
PHYSICAL REVIEW A 107, L040602 (2023)
Letter

Accelerated quantum control in a three-level system by jumping along the geodesics
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In a solid-state spin system, we experimentally demonstrate a protocol for quantum-state population transfer
with an improved efficiency compared to traditional stimulated Raman adiabatic passage (STIRAP). Using the
ground-state triplet of the nitrogen-vacancy center in diamond, we show that the required evolution time for high-
fidelity state transfer can be reduced by almost one order of magnitude. Furthermore, we establish an improved
robustness against frequency detuning caused by magnetic noise as compared to STIRAP. These results provide
a powerful tool for coherent spin manipulation in the context of quantum sensing and quantum computation.
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I. INTRODUCTION

Coherent control and manipulation with a high fidelity
of the quantum state of a system has long been the sub-
ject of intensive research in modern quantum technologies,
such as coherent manipulation of atomic and molecular
systems [1,2], quantum information processing [3–5], and
high-precision measurement [6–9]. There is vast literature
proposing and implementing various methods for this pur-
pose, such as adiabatic-passage techniques [10–13], which are
robust against variations of the control fields [14–18] and have
been widely applied in quantum-state engineering [19], quan-
tum simulation [20–22], and quantum computation [23,24], to
mention only a few.

Among these adiabatic-passage techniques, stimulated Ra-
man adiabatic passage (STIRAP) [25,26] is a paradigm
example for adiabatic population transfer between two distinct
states in a three-state system without populating the interme-
diate state using two control fields. Due to the robustness
against control-parameter perturbations and the relaxation
through spontaneous emission of the intermediate state,
STIRAP has been extensively used in the realization of vari-
ous quantum-information-processing tasks [27–30]. However,
such adiabatic methods are based on the adiabatic theorem of
quantum mechanics [31] and can thereby be time consuming
due to the necessity to fulfill the adiabatic condition∣∣∣∣ 〈φm(t )|Ḣ (t )|φn(t )〉

[En(t ) − Em(t )]2

∣∣∣∣ � 1, (1)
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where |φm(t )〉 and |φn(t )〉 denote the eigenstates of the
time-dependent Hamiltonian H (t ) with the corresponding
eigenenergies Em(t ) and En(t ), whereas Ḣ (t ) represents the
time derivative of H (t ). This condition requires a slow driving
in order to ensure that the system remains in an instantaneous
eigenstate throughout the process. Therefore, considerable at-
tention has been focused on methods to speed up adiabatic
processes, both theoretically [32–39] and experimentally in
various platforms [40–48].

Remarkably, the possibility of a quantum adiabatic evo-
lution even in the presence of vanishing energy gaps has
been demonstrated theoretically [49] and experimentally [44],
respectively. The proposed method is a protocol employing
discrete jumps along the evolution path of the control param-
eters to realize quantum adiabatic processes at unlimited rates
in a two-level system. Such a jump protocol enables a rapid
evolution that can even avoid path points where the eigenstates
of the Hamiltonian are not experimentally feasible [49].

Among the platforms for practical implementations of
quantum technologies at ambient conditions, the negatively
charged nitrogen-vacancy (NV) center in diamond [50,51]
represents an appealing and promising candidate, due to its
long coherence time at room temperature and well-developed
coherent control techniques [52–58]. Therefore, the NV
system has a great number of applications in quantum infor-
mation processing [59–66] and quantum computing [67,68].
Besides other favorable properties, the energy-level structure
of the NV center [69,70] makes it a quantum-sensing platform
for temperature [71–74], strain [75–77], electric [78], and
magnetic fields [79–81], as well as a hybrid sensor [82–84].

In this work, we utilize a single NV center to experimen-
tally implement a jump protocol in a three-level system [85]
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FIG. 1. (a) The energy difference δ = γ B between ms = ±1
arises from the Zeeman effect. (b) The experiment setup for the
coherent control of the NV center. (c) Upper part: pulse sequence
for the STIRAP protocol used as comparison. Lower part: pulse
sequence for the jump protocol. Parts I and II measure the population
of |0〉 and | − 1〉, respectively. Laser initialization and readout are the
same for both schemes. π1 corresponds to π pulses on the transition
|0〉 ↔ | − 1〉. In the jump protocol, there are N successive control
pulses of length τ , represented by Jj , that correspond to the piecewise
constant values θ j .

to speed up the adiabatic state transfer by jumping along the
geodesics in the three-level system. To demonstrate the speed
up, we compare the population transfer to the well-established
STIRAP. We find that the jump scheme exhibits a high trans-
fer efficiency at appreciably shorter times. Furthermore, we
demonstrate that it is robust against environmental magnetic
noise, which illustrates the feasibility of the jump protocol in
realistic environments.

II. JUMP PROTOCOL

The conventional quantum adiabatic theorem requires the
evolution of the quantum systems to be subject to slowly
varying Hamiltonians, which imposes a speed limit on quan-
tum adiabatic methods. On the other hand, due to the limited
coherence time of quantum systems, a fast coherent control is
desired in order to attain high operation fidelities. Therefore,
intensive work has been done to develop new methods to
improve the efficiency of quantum adiabatic processes. In
Ref. [49], a method was proposed in which the adiabatic
evolution is decomposed into a product of gauge-invariant
unitary operators and a necessary and sufficient condition for
adiabaticity is provided. This, in turn, has prompted a new
scheme utilizing parametrized pulse sequences to improve the
speed of the adiabatic evolution [44].

In this Letter, we consider a system comprised of the three
states | − 1〉, |0〉, and | + 1〉, where there is no direct transition
between the two states | − 1〉 and | + 1〉 [see Fig. 1(a)] and
which is described by the parametrized Hamiltonian H (θ ).
Here, let the parameter θ = θ (t ) be a dimensionless time-
dependent monotonic function with the initial condition θ (t =
0) = 0. Our aim is to realize an adiabatic population transfer
between | − 1〉 and | + 1〉 by variation of the parameter θ .
We denote the instantaneous eigenstates and eigenenergies of
H (θ ) by {|n(θ )〉} and {En(θ )}, respectively.

According to Ref. [85], for a total evolution time T the
time-evolution operator U (T ) generated by H (θ ), from t = 0
to t = T , can be written as the product

U (T ) = UadiaUdia(T ), (2)

where Uadia is the time-evolution operator of the ideal
adiabatic process, whereas the undesirable nonadiabatic cor-
rection reads

Udia(T ) = P exp

[
i
∫ θT

0
X (θ )dθ

]
, (3)

with the shorthand θT ≡ θ (t = T ). Furthermore, P represents
the path-ordering operation [85,86] with respect to the param-
eter θ , in the same fashion as the well-known time-ordering
operator [87]. Lastly, we have also defined the quantity

X (θ ) =
∑
n,m

ξn,m(θ )Gn,m(θ ) (4)

in terms of

ξn,m(θ ) = exp{i[ϕn(θ ) − ϕm(θ )]}, (5)

Gn,m(θ ) = 〈n(θ )|i d

dθ
|m(θ )〉|n(0)〉〈m(0)| (6)

with the dynamical phases ϕ j (θ ) = ∫ t
0 Ej (t ′)dt ′. Thus, from

Eq. (2) we see that if Udia (T ) equals the identity operator I , all
nonadiabatic effects are eliminated.

We would like to realize an adiabatic transfer by a dark
state, |d (θ )〉, which is absent in the Hamiltonian H (θ ) and
corresponds to an eigenstate with a zero eigenvalue. If we
choose | − 1〉 as the initial dark state, the initial Hamilto-
nian takes the formH (θ = 0) = 
|0〉〈−1| + H.c. + �|0〉〈0|,
where 
 is the amplitude and � is the detuning. The value
of � can be used to optimize the performance when there is
dissipation and/or decoherence on both the intermediate state
|0〉 and the qubit subspace {| ± 1〉} [85]. For simplicity, here
we consider � = 0, as it allows for a faster control, such that
possible detrimental effects of decoherence on {| ± 1〉} can be
minimized. The eigenstates of H (θ = 0) are |d (0)〉 = | − 1〉
and |μ±(0)〉 = (| + 1〉 ± |0〉)/2.

As in STIRAP, choosing the dark state to have the form

|d (θ )〉 = sin(θ )| + 1〉 + cos(θ )| − 1〉, (7)

we find that |d (θ )〉 = exp(−iGθ )|d (0)〉, with the con-
stant generator G = i| − 1〉〈+1| − i| + 1〉〈−1|. We note that
dG/dθ = 0, which results in the important property that the
Gn,m in Eq. (6) are all constant [85] if we use the eigenstates
{|n(θ )〉} = {|d (θ )〉, |μ±(θ )〉} of the Hamiltonian

H (θ ) = exp(−iGθ )H (0) exp(iGθ ),

= 
|μ+(θ )〉〈μ+(θ )| − 
|μ−(θ )〉〈μ−(θ )|,
= 
[cos(θ )| + 1〉 − sin(θ )| − 1〉]〈0| + H.c., (8)

where |μ±(θ )〉 = exp(−iGθ )|μ±(0)〉. We can derive the
relation [85]

Gn,m = 〈n(0)|G|m(0)〉|n(0)〉〈m(0)|, (9)

which also shows that Eq. (6) becomes a constant.
Now, we apply H (θ ) for a duration τ = π/
 at N

equally spaced points θ = θ1, θ2, . . . , θN between θ0 = 0 and
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θT = θN+1 ≡ π/2. Specifically, we choose the N parameter
values θ j ( j = 1, . . . , N) to be

θ j = 2 j − 1

N

π

4
. (10)

The time-evolution operator thereby becomes U (T ) =
exp[−iH (θN )τ ] exp[−iH (θN−1)τ ] . . . exp[−iH (θ1)τ ]. Addi-
tionally, we find ξd,μ+ (θ ) = ξd,μ− (θ ) = F (θ ), with

F (θ ) = (−1) j, (11)

θ ∈ [θ j, θ j+1), since applying H (θ ) in Eq. (8) with a fixed
value of θ for a time τ = π/
 yields a shift of ±π between
the dynamic phases of |μ±(θ )〉 and |d (θ )〉. On the other
hand, evaluating Eq. (9) shows Gn,n = Gμ+,μ− = Gμ−,μ+ = 0.
Equation (3) thus takes the form

Udia(T ) = exp

⎡
⎣i

⎛
⎝ ∑

n=μ±

Gn,d + H.c.

⎞
⎠ ∫ θT

0
F (θ )dθ

⎤
⎦, (12)

which finally reveals Udia(T ) = I by using Eqs. (10) and (11).
This means our choice of parameter jumps realizes the desired
adiabatic evolution U (T ) = Uadia in the finite time T = Nτ .

III. PERFORMANCE OF THE JUMP PROTOCOL

To demonstrate the high population transfer efficiency that
can be achieved with this jump protocol, we experimentally
compare it with a traditional STIRAP protocol in an NV-
center system. The STIRAP protocol utilizes two Raman
pulses to realize the population transfer between two states un-
der the adiabatic condition. In our case, we use Raman pulses
with a Gaussian envelope. Both optical and microwave fields
can be used for coherent control in the NV center system; we
implement the STIRAP protocol by microwave fields, whose
amplitude and phase are allowed to be better controlled.

In the experiment, we choose the ground-state triplet of a
single NV center as the three-level system, respectively identi-
fying |0〉 and | ± 1〉 with the ms = 0 and ms = ±1 states. The
degeneracy of the ms = ±1 states is lifted by an external mag-
netic field aligned with the NV-center axis. An acousto-optical
modulator (AOM) is used to control the 532-nm green laser
which is employed for the optical ground-state initialization
and the readout of the spin state. In order to manipulate the
spin states, we apply two microwave driving fields which are
resonant with the |0〉 ↔ | ± 1〉 transitions through an arbitrary
waveform generator (AWG). The Rabi frequencies of the two
driving fields are denoted by 
±.

In the interaction picture with respect to the NV-center
ground-state Hamiltonian, the three-level system is described
by the Hamiltonian in Eq. (8). The parameter 
 and the Rabi
frequencies 
± of the microwave driving fields are related
by 
− = 2
 sin(θ ) and 
+ = 2
 cos(θ ). By changing 
−
and 
+ via the AWG while keeping 
2

− + 
2
+ constant, we

are able to tune the value of θ . In the experiment, we set

/2π = 4 MHz, and since the duration τ of each control step
with θ j in the jump protocol should be equal to π/
 in order
to fulfill the adiabatic condition, we use τ = 0.125 µs.

Figure 1 shows a schematic of the experimental setup. Fig-
ure 1(a) depicts the energy-level structure of the NV ground
state. Here, the energy splitting δ, with the gyromagnetic ratio

γ /2π = 2.8 MHz/G, between the states |ms = ±1〉 stems
from the Zeeman effect due to the applied magnetic field B.
The explicit setup is sketched in Fig. 1(b), and Fig. 1(c) shows
the pulse sequences we apply. The upper part depicts the se-
quence for the STIRAP protocol we will use for comparison,
whereas the lower one represents the sequence for the jump
protocol. Since we aim to measure the transfer efficiency in
the three-level system, the pulse sequence consists of two
parts, namely, parts I and II, from which we can infer the
transfer efficiency given by the population of | + 1〉. In detail,
both sequences begin with laser 1 to initialize the state in |0〉
followed by a π pulse on the |0〉 ↔ | − 1〉 transition. Then the
actual protocols of length T are applied, where the building
blocks Jj represent the N control steps of θ in the jump proto-
col. Laser 2 reads out the population of |0〉 at the end of part
I and, at the same time, reinitializes the electron spin for part
II, which differs only by an additional π pulse before readout,
such that the population of | − 1〉 is measured. To demonstrate
the applicability of the jump protocol we measure the popula-
tion transfer from | − 1〉 to | + 1〉 by tracking the population of
all three state of the system in dependence of the total evolu-
tion time T for different numbers of pulses. For a given value
of T each of the N pulses thereby has the length T/N . This
is shown in Fig. 2, where Figs. 2(a)–2(d) respectively depict
the four pulse numbers N = 1, 2, 3, 4, corresponding to the
final values of the evolution times T = 125, 250, 375, 500 ns.
Here, the markers are experiment results, whereas solid lines
show numerical simulation. We find a good agreement and
the results show that the duration of 125 ns for a single-pulse
protocol leads to a full population transfer. It can also be seen
that the population in the target state | + 1〉 with a value close
to unity has a wider range at the end of the protocol for larger
N , which indicates the robustness of multiple-pulse protocols
with respect to amplitude imperfections.

We now compare the performance of the jump protocol to
the well-established STIRAP protocol. Details on the STIRAP
measurements are given in the Appendix. For better compar-
ison, in Fig. 3(a), we show the transfer efficiency, as given
by the population of | + 1〉, for N = 1, 2, 3, 4 [corresponding
to the black data from Figs. 2(a)–2(d)]. Figure 3(b), on the
other hand, shows the results of the STIRAP protocol for three
different evolution times, namely, T = 500, 1200, 1800 ns.
For the shortest evolution time, which is the longest we use for
the jump protocol, the transfer efficiency only reaches around
60%. With the parameters we chose, i.e., a maximum ampli-
tude of the Raman control pulses of 2
, the time required
for a complete population transfer is well above 1000 ns
and thereby appreciably longer than the one required in the
jump protocol. In both Figs. 3(a) and 3(b), markers and solid
lines represent experimental and numerical simulation results,
respectively.

IV. ROBUSTNESS AGAINST NOISE

Finally, we demonstrate the robustness of the jump proto-
col against environmental noise. In the solid-state spin system,
the main source of noise is the surrounding bath of nu-
clear spins, which can be described by an effective magnetic
field [88]. To investigate the detrimental effects of static mag-
netic field noise, we artificially add a detuning ±� between
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(a)

(b)

(c)

(d)

FIG. 2. Dependence of the populations of the three-level system
on the total evolution time T in the jump protocol. (a)–(d) re-
spectively correspond to N = 1, 2, 3, 4 control pulses with 
/2π =
4 MHz. For every value of T each of the N pulses has the length T/N .
Markers show experimental results and solid lines are numerical
simulations.

the microwave driving fields and the transitions |0〉 ↔ | ∓ 1〉,
while keeping the remaining parameters unchanged. We then
compare the robustness of the transfer efficiency of the jump
protocol to the one of the STIRAP. In this case, the Hamilto-
nian for the jump and STIRAP protocol respectively read

HI =

⎛
⎜⎝

0 
 cos φ 
 sin φ


 cos φ � 0


 sin φ 0 −�

⎞
⎟⎠, (13)

HSTIRAP = 1

2

⎛
⎜⎝

0 
P(t ) 
S (t )


P(t ) � 0


S (t ) 0 −�

⎞
⎟⎠. (14)

For the comparison of the two schemes, we again set the
frequency 
/2π = 4 MHz and chose N = 4 as the number

(a)

(b)

FIG. 3. Comparison of the transfer efficiency between the jump
protocol and STIRAP. (a) Different number of control pulses, N =
1, 2, 3, 4, of the jump protocol. (b) STIRAP for different final
evolution times, T = 500, 1200, 1800 ns. Markers and solid lines
represent experimental data and numerical simulations, respectively.

of control pulses. This implies a total evolution time of T =
500 ns, which we also set as the total duration of the STIRAP
protocol. The maximal amplitudes of the pump and Stokes
pulses, 
P(t ) and 
S (t ), in the STIRAP are both given by
2
. The experiment results for varying the detuning �/2π

from −2 MHz through 2 MHz are shown in Fig. 4. Solid

FIG. 4. Comparison of the robustness against frequency detuning
between the jump protocol (blue) and STIRAP (red). The evolution
time is T = 500 ns for both cases (N = 4 in the jump protocol).
Markers with error bars and solid lines represent experimental data
and numerical simulations, respectively.
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lines represent simulation results, whereas the markers with
error bars show experimental results. As one sees, for the
same evolution time, the jump scheme exhibits not only a
higher transfer efficiency throughout the whole range of the
detuning, but also a much flatter central part, indicating a
better robustness than the STIRAP.

V. CONCLUSIONS

We have demonstrated a jump scheme for population trans-
fer in a three-level system realized in single NV-center spin in
diamond. By comparing the protocol to a traditional STIRAP
scheme, we have shown its significant advantages. In particu-
lar, the state-transfer speed and efficiency is greatly improved,
i.e., much shorter times are required to achieve a high-fidelity
population transfer. Furthermore, we have also compared the
impact of noise on the two schemes under the same evolution
time and established an improved robustness of the jump
protocol. The developed method is thereby a promising can-
didate for practical applications in quantum control, quantum
sensing, quantum information processing, and even chemical
interaction control.
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APPENDIX: STIRAP

To achieve the population transfer through an auxiliary
state in the STIRAP, one utilizes two Raman control pulses
with the envelopes 
S (t ) and 
P(t ), called the Stokes and
pump pulses. The NV-center ground state consists of three
sublevels, ms = 0,±1. The states |0〉 and | ± 1〉 are cou-
pled, whereas | − 1〉 ↔ | + 1〉 is a forbidden transition. Thus,
the primary aim of STIRAP is to drive the | − 1〉 ↔ | + 1〉
transition using |0〉 as an auxiliary state without or with
only minimal population loss to the latter state. The two
Raman pulses are implemented with microwave fields in our
experiment.

The NV-center spin is prepared in the state | − 1〉 by ap-
plying a π pulse on the |0〉 ↔ | − 1〉 transition after optical
initialization. We then apply two resonant microwave control
pulses with the envelopes 
S (t ) and 
P(t ) for the population
transfer to | + 1〉. The Stokes pulse 
S (t ) is applied first
to drive the transition |0〉 ↔ | + 1〉 and is followed by the
pump pulse 
P(t ), which drives the transition |0〉 ↔ | − 1〉.
In the interaction picture with respect to the ground-state

FIG. 5. The two Raman pulses in the STIRAP scheme. The red
and blue lines correspond to the control pulses 
S (t ) and 
P(t ),
respectively. Both pulses have a Gaussian envelope with the full
width at half maximum 2σ and the peak value 2
. They partially
overlap and the delay between them is 2�t .

Hamiltonian, the Hamiltonian of STIRAP scheme is given by

HSTIRAP = 1

2

⎛
⎜⎝

0 
P(t ) 
S (t )


P(t ) 0 0


S (t ) 0 0

⎞
⎟⎠ (A1)

in the basis {|0〉, | − 1〉, | + 1〉}.
The two Raman control pulses are applied adiabatically

and partially overlap to completely transfer the population, see
Fig. 5. They have Gaussian shapes and for a total evolution
time T they are centered at T/2 ± �t , i.e., the second pulse
is delayed by 2�t . Furthermore, their full width at half max-
imum is 2σ and their maximal value is 2
. This means they
have the form 
S (t ) = 2
 exp[−(t − T/2 + �t )2/σ 2] and

P(t ) = 2
 exp[−(t − T/2 − �t )2/σ 2]. In our experiment,
we set 
/2π = 4 MHz, �t = T/10, and σ = T/6.

(a)

(b)

FIG. 6. Evolution of the populations of the three-level system
in the STIRAP protocol. (a) and (b) respectively correspond to
T = 500 ns and T = 1800 ns. The maximum of the two control-
pulse envelops 
S/2π and 
P/2π is both 8 MHz. Markers show
experimental results and solid lines are numerical simulations.
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After the adiabatic evolution, a green laser is applied to per-
form a fluorescence measurement and reinitialization. Then
we repeat the pulse sequence, adding a second π pulse before
the laser pulse [see Fig. 1(c) of the main text]. Combining
the two fluorescence measurement results, one can obtain the
population of all three states and thereby the state transfer

efficiency. The full dynamics of the populations throughout
the STIRAP process are shown in Fig. 6 for the two evolution
times T = 500 ns and T = 1800 ns. We find that >95%
transfer efficiency can be achieved when the evolution time
is longer than 900 ns and the transfer efficiency only reaches
around 60% for T = 500 ns.
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