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Solid-state spin defects, especially nuclear spins with potentially achievable long coherence times,
are compelling candidates for quantum memories and sensors. However, their current performances
are still limited by dephasing due to variations of their intrinsic quadrupole and hyperfine interac-
tions. We propose an unbalanced echo to overcome this challenge by using a second spin to refocus
variations of these interactions, while preserving the quantum information stored in the nuclear spin
free evolution. The unbalanced echo can be used to probe the temperature and strain distribution in
materials. We develop first-principles methods to predict variations of these interaction and reveal
their correlation over large temperature and strain ranges. Experiments performed in an ensem-
ble of ∼ 1010 nuclear spins in diamond demonstrate a 20-fold dephasing time increase, limited by
other noise sources. We further numerically show that our method can refocus even stronger noise
variations than present in our experiments.

Solid-state spin defects are promising quantum plat-
forms for sensing, communication and computing due to
their favorable optical, spin, and charge properties [1].
For example, color centers in diamond have been used
to sense rotation [2–5], magnetic and electric fields [6–
8], temperature [9, 10] and pressure [11–14] with high
resolution and precision [15]. Compatible with industry-
standard fabrication process, donor spins in silicon [16]
and defects in silicon carbide [17], also show potential in
building quantum devices such as quantum sensors and
quantum memories [18, 19]. More recently, nuclear spins
in rare-earth doped crystals have attracted extensive in-
terest to realize ensemble-based quantum memory and
quantum network [20].

Scaling up the system size and improving control fi-
delity are crucial to realizing quantum advantage. One
challenge is decoherence due to the system coupling to
a noisy and inhomogeneous environment, as well as the
lack of their in-depth characterization. In particular,
while nuclear spins can serve as memories or sensors,
electronic spins are usually needed for their control and
readout via the hyperfine interaction, which then lim-
its their coherence time. Although dynamical decou-
pling methods [21] in the spirit of spin echo [22] pro-
tect quantum system from these environmental noise
sources, these sequences typically erase the stored quan-
tum information, and break the sensor’s sensitivity to
low-frequency target fields. Potential solutions to such
a dilemma include controlling the spin bath [23–25], en-
coding qubits in decoherence-free states [4, 5, 26, 27] or

utilizing motional narrowing effects [28]. These tech-
niques are however complex, as they require e.g., fast
and high-fidelity control [25] or preparation of double-
quantum states [4, 5, 26].

Here, we propose an unbalanced echo to protect quan-
tum coherence against spatial or temporal variation of in-
trinsic interactions, which resembles a typical spin echo,
but preserves quantum information acquired during the
qubit’s free evolution. We study the protection of the
native 14N nuclear spin near nitrogen-vacancy (NV) cen-
ter in diamond and show that the optimal protection is
achieved by flipping the NV electronic spin only once
during the free evolution. Here we exploit hyperfine in-
teraction, which is usually detrimental to the qubit co-
herence, to cancel out the noise effects. The flip time is
set by the relative variation of the quadrupole Q of the
nuclear spins and nuclear-NV hyperfine interaction Azz.
Experimentally, we achieve an order of magnitude im-
provement of the dephasing time of a ∼ 1010 spin ensem-
ble. Theoretically, we develop a general first-principles
approach to predict the strain and temperature depen-
dence of intrinsic interactions. Our theoretical results
indicate a strong correlation between interactions, domi-
nated by the common phonon coupling, which enable ro-
bust coherence protection under extreme temperature or
pressure conditions (e.g., 400× coherence improvement
under a 25 K temperature variation). Moreover, our
methods can be used to probe temperature and strain
distributions in materials with nanoscale resolution. Our
results pave the way to building highly sensitive sensors
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FIG. 1. Coherence protection. (a) Energy levels of NV ground state. (b) Coherence protection sequence. A laser pulse
polarizes the NV to |mS = 0,mI = +1⟩ state. The nuclear spin state (|0⟩ + |±1⟩)/

√
2 is prepared with a π/2 RF pulse. A

microwave π pulse is applied to flip the NV electronic spin state from |0⟩ to |±1⟩. A final π pulse transfer the NV state back
to |0⟩. The π/2 pulse applied to the nuclear spin associated with a conditional electronic spin π pulse performs a readout
of the nuclear spin population. (c) Free evolution (Ramsey) measurements of unprotected and protected nuclear spin states
(|0⟩+ |−1⟩)/

√
2. At each time t, we sweep the phase of the last nuclear spin π/2 pulse to measure the coherence (inset). The

amplitudes of the phase sweep measurements are fit to exponential decay. (d) Sweep of the pulse location τ/t with t = 1400 µs.

such as gyroscopes, thermometers and strain sensors, as
well as long-lived and highly stable quantum memories
using an ensemble of solid-state spins.

Unbalanced echo—The NV center in diamond has a
spin-1 electronic ground state which can be optically po-
larized and read out in ambient conditions [29]. The ni-
trogen nuclide is also a spin-1 that can be polarized and
read out via its hyperfine interaction with the electronic
spin [30, 31]. The long coherence time of the nuclear
spin enables applications such as gyroscopes [2–5] and
quantum registers [32–34].

In a magnetic field B aligned with the NV center, its
nuclear spin Hamiltonian includes quadrupole, hyperfine
and Zeeman interaction terms,

Hn = QI2z +mSAzzIz + γnBIz, (1)

where Iz is the spin-1 z operator, and we assume the
NV electronic spin is in its eigenstate |mS⟩. As shown in
Fig. 1(a), the single quantum (SQ) transitions between
|mI = 0⟩ and |mI = ±1⟩ have six different frequencies
ω1,2 = |Q|± |γnB|, ω3,4 = |Q|∓ |Azz|± |γnB| and ω5,6 =
|Q| ± |Azz| ± |γnB| corresponding to the electronic spin
states |mS = 0⟩, |mS = −1⟩ and |mS = +1⟩, respectively.

In many scenarios, quantum information is stored in
a superposition state undergoing free evolution |ψ(t)⟩ =
(|0⟩+eiφ |−1⟩)/

√
2, which accumulates a quantum phase

φ = ωt. When such a phase is used for sensing the
qubit frequency ω, one measures the overlap between

the final state and initial state yielding a Ramsey os-
cillation signal S(t) = [1 + cos(ωt)]/2. For an ensemble
of qubits with a noisy environment, the measured sig-
nal is the average, S(t) = [1 + ⟨cos(ωt)⟩]/2, over the
frequency distribution ω = ω0 + δω. When δω satis-
fies a zero-mean Lorenzian distribution with a half-width
σ = 1/T ∗

2 , the signal has an exponential decay enve-
lope ⟨cos(ωt)⟩ = cos(ω0t)e

−t/T∗
2 characterizing the loss

of quantum information. When the NV electronic spin is
in |mS = 0⟩, the variation of the SQ transition frequency
is δω = δ|Q| + γnδ|B|; when the NV is in |mS = ±1⟩,
the variation is δω = δ|Q| ∓ δ|Azz|+ γnδ|B|. The varia-
tion of the magnetic field δB is usually minimized when
designing the experimental setup, and the small gyro-
magnetic ratio γn/γe ∼ 10−4 introduces negligible cou-
pling to the magnetic noise. Thus, the coherence time of
the nuclear spin ensemble is largely limited by the varia-
tions in quadrupole and hyperfine interactions. The most
common mechanisms include temperature and strain in-
homogeneities introduced by laser heating and natural or
applied strain in the material.

A powerful strategy for coherence protection is based
on an echo sequence with a spin flip pulse applied in
the middle of the free evolution such that the phases
accumulated during the two halves of the total evolution
cancel each other. However, this process also cancels the
useful quantum phase information ω0.

In contrast, we apply a spin flip to the NV elec-
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FIG. 2. Inhomogeneity characterization. (a,b) Sweep
of pulse location τ/t under different free-precession times t.
The electronic spin flip is between |mS = 0⟩ and |mS = +1⟩.
The nuclear spin in (a,b) is prepared in (|0⟩+|−1⟩)/

√
2, (|0⟩+

|+1⟩)/
√
2, respectively. (c,d) Decay rate 1/T ∗

2n as a function
of τ/t for the same nuclear and electron spin states as in (a,b),
respectively.

tronic spin. This is equivalent to effectively inverting
the bath/environment state, as the NV mediates the ef-
fects of temperature and strain. The protocol works as
long as the noise source affects both the quadrupole and
hyperfine interactions regardless of the mechanism gov-
erning the relationship between the noise and the in-
teractions. For example, in optically addressed solid-
state spin ensembles, the laser heating introduces tem-
perature variations δT . This correlates the variation of
both interactions, which can be expressed as δQ = αQδT ,
δAzz = αAδT . To protect the target nuclear spin state
|ψ(0)⟩ prepared under the NV state |mS = 0⟩, we flip the
NV to |mS = +1⟩ at time (t− τ) in a free evolution du-
ration t (Fig. 1(b)). The total phase accumulation of the
target nuclear spin under δT is then φ(δT ) = φ0 + δφ
with

φ0 = −tQ+ τAzz+γnBt, δφ = −(tαQ− ταA)δT. (2)

When the pulse location τ/t is set to the ratio αQ/αA,
the noise δφ will be completely canceled while the static
part φ0 still remains sensitive to the magnetic field (or
a rotation phase in gyroscopes), the mean quadrupole
and hyperfine interactions, which are useful for various
sensing applications.

Our protocol is experimentally demonstrated at room
temperature in Fig. 1(c), where we compare the nuclear
spin dephasing times with and without protection, show-
ing one order of magnitude improvement in T ∗

2n. We
note that for both unprotected cases, the slightly longer
dephasing time under |mS = 0⟩ is caused by the vanish-

ing hyperfine interaction contribution to the transition
frequency. To visualize the refocusing effect, we fix the
free-precession time and sweep the spin flip location in
Fig. 1(d), where an unbalanced echo signal is observed at
τ/t = 0.18.
Characterization of temperature and strain

distribution— Our method can also probe the material-
dependent ratio αQ/αA, and can be used to characterize
the temperature distribution in the material by ana-
lyzing the shape and decay constant in the unbalanced
echo and free evolution measurements. For instance,
for a Lorentzian distribution of the temperature with
half-width σT , the dephasing factor is

e−t/T∗
2n = e−|tαQ±ταA|σT = e

−|τ±
αQ
αA

t||αA|σT (3)

for nuclear spin states (|0⟩+ |±1⟩)/
√
2, respectively [35].

In Figs. 2(a,b), we sweep the pulse location for differ-
ent free-precession times. The overlap of the normal-
ized data plotted as a function of shifted time validates
the prediction in Eq. (3) and the exponential depen-
dence on t indicates a Lorentzian distribution of the in-
teraction constants variation. In Figs. 2(c,d), we mea-
sure the free-precession decay rate 1/T ∗

2n as a func-
tion of the pulse location. The linear dependence on
τ/t further validates the Lorentzian model and provides
a better estimate of the ratio αQ/αA ≈ 0.181(0.014).
This is consistent with reported values under a simi-
lar temperature range [36, 37] that measured δQ/δT ≈
39(2) Hz/K and δAzz/δT ≈ 204(11) Hz/K, yielding
αQ/αA ≈ 0.19(0.014). The measured dephasing times
without the unbalanced echo indicate temperature vari-
ation of σT ∼ 5 K if we assume that the temperature
variation is the dominant mechanism (see SM[38]).
When more than one independent noise source ex-

ists, (e.g., temperature, strain, electric fields, ...), vari-
ations in the interaction constants can be written as
δQ = αQδT + βQδϵ + · · · , δAzz = αAδT + βAδϵ + · · · ,
etc. Since temperature introduces a stress-free strain
through thermal expansion, here ϵ represents additional
strain induced by finite stresses. Our method can char-
acterize the distribution of different sources given that
the material-dependent constants α, β, · · · can be sepa-
rately measured by spin-resonance experiments and the
ratios αQ/αA, βQ/βA, · · · are expected to be different.
For example, when all noise sources satisfy a Lorentzian
distribution with half-widths σT , σϵ, · · · , the dephasing
factor is e−χ = e−|tαQ±ταA|σT−|tβQ±τβA|σϵ−···. By exper-
imentally measuring the qubit dephasing as a function
of t, τ and comparing to the predicted formula, the dis-
tribution of the noise sources in the target material can
be characterized including both the standard deviations
σT , σϵ, · · · and the characteristic functions.
Refocusing strong noise variations— Weak noise will

induce linear variations of the interaction, leading to a
fixed ratio αQ/αA (or βQ/βA). The optimal coherence
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FIG. 3. Theoretical model. (a) Spin-phonon energy lev-
els. (b) Calculated and measured shifts of δQ, δAzz as a
function of the temperature. Square and triangle data points
are extracted from Soshenko et al. [36] and Jarmola et al.
[37].(c) Calculated shifts of δQ, δAzz as a function of the ap-
plied strain (compression). (d) Experimental measurements
of frequency shifts as a function of temperature shifts.

protection is then achieved by setting the spin flip loca-
tion τ/t to this fixed ratio, determined by the strongest
noise. To extend our method to more general condi-
tions, such as large temperature or strain variations, one
needs to evaluate the correlation between quadrupole
and hyperfine variations from a theoretical understand-
ing of the underlining physical mechanism. The tempera-
ture influences the energy level through both (first-order)
thermal expansion similar to pressure-induced strain [11]
and (second-order) phonon distribution [37, 39], which
changes the electron spin density and electric field gra-
dient. The energy diagram forms a spin-dependent lad-
der separated by the phonon mode frequency as shown
in Fig. 3(a). The spin transition frequency is then a
weighted average of all the phonon states satisfying the
Bose-Einstein distribution. Based on this analysis, we
develop a predictive first-principles method to calculate
the quadrupole and hyperfine variations, which is vali-
dated by the match with experiments in Fig. 3(b) and re-
veals the dominant role of phonons [40] [41] Our method
can be extended to calculating other constants such as
zero-phonon line, zero-field splitting in solid-state spin
defects [40].

In Fig. 3(c), we calculate the hydrostatic strain de-
pendence of both δQ, δAzz and predict a relatively large
linear range up to a ∼ 26.6 GPa pressure (corresponding
to ϵ = 2%), which has been validated in a recent experi-
ment [42]. In high-pressure spectroscopy measurements,
the strain inhomogeneity of the material could reach GPa

levels resulting in limited spectral resolution [42, 43]. The
predicted large linear range shows that our method can
perfectly refocus at least a ∼ 26 GPa pressure inhomo-
geneity, which paves the way to characterizing quantum
materials in extreme conditions using quantum sensors.
As strain (or electric field) has been used to tune the
transitions in color centers in diamond [44, 45], as well
as the hyperfine [46, 47] and quadrupole interactions [48]
in the donor nuclear spins in silicon, our results make
it possible to design high-fidelity strain control protocols
for these applications.

Simulations in Fig. 4(a) show that the interaction
variation ratios for both temperature and strain satisfy
αA/αQ, βA/βQ > 1 (as required for t/τ > 1 in unbal-
anced echo) over broad temperature and strain ranges,
which demonstrates the broad applicability of our protec-
tion method. In addition, since temperature and strain
have different ratios αA/αQ ̸= βA/βQ, it is possible to
characterize and distinguish the temperature and strain
distributions in the material. Specifically, the ratio ob-
tained from our unbalanced echo experiments matches
the theoretical prediction from temperature variations
(Fig. 4(a)), which indicates that our sample might be
dominated by temperature variations. We note that
other sources of noise, including local electric fields and
charge dynamics in the host material, might contribute
to the nuclear spin dephasing. It would be interesting
to verify from first-principles and experiments the ratio
δQ/δA arising from the electric field, for example measur-
ing nuclear spin dephasing under varying NV photoion-
ization conditions [49, 50].

Using the first-principles results, we numerically study
the spin dynamics over a large temperature inhomo-
geneity, to verify coherence protection beyond the lin-
ear regime. Indeed, a large temperature range results in
a varying ratio between the two interactions, thus pre-
cluding to find an exact pulse location τ/t for the un-
balanced echo. Still, using the optimal pulse location
from Fig. 4(b) it is possible to achieve good protection,
as shown in Fig. 4(c). For a 10 K temperature inhomo-
geneity, more than 122 ms dephasing time is achieved
(assuming no other noise sources), showing a 1200-fold
improvement.

Discussion— With variations in Q and Azz refocused
by the unbalanced echo, the achieved T ∗

2n = 3.5(0.4) ms
(at τ/t = 0.2) is ultimately limited by other magnetic
noise sources such as field inhomogeneities and dipolar-
coupled spin bath (see SM [38]). This dephasing time
is comparable to what obtained with another strategy
to cancel quadrupolar (and hyperfine) interaction vari-
ations, that is, using a double-quantum (DQ) super-
position state (|+1⟩ + |−1⟩)/

√
2 under the electronic

spin states |mS = 0⟩ [4, 5, 26], giving a dephasing time
T ∗
2,DQ = 3.6(0.3) ms [38]. In comparison to the DQ

method which requires multi-tone driving control for
state preparation and readout, our method only needs
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FIG. 4. Refocusing large temperature inhomo-
geneities. (a) Calculated ratios αA/αQ and βA/βQ as a
function of temperature. The strain curve is the ratio be-
tween the two slopes in Fig. 3c. (b) Simulated unbalanced
echo (t = 2 ms) for a qubit ensemble with a Lorentzian-
shape temperature inhomogeneity. The nuclear spin state is
(|0⟩+|−1⟩)/

√
2 and the electronic spin flips between |mS = 0⟩

and |mS = +1⟩. The coherence improvement factor versus
inhomogeneity σT is shown in the inset. (c) Simulation of un-
protected and protected (τ/t = 0.172) Ramsey experiments
(here we consider only temperature-induced dephasing and
neglect other noise sources, including NV T1.)

a simple SQ control which is more easily calibrated. Our
method preserves the information of quadrupole and hy-
perfine interactions which are useful for quantum sens-
ing [Eq. (2)]. Moreover, our method is applicable to
other spin baths such as S = 1/2 electronic spins where
the unbalanced echo condition for nuclear spin qubit is
tδQ + (t − 2τ)δA = 0, while the DQ method fails due
to the always-on hyperfine. More broadly, in addition
to protecting nuclear spin with I > 1/2 in platforms
such as group V donors in silicon [19], rare earth ions
in solids [20, 51, 52], and defects in hexagonal boron ni-
tride [53, 54], the idea of canceling different interaction
variations could be extended to other interactions exist-
ing in solid-state platforms such as electronic spin zero-
field splitting and spin-orbit coupling.

Our method can completely refocus the spatial inho-
mogeneity dominated by a common source or several
common sources with the same ratio between the varia-
tions of two interactions. When more than one effect with
different ratios dominate, the optimal performance highly
depends on those material constants α, β, · · · . However,
one can still characterize the relative contributions of dif-
ferent sources and optimize the quantum device based on
the obtained information, for example based on finite-
element calculations of the thermomechanical fields T (x),
ϵ(x) where x is the spatial coordinate of the spin defect.

We note that the same method can also decouple time
varying noise sources for both single and ensemble spins.
In that scenario, it is convenient to keep the unbalanced
echo time shorter than the noise correlation time and re-
peat the sequence multiple times, similar to the strategy
adopted in multipulse dynamical decoupling [21].

A few promising directions include combining our
method with dynamical decoupling to explore sensing
of non-static quantities and concatenating our sequence
with other coherence protection methods such as driving
other bath spins to further push the coherence limit. As
mentioned, our method finds an immediate application to
improve nuclear spin gyroscopes [2–5, 55, 56] and quan-
tum memory for quantum computation and sensing [32–
34]. In addition, we envision further application in de-
veloping nanoscale sensors to probe temperature, strain
and electric field distributions with high spectral reso-
lution under extreme conditions such as high pressure;
developing high-fidelity strain control with high spin in
silicon donors; improving NMR frequency resolution [38].
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