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Supplementary Note 1: Definition of symbols
used in this work

We summarize in Supplementary Table 1 some of the symbols used in this
work.

Γ relaxation rate of a bath spin
τc = 1/Γ bath correlation time without driving
1/R correlation time of bath subject to stochastic driving
2Γ2 inhomogeneous broadening (FWHM) of bath spins
T2 Hahn-echo coherence time of NV

Supplementary Table 1: Symbols summary.
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Supplementary Note 2: Investigated NVs

The data presented in the main text are based on the study of one nanopillar,
referred to as pillar A. Another nanopillar (pillar B) was measured, showing a
similar extension of NV coherence time T2(Ωss,∆ν) as shown in Supplementary
Fig. 1 (c) and (d). Photon coincidence measurements g(2) were performed on
both pillars and the results are consistent with pillar B hosting one NV center
and pillar A hosting 2 NV centers of the same orientation. Importantly, the
same 2-bath model is necessary to fit the single NV pillar B confirming that
the 2-bath model is not a consequence of having 2 NVs.

Supplementary Figure 1: Investigated pillars. (a) Photon coincidence
measurement on pillar A. (b) Photon coincidence measurement on pillar B. (c)
NV B T2 as a function of ∆ν for different bath Rabi frequencies Ωss. Stochastic
drive outperforms monochromatic drive (∆ν = 0). (d) NV B T2 as a function
of drive Rabi frequency Ωss for monochromatic driving ∆ν = 0 and stochastic
driving with ∆ν/2π = 17 MHz.

Fitted baths parameters for pillars A and B can be found in Supplementary
Table 2.

Supplementary Note 3: Bath model

Multiple baths

We show in Supplementary Fig. 2(a) a schematic representation of our model
to simulate NV coherence. We consider up to two baths of driven electronic
spins and one residual (non-driven) bath. Each bath is characterized by a cor-
relation time τc, and an NV-coupling b = γBrms where γ is the gyromagnetic
ratio and Brms is the root mean square of the corresponding magnetic field at
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Pillar A Pillar B

Fig. 4(a) Fig. 4(b)
Supplementary

Fig. 1(a)
Supplementary

Fig. 1(b)

long-lived
bath

τc (µs) 6.4 ± 1.2 68 ± 17 5.5 ± 1.9 87 ± 37
b/2π (kHz) 11.6 ± 0.5 14 ± 1 25 ± 1 31 ± 3
2Γ2 (MHz) 4.7 ± 0.6 2.5 ± 0.4 10.1 ± 1.7 15.4 ± 2.2

short-lived
bath

τc (µs) 0.11 ± 0.02 0.37 ± 0.05 0.05 ± 0.01 0.23 ± 0.05
b/2π (kHz) 54 ± 6 38 ± 3 162 ± 24 78 ± 8
2Γ2 (MHz) 35.8 ± 5.2 19.8 ± 3.1 40 ± 8 14.9 ± 1.6

residual
bath

τc (µs) 12.5 ± 5.6 9.4 ± 1.8 0.75 ± 0.15 0.62 ± 0.09
b/2π (kHz) 2.9 ± 0.4 3.9 ± 0.3 26 ± 4 32 ± 2

Supplementary Table 2: Fitted bath parameters.

the NV location. The rf-driven baths are additionally characterized by an inho-
mogeneous broadening 2Γ2 which corresponds to the FWHM of the assumed
Gaussian frequency distribution of the spins.

Supplementary Figure 2: Surface-spin bath model. (a) Multiple-bath
model to simulate Hahn-echo decay of a shallow NV center. (b) Frequency
diagram of a two-level system with resonance frequency ω0 interacting with a
stochastic field with carrier frequency ν and linewidth ∆ν.

We model the magnetic field of a driven bath as the sum of the fields
generated by uncorrelated g = 2 spin-1/2 particles, where the particles are
driven by a stochastic field with FWHM ∆ν and Rabi frequency Ωss. In the
next section, we consider the magnetic field radiation of a single bath spin.

Radiation of a single spin-1/2 particle

The energy level diagram for a single surface spin is shown in Supplementary
Fig. 2(b). We consider here only the radiation from the longitudinal com-
ponent (along z, the direction of the static field B0) of the spin magnetic
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moment, involving frequencies on the order of Γ,Ωss. The transverse dynamics
of the spin occur at higher frequencies that are filtered out by the Hahn-echo
sequence. Therefore, we can assume that B(t) ∝ Ŝz(t) ∝ σz(t) where Ŝz is the
z component of the spin operator and σz is the z Pauli matrix in the Heisen-
berg picture. The radiation of a single spin j is therefore fully characterized
by the auto-correlation of σjz(t):

cj(t) = 〈σjz(t′ + t)σjz(t
′)〉. (1)

By virtue of the quantum regression theorem [1], the spin correlation function
in Eq. (1) is a solution of the system master equation (see section below for a
derivation).

The radiated spectrum is proportional to the Fourier transform of cj(t):

Sj(ω) = b2j

∫ +∞

−∞
cj(t)e

−iωtdt, (2)

where bj is the NV-spin-j coupling rate. In this work, we used the python pack-
age qutip for numerical calculations of c(t) (qutip function correlation 2op 1t)
and S(ω) (qutip function spectrum).

Total radiation and inhomogeneous broadening

In order to take into account inhomogeneous broadening of the spins, we
assume that the total field at the NV location results from the contribution of
n uncorrelated spins so that the total field auto-correlation is given by:

c(t) ∝
n∑
j

cj(t)G(∆j) (3)

where cj is the normalized auto-correlation function of the field due to spin j
with detuning ∆j with respect to γB0, G is a Gaussian function centered at
zero with FWHM 2Γ2.

The total spectrum associated with the driven bath is:

S(ω) = b2
∫ +∞

−∞
c(t)e−iωtdt, (4)

where b is the NV-bath coupling. The spectrum is normalized to∫ +∞
−∞ S(ω)dω/2π = b2.

Master equation

The master equation (to be derived in this section) describing a spin-1/2 par-
ticle interacting with a partially coherent field with FWHM ∆ν and Rabi
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frequency Ωss is given by (~ = 1):

ρ̇ = −i [H, ρ] +
Γ

2
(D[σ−]ρ+D[σ+]ρ) +

∆ν

4
D[σz]ρ (5)

where D[c]ρ = cρc† − 1
2 (c†cρ + ρc†c) is the Lindblad superoperator, i is the

imaginary unit, H = −∆σ+σ−+ Ωss

2 (σ++σ−) is the closed system Hamiltonian
in the rotating-frame approximation with ∆ = ν − ω0, σ+ = |↑〉 〈↓|, σ− =
|↓〉 〈↑|, and σz = σ+σ−−σ−σ+. Γ is the relaxation rate of the spin system. Note
that at room temperature, kBT � ~ω0, so we are dealing with bidirectional
transitions: Γ↑→↓ = Γ↓→↑ = Γ/2.

The master equation (5) is valid for the average density matrix elements
〈ρij〉 = 〈〈i| ρ |j〉〉 and i, j = {↑, ↓} of a single spin-1/2 system. The outer bracket
denotes a classical ensemble average over the statistics of the driving field. The
frequency diagram of a two-level system interacting with a stochastic field in
shown in Supplementary Fig. 2(b).

To derive Eq. (5), we start from the time-dependent Hamiltonian for the
spin-1/2 system interacting with a stochastic field:

H(t) =
ω0

2
σz +

Ωss

2
[σx cos(νt− φ(t)) + σy sin(νt− φ(t))] , (6)

where σx,y,z are the Pauli matrices, ~ω0 is the energy splitting of the 2-level
system, Ωss the Rabi frequency and φ(t) the stochastic phase trace. The master
equation of the Lindblad form reads:

ρ̇ = −i [H(t), ρ] +
Γ

2
D[σ−]ρ+

Γ

2
D[σ+]ρ, (7)

leading to the following system of differential equations:

ρ̇↑↑ =
iΩss

2

[
ei(νt−φ(t))ρ↑↓ − e−i(νt−φ(t))ρ↓↑

]
− Γ

2
ρ↑↑ +

Γ

2
ρ↓↓

ρ̇↓↓ =
iΩss

2

[
e−i(νt−φ(t))ρ↓↑ − ei(νt−φ(t))ρ↑↓

]
+

Γ

2
ρ↑↑ −

Γ

2
ρ↓↓

ρ̇↑↓ = −iω0ρ↑↓ −
Γ

2
ρ↑↓ +

iΩss

2
e−i(νt−φ(t))(ρ↑↑ − ρ↓↓)

ρ̇↓↑ = iω0ρ↓↑ −
Γ

2
ρ↓↑ +

iΩss

2
ei(νt−φ(t))(ρ↓↓ − ρ↑↑).

(8)

We now perform the rotating-frame transformations:

ρ↑↑ = ρ̃↑↑

ρ↓↓ = ρ̃↓↓

ρ↑↓ = ρ̃↑↓e
−i(νt−φ(t))

ρ↓↑ = ρ̃↓↑e
i(νt−φ(t)),

(9)
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and obtain the following simplified equations:

˙̃ρ↑↑ =
iΩss

2
(ρ̃↑↓ − ρ̃↓↑)−

Γ

2
(ρ̃↑↑ − ρ̃↓↓)

˙̃ρ↓↓ =
iΩss

2
(ρ̃↓↑ − ρ̃↑↓) +

Γ

2
(ρ̃↑↑ − ρ̃↓↓)

˙̃ρ↑↓ =

[
i(∆− φ̇(t))− Γ

2

]
ρ̃↑↓ +

iΩss

2
(ρ̃↑↑ − ρ̃↓↓)

˙̃ρ↓↑ =

[
−i(∆− φ̇(t))− Γ

2

]
ρ̃↓↑ +

iΩss

2
(ρ̃↓↓ − ρ̃↑↑),

(10)

where ∆ = ν − ω0 is the rf field detuning. Put in this form, the equations
highlight the phase diffusion model [2] used to generate the finite bandwidth
of the drive: the phase derivative φ̇(t) is equivalent to the time-dependent
detuning of the rf field.

The system of equations (10) is general and valid for an arbitrary phase
trace φ(t). In this work, we choose specific statistical properties for φ̇(t) which
enables to derive simple equations for the average density matrix elements.
We assume that φ̇(t) is a random, stationary and Gaussian process with zero
average 〈φ̇(t)〉 = 0 and mean square correlation 〈φ̇(t)φ̇(t′)〉 = ∆ν δ(t − t′).
Using the results for multiplicative stochastic processes [3], the average value
of (10) becomes:

〈 ˙̃ρ↑↑〉 =
iΩss

2
(〈ρ̃↑↓〉 − 〈ρ̃↓↑〉)−

Γ

2
(〈ρ̃↑↑〉 − 〈ρ̃↓↓〉)

〈 ˙̃ρ↓↓〉 =
iΩss

2
(〈ρ̃↓↑〉 − 〈ρ̃↑↓〉) +

Γ

2
(〈ρ̃↑↑〉 − 〈ρ̃↓↓〉)

〈 ˙̃ρ↑↓〉 =

[
i∆− ∆ν

2
− Γ

2

]
〈ρ̃↑↓〉+

iΩss

2
(〈ρ̃↑↑〉 − 〈ρ̃↓↓〉)

〈 ˙̃ρ↓↑〉 =

[
−i∆− ∆ν

2
− Γ

2

]
〈ρ̃↓↑〉+

iΩss

2
(〈ρ̃↓↓〉 − 〈ρ̃↑↑〉),

(11)

which can be recast in the Lindblad form (5).

Adiabatic approximation

It is possible to find approximations of (11) by adiabatic elimination, i.e by

setting 〈 ˙̃ρ↑↓〉 = 〈 ˙̃ρ↓↑〉 = 0, which is valid in the limit |2i∆ − ∆ν − Γ| � Ωss.
By substituting the adiabatic solutions:

〈ρ̃↑↓〉 =
iΩss

2
(〈ρ̃↑↑〉 − 〈ρ̃↓↓〉)

1

−i∆ + δ + Γ
2

〈ρ̃↓↑〉 =
iΩss

2
(〈ρ̃↓↓〉 − 〈ρ̃↑↑〉)

1

i∆ + δ + Γ
2

(12)
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into (11), we find the rate equations:

〈 ˙̃ρ↑↑〉 = −R
2

(〈ρ̃↑↑〉 − 〈ρ̃↓↓〉)

〈 ˙̃ρ↓↓〉 =
R

2
(〈ρ̃↑↑〉 − 〈ρ̃↓↓〉)

(13)

where R is the effective relaxation rate of the spin system under stochastic
drive and is given by:

R = Γ +
Ω2
ss

2

∆ν + Γ

∆2 +
(

∆ν+Γ
2

)2 , (14)

which reduces to Eq. (3) of the main text in the case of ∆ = 0 and ∆ν � Γ.

Analysis of DEER sequence

DEER spectrum

The DEER spectrum (Fig. 3(b) of the main text) can be well understood by
assuming inhomogeneous broadening of the surface spins. The response of a
single spin, initially in |↓〉, to a single-tone pulse of duration t = π/Ωss (π-pulse)
is given by the generalized Rabi formula:

ρ↑↑(∆) =
Ω2

ss

∆2 + Ω2
ss

sin2

(√
∆2 + Ω2

ss

Ωss

π

2

)
, (15)

where ∆ = ν − ω0, and Ωss is the Rabi frequency.
The DEER resonance spectrum is modeled as the convolution of Eq. (15)

with a Gaussian function (with FWHM 2Γ2 as a fitting parameter) describing
the frequency distribution of the inhomogeneous spins.

Bath correlations from DEER

We describe in this section the model employed to fit the DEER signal plotted
in Fig. 3(c) and (d) of the main text. The NV coherence is given by [4]:

C(tss) = ae−〈(δΦ)2〉/2, (16)

where a is the T2-limited initial NV coherence and δΦ is the random phase
accumulated during one realisation of the DEER sequence of Fig. 3(a) of the
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main text:

〈(δΦ)2〉 = γ2

〈[∫ τ/2

0

B(t)dt−
∫ τ

τ/2

B(t)dt

]2〉
≈ γ2

〈
[
τ

2
B((τ − tss)/2)− τ

2
B(τ + tss)/2)]2

〉
≈ γ2τ2

2
B2
rms[1− c(tss)]

≈ b2τ2

2
[1− c(tss)]

(17)

where b is the NV-bath coupling rate, τ the sequence duration, tss is the DEER
pulse duration, and c(t) is the normalized correlation function of the field. In
order to derive line 2 of Eq. (17), we assume a quasistatic bath so that B(t)
is approximately constant over the integration range. Therefore, the measured
NV coherence is fitted with the model:

C(tss) = ae−
b2τ2

4 [1−c(tss)], (18)

where c(tss) has the fitting parameters τc, Ωss and 2Γ2. In the broad excitation

limit ∆ν � Ωss,Γ, c(tss) is an exponential decay with rate R = Γ + 2
Ω2

ss

∆ν .
The spectrum in Fig. 3(d) of the main text is the Fourier transform of the

fitted function c(tss) after proper symmetrization:

Snorm(ω) =

∫ +∞

−∞
c(tss)e

−iωtssdtss. (19)

Two-bath model

The experimental results presented in Fig. 4 of the main text are well mod-
elled by assuming contributions from two baths of electronic spins; this simple
model has been applied in previous experiments studying surface spin-induced
decoherence of NV centers [5, 6] with good agreement.

To illustrate the benefits of considering two baths, we show in Supple-
mentary Fig. 3 the fitting results for different bath models. Supplementary
Fig. 3(a) corresponds to fitting a model of two baths with a long and short
correlation times. Supplementary Fig. 3(b) corresponds to fitting a model of
one bath with a short (τc . 1 µs) correlation time; the short correlated bath
model does not account for the coherence dip observed at low driving powers.
Supplementary Fig. 3(c) corresponds to fitting a model of one bath with a
long (τc � 1 µs) correlation time; the long correlated bath model qualitatively
accounts for the coherence dip but does not quantitatively fit the data.

Our measurements are compatible with the presence of two baths with
distinct correlation times and inhomogeneous broadenings. One possible future
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Supplementary Figure 3: Fitting with a multiple bath model. (a)
Assuming two surface-spin baths with distinct correlation times. (b) Assuming
a short correlation time for the surface-spin bath. The model does not account
for the coherence dip. (c) Assuming a long correlation time for the surface-spin
bath. The model does not fit the data as well as the two-bath model.

avenue in order to further improve NV-bath decoupling is to cover these two
baths with appropriately-shaped drives.

Supplementary Note 4: Stochastic driving as a
probe of the correlation time of the bath

Figure 4(b) of the main text shows a non monotonic increase of the coher-
ence extension under stochastic driving. This feature limits the performance
of stochastic driving at low powers, but is also an interesting signature of the
bath correlation time.

We derive below the condition under which stochastic driving is beneficial
for the extension of coherence. We depict in Supplementary Fig. 4 the typical
noise spectral densities in the absence of driving (Lorentzian with HWHM Γ)
and in the case of stochastic driving (Lorentzian with HWHM R). We also show
a Hahn-echo filter function that peaks at an angular frequency ωNV ∼ 2π/T2,
where T2 is the NV coherence time. ωlim is the angular frequency at which
the spectral densities intersect. Stochastic driving reduces the overlap integral
under the condition that ωlim > ωNV .

The undriven spectral density is proportional to Γ/(Γ2+ω2) whereas under
broad stochastic driving, the spectral density is proportional to R/(R2 + ω2).
By equating the two spectral densities and solving for ω, we find ωlim =

√
ΓR.

Hence, stochastic driving improves coherence if:√
Γ

(
Γ + 2

Ω2
ss

∆ν

)
> 2π/T2. (20)
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Supplementary Figure 4: Signature of the bath correlation time
under stochastic driving. A minimum driving Rabi frequency is required
for stochastic driving to induce a reduction of the overlap integral∫
dωS(ω)F (τ, ω).

Therefore, for a given broadening ∆ν, a minimum driving power is necessary
for stochastic driving to be beneficial.

Equation (20) can also be used to estimate the correlation time of the bath.
Knowing the bare T2 of the NV and the Rabi frequency Ωss at which stochastic
driving starts to be beneficial (as extracted from Fig. 4.(b) of the main text),
we can solve (20) for Γ. In our case, T2 = 33.1 µs, and stochastic driving starts
to be beneficial at Ωss/2π ∼ 1 MHz, leading to an estimated bath correlation
time τc = 1/Γ ∼ 21 µs in accordance with the correlation time of long-lived
species extracted from the full model fit.

Supplementary Note 5: Gaussian-shaped
driving spectrum

In this section, we report on driving with a Gaussian-shaped spectrum.
Supplementary Fig. 5(a) shows the measured increase of coherence when a
monochromatic, Lorentzian (∆ν/2π = 17.4 MHz) and Gaussian (∆ν/2π =
18.6 MHz) spectrum is used with the same driving power.

For intermediate driving powers (Ωss/2π ∼ 1.5 MHz), Gaussian driv-
ing extends coherence more efficiently than Lorentzian and monochromatic
driving. This observation, corroborated by numerical simulations (Supplemen-
tary Fig. 5(b)), suggests that more sophisticated driving schemes could be
advantageous.
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Supplementary Figure 5: Coherence increase by driving with a
Gaussian-shaped spectrum. In a specific range of driving Rabi frequencies
around Ωss/2π = 1.5 MHz, the measured NV coherence is longer for Gaussian-
shaped than for a Lorentzian-shaped spectrum, as evidenced by data (a) and
numerical simulation (b).

Supplementary Note 6: Effect of bath driving
on the stretch exponent

The stretch exponent n used in this work to fit to Hahn-echo decays (∝
exp(−(t/T2)n)) depends on the shape of the noise spectral density and there-
fore depends on the bath driving parameters. We show in Supplementary
Fig. 6(a) the extracted stretch exponent n as a function of the drive Rabi
frequency for monochromatic and stochastic driving using the same experi-
mental data as for Fig. 4(b) of the main text. We note that the initial sharp
decrease of stretch exponent from n ∼ 1.6 to n ∼ 1 observed with stochas-
tic driving (∆ν/2π = 17 MHz) is compatible with a ”flattening” of the noise
spectrum (expected stretch exponent for ”flat” white noise is n = 1). The sub-
sequent increase of the stretch exponent for increasing Ωss can be understood
as decoupling the NV from surface spins resulting in residual noise sources with
Lorentzian spectral densities dominating the NV decoherence and therefore
leading to a larger stretch exponent of the Hahn-echo decay.

We discuss now the covariance of fit parameters T2 and n and the potential
impact on the estimate of the parameter uncertainties. We illustrate in Sup-
plementary Fig. 6(b) the weak correlation between parameters T2 and n by
fitting the same experimental decay with two distinct stretch exponent. Fix-
ing the stretch exponent parameter does not affect considerably the extracted
T2. Therefore, fit parameter error bars (corresponding to ± one standard devi-
ation assuming no covariance between parameters) are a reasonable estimate
of the parameter uncertainties.
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Supplementary Figure 6: Stretch exponent parameter. (a) Stretch
exponent as a function of drive Rabi frequency Ωss for monochromatic driving
∆ν = 0 and stochastic driving with ∆ν/2π = 17 MHz. We use the same exper-
imental data as for Fig. 4(b) of the main text. (b) Fitting experimental data
with two distinct values of n gives similar T2 illustrating the small correlations
between those fit parameters. Data at the origin of this plot corresponds to
∆ν = 17 MHz, Ωss/2π = 0.56 MHz.
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