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The decoherence of a central electron spin due to the dynamics of a coupled electron-spin bath is a core
problem in solid-state spin physics. Ensemble experiments have studied the central spin coherence in detail,
but such experiments average out the underlying quantum dynamics of the bath. Here, we show the coherent
back-action of an individual NV center on an electron-spin bath and use it to detect, prepare, and control the
dynamics of a pair of bath spins. We image the NV-pair system with subnanometer resolution and reveal a
long dephasing time [T ∗

2 = 44(9) ms] for a qubit encoded in the electron-spin pair. Our experiment reveals the
microscopic quantum dynamics that underlie the central spin decoherence and provides new opportunities for
controlling and sensing interacting spin systems.

DOI: 10.1103/PhysRevResearch.7.013333

Solid-state spins provide a versatile platform for quantum
science and technology, as well as for studying the fundamen-
tals of spin coherence. A canonical case is the central spin
problem: a single, central spin coupled to a surrounding bath
of interacting spins [1–10]. A common approach to protect the
central spin from decoherence due to the bath spins is to use
echo or decoupling sequences. Under such echo sequences,
the system undergoes complex quantum dynamics that depend
on the microscopic bath configuration and on the back-action
of the central spin on the interacting spin bath [1–10].

For an electron spin in a nuclear-spin bath, the large
magnetic moment of the electron spin strongly affects the
nuclear-spin bath evolution. The resulting back-action cre-
ates rich dynamics under echo sequences on the central
spin [11–13] and has enabled the control of tens of in-
dividual nuclear spins [14,15], pairs of coupled nuclear
spins [12,13,16,17], and collective excitations [18,19] in the
spin bath.

For an electron spin in an electron-spin bath, the effect
of back-action is more subtle. All couplings are of similar
strength and they are typically weak compared to the energy
splittings. The resulting central spin decoherence has been
investigated in detail in ensemble experiments [3,5,9,10,20],
which have been described by semiclassical models, as well
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as by fully quantum models using approximate numerical
methods [3,5,8–10,21]. In such ensemble experiments, the
underlying microscopic quantum dynamics are averaged out.
Single-spin experiments have been performed with NV cen-
ters in diamond [2,4,22–28]. However, the coherence under
echo sequences [29] could be satisfactorily described by an
effective magnetic field noise (an Ornstein-Uhlenbeck pro-
cess) [1,4,7,9]. In this classical model of the spin bath, the
back-action of the central spin is neglected and the central
limit theorem is used to approximate the bath as Gaussian,
forgoing the microscopic quantum dynamics.

Here, we show that the microscopic flip-flop dynamics
in an electron-spin bath can be experimentally accessed and
controlled using echo sequences on a central spin. Compared
to previous work, we observe a single central electron spin,
rather than an ensemble average, and use time-resolved cor-
relations and real-time logic to prepare and observe specific
configurations of the bath, rather than averaging over all
states. We demonstrate strong back-action of a central electron
spin on the dynamics of an individual spin pair in the bath, and
use this coherent interaction to detect, image, and control the
spin pair. We show that the spin pair can be used to encode
a controllable qubit with long coherence times [T ∗

2 = 44(9)
ms], due to a combination of a decoherence-free subspace and
a clock transition. Our results directly access the microscopic
quantum dynamics that underlie the central spin decoherence
and provide new opportunities for controlling interacting spin
systems.

We investigate a single nitrogen-vacancy (NV) center in
diamond surrounded by a bath of P1 centers (nitrogen defects)
at a temperature of 3.3 K (Fig. 1). The P1 concentration is ∼75
ppb, and the estimated 13C concentration is 0.01% [24,30].
The NV electron spin acts as the central spin and is initialized
optically and read out using spin-selective optical excitation
(637 nm) [16,24].
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FIG. 1. Schematic of the spin system. We detect and control the
dynamics of a pair of P1 electron spins in a P1 bath through the
back-action from an NV center. The inset shows the lattice structure
of a P1 center in diamond with the 14N nuclear spin (spin states mI ∈
{−1, 0, +1}) and four axes (i ∈ {A, B,C, D}) for the Jahn-Teller
distortion, which spontaneously breaks the tetrahedral symmetry by
shifting the nitrogen atom along one of the four N-C bonds. X(i,mI ) is
the effective coupling between the P1 electron spins and D(i,mI ) are
the effective couplings with the NV center electron spin.

The P1 centers have multiple internal, dynamic degrees of
freedom: the electron spin-1/2, four different Jahn-Teller (JT)
axes, and a spin-1 14N nuclear spin (Fig. 1). The combined 14N
and JT state is stable without illumination (time scale of 40 s),
but fluctuates under laser excitation [24]. The P1 Hamiltonian
for the JT axis i ∈ {A, B,C, D} is [31]

HP1,i = γeB · J + γnB · I + J · Ai · I + I · Pi · I, (1)

where γe (γn) is the electron (nitrogen) gyromagnetic ratio and
J (I) is the electron spin-1/2 (14N nuclear spin-1) operator
vector. Ai (Pi) is the hyperfine (quadrupole) tensor where the
subscript i indicates the Jahn-Teller axis [24,32]. We apply a
few-degree misaligned magnetic field with respect to the NV
axis B = [2.43(2), 1.42(3), 45.552(3)] G to lift the degener-
acy for the different JT axes [33].

Since the NV-P1 dipolar coupling can be approximated as
ŜzĴz [34], echo sequences on the NV electron spin primar-
ily probe the energy-conserving flip-flop dynamics of the P1
bath due to the dipolar P1-P1 couplings. Whether flip-flops
between two P1 centers are allowed depends on their electron
and 14N spin states, on their JT axes, and on the local magnetic
field due to the NV, 13C spins, and other nearby P1 cen-
ters. Therefore, the dynamics are complex, depend strongly
on the specific microscopic configuration, and change over
time.

We probe and prepare specific bath configurations by
performing time-resolved experiments through repeated NV
measurement sequences. This is made possible by the long
lifetime of the JT axis and 14N spin at cryogenic temperatures
and by a low-intensity resonant readout of the NV spin that
only weakly perturbs the P1 center states [24]. Previous room-
temperature experiments with high-power off-resonant lasers
rapidly average over all P1 states [2,4,22,35,36].

We apply dynamical decoupling sequences consisting of π

pulses with variable spacing 2τ [Fig. 2(a)], which sense the
bath dynamics around a frequency of 1/(4τ ). We repeatedly
apply the sequence, bin m outcomes together, and analyze
the signal and correlations over time. Figure 2(b) shows a
time trace, revealing discrete jumps in the NV coherence. A

O
ut

co
m

es
 m

s 
=

 0

τ (µs)

Occurrence

(b)

(d)

Normalized
occurrence

τ (µs)

O
ut

co
m

es
 m

s 
=

 0

(e)

O
ut

co
m

es
 m

s 
=

 0

Bin number

Occurrence

(a)

parity
m

τ τ2τ

π π
readout reset

8 myy

(c)

FIG. 2. Repetitive dynamical decoupling spectroscopy of a P1
center bath. (a) Experimental sequence. (b) Time trace for τ =
14.2 µs and bin-size m = 200. (c) Histogram of a three-minute-long
time trace for τ = 14.2 µs and m = 200. We rarely observe a high
number of ms = 0 occurrences (∼1.3%). Due to limited observa-
tions, the fraction of ∼1.3% is likely not a precise measure of
the probability of occurrence. (d) Repetitive dynamical decoupling
spectroscopy of a P1 bath surrounding an NV center. We apply the
sequence shown in (a) for m = 200. (e) Simulation of the repetitive
dynamical decoupling spectroscopy in (d) for a system of one NV
center and two P1 centers with the positions as obtained in Fig. 4.
Note that in (e) we assume equal occurrence of all 14N and JT states,
and we do not take into account potential 14N and JT state changes
during the m = 200 sequence repetitions. For more details, see [33].
Further deviations between (d) and (e) may be caused by the presence
of other, weaker P1 spin pairs. Note that single 13C spins would
shift the entire yellow band down due to the lack of internal degrees
of freedom and can therefore not explain deviations between (d)
and (e).

longer-time histogram [Fig. 2(c)] reveals that the signal is a
rare occurrence, which would be easily lost in the noise in a
time-averaged measurement.

We create a map of the bath dynamics by collecting his-
tograms as a function of the interpulse delay τ [Fig. 2(d)]. The
result shows distinct resonances for various values of τ , which
we attribute to two coupled P1 centers in the bath switching
to different electron-spin, JT, and 14N configurations. For each
configuration, the P1 spin pair flip-flops with a characteristic
frequency, which is resonant with the sensing sequence for a
particular τ .

To analyze the results, we consider a single pair of P1
centers. For a large magnetic field, the electron- and nuclear-
spin basis states are proper P1 eigenstates. Energy-conserving
electron-spin flip-flops are then allowed when the two P1 cen-
ters have identical JT and 14N states. As exploited extensively
for nuclear-spin pairs [12,13,16,17], the dynamics can then be
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described by a pseudo-spin in the antiparallel spin subspace
(| ⇑〉 = | ↑↓〉 and | ⇓〉 = | ↓↑〉).

The pseudo-spin Hamiltonian [12,13,16,17], including the
effect of the NV center, is

H(i,mI ) = X(i,mI )Ŝx + msZ(i,mI )Ŝz, (2)

where Ŝx, Ŝz are spin-1/2 operators, X(i,mI ) is the effective
spin-pair coupling, Z(i,mI ) is a detuning due to the different
couplings to the central NV spin, and ms is the NV spin
projection. For large magnetic fields, there are 12 such Hamil-
tonians (four JT axes and three 14N states), all with equal
values for X and Z [33]. For the field applied here, which
is of the order of the hyperfine interaction (γeB ∼ A‖, A⊥),
the electron- and nuclear-spin states mix. Therefore, flip-flop
interactions involving the nuclear spin are possible, and X(i,mI )

and Z(i,mI ) depend on the JT and spin states involved. We use
the high-field spin labels for simplicity, but take the modified
eigenstates and additional flip-flop interactions into account in
our analysis.

Next, we demonstrate the initialization, control, and
measurement of the P1-pair state. From the mathematical
equivalence with previous work [6,11,16], it follows that the
Hamiltonian in Eq. (2) yields an effective ŜNV

z Ŝz interaction
under a resonant dynamical decoupling sequence with 2τ =
π/ωr with ωr =

√
X 2 + (Z/2)2. The NV electron spin thus

picks up a positive or negative phase depending on the state
of the P1-pair pseudo-spin [16]. No phase is picked up when
the pair is in the parallel subspace (| ↑↑〉, | ↓↓〉), nor for any
combination of JT and 14N states that do not cause flip-flop
dynamics at the resonant frequency ωr .

To initialize the P1 pair in a particular JT and 14N state and
in the antiparallel subspace, we apply repeated “parity” read-
outs [Fig. 2(a)], and put a threshold on the obtained counts.
We implement real-time logic to speed-up the initialization
procedure: during the 50 parity readouts we keep track of
the obtained counts and we restart the procedure if heralding
successful preparation becomes unlikely [33]. This yields a
∼10× speed-up of the experiments and is essential for en-
abling the presented measurements.

To initialize the spin pair, we apply repeated “spin”
readouts [Fig. 3(a)]. Subsequent spin measurements are time-
matched to account for the evolution of the spin pair during
one spin readout, similar to previous experiments with re-
peated measurements on precessing nuclear spins [16,33,37].

By choosing a different interpulse delay τ , we can address
different JT and 14N states. We can thus measure the depen-
dence of the electron-electron couplings (X and Z) on the JT
and 14N states by performing Ramsey-type experiments using
different values of τ . Figure 3(b) shows the Ramsey-type
measurements with the NV electron in ms = 0. The ms = −1
case can be found in [33]. In these measurements, the spin
pair is initialized in | ↑↓〉. During the free evolution time t , the
pair periodically evolves following | ↑↓〉 ⇔ | ↓↑〉 (flip-flop).
Finally, the probability to observe the initial state | ↑↓〉 is
measured.

To investigate the spin-pair coherence, we measure the
dephasing time for τ = 14.0 µs [Fig. 3(c)]. We find T ∗

2 =
44(9) ms, among the longest reported for solid-state electron-
spin qubits [38]. Compared to the single P1 electron-spin
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FIG. 3. Ramsey-type measurements and coherence of the P1 spin
pair. (a) Experimental sequence to measure the pseudo-spin state
({| ↑↓〉} vs {| ↓↑〉}) [33]. (b) Ramsey-type measurements with the
NV electron spin in ms = 0 during free evolution, for five interpulse
delays τ chosen at signal dips in Fig. 2(d). We apply 50 parity
readouts and herald initialization for � 15 counts. We then apply
five spin readouts, which herald initialization in | ↑↓〉 (| ↓↑〉) for
� 1 (= 0) counts. We use six spin readouts to measure the final
spin-pair state, assigning � 2 (� 1) counts to | ↑↓〉 (| ↓↑〉). The
contrast is limited by the pseudo-spin dephasing during the spin
initialization and readout [33]. (c) Bloch vector length measurement
of the spin pair at τ = 14.0 µs, obtaining T ∗

2 = 44(9) ms. The data is
not corrected for the readout infidelity.

coherence T ∗
2 = 50(3) µs [24], this is a three-order-of-

magnitude improvement in the same nuclear- and electron-
spin bath. Two mechanisms contribute to this long de-
phasing time. First, the antiparallel spin-pair states from a
decoherence-free subspace: they are insensitive to the par-
tially correlated noise from the P1 bath [16]. And second,
the spin pair forms a clock transition due to the P1-P1 cou-
pling [16,33].

Next, we determine what JT and 14N states are associ-
ated to the signals for the different interpulse delays τ . Due
to the electron-nuclear hyperfine interaction and misaligned,
finite magnetic field, the electron-spin transition frequency
is different for each JT and 14N state. After initializing the
electron-spin pair in 1

2 | ↑↓〉〈↑↓ | + 1
2 | ↓↑〉〈↓↑ | for an un-

known JT and 14N state, we apply a radio-frequency (RF)
pulse that—when resonant—can flip the spin pair to the par-
allel subspace resulting in a change in signal on the NV center
[Fig. 4(a)]. The RF frequencies at which electron-spin flips
occur, give information about the JT and 14N state associated
to that τ [33].

Figure 4(a) shows the data for both τ = 11.2 µs and τ =
14.0 µs. In order to map the obtained frequencies to the
JT and 14N state, we simulate the experiment for each JT
and 14N configuration [33]. From this, we obtain a set of

013333-3



H. P. BARTLING et al. PHYSICAL REVIEW RESEARCH 7, 013333 (2025)

(b) (c)

P1-P1 NV-P1 

fit
 e

rr
or

 (
nm

)

x y z

1 nm 

c-c 
bond

C
ou

nt
s

RF frequency (MHz)

τ = 11.2 µs

τ = 14.0 µs

RF frequency (MHz)

C
ou

nt
s

τ = 11.2 µs

τ = 14.0 µs

parity
50

parity
100

RF(a)

NV

P1

P1

x y z

x

z

[-20.3(5), -7.7(8), 9.8(2)] nm

[6
.7

(2
), 

-2
.5

(2
), 

7.
3(

2)
] n

m

FIG. 4. RF driving and imaging of the P1 electron-spin pair.
(a) (Top) Experimental sequence. The spin pair is initialized in
1
2 | ↑↓〉〈↑↓ | + 1

2 | ↓↑〉〈↓↑ |, after which an RF pulse of varying fre-
quency can flip the spin pair to the parallel subspace [33]. (Bottom)
Spectra for τ = 11.2 µs (top) and τ = 14.0 µs (bottom). A reduction
in counts gives information about the JT and 14N state probed for
that τ . (b) Fitted positions (up to inversion symmetry) of the two P1
centers (blue) with respect to the NV center (purple). (c) Fit errors
for the P1-P1 and NV-P1 positions.

possible Jahn-Teller axis and 14N spin state assignments [33].
We perform the same analysis for τ = 16.8 µs, τ = 18.6 µs,
and τ = 29.0 µs [33].

While the JT axis can be directly assigned, the 14N
spin-state assignment is more complicated. Due to the
electron-nitrogen spin mixing, flip-flops can occur that in-
volve both the electron and nitrogen spin, creating additional
possible transitions [33]. Next, we resolve this ambiguity
by determining for which of the possible state assign-
ments a consistent spatial structure of the system can be
found.

The spin-pair couplings obtained in Fig. 3(b) combined
with the associated JT and 14N states allow us to image the
P1 electron-spin pair [39]. We fit the five measured P1-P1
couplings to different spatial configurations of the P1 pair.
Multiple 14N spin-state assignments are possible for three out
of five measured couplings [33]. We resolve this by consid-
ering all possible assignments in the fit. We benchmark the
fitting algorithm on ten randomly generated P1 pairs [33],
after which we apply it to the measured couplings. The result
yields the relative position of the two P1 centers with an
uncertainty close to the diamond bond length [Figs. 4(b) and
4(c)], as well as the JT and 14N states associated to the τ

resonances [33].

We find the position of the NV center, using a similar
fitting algorithm [33]. In Degen et al. [24] double-resonance
sequences were used to measure the dipolar couplings of the
NV center to the two P1 centers. We fix the obtained P1-P1
relative position and fit to the NV-P1 couplings (up to inver-
sion symmetry). The result is shown in Figs. 4(b) and 4(c).

A coherent interaction between the NV and the P1-pair
requires the interaction time (set by 1/Z) to be small compared
to the spin-pair dephasing time (T ∗

2 ) and the NV electron-spin
coherence time under decoupling (T2). A key element in our
experiment is that the large number of different internal P1
states cause energy differences that prevent flip-flop dynamics
in the bath. This extends the NV spin coherence and facilitates
selective addressing of individual spin pairs, at the cost of
a lower success probability for finding a given pair in the
desired configuration. The full microscopic dynamics includ-
ing the P1 and 13C nuclear-spin bath are complex. Predicting
the typical number of P1 spin pairs that would be observed
for randomly drawn NV centers (i.e., bath instances) likely
requires detailed numerical simulation using, for example,
correlated cluster expansion (CCE), which we do not pursue
here.

In conclusion, we experimentally demonstrated the de-
tection, imaging, and control of an electron-spin pair in
a spin bath through the back-action from a central spin.
These results experimentally access the underlying micro-
scopic quantum dynamics which are central to theoretical
methods, such as correlated cluster expansion (CCE), that
have been widely used to understand time- and ensemble-
averaged measurements [3,5,6,8,10,21]. The long dephasing
times indicate electron-spin pairs based on P1 centers or
other defects [25,26,40,41] might be interesting qubits. While
the added complexity from the P1 internal states limits its
use as a qubit, this could be partly overcome by applying a
large, aligned magnetic field [33]. Lastly, the presented meth-
ods could contribute to efforts toward atomic-scale magnetic
resonance imaging of complex spin samples outside of the
diamond by directly detecting and imaging spin pairs [15,42].
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