takes about 5 min for
a single acquisition. This is then repeated about 50 times in
order to obtain 2D detuning maps with low noise, as can
be seen in Fig. 4. However, even in regard to only the data
from the first integration the sharp features expected from the
simulation cannot be found; therefore, the frequency fluctua-
tions appear to be on a timescale <5 min. However, the data
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still confirms that the STIRAP sequence is less sensitive to
frequency changes and suffers less from decoherence.

Frequency drifts can occur internal or external to the NV
center, meaning either the resonance frequency of the NV
itself shifts, one reason for which can be thermally induced
lattice strains [41], or the actual magnetic field applied to the
NV center changes, e.g., caused by mechanical drifts (see the
Supplemental Material [33] for more information on magnetic
field drifts). Especially in the case of SRT we can see that
drifts of the applied magnetic field (which shifts δ+ and δ−
in opposite directions) can aggravate the outcome of the se-
quence drastically. Further evaluation of the influence of the
intentional SRT detuning � on the robustness can be found in
the Supplemental Material [33].

Furthermore, we want to mention that direct transfer from
|−1〉 and |+1〉, e.g., through STIRAP can be advantageous in
systems where spontaneous decay can more likely occur from
the intermediate level, which is bypassed. In the NV center,
however, dephasing can occur in all three states, |0〉, |−1〉,
and |+1〉; therefore, this specific feature of SRTs or STIRAP
is not relevant here.

IV. CONCLUSION AND OUTLOOK

Summarizing, we showed the microwave stimulated Ra-
man transitions and stimulated Raman adiabatic passage in
the triplet ground state of the NV center. This was achieved
either by using a two-photon microwave pulse that simultane-
ously drives two detuned ground state transitions for SRTs or
applying two partially overlapping resonant adiabatic pulses
for STIRAP. We elucidated the theoretical framework for SRT

and STIRAP ground state spin dynamics and experimentally
observed both SRT and STIRAP dynamics, demonstrating
the ability to drive the spin-forbidden mS = −1 to mS = +1
transition with almost no population transfer to the mS = 0
level in both cases.

SRTs proved to be technically easier to realize as no adi-
abatic pulses are required but suffer more from decoherence,
especially for higher mean detuning, and also are experimen-
tally more challenging due to high sensitivity to frequency
errors, which can, for example, occur from mechanical drifts.
STIRAP requires adiabatic pulse shapes, which are techni-
cally more demanding to generate, but proved to be more
robust to both pulse area deviations and frequency fluctuations
and also suffers less from decoherence, hence rendering it
simpler to realize experimentally.

The possibility to drive microwave SRT and STIRAP tran-
sitions in the ground state of the NV center and thus driving
the spin-forbidden transition of the system via microwaves
could open up new possibilities for quantum control schemes
of the NV center, which could be applied, for example, in
future quantum sensing schemes. Furthermore, the microwave
STIRAP sequence could be adapted to generate dressed states
in the NV center, offering coherence protection.
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