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We report experimental studies of dressing an electron spin in diamond with resonant and continuous
microwave fields to protect the electron spin from magnetic fluctuations induced by the nuclear spin bath.
We use optical coherent population trapping (CPT) to probe the energy level structure, optically induced
spin transitions, and spin decoherence rates of the dressed spin states. Dressing an electron spin with
resonant microwaves at a coupling rate near 1 MHz leads to a 50 times reduction in the linewidth of the spin
transition underlying the CPT process, limited by transit-time broadening. Compared with dynamical
decoupling, where effects of the bath are averaged out at specific times, the dressed spin state provides a
continuous protection from decoherence.
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Complete quantum control of individual electron spins in
solids provides exciting opportunities for quantum coher-
ence-based applications [1]. An electron spin in a solid,
however, is susceptible to magnetic fluctuations in its
surrounding environment. The electron spin couples to
magnetic fields generated by a spin bath consisting of
nearby nuclear or electron spins. The bath-induced
magnetic fluctuations shorten the spin decoherence time.
The protection of electron spins from this environment-
induced decoherence has been a fundamental challenge in
quantum science and technology. Previous experimental
and theoretical efforts to overcome spin decoherence have
focused on dynamical decoupling, using rapid spin flips to
average out effects of magnetic fluctuations [2–11].
Dynamical decoupling approaches, such as the optimized
Uhrig sequence or the periodic Carr-Purcell-Meibloom-
Gill sequence, have been successfully implemented in
diamond, semiconductors, and other spin systems [3–6].
With this time domain approach, an electron spin subject to
the spin-flip pulse sequence is decoupled from the bath at
specific times. The dynamics of the electron spin, however,
are still influenced by the fluctuating magnetic field. In
addition, the decoupling pulse sequence can often be in
conflict with the desired quantum operations.
It has been suggested recently that an electron spin can

be decoupled from the bath at all times with a spectral
domain approach, in which a coherent coupling between
the spin and continuous microwave fields leads to the
formation of dressed spin states [12]. The energy levels of
the dressed spin states can become immune to fluctuating
magnetic fields, when the coherent coupling rate far
exceeds the relevant amplitude and rate of the bath-induced
fluctuations. In essence, the energy gap between the
dressed spin states protects the electron spin from
decoherence induced by the spin bath [12,13]. The dressed
state approach for protecting a spin from decoherence has
been viewed and pursued as continuous dynamical decou-
pling [14–19]. Microwave-based measurement and

manipulation of dressed spin states have been explored
in trapped ions and negatively charged nitrogen vacancy
(NV) centers in diamond [20–22].
Here, we use an electron spin in a NV center as a model

solid-state spin system and dress the electron spin with
resonant and continuous microwave fields. We couple the
dressed spin states to optical transitions and employ
coherent population trapping (CPT) via the optical tran-
sitions to probe the energy level structure, optically induced
spin transitions, and spin decoherence rates of the dressed
spin states. We show that dressing a single electron spin
with microwave fields at a modest coupling rate near
1 MHz leads to a 50 times reduction in the linewidth of
the spin transition underlying the CPT process, limited by
transit-time broadening. The dependence of the spin
decoherence rate on the amplitude of the microwave
dressing field further reveals important differences between
spin coherences arising from the same dressed states and
those arising from different dressed states. Dressed spin
states fundamentally change how a spin responds to
magnetic fluctuations and can also open up a new avenue
for using electron spins in applications such as coupled
spin-nanomechanical systems and spin-based cavity
QED [23,24].
To form dressed spin states, we couple two microwave

fields resonantly to the two respective spin transitions of the
ms ¼ 0 and �1 states of the ground-state spin triplet of a
NV center, with equal Rabi frequency Ωm [see Fig. 1(a)].
The energy eigenstates in the rotating frame, i.e., the
semiclassical dressed states, of this combined spin-
microwave system are jdi, jli, and jui, where jdi ¼ ðjþi −
j−iÞ= ffiffiffi

2
p

is a dark state decoupled from the microwave
fields. The orthogonal bright state jbi ¼ ðjþi þ j−iÞ= ffiffiffi

2
p

couples to the microwave fields, leading to the formation
of two other dressed states jli ¼ ðj0i − jbiÞ= ffiffiffi

2
p

and
jui ¼ ðj0i þ jbiÞ= ffiffiffi

2
p

. The eigenenergies of the dressed
spin states are El ¼ −ℏΩm=

ffiffiffi
2

p
, Ed ¼ 0, and Eu ¼

ℏΩm=
ffiffiffi
2

p
.
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The energy levels of states j�i depend on the local
magnetic field B0 þ δB, where B0 is the fixed external
magnetic field along a NV axis and leads to a Zeeman
splitting of ωB between the j�i states. As illustrated in
Fig. 1(b), the bath-induced magnetic field δB leads to an
additional Zeeman shift �δN for states j�i. Accounting for
this bath-induced Zeeman shift, the eigenenergies of the
dressed states are then given by El ¼ −ℏ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Ω2
m=2þ δ2N

p
and

Eu ¼ ℏ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ω2

m=2þ δ2N
p

, with Ed remaining unchanged, as
indicated in Fig. 1(b) [13]. In the limit that Ωm ≫ jδN j, the
energy levels of the dressed states become nearly indepen-
dent of δN .
The microwave-induced dressed spin states can be

probed through optical transitions. In a NV center, states
j�i couple to the A2 excited state (denoted as jei) via σ∓
circularly polarized optical fields [25,26]. With Ωm ¼ 0,
the ms ¼ �1 and A2 states form a nearly closed Λ-type
three-level system, which has been used for spin-photon
entanglement and also for optical control of electron spins
[27,28]. In the presence of the resonant microwave fields,
the electron wave function can be described with proba-
bility amplitudes Cd, Cl, Cu for the dressed states and Ce
for the excited state

jψi ¼
�
Cu

2
e−iΩmt=

ffiffi
2

p
þ Cl

2
eiΩmt=

ffiffi
2

p
þ Cdffiffiffi

2
p

�
e−iωBtjþi

þ
�
Cuffiffiffi
2

p e−iΩmt=
ffiffi
2

p − Clffiffiffi
2

p eiΩmt=
ffiffi
2

p �
eiνtj0i

þ
�
Cu

2
e−iΩmt=

ffiffi
2

p
þ Cl

2
eiΩmt=

ffiffi
2

p − Cdffiffiffi
2

p
�
j−i þ Cejei;

ð1Þ

where ν is the frequency of the microwave field coupling to
j−i. Similar expressions can be derived for δN ≠ 0, with
corresponding changes in the energy and wave function of
the dressed states. As shown in Eq. (1), j�i each effectively
splits into three different energy levels due to the coupling
with the microwave fields. In this case, σþ and σ− polarized
optical fields couple jei to the ms ¼ − 1 part (jd−i, jl−i,
and ju−i) and ms ¼ þ 1 part (jdþi, jlþi, and juþi) of the
dressed spin states, respectively, as shown in Fig. 2(a).
These six states are not all independent. The dressed spin
states are described by only three independent probability
amplitudes.
We have used CPT induced via the optical transitions to

probe the properties of the dressed spin states [29–32]. For
a Λ-type three-level system driven by two resonant optical
fields with detuning δ and with equal Rabi frequency Ω0,
the steady-state spin coherence between the two lower
states with frequency separation ω0 is given by [13]

ρ−þ ¼ −Ω2
0ðNþ þ N−Þð4γÞ−1=½iðδ − ω0Þ þ γs þ Ω2

0=2γÞ�;
ð2Þ

where γs and γ (with γs ≪ γ) are the decay rates for the spin
and optical dipole coherence, respectively, and N� is the
population difference between the respective lower state
and the excited state. With δ ≈ ω0 and Ω2

0 ≫ 2γγs, the CPT
drives the system toward an optical dark state with
ρ−þ ¼ −1=2, preventing the optical excitation of the
excited state [33].
Our experiments were performed in a type IIa diamond

at 5 K. A 532 nm diode laser provided off-resonant optical
excitations of the NV center and a 637 nm tunable ring laser
provided resonant optical excitations. The frequency detun-
ing between the two resonant optical fields was generated
with acousto-optic modulators. The two microwave tran-
sitions were driven resonantly by outputs from two separate
but phase-locked radio-frequency signal generators. The
CPT experiments were carried out with resonant optical
pulses with durations of 40 μs, alternated with off-resonant
excitations in order to reverse any ionization of the
negatively charged NV center. We determined Ωm by using
Rabi oscillations driven by individual microwave fields and
Ω0 by using Rabi oscillations driven by an optical Raman
transition [28,34]. An incident optical power of 1 nW
corresponds to an estimated Ω0=2π ¼ 0.74 MHz.
We obtained the CPT spectral response by measuring the

emission from jei as a function of the detuning between the
two optical fields. For these studies, the NV was initially
prepared in the ms ¼ 0 state. Two microwave fields, with
Ωm comparable to the linewidth of the transitions between
bare spin states, were resonant with the respective spin
transitions. Two optical fields with opposite circular polari-
zation and equal intensity were resonant with the respective
A2 transitions. The CPT spectral response shown in
Fig. 2(b) features five resonances (or sharp dips), instead
of a single resonance observed for the bare spin states [32].

(a)

(b)

FIG. 1 (color online). (a) The coupling of the NV ground-state
spin triplet to two resonant microwave fields with equal Rabi
frequency Ωm leads to the formation of three dressed states: jli,
jdi, jui. (b) The energies of the dressed spin states, for which
effects of bath-induced Zeeman shift �δN are included. The
dressed state energies become immune to the bath-induced
magnetic fluctuations when Ωm ≫ jδN j.
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Note that due to the hyperfine coupling between the
electron spin and the 14N nuclear spin in a NV center,
the energy of j�i also depends on the spin projectionmn of
the 14N nucleus. Each electron spin state splits into three
hyperfine states, with mn ¼ − 1; 0; þ 1. The CPT reso-
nances in Fig. 2(b) correspond to mn ¼ 0. CPT resonances
with mn ¼ − 1 and þ1 are 4.4 MHz away from that with
mn ¼ 0 [30,32].
For the energy level structure in Fig. 2(a), spin coher-

ences can occur between two different dressed states (for
example, between jlþi and ju−i) and can also arise from the
same dressed states (for example, between jdþi and jd−i).
Spin coherences arising from the same dressed states lead
to the central CPT resonance at δ ¼ ωB. Spin coherences
between jdi and either jli or jui lead to CPT resonances at
δ ¼ ωB �Ωm=

ffiffiffi
2

p
, the first sidebands in Fig. 2(b). Spin

coherences between jli and jui lead to CPT resonances at
δ ¼ ωB � ffiffiffi

2
p

Ωm, the second sidebands in Fig. 2(b).
Figure 2(c) plots the Ωm dependence of the spectral
separation between the first sidebands and the central

resonance derived from experiments similar to that in
Fig. 2(b), confirming the above assignment.
For the central CPT resonance, all six spin states in

Fig. 2(a) are involved in the CPT process, which can drive
or pump the electron into an optical dark state. Since the
relative phase of the two optical fields is typically different
from that of the two microwave fields, the optical dark state
can differ from jdi, the microwave dark state. For an optical
dark state of the form jdopti ¼ ðjþi þ eiθj−iÞ= ffiffiffi

2
p

, the
electron is in jdopti when ðCl þ CuÞ=Cd ¼

ffiffiffi
2

p ð1þ eiθÞ=
ð1 − eiθÞ (assuming Ωm ≪ γ) [13]. For the first and second
sidebands, only four and two spin states in Fig. 2(a) are
involved in the CPT process, respectively [see the inset in
Fig. 2(b)], leading to weaker CPT resonances. A detailed
analysis shows that with Ω2

0 ≫ 2γγs, we expect a ratio of
100∶70∶25 for the amplitudes of the central resonance, first
sidebands, and second sidebands of the CPT spectral
response [13]. Figure 2(b) shows the good agreement
between the experiment and the theoretical expectation,
for which we used the above ratio, along with an overall
scaling factor for the CPT amplitudes and a Lorentzian
linewidth of 0.22 MHz.
The linewidth of CPT resonances is determined by the

decay of the underlying spin coherence and also by power-
dependent broadening mechanisms. For an ideal Λ-type
system and at relatively low intensity, the effective line-
width is given by 2γeffs ¼ 2γs þΩ2

0=γ [see Eq. (2)], scaling
linearly with the optical power. We first discuss the
behavior of the central CPT resonance. Figure 3(a) shows
the linewidth of the central CPT resonance as a function of
the input laser power, obtained with Ωm=2π ¼ 0.83 MHz
and under otherwise similar conditions to Fig. 2(b). The
central resonance obtained at the lowest laser power used is
shown in Fig. 3(b). Figure 3(c) compares the CPT linewidth
for the dressed spin states with that for the bare spin states
obtained under otherwise similar conditions. For CPT of
the bare spin states, the NV was initially prepared in the
ms ¼ þ1 state [32]. Figures 3(a) and 3(c) also show the
theoretically calculated power-dependent CPT linewidth
[13]. For these calculations, density matrix equations were
used, with γ=π ¼ 13 MHz [35]. The calculations also
included effects of NV spectral diffusion [13].
For the CPT linewidth of the bare spin states, deviation

from linear power dependence occurs as Ω0 approaches γ.
The deviation from linear power dependence for the
dressed spin states, however, occurs at a much lower
power, as shown in Fig. 3(a). As Ω2

0=γ approaches Ωm,
spin coherences of the dressed spin states (or relevant
Λ-type systems) are no longer independent of each other.
The coupling between the spin coherences, which is
included to the lowest order in our calculation [13], leads
to a smaller CPT linewidth (i.e., smaller power-dependent
broadening). The deviation from linear power dependence
in the power broadening observed for the dressed spin
states signals optically induced coupling between spin
coherences of the dressed spin states.
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FIG. 2 (color online). (a) Schematic of the A2 excited state
(denoted as jei) coupling to the ms ¼ − 1 part (jd−i, jl−i, and
ju−i) and ms ¼ þ 1 part (jdþi, jlþi, and juþi) of the dressed
spin states via σþ and σ− circularly polarized optical fields,
respectively. (b) The CPT spectral response obtained with
Ωm=2π ¼ 1 MHz and at an incident optical power of 6 nW.
Spin coherences arising from the same dressed state lead to the
central resonance. Spin coherences between jdi and either jli or
jui and those between jli and jui lead to the first and second
sidebands, respectively, as indicated in the inset. The red curve
shows the result of a theoretical calculation discussed in the text.
(c) The frequency splitting between the central resonance and the
first sidebands as a function of Ωm. The solid line intercepts with
the origin and has a slope of 1.

PRL 113, 237601 (2014) P HY S I CA L R EV I EW LE T T ER S
week ending

5 DECEMBER 2014

237601-3



From Fig. 3, we derive spin transition linewidths, with-
out power-dependent broadening, of 0.75 MHz and 13 kHz
for the bare and dressed spin states, respectively. The
linewidth for the bare spin states is primarily due to the spin
dephasing rate γN induced by the nuclear spin bath. The
large reduction in the spin transition linewidth demon-
strates a spin coherence that is protected by the formation of
the dressed states. The robustness of the spin coherence
against magnetic fluctuations paradoxically also makes it
difficult to measure the decoherence rate with a spectral
domain technique. The intrinsic spin transition linewidth
obtained with spin echoes in an isotopically purified
diamond is 0.18 kHz [36]. The narrowest intrinsic line-
width obtained in a nonisotopically purified diamond is
0.5 kHz [37]. Eliminating power broadening at this
frequency scale requires diminishing incident laser powers.
Another limitation is that resonant optical excitations of a
negatively charged NV center inevitably lead to electron
ionization [38]. To avoid the ionization as well as undesired
optical pumping effects [27], we used square optical pulses
with durations of 40 μs. The resulting transit-time broad-
ening sets a lower limit of about 12 kHz for the measured
spin transition linewidth, which is in good agreement with
the experiment and still far exceeds the above intrinsic spin
linewidth.
The dependence of the CPT linewidth on Ωm is shown in

Fig. 3(d). The first sideband and the central resonance
feature similar power-broadened linewidths at relatively

large Ωm. When Ωm decreases below the linewidth of the
bare spin transition, the linewidth of the first sideband
becomes significantly greater than that of the central
resonance. Note that although the bath-induced spin
dephasing for the first sideband is suppressed to below
30 kHz at Ωm ¼ 1 MHz (see Fig. S1 of the Supplemental
Material) [13], the Ωm dependence becomes observable
only when the spin dephasing becomes significant com-
pared with the optical-power-dependent broadening.
Figure 3(d) reveals an important difference between spin
coherences of different dressed states and spin coherences
arising from the same dressed states. The protection of spin
coherences of different dressed states requires that Ωm be
large compared with or at least comparable to γN , which is
not necessary for spin coherences arising from the same
dressed state. The formation of the dressed states enforces
an energy and phase correlation between the ms ¼ þ1 and
ms ¼ − 1 part of the same dressed states. The resulting
spin coherences are set by the microwave dressing fields
and cannot be independently controlled. These spin coher-
ences illustrate the robustness of the dressed states against
magnetic fluctuations, though most applications will
require spin coherences between different dressed states.
For quantum information processing, dressed spin states

canbeuseddirectly asqubits.WithΩm over 100MHz,which
has been achieved in earlier studies [39], a nearly complete
suppression of spin dephasing can be attained. CPT of the
dressed spin states discussed above also indicates the
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FIG. 3 (color online). (a) The linewidth of the central CPT resonance for the dressed spin states as a function of the incident optical
power, for which 1 nW corresponds to an estimated Ω0=2π ¼ 0.74 MHz. (b) The central CPT resonance obtained at the lowest optical
power used. The solid line in (b) is a least squares fit to a Lorentzian lineshape. (c) Comparison between the linewidth of the CPT
resonance for the bare spin states (dots) and that of the central CPT resonance for the dressed spin states (squares). Solid lines in (a) and
(c) show the calculated power-dependent broadening. (d) The linewidth of the first CPT sideband (dots) and the central CPT resonance
(squares) as a function of Ωm, obtained with an incident optical power of 2.5 nW.
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feasibility of performing quantum control of dressed spin
qubits through off-resonant optical Raman transitions, sim-
ilar to those realized for optical control of bare spin states
[28,31].Thedressedspinstatescanbeespeciallyusefulwhen
dynamical decoupling is in conflictwith thedesiredquantum
operations or when continuous coupling is required, such as
the cooling of a mechanical oscillator via coupling to an
electron spin and spin-based cavity QED [12,24]. With
suitable microwave or optical transitions, coherence protec-
tion with dressed spin states can also be extended to other
solid state spin systems such as SiC [40].
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