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Spin systems in solid statematerials are promising qubit candidates for quantum

information in particular as quantummemories or for quantum sensing. Amajor

prerequisite here is the coherence of spin phase oscillations. In this work, we

show a control sequence which, by applying RF pulses of variable detuning,

allows to increase the visibility of spin phase oscillations. We experimentally

demonstrate the scheme on single NV centers in diamond and analytically

describe how the NV electron spin phase oscillations behave in the presence of

classical noise models. We hereby introduce detuning as the enabling factor

that modulates the filter function of the sequence, in order to achieve a visibility

of the Ramsey fringes comparable to or longer than the Hahn-echo T2 time and

an improved sensitivity to DC magnetic fields in various experimental settings.
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1 Introduction

Solid-state qubits are of central importance within the quantum technologies due to

their outstanding performance in key fields such as quantum information processing

(Stajic, 2013) and quantum magnetic field sensing (Jones et al., 2009; Bal et al., 2012).

Several physical systems have been exploited to experimentally realize solid-state qubits

such as quantum dots (Hanson and Awschalom, 2008; Shulman et al., 2012; Veldhorst

et al., 2017; Strauß et al., 2019; Carmele and Reitzenstein, 2019), superconductive qubits

(Wendin, 2017; Dicarlo et al., 2009), nuclear spins in materials (Pla et al., 2013) and

electronic spins in molecules or defect-centers in crystals (Smeltzer et al., 2009; Pla et al.,

2012; D. et al., 2007; Schlegel et al., 2008). Among the latter, the nitrogen-vacancy (NV)

color center in diamond has been extensively investigated due to its exceptional stability

and properties observed even at room temperature and in ambient conditions (Kurtsiefer

et al., 2000). The NV center has an electron spin triplet that can be optically initialized,

readout via fluorescence intensity measurement and controlled with appropriate

radiofrequency (RF) pulse trains (Jelezko and Wrachtrup et al., 2006; Kennedy et al.,

2003; Ryan et al., 2010). This has allowed the demonstration of quantum information
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storage (Dutt et al., 2007; Maurer et al., 2012) and of magnetic

field measurements with high sensitivity and spatial resolution

(Degen et al., 2017; Sushkov et al., 2014; Mamin et al., 2012;

Loretz et al., 2014). Furthermore, electron spin relaxometry has

also been used to probe the behavior of single magnetic domain

particles (Gould et al., 2014; Sadzak et al., 2018) and small

ensembles of molecules (Ermakova et al., 2013) on the

nanoscale. In order to perform sensing in complex physical

environments, dynamical decoupling (DD) schemes have been

implemented to filter-out the background magnetic noise from

the specific target signals. These schemes rely on sequences of

precisely timed RF pulses that act as frequency filters and

bandwidth selectors. Some basic DD measurements are

Ramsey (1950) and Hahn (1950) schemes, that have been

followed by a manifold of other techniques often derived from

the nuclear magnetic resonance (NMR) field (Degen et al., 2017),

such as CPMG (Naydenov et al., 2011), XY-n (de Lange et al.,

2010), UDD (Uhrig, 2007; Wang et al., 2012). Most of the

currently available decoupling schemes are focused on

prolonging the T2 coherence time and are primarly applied to

AC magnetometry. Concerning DC magnetometry, the current

approaches are based on using isotopically pure diamonds

(Ishikawa et al., 2012), diamond material engineering (Barry

et al., 2020) or elaborated schemes that circumvent the problem

by using spin bath driving, ancillary spins or diamond

mechanical rotation (Wood et al., 2018; Liu et al., 2019; Barry

et al., 2020). As these solutions rely on specific experimental

configurations, a robust dynamical-decoupling alternative would

be particularly interesting for a manifold of applications.

Motivated by recent experiments on trapped atoms (Vitanov

et al., 2015), we propose here an extension of the Hahn-Ramsey

dynamical decoupling scheme, where the detuning of the RF spin

control pulses is used to obtain an increased visibility of the

electron spin phase oscillations. We demonstrate the protocol on

single NV centers in bulk diamond, and show a pronounced

increase in the spin oscillations coherence time. Furthermore, we

give an analytical description of the filter function and of the

sequence and provide an estimation of the scheme sensitivity for

DC magnetometry, thereby proving that it can be of great

importance in a broad range of applications such as quantum

sensing, quantum information processing (Nielsen and Chuang,

2000) and synchronization (Hodges et al., 2013).

2 Theory and methods

We make use of two experimental procedures in order to

observe the Hahn-Ramsey properties and demonstrate its effects

on NV centers under different conditions and parameters. In the

first, we select a stable defect center with long electron spin T2*

time and apply the Ramsey and Hahn-Ramsey schemes - in a low

detuning condition - in order to establish the effectiveness of the

latter in extending the spin phase visibility above the Ramsey

limit. In the second approach, we instead use high detuning-to-

Rabi ratios to induce complex spin oscillation fringes and show

the fitness of our theoretical framework in explaining the

observed patterns. By successively adding a source of known

artificial noise, we are able to compare the spin phase oscillation

visibility and envelope changes for Ramsey and Hahn-Ramsey

sequences, under a well defined noise pattern that is added to the

baseline environment random fluctuations the NV center is

subject to. We analyse our measurement results using the

spectral decomposition approach, in order to extract

information about the noise suppression effectiveness for

different detunings and noise specifications, as well as to

obtain a more accurate picture of the spin trajectory in noisy

environments. In the following section, we lay out the framework

for the experiments underlying physical phenomena, describing

how a pseudo spin-1/2 system, such as the NV center’ms = 0, − 1

states, behaves under the spin manipulation schemes we are

exploring. Typically, phase oscillations of the NV electron spin

are detected via Ramsey spectroscopy. In this technique, the

defects electron spin is initalized in thems = 0 state, generally via

a long off-resonant laser pulse at 532 nm wavelength. This is

followed by two detuned radiofrequency π/2 pulses separated by

a free precession interval, where the electron spin picks up a

phase proportional to the external magnetic fields oriented along

the NV center quantization axis. The observed signal is

represented by a measurement of the σz spin projection, that

is the expectation value of the σz operator s(τ) � Tr[ρ(τ)σz]:
s τ( ) � 〈↑|R† θ,ω1tp( )U† 0, τ( )R† θ,ω1tp( )σzR θ,ω1tp( )U 0, τ( )R θ,ω1tp( )|↑〉,

(1)

where σz is the Pauli spin matrix, U (0, τ) is the free evolution

operator, R(θ,ω1tp) the rotation operator for an off-resonant

pulse (see Supplementary Material) and θ = arctan(ω1/Δ) the
rotation angle (Levitt, 2000). Here ω1 �

�������
ω2
0 + Δ2

√
is the effective

precession frequency, withΔ being the detuning in the RF driving

field, ω0 the resonant Rabi frequency and tp the effective pulse

duration. In the case of noisy environments, a fluctuating time

dependent detuning shift arises from the noise contribution to

the total magnetic field acting on the NV centers spin. In this

situation, the rotating-wave free evolution operator can assume

different forms, with the most general one being:

UΔ 0, τ( ) � exp −i σz
2
∫τ

0
Δ + f t( )( )dt[ ], (2)

Where f(t) represents the local σz field at the free precession
time t and Δ is the detuning term leading to the observation of

Ramsey fringes. It is the stochastic process describing the noise

term f(t) that determines the shape of the signal decay. In

general, few considerations can be made. If f(t) is a drift-less,

zero-mean random process which occurs on much faster

timescales than the free evolution time acquisition, then this

will average out in the final signal. If f(t) instead changes on a

time comparable or larger than each acquisition time τ, then the
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observed signal will show a characteristic coherence decay

pattern. Nevertheless, in this case a composite pulse sequence

may be used to compensate the random phase accumulated for

each τ measurement. This is the principle of the Hahn-echo,

where a spin transition resonant refocusing pulse, applied at the

center of the free evolution period, is used to reverse the

precession in the second half of the sequence, canceling the

effect of static fields and low-frequency noise but removing spin

phase oscillations as well. The Hahn-Ramsey scheme uses the

same temporal distribution of Hahn-echo pulses, but adds a

detuning pattern. Specifically, the sequence consists of an initial

and final π/2 pulse having a Δ detuning, separated by a free

precession time τ and a central pulse of length π having instead

opposite detuning − Δ. Under this definition, the general

expression of the Hahn-Ramsey signal is:

s 2τ( ) � 〈↑|R† θ, π/2( )U† 0, τ( )R† −θ, π( )U† τ, 2τ( ) × R† θ, π/2( )σzR θ, π/2( )
× U τ, 2τ( )R −θ, π( )U 0, τ( )R θ, π/2( )|↑〉.

(3)

Here, the pulse length is assumed to be ideal (that is, τp is

tuned so that ω1τp = π/2 or ω1τp = π). The central, inversely

detuned π pulse, separates the free precession time in two

parts, with the first being described by the operator UΔ(0, τ)

and the second by U−Δ(τ, 2τ). Given the form of Eq. 2, this

implies that the slow contribution of f(t) is canceled out,

leaving nevertheless an oscillating spin phase dependent on Δ
only. While quantum interactions with other single spins are

typically represented via specific interaction operators, such

as hyperfine interaction, spin-spin coupling and so on, bath

interactions or fluctuating environment fields of classical

nature are included in the term f(t) and treated as a

stochastic process. For solid-state spin centers, it is

appropriate to treat f(t) as a classical magnetic noise

described by a compound Poisson process, where the jump

times have an exponentially decaying probability density

function with a correlation time of 1/λ and the jump

intensities have a Gaussian distribution with zero average

and Γ variance. By including this in Eq. 3, we obtain an

expression that links the fringes decoherence process to

detuning and Rabi frequencies, and also to the noise

parameters here introduced (see Supplementary Material).

After switching to the frequency domain, the expected signal

can be expressed as an exponentially decaying function s(τ) �
exp[−χ(τ)] (Biercuk et al., 2011), where the exponential

FIGURE 1
The top figure shows the filter functions contributing to the Hahn-Ramsey signal; the colors represent respectively the non-oscillating part
(green), the component oscillating in cos(Δτ) (orange) and the component oscillating in cos(2Δτ) (blue). The first and the last terms are equivalent to
the Ramsey andHahn-Echo filter functions, while the cos(Δτ) has the same periodicity of the Hahn-echo but different filter function amplitudes. The
contribution to the overall signal is given by the detuning-dependent weighting coefficients depicted in the bottom figure with their respective
colors, with the red line (denoted as baseline) showing the constant term dependent only on the ratio between Rabi frequency and detuning.

Frontiers in Photonics frontiersin.org03

Sadzak et al. 10.3389/fphot.2022.932944

https://www.frontiersin.org/journals/photonics
https://www.frontiersin.org
https://doi.org/10.3389/fphot.2022.932944


argument is the frequency convolution between the control

sequence filter function and the spectral density function of

the external field or noise process. It can be seen, from Eq. 3,

that the opposite detuning for the refocusing pulse with

respect to the π/2 pulses leads to a signal that is the sum

of two detuning-induced oscillating components and one

non-oscillating component, each one displaying a different

decaying behavior. The overall signal can then be written as:

sθ 2τ( ) � a4

2
1 − 2b2( ) + a2b4

2
exp −2λΓ

2

π
∫∞

0

dω/ω2

ω2 + λ2
sin2 ωτ( )[ ]

−2a4b2 cos Δτ( )exp −2λΓ
2

π
∫∞

0

dω/ω2

ω2 + λ2
sin2 ωτ

2
( )[ ]

+b
4

2
a2 + 1( )cos 2Δτ( )exp −8λΓ

2

π
∫∞

0

dω/ω2

ω2 + λ2
sin4 ωτ

2
( )[ ],

(4)
With a = cos(θ) and b = sin(θ). These three components are

weighted in the final signal by detuning-related coefficients (see

Figure 1). The term with the spin phase oscillating as cos(2Δτ) is
associated with a Hahn-Echo-type filter function, that means the

coherence decays as in the standard Hahn-echo sequence, while

the non-oscillating term shows a Ramsey-like decoherence. The

term oscillating instead as cos(Δτ) has a different nature; its filter
function has a similar periodicity of the Hahn-Echo but different

magnitude, and gives a longer decoherence time. By choosing an

opportune detuning one can select how each component is

contributing to the total signal, which will then lead to

different behavior but also potential application of the

sequence. In the following experimental part, we will

demonstrate the fitness of our theoretical approach and draw

some conclusions regarding the physical dynamics and the

implications for DC magnetometry.

3 Experimental results

For our experiment, we use a type [111] CVD-grown delta-

doped diamond plate with a 15NV center rich layer. The

diamond is placed on a microwave waveguide and the RF

pulses are delivered via a 50 µm thick copper wire closely

located to the surface. From the bottom side, the diamond is

accessible via a high numerical aperture (NA = 1.4) oil

immersion objective Olympus UPLANSAPO ×60, that is

used to optically initialize the nitrogen-vacancies with a

532 nm diode laser source pulsed by an acousto-optic

modulator. The same objective collects the fluorescence light

that is sent to a confocal setup and a beamsplitter, and finally

collimated on two Perkin-Elmer single photon detectors. The

experimental setup and basic ODMR measurements are shown

in Figure 2. In order to perform the first demonstration, we

carry out several acquisitions of Ramsey and Hahn-Ramsey

signals on different NV centers in the diamond plate. After

identifying a single NV center via autocorrelation

measurements, we apply a ≈ 500 G static magnetic field

parallel to the defects quantization axis to achieve a nuclear

spin hyperpolarization (Jacques et al., 2009) of 80%–90% (see

Figure 2), that allows us to work with an approximate two-level

spin-1/2 system. We then proceed to record the Ramsey and

Hahn-Ramsey fringes for a specific radiofrequency detuning, as

shown in Figure 3. By testing the sequence directly on the NV

centers in the natural diamond environment, we would expect

this to be effective in prolonging spin phase fringes only if the

surrounding is characterized by a non-negligible sub-MHz

noise dynamics that affects the spin coherence. The

measurements results confirm this picture and show that the

Hahn-Ramsey is effective in increasing the visibility of electron

FIGURE 2
(A) Schematic representation of the experimental setup; a [111] diamond plate is illuminated by an AOM-pulsed 532 nm green laser. The
emission from the NV centers is collected via an oil immersion objective (NA = 1.40) and sent to a confocal filter and a beamsplitter, terminating on
two avalanche photodiodes used for autocorrelation and photon counting measurements. The spins are manipulated by radiofrequency pulses
delivered on the diamond by an impedance matched stripline. By applying a static field of ≈ 500 G along the NV centers axis, the 15N nitrogen
nuclear spin of the NV center is hyperpolarized in one of its two states with a polarization ratio > 0.80 (B) as confirmed by the resonance
measurement. The scheme in (C) shows the Ramsey (top) and Hahn-Ramsey (bottom) sequences, with the green areas representing the polarization
and readout laser pulses, and the blue areas representing the microwave pulses controlling the NV centers electron spin, with their detuning
indicated as ±Δ.
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spin phase oscillations and the T2,HR time. This is depicted in

Figure 3, where an exponential fit shows a change in the

oscillation decay timescale from T2* (1.9 ± 0.1) µs to T2,HR

(3.1 ± 0.1) µs. In this case, the Δ < ω1 condition leads to a

trajectory on the Bloch sphere as depicted in Figure 4, where the

spin rotates closely and symmetrically around the zy plane; the

dominant oscillation frequency is cos(2Δτ), but a weak beating
appears due to a proximal spin that induces an energy splitting

of approximatively 500 kHz, as shown by low-power ODMR.

We then proceed to the second experimental part, for which we

select an NV center that intrinsically displays comparable T2*

and T2,HR times. For this specific center, the Ramsey T2* decay

time is measured as (1.6 ± 0.1) µs. Here we add an external

source of controlled magnetic noise, created by a programmable

function generator that is connected to an amplifier feeding a

solenoid located around the diamond. The antenna produces a

magnetic field parallel to the NV center quantization axis. After

setting a 3 MHz detuning, we proceed in measuring again the

Ramsey and Hahn-Ramsey signal profiles, which assume the

form displayed in Figure 5. While the Ramsey signal shows a

single-frequency regular pattern, the Hahn-Ramsey displays

more complex features, which are nevertheless well fitted by our

theoretical model. These features arise from the combination of

spin phase oscillations taking place at different frequencies, and

the different decay each one of these components experiences

under the existing noise. Adding artificial noise reduces as

expected the spin phase coherence, but in a more

pronounced way for the Ramsey measurement. The Hahn-

Ramsey shows longer fringes, mainly due to the stronger low

frequency noise suppression for the cos(2Δτ) component.

Another effect that becomes more relevant when Δ/ΩRabi ≈ 1

or Δ/ΩRabi > 1 is the mixing with cos(Δτ). This second term can

provide, in certain cases, a longer spin phase coherence time

than the resonant Hahn-echo (see Figure 6), due to the higher

angle of precession with respect to the (xz) plane of the Bloch

sphere, which in turn limits the amplitude of the acquired phase

and protects the phase oscillations induced by the constant

detuning (See Figure 5). Interestingly, this component is also

sensitive to small DC magnetic fields that shift the detuning of

the π and π/2 pulses asymmetrically. While the cos(2Δτ) term
cancels these shifts, the cos(Δτ) part of the signal allows them to

be detected in amplitude and envelope. In this case, it is possible

to derive (see Supplementary Material) that the sensitivity,

maximized for θp ≈ 0.2π, is:

ηHR ∝
1

3πγe
�����
T2,HR

√ (5)

FIGURE 3
Ramsey (blue) and Hahn-Ramsey (orange) measurements on
a single NV center in diamond, with the solid lines showing the fit
functions. The beatings are due to a second spin weakly
interacting with the NV electron spin. The Hahn-Ramsey fit is
performed via Eqs 3, 4 as given in the Supplementary Material,
provided a nominal detuning of Δ = 4 MHz and θ ≈ 1.10
(corresponding to ΩRabi = 6 MHz) that follows the condition Δ <
ΩRabi. An exponentially decaying fit of the form exp[−(t/τc)2]
allows to obtain a coherence time T2* = (1.9±0.1) µs for the Ramsey
and T2,HR = (3.1±0.1) µs for the Hahn-Ramsey.

FIGURE 4
Simulations of different trajectories for a single Hahn-Ramsey
fringe on the Bloch sphere, given three possible θ = ω1/Δ values.
The green line depicts the case of θ ≈ π/2, the orange line θ ≈ 0.4 · π
while the blue dotted line shows the case where θ = 0.2π. By
shifting Δ/ω1 away from the ≪ 1 limit, the spin rotation takes place
around an off-equator axis, where phase oscillations show a more
complex pattern and are less sensitive to noise.
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Compared to the classic Ramsey interferometry, the Hahn-

Ramsey sensitivity scales with the respectiveT2,HR time and offers an

improved performance for physical situations where low-intensity

noises are an important contribution to the sensitivity deterioration,

and as well in situations where low-power RF are available for the

spin manipulation pulses, with improvement factors of up to ≈ 1.5

for environments with comparable Poissonian noise characteristics.

4 Conclusion

We have described and experimentally demonstrated a Hahn-

Ramsey type of dynamical decoupling sequence on NV centers in

diamond. By opportunely inverting the detunings in the RF control

sequence, we are able to show that the HR scheme is effective in

providing a better suppression of low-frequency noise with respect

to the Ramsey scheme, approaching the Hahn-echo limit when the

detuning is smaller than the Rabi frequency. This can be exploited to

effectively improve the spin phase oscillation visibility. When the

detuningmagnitude is instead comparable to the Rabi frequency, the

Hahn-Ramsey can provide even longer Ramsey fringes decay times.

This in turn may be used for DC magnetometry, providing a better

sensitivity than the standard Ramsey interferometry.
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FIGURE 5
The outcomes of Ramsey (A) and Hahn-Ramsey (B) measurements on a single NV center in the diamond compared with (C,D), where the
Ramsey and Hahn-Ramsey signals are acquired after adding artificial magnetic noise with Poissonian statistics and correlation time of 0.5 µs,
corresponding to a −3 dB bandwidth of 2 MHz, and a strength of Γ ≈ 200 kHz. The complex pattern displayed by the Hahn-Ramseymeasurements is
well fitted by the model, which shows as well the more pronounced decay for the Ramsey signal after applying the additional noise.

FIGURE 6
Simulation showing the Ramsey, Hahn-Ramsey and Hahn-
echomeasurements given the parameters of λ = 2.5 1/t, Γ = 2π · 0.1
1/t and θ = 0.2π. For a detuning comparable to the Rabi frequency,
the cos(Δτ) component contributes significantly to the signal
leading to an improved visibility for spin phase oscillations, with a
T2,HR time longer than the Ramsey and Hahn-echo times.
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