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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 the decoherence due to the variation of their intrinsic quadrupole and hyperfine
interactions. We propose an unbalanced echo to overcome this challenge by using a second spin to
refocus the variation of these interactions, which preserves the quantum information stored in the
free evolution. The unbalanced echo can be used to probe the temperature and strain distribution
in materials. Experimentally, we demonstrate a 20-fold T ∗2 coherence time increase in an ensemble
of ∼ 1010 nuclear spins in diamond. Theoretically, we develop first-principles methods to predict
these interaction variations and reveal their correlation in large temperature and strain ranges. We
numerically show that our method can refocus stronger noise variations than our current experiments
and achieves a 400-fold coherence improvement for a 25 K temperature inhomogeneity.

Solid-state spin defects are promising quantum infor-
mation processing platforms for sensing, communication
and computing due to their favorable optical, spin, and
charge properties [1]. For example, color centers in dia-
mond have been used to sense rotation [2–4], magnetic
and electric fields [5–7], temperature [8, 9] and pres-
sure [10–13] with high resolution and precision [14]. Com-
patible with industry-standard fabrication process, donor
spins in silicon [15] and defects in silicon carbide [16], also
show potential in building quantum devices such as quan-
tum sensors and quantum memories [17, 18]. More re-
cently, nuclear spins in rare-earth doped crystals have at-
tracted extensive interest to realize ensemble-based quan-
tum memory and quantum network [19].

Scaling up the system size and improving the quan-
tum gate fidelity have been major research directions in
quantum information science for realizing quantum ad-
vantages. One challenge is the decoherence of the sys-
tem due to its coupling to a noisy and inhomogeneous
environment, as well as the lack of an in-depth char-
acterization of these factors. In particular, when using
nuclear spins as memories or sensors, hyperfine-coupled
electronic spins are usually needed for the nuclear spin
control and readout, but the coherence time becomes
limited by the hyperfine interaction. Although tradi-
tional dynamical decoupling methods [20] in the spirit
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of spin echo [21] protect the quantum system from these
environmental noise sources, these sequences typically
erase the stored quantum information, and break the
sensor’s sensitivity to the low-frequency target field. Po-
tential solutions to such a dilemma include controlling
the spin bath [22–24], encoding qubits with decoherence-
free states [3, 4, 25, 26] or utilizing motional narrowing
effects [27], which impose additional complexities and re-
quirements such as fast and high-fidelity control [24] and
preparation of double-quantum states [3, 4, 25].

In this work, we propose a novel unbalanced echo
method to protect quantum coherence against spatial or
temporal variation of the intrinsic interactions, which re-
sembles a typical spin echo process but preserves the
quantum information acquired during the qubit’s free
evolution. We study the protection of the native 14N nu-
clear spin near nitrogen-vacancy (NV) center in diamond
and show that the optimal protection is achieved by flip-
ping the NV electronic spin only once during the free
evolution. Here we exploit hyperfine interaction, which
is usually detrimental to the qubit coherence, to cancel
out the noise effects. The flip time is set by the rela-
tive variation of the quadrupole Q of the nuclear spins
and nuclear-NV hyperfine interaction strength Azz. Ex-
perimentally, we achieve an order of magnitude improve-
ment of the coherence time of an ensemble of ∼ 1010

nuclear spin qubits. Theoretically, we develop a gen-
eral first-principles approach to predict the strain and
temperature dependence of these intrinsic interactions.
Our theoretical results indicate a strong correlation be-
tween different interactions dominated by the common
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FIG. 1. Coherence protection schematic and results. a. Energy levels of NV ground state. b. Coherence protection
sequence. An initial laser pulse (followed by a RF π pulse not shown in the sequence) polarizes the NV to |mS = 0,mI = +1〉
(|mS = 0,mI = 0〉) state. The nuclear spin state (|0〉 + |±1〉)/

√
2 is prepared with a π/2 RF pulses. A spin flip microwave π

pulse of the NV electronic spin is applied to flip the electronic spin state from |0〉 to |±1〉. The final electronic spin π pulse
transfer the NV state back to |0〉. The π/2 pulse applied to the nuclear spin associated with a conditional π pulse to the
electronic spin 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 π/2 pulse on the nuclear spin

to measure the coherence as shown in the inset. The amplitude of the phase sweep measurements are fit to exponential decay
functions. d. Sweep of the pulse location τ/t with t = 1400 µs. The fluorescence constrast is measured through similar phase
sweeps.

phonon coupling, which enable robust coherence protec-
tion under extreme temperature or pressure conditions
(e.g., 400× coherence improvement under a 25 K tem-
perature variation). Moreover, our methods can be used
to probe temperature and strain distributions in materi-
als with nanoscale resolution. Our results pave the way
to building highly sensitive sensors such as gyroscopes,
thermometers and strain sensors, as well as long-lived
and highly stable quantum memories using an ensemble
of solid-state spins.

RESULTS

Coherence protection with unbalanced echo

The NV center is an atom-like spin defect in diamond
consisting of a vacancy adjacent to a nitrogen substi-
tute with a spin-1 electronic ground state which can be
optically polarized to |mS = 0〉 and readout in ambient
condition [28], making it a powerful platform for quan-
tum sensors [5, 6, 8, 9, 29, 30], networks [31, 32], and

memories [26]. The nitrogen nuclide is also a spin-1 that
can be polarized and read out via its hyperfine interac-
tion with the electronic spin [33, 34]. The long coherence
time of the nuclear spin enables applications such as gy-
roscopes [2–4, 35] and quantum registers [36–38].

When focusing on the nuclear spin I of the NV center
aligned in a magnetic field B, the Hamiltonian includes
quadrupole and hyperfine interaction terms with the cou-
pling between an electronic spin and a magnetic field such
that

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. 1a, the single quantum (SQ) nuclear spin transi-
tions 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 elec-
tronic 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)〉 =
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FIG. 2. Characterization of the inhomogeneity.
a. Sweep of pulse location τ/t under different free preces-
sion times t. The nuclear spin state is prepared to (|0〉 +
|−1〉)/

√
2 and the electronic spin flip is between |mS = 0〉

and |mS = +1〉. b. Sweep of pulse location τ/t with the nu-
clear spin state prepared to (|0〉+|+1〉)/

√
2 and the electronic

spin flip is between |mS = 0〉 and |mS = +1〉. c. Decay rate
(1/T ∗2n) measurement as a function of the pulse location τ/t.
The nuclear spin state is prepared to (|0〉+ |−1〉)/

√
2 and the

electronic spin flip is between |mS = 0〉 and |mS = +1〉. d.
Same experiment as c except for the nuclear spin initial state
(|0〉+ |+1〉)/

√
2.

(|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 fi-
nal state and initial state yielding a Ramsey oscillation
signal S(t) = [1 + cos(ωt)]/2. For an ensemble of qubits
with a noisy environment, the measured signal is an aver-
age quantity S(t) = [1 + 〈cos(ωt)〉]/2 over the frequency
distribution ω = ω0 + δω. When δω satisfies a zero-
mean Lorenzian distribution with a half-width σ = 1/T ∗2 ,
the signal has an exponential decay envelope 〈cos(ωt)〉 =
cos(ω0t)e

−t/T∗
2 characterizing the loss of the quantum in-

formation. When the NV is in a state |mS = 0〉, the vari-
ation of the SQ transition frequency δω = δ|Q|+ γnδ|B|;
when the NV electronic spin is in a state |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 pulse to the NV elec-
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 inter-
actions. For example, in optically addressed solid-state
spin ensembles, the laser heating introduces temperature
variations δT . Thus, the variation of both interactions
are correlated and 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. 1b). The total phase accumulation of the
target nuclear spin under a temperature variation 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 in
Fig. 1c, where we compare the nuclear spin coherence
times with and without protection sequences, showing
one order of magnitude improvement in T ∗2n. We note
that for both unprotected cases, the slightly longer co-
herence time under |mS = 0〉 is caused by the vanish-
ing hyperfine interaction contribution in the transition
frequency. To visualize the refocusing effect, we fix the
free precession time and sweep the spin flip location in
Fig. 1d, where an unbalanced echo signal is observed at
τ/t = 0.18.

Characterization of temperature and strain
distribution

Our method is also a probe of the material-dependent
ratio αQ/αA, and can be used to characterize the tem-
perature distribution in the material by analyzing the
shape and decay constant in the unbalanced echo and
free evolution measurements. For instance, for a Lorenz-
tian distribution of the temperature with half-width σT ,
the decoherence factor is analytically obtained as

e−t/T
∗
2n = e−|tαQ±ταA|σT = e

−|τ±
αQ
αA

t||αA|σT (3)

for nuclear spin states (|0〉+ |±1〉)/
√

2, respectively [41].
In Figs. 2a,b, we measure a series of pulse location sweep
experiments under different free precession times. The
overlap of the normalized data plotted as a function
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FIG. 3. Temperature and strain dependencies. a.
Schematic showing the energy levels of the spin coupled to
the phonon. b. Calculated frequency shifts of the quadrupole
(δQ) and hyperfine (δAzz) interactions as a function of the
temperature. Dashed and solid lines represent the first-order,
second-order and total shifts predicted by the theory. Our
experimental measurements, as well as data extracted from
Refs. [39, 40] are also plotted. Since the offset of the fre-
quency is a free parameter, experimental results are shifted to
match the simulation results. c. Calculated frequency shifts
of the quadrupole (δQ) and hyperfine (δAzz) interactions as
a function of the applied strain. The slopes of two curves are
obtained by fitting the simulation results to y = c0 + c1x.
The dependence of hydrostatic pressure can be calculated us-
ing diamond’s bulk modulus K = 443 GPa such that P =
−KδV/V = −3Kε, yielding δAzz/δP = (2π)4.33 kHz/GPa
and δQ/δP = (2π)1.60 kHz/GPa. d. Experimental measure-
ments of frequency shifts as a function of temperature shifts.

of shifted time validates the prediction in Eq. (3) and
the exponential shape in the t dependence indicates a
Lorenzian distribution of the temperature variation. In
Figs. 2c,d, we measure the free precession decay rate
1/T ∗2n as a function of the pulse location. The linear
dependence function validates the Lorenzian model and
gives a better estimation of the ratio αQ/αA ≈ 0.18,
which is consistent with reported values under a sim-
ilar temperature range with δQ/δT ≈ 39 Hz/K and
δAzz/δT ≈ 204 Hz/K [39, 40] yielding αQ/αA ≈ 0.19.
The measured coherence times indicate a σT ∼ 5 K tem-
perature inhomogeneity in our sample.

In a general situation when more than one inde-
pendent noise sources exist, (e.g., temperature and
strain), variation of the interaction constants is mod-
ified to δQ = αQδT + βQδε + · · · , δAzz = αAδT +
βAδε + · · · . Since the temperature itself will also in-
troduce a strain through thermal expansion (“stress-free
strain”), here ε represents strain additionally induced by
finite stresses. In these cases, our method can char-
acterize the distribution of different sources given that

the material-dependent constants α, β, · · · are separately
measured by spin resonance experiments and the ratios
αQ/αA, βQ/βA, · · · are different. For example, when
all noise sources satisfy a Lorentzian distribution with
half-widths σT , σε, · · · , the decoherence factor is then
e−χ = e−|tαQ±ταA|σT−|tβQ±τβA|σε−···. Thus, by experi-
mentally measuring the qubit decoherence as a function
of t, T and comparing the results to the predicted for-
mula, the distribution of the noise sources in the target
material can be characterized including both the stan-
dard deviations σT , σε, · · · and the characteristic func-
tions.

Refocus strong noise variations

For most cases with weak noise sources such that the
interaction variation depends linearly on the variation
of a dominant noise source, the ratio αQ/αA or βQ/βA
remains fixed and the optimal coherence protection is
achieved by setting the spin flip location τ/t to such a
fixed ratio. To extend our method to a general condi-
tion such as large temperature or strain variations, one
needs to evaluate the correlation between quadrupole and
hyperfine variations with a more in-depth theoretical un-
derstanding of the underlining physical mechanism. The
temperature influences the energy level through both
(first-order) thermal expansion similar to the pressure-
induced strain [10] and (second-order) phonon distribu-
tion [40, 42], which changes the electron spin density
and electric field gradient. The energy diagram forms
a spin-dependent ladder separated by the phonon mode
frequency as shown in Fig. 3a. The spin transition fre-
quency 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 vari-
ations. Our method is also generic to the calculation of
other constants such as zero-phonon line, zero-field split-
ting in solid-state spin defects [43].

In Fig. 3c, we calculate the hydrostatic strain depen-
dence of both interaction variations δQ, δAzz and predict
a relatively large linear range up to a ∼ 26.6 GPa pres-
sure (correspond to ε = 2%), which has been validated in
a recent experiment [44]. In high-pressure spectroscopy
measurements, the strain inhomogeneity of the material
could reach GPa levels resulting in limited spectral res-
olution [44, 45]. The predicted large linear range shows
that our method can perfectly refocus at least a∼ 26 GPa
pressure inhomogeneity, which paves the way to charac-
terizing quantum materials in extreme conditions using
quantum sensors. In addition, the strain (or electric field)
has been used to tune the transitions in color centers in
diamond [46, 47], as well as the hyperfine [48, 49] and
quadrupole interactions [50] in the donor nuclear spins
in silicon. Our results make it possible to design high-
fidelity strain control protocols for these applications.

In Fig. 3b, the temperature dependence of both the
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quadrupole and hyperfine interactions show a nonlinear
shape. The match between the experiment and calcula-
tion validates our theory and reveals the dominant role
of phonons in determining the temperature dependence
of NV energy levels [43]. Fig. 4a shows that the ra-
tios between the two variations for both temperature
and strain noise sources satisfy αA/αQ, βA/βQ > 1 (re-
quired by t/τ > 1 in unbalanced echo sequences) in broad
temperature and strain ranges, which demonstrates the
broad applicability of our protection method. In addi-
tion, since the temperature and strain have different ra-
tios αA/αQ 6= βA/βQ, it is possible to characterize and
distinguish the temperature and strain distributions in
the material. Specifically, the ratio between the hyperfine
and qudrupole variations obtained from our unbalanced
echo experimental result matches the theoretically pre-
dicted ratio due to the temperature variation (Fig. 4a),
which indicates that the noise source in our sample is
dominated by temperature variations.

a b

c

μ = 300 K
σ = 25 K

400 X

70 X

FIG. 4. Coherence protection under a large temper-
ature inhomogeneity. a. Calculated ratios αA/αQ and
βA/βQ as a function of temperature. The “strain” data plots
the ratio between the two slopes in Fig. 3c. b. Pulse lo-
cation sweep with t = 2 ms for a qubit ensemble with a
temperature inhomogeneity satisfying a Lorentzian function
with (µ, σ) =(300, 25) K (inset). The nuclear spin state is
chosen to be (|0〉 + |−1〉)/

√
2 and the electronic spin flip is

between |mS = 0〉 and |mS = +1〉. c. Simulation of unpro-
tected Ramsey experiments for an initial nuclear spin state
(|0〉 + |−1〉)/

√
2 under electronic spin states |mS = +1〉 (or-

ange), |mS = 0〉 (pink), as well as protected nuclear spin Ram-
sey experiment (purple) with spin flip time τ/t = 0.172 ob-
tained in the unbalanced echo simulation shown in b.

Ideally, the protection method can completely refocus
the noise only when the variations of the quadrupole and
hyperfine interactions have a constant ratio (e.g. in a
small range). However in a large variation range where
the two interactions do not have an exact constant ra-

tio (Fig. 4a) but have similar shapes (Fig. 3b), it is still
possible to achieve a relatively good protection. Based
on the first-principles results, we numerically study the
coherence protection of a large temperature inhomogene-
ity as shown in Fig. 4b with the optimal pulse location
τ/t obtained by simulating the unbalanced echo experi-
ment. In Fig. 4c, we compare the coherence times under
both the unprotected and protected sequences. For a
large temperature inhomogeneity σT = 25 K, more than
10 ms coherence time can be achieved (assuming no other
noise sources), which shows a 400-fold improvement.

DISCUSSIONS AND CONCLUSIONS

In our practical experiments, the optimal coherence
time under protection of ≈ 3.5 ms (under τ/t = 0.2) is ul-
timately limited by other noise sources such as field inho-
mogeneities and magnetic noise induced by other electron
or nuclear spins in diamond [51]. A similar process can-
celing inhomogeneity in quadrupole interaction while pre-
serving sensitivity to the static field is to use the double-
quantum (DQ) superposition state (|+1〉+ |−1〉)/

√
2 un-

der the electronic spin states |mS = 0〉 [3, 4, 25], which
gives a coherence time T ∗2,DQ = 3.9±0.3 ms. In compari-
son to the DQ method which requires complicated control
for state preparation and readout, our method only re-
quires a simple SQ control and therefore, it is more robust
to pulse errors. Our method also preserves the informa-
tion of quadrupole and hyperfine interactions useful for
quantum sensing [Eq. (2)]. Moreover, our method is ap-
plicable to other spin baths. For example, for a spin-1/2
electronic bath, our method cancels the noise variation
when satisfying tδQ+ (t− 2τ)δA = 0, while the DQ fails
due to the hyperfine interaction contribution in the free
evolution.

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
different sources and optimize the quantum devices on
purpose based on the obtained information, for exam-
ple based on finite-element calculations of the thermo-
mechanical fields T (x), ε(x) where x is the spatial coor-
dinate 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
repeat the sequence multiple times, similar to the strat-
egy adopted in multi-pulse dynamical decoupling meth-
ods [20].

In conclusion, we propose to use unbalanced echo
to protect the solid-state spin qubit by controlling the
hyperfine-coupled spin bath where the variations of the
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quadrupole and hyperfine interactions are canceled with
each other. The same sequence can be used to character-
ize the temperature and strain distributions in the tar-
get material. To validate the broad applicability of our
method, we develop a predictive first-principles approach
to calculate the temperature and strain dependence of
different interactions in generic solid state spins and re-
veal the mechanism of the correlation between these vari-
ations due to phonon coupling. Our theoretical results
along with numerical calculations show the possibility of
completely refocusing > 20 GPa pressure inhomogeneity
and achieving a 400× coherence improvement even with
tens of Kelvin temperature variations.

A few promising directions include but are not lim-
ited to: combining our method with existing dynamical
decoupling methods to explore the sensing of non-static
quantities; concatenate our sequence with other coher-
ence protection methods such as driving other bath spins
to further push the coherence limit; develop nanoscale
sensors to probe temperature, strain and electric field
distributions with high spectral resolution under extreme
conditions such as high pressure; develop high-fidelity
strain control with high spin in silicon donors; build ro-
bust and long-lived quantum memories and registers.

METHODS

NV ground state Hamiltonian and diamond
sample. The spin Hamiltonian of an NV center aligned
in a magnetic field B is

H = DS2
z + γeBSz +QI2z + γnBIz +AzzSzIz (4)

where Sz, Iz denote the operators for NV electronic spin
and nuclear spin, D ≈ (2π)2.87 GHz is the zero-field
splitting (ZFS), Q ≈ −(2π)4.945 MHz the nuclear-spin
quadrupole term, Azz ≈ −(2π)2.16 MHz the hyperfine
interaction between the nuclear spin and electronic spin.
γe = (2π)2.8025 MHz/G, γn = −(2π)0.3077 kHz/G are
the corresponding gyromagnetic ratios characterizing the
coupling strength between the spin and magnetic field.
We note that here the transverse hyperfine interaction
term A⊥(SxIx + SyIy) is neglected under a secular ap-
proximation when A⊥, γeB � D [3].

Our diamond sample (2 mm×2 mm×0.5 mm) is the
same one as in Ref. [35] grown using chemical-vapor de-
position (CVD) by Element Six on an electronic-grade
diamond substrate. The top-surface NV layer is isotopi-
cally purified with 99.999% 12C with 20 ppm 14N concen-
tration. By focusing a 0.4 W 532 nm green laser beam
to a ∼ 30 µm spot, we simultaneously address about
109 ∼ 1010 spins. The diamond is mounted on a piece
of home-designed printed circuit board (PCB) with a 0.7
mm diameter loop to apply the microwave and radio-
frequency field. The fluorescence coming out of the sides
of the diamond is collected by three photodiodes (Hama-
matsu S8729) attached to the PCB board. The compact
design is flexible to be integrated with other instruments

in different applications [51]. A pair of permanent mag-
nets apply a magnetic field B = 239 Gauss along the
NV axis, which polarizes the nuclear spin state to 70%
in |mI = +1〉.
First-principles method. In recent years, theoreti-

cal and experimental studies over the dependence of the
zero-phonon-line (ZPL) and ZFS [42, 52], as well as nu-
clear quadrupole [40] and hyperfine [39, 53] interactions
in NV centers have been reported. The temperature in-
fluences the energy level through thermal expansion that
changes the equilibrium lattice displacement similar to
the pressure-induced strain [10], as well as the dynamic
phonons that couple to the energy level in a second or-
der manner [40, 42]. Previous first-principles calcula-
tions only provided a validation of the first order effect
while the explanation of the second order effect remains
phenomenological [42, 54], so recently we extended the
computational toolkit to the second order and provided
a parameter-free prediction of the complete energy lev-
els [43]. In this work we focus on the physical mech-
anism related to the quadrupole and hyperfine interac-
tions, while a more complete computational methodology
and theoretical analysis including the ZPL, ZFS for gen-
eral color centers will be published separately [43].

The phonons couple to the energy levels of hyperfine
and quadrupole interactions by changing the spatial dis-
tribution of the electron spin density and electric field
gradient when varying the temperature. Similar to har-
monic oscillators, the energy levels of a phonon form a
nearly equidistant quantum energy ladder separated by
the phonon mode frequency as shown in Fig. 3a. We
adopt a quasiharmonic approximation in which the vibra-
tional energy level spacings at higher quantum numbers
is ignored, so that the vibrational modes are tempera-
ture independent and remain harmonic. The anharmonic
displacement of the average nuclei positions at higher vi-
brational quantum numbers is then approximated by the
thermal expansion induced static strain, so that the in-
teraction frequency ν = Q,Azz we are interested can be
expressed in terms of the phonon coordinate q as

ν (T ) ' ν0 +
∂ν

∂qex

∣∣∣∣
qi=0

qex(T )+
∑
i

1

2

∂2ν

∂q2i

∣∣∣∣∣
qi=0

〈
q2i
〉

(5)

where i denotes different phonon modes and qex(T ) de-
notes temperature dependent displacement of the average
nuclei position along the normal displacement coordinate
from low temperature equilibrium. The normal displace-
ment coordinate qex corresponds to the ‘breathing’ vibra-
tional mode of the whole lattice, and is both isotropic and
homogeneous. The temperature influences the frequency
through both an electron configuration change which in-
duces the change of the derivative, as well as an average
population change in different phonon levels n satisfying
the Bose-Einstein distribution. The strain influences the
equilibrium atom configuration in a similar way as the
first order term in Eq. (5).

In the density functional theory (DFT) calculation, we
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use a 4 × 4 × 4 rhombohedral supercell with a single
NV in the center. We use the Vienna ab-initio sim-
ulation package (VASP) with a cut-off energy of 520
eV [55, 56] and employ the projector-augmented-wave
(PAW) method to calculate the electronic structure with
the fully relaxed atomic configuration at zero tempera-
ture. Then we perform spin-unrestricted calculations us-
ing the generalized gradient approximation (GGA) with
the Perdew-Burke-Ernzerhof (PBE) functional for elec-
tron exchange-correlation [57]. Please check the complete
details including the phonon calculation published in our
separate work in Ref. [43].
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S1. EXPERIMENTAL SETUP
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FIG. S1. Experimental setup.

The schematic of our experimental setup is shown in Fig. S1. The diamond sample is mounted on a piece of home-
designed printed circuit board (PCB) with a 0.7 mm diameter loop to apply the microwave and radio-frequency field.
A pair of permanent magnets create a magnetic field along the NV axis to split the degeneracy between |mS = ±1〉.
An arbitrary waveform generator (AWG) generate microwave and radio-frequency fields to control the NV electronic
spin and nuclear spin. Three synchronized channels are used: two of them (I and Q) generate a 20 MHz frequency
with a 90◦phase shift to mix with a GHz-level microwave signal generated by a fixed microwave source for the control
of the NV electronic spin; the third channel generates a radio-frequency in the range of 2 ∼ 8 MHz to control the
nuclear spin. The signals are amplified by two different amplifiers and then input to the PCB board. The radio
frequency is directly generated by the AWG (one channel). The fluorescence coming out of the sides of the diamond
is collected by three photodiodes attached to the PCB board. A pulse blaster (PulseBlasterESR-PRO-500) is used to
generate synchronized triggers to control the on-off time of electronics, laser and data acquisition.

S2. MEASUREMENT DETAILS

Nuclear spin readout. The NV electronic spin state population in |mS = 0〉 is directly read out from the fluorescence
intensity. The readout of the nuclear spin of the 14N is through its mapping to the NV electronic spin state. For
example, to measure the population in |mI = 0〉 for a nuclear spin state α |mI = 0〉+β |mI = +1〉 with the NV center
in |mS = 0〉, we apply a spin-selective π pulse to transfer the population of the NV from |mS = 0〉 to |mS = +1〉
conditional on the nuclear spin state |mI = +1〉 by tuning the pulse frequency to the resonance frequency between
|mS = 0,mI = +1〉 and |mS = +1,mI = +1〉 (D+γeB+AzzmI). In this process, the state |mS = 0〉⊗ (α |mI = 0〉+
β |mI = +1〉) is transferred to (α |mS = 0〉 ⊗ |mI = 0〉+ β |mS = +1〉 ⊗ |mI = +1〉) such that the nuclear spin state
is entangled with the electronic spin state. Then the measurement of the population in |mS = 0〉 is equivalently a
measurement of the nuclear spin population in |mI = +1〉. Similar methods are used in reading other nuclear spin
states.
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In all of the experiments in this work, we calibrate and use ∼ 500 ns pulse length (1 MHz Rabi power) for the
conditional electronic spin flip and ∼ 80 ns pulse length (6.25 MHz Rabi power) for the unconditional electronic
spin flip. For the conditional electronic spin flip, we tune the pulse frequency to the resonance frequency of the
corresponding nuclear spin hyperfine level, while for the unconditional electronic spin flip, we tune the frequency to
the middle of the two resonance frequencies to make it symmetric to both states. For example, when the nuclear
spin states |mI = 0〉 , |mI = +1〉 are used, we tune the pulse frequency of the unconditional electronic spin flip to the
average value of the two hyperfine transition frequencies between |mS = 0〉 and |mS = +1〉 (D + γeB +Azz/2).

Phase sweep measurements. In this work, we measure the coherence of the nuclear spin by sweeping the phase φ
of the last π/2 pulse, which measures the final state’s population in |ψf 〉 = (|0〉+ eiφ |±1〉)/

√
2 in the rotating frame,

yielding a signal S(t) = [1 + e−t/T2 cos(φ+ φ0)]/2, where φ0 = δωt is a constant set by the frequency detuning of the
pulses (δω ≈ 0 in this work). When taking into account the practical experiment where the signal is calculated by
normalizing the fluorescence with a reference in the beginning of the sequence (main text Fig. 1), the signal formula
is then modified to

S(t) = c0 −
1

2
c+

1

2
c cos(φ+ φ0)e−t/T2 , (S1)

where c is the signal contrast and c0 ≈ 1 is a constant shift due to the sequence wait time (degrading the fluorescence
due to T1 relaxation process of the NV center). Thus, by performing a phase sweep, the useful signal contrast c
reflecting the qubit coherence is extracted by fitting to the cosine function (shown in the main text Fig. 1c inset).

S3. COHERENCE TIME ANALYSIS

We measure the nuclear spin Ramsey free evolutions under the electronic spin states |mS = 0〉, |mS = +1〉, and
|mS = −1〉 in Figs. S2(a-c), as well as the double-quantum Ramsey shown in Fig. S2(e) and spin echo shown in
Fig. S2(d). We analyze again the decoherence mechanism and show that by directly comparing the nuclear spin
coherence times under different electronic spin states, we can reveal the inhomogeneity and material-dependent ratio
αQ/αA.

Figures. S2(b,c) show the nuclear spin Ramsey coherence times for states (|0〉+ |±1〉)/
√

2 under different electronic

spin states |mS = ±1〉. In particular, the coherence time for nuclear spin state (|0〉+ |±1〉)/
√

2 under electronic spin

state |mS = +1〉 is similar to the the coherence time for nuclear spin state (|0〉 + |∓1〉)/
√

2 under electronic spin
state |mS = −1〉. For both electronic spin states, the nuclear spin coherence times are shorter than the one under the
electronic spin state |mS = 0〉 as shown in Fig. S2(a).

We now show that these results are a validation of our model based on the analysis of the noise source. We start by
analyzing the double-quantum (DQ) Ramsey measurement shown in Fig. S2(e). The nuclear spin is prepared in the

initial state (|+1〉+ |−1〉)/
√

2 (mS = 0) by simultaneously switching on two RF tones (with the same amplitudes) on

resonances with two single-quantum (SQ) nuclear spin transitions |0〉 ↔ |±1〉 for a π/
√

2 pulse length, immediately
after applying a π pulse to transfer nuclear spin population from |+1〉 to |0〉 (same as Ref. [3]). We note that the
state preparation pulse length is directly calibrated by measuring the DQ Rabi oscillation (cycling between |mI = 0〉
and (|+1〉+ |−1〉)/

√
2). As discussed in the main text, for a Lorentzian model, the coherence time is determined by

the standard deviation of the transition frequency due to the temperature inhomogeneity in addition to the magnetic
field inhomogeneity (assuming non-static sources are negligible). The inhomogeneity in the quadrupole term δQ does
not affect this superposition and the DQ coherence time can be expressed as

1

T ∗2n,DQ
≈ σ(2γnB + 2mSδAzz) = 2|γn|σB + 2|mSαA|σT . (S2)

The SQ Ramsey coherence time can also be analyzed in a similar way such that

1

T ∗2n,SQ
≈ σ(δQ+mImSδAzz+mIγnB) = |(αQ+mImSαA)|σT+|γn|σB ≈ |1+mImS

αA
αQ
|αQσT+

1

2T ∗2n,DQ,mS=0

. (S3)

We note that here mI is a quantum number representing the used nuclear spin state (|0〉+ |mI〉)/
√

2 with mI = ±1
and mS is a quantum number representing the electronic spin state |mS〉 with mS = 0,±1.

As measured in the experiment, the DQ Ramsey coherence time is T ∗2,DQ,mS=0 ≈ 3.9 ms. With the ratio αA/αQ ≈
1/0.18 = 5.56 measured in the main text, the ratio between the temperature-induced decoherence rate of nuclear spin

states (|0〉+ |−1〉)/
√

2 and (|0〉+ |+1〉)/
√

2 under the electronic spin states |mS = −1〉 is predicted to be |1+αA/αQ| :
|1 − αA/αQ| ≈ 1.44, which is close to the measured ratio ( 1

107µs −
1

7.8ms ) : ( 1
157µs −

1
7.8ms ) ≈ 1.48 (Fig. S2(c)). We
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further compare to Fig. S2(a) where the decoherence rate is set by 1/T ∗2n = αQσT + 1/T ∗2,DQ,mS=0. We focus on

the nuclear spin coherence time of the initial state (|0〉 + |+1〉)/
√

2 and compare the electronic spin state |mS = 0〉
and |mS = +1〉 (Figs. S2(a,b)). The measurement results gives a ratio between the temperature-induced decoherence
rate under |mS = 0〉 and |mS = +1〉 to be ( 1

720µs −
1

7.8ms ) : ( 1
110µs −

1
7.8ms ) ≈ 0.14, which is consistent with our

inhomogeneity analysis predicting 1 : |1 + αA/αQ| ≈ 0.15. Thus, by simply measuring the SQ and DQ coherence
times and comparing different nuclear and electronic spin states, one can already provide a relatively good estimation
of the inhomogeneity of the temperature.
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FIG. S2. Coherence time measurements. (a) Nuclear spin Ramsey measurement with NV electronic spin in |mS = 0〉. The
blue and red curves represent the measurement of the initial nuclear spin states (|mI = 0〉+ |mI = +1〉)/

√
2 and (|mI = 0〉+

|mI = −1〉)/
√

2. The data is fit to the function S(t) = c0e
−t/T∗

2n with c0 and T ∗2n as the fitting parameters. The first three data
points are excluded in the fitting to better capture the long-time exponential behavior. Same fitting rules apply to all the data
in (b-e). (b) Nuclear spin Ramsey measurement with NV electronic spin in |mS = +1〉. (c) Nuclear spin Ramsey measurement
T ∗2n with NV electronic spin in |mS = −1〉. (d) Nuclear spin Echo measurement with NV electronic spin in |mS = 0〉. (e)
Nuclear spin double-quantum Ramsey measurement. The nuclear spin initial state is prepared to (|mI = +1〉+ |mI = −1〉)

√
2

with the NV electronic spin in |mS = 0〉. (f) NV electronic spin Ramsey and Echo measurement. The data is fit to the

function S(t) = c0e
−t/T2e cos(ωt) with c0, T2e and ω as the fitting parameters. For both the SQ and DQ Ramsey experiments,

we use the nuclear spin level |mI = +1〉. While for the Echo experiment, we address both |mI = 0〉 and |mI = +1〉 by
applying a short pulse with a large power. For both SQ experiments, we measure the coherence of the electronic spin state
(|mS = 0〉+ |mS = −1〉)/

√
2.

Although this work focuses on the study of the nuclear spin coherence time, here we also measure and analyze
the electronic spin coherence time and find that the electronic spin SQ Ramsey coherence is also limited by the
temperature inhomogeneity. The measurement in Ref. [39] indicates that 3.6δQ/Q = δD/D for temperature-induced
variation, thus we can estimate the temperature contribution in the electronic spin coherence time using

1

T ∗2e,SQ
≈ σ(δD) + γeσB = σ(δQ)

δD

δQ
+ γeσB = 3.6

D

Q

1

T ∗2n,SQ,mS=0

+ γeσB ≈
1

0.345µs
+ γeσB . (S4)

In Fig. S2(f), the SQ Ramsey coherence time of the electronic spin is 0.366 µs and the DQ Ramsey is 0.224µs. In
principle, one could predict the γeσB using the nuclear spin DQ Ramsey coherence time 1/T ∗2n,DQ ∼ 2γnσB and ratio

γe/γn, which gives T ∗2e,SQ ∼ 0.245µs and T ∗2e,DQ ∼ 0.42µs. These predictions match the measurement in order of
magnitudes. Thus, the decoherence of the electronic spin is also limited by the temperature inhomogeneity. We note
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that in NV ensemble samples, the dipolar spin bath due to other spin defects such as P1 centers also contributes to the
decoherence of the NV electronic spin [22, 58]. Different from the inhomogeneity effects, the spin bath contribution
involves the interaction and dynamics within the bath. Further distinguishing and decoupling these noise sources
co-existing with the inhomogeneity is outside the scope of this study.
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FIG. S3. Pulse location sweep. (a) Pulse location sweep under different total free precession times t. The nuclear spin
state is prepared to (|0〉+ |+1〉)/

√
2 and the electronic spin flip is between |mS = 0〉 and |mS = −1〉. The fluorescence contrast

is measured by sweeping the phase φ of the final pulse and fitting to a cosine function. (b) Pulse location sweep under different
total free precession times t. The nuclear spin state is prepared to (|0〉 + |−1〉)/

√
2 and the electronic spin flip is between

|mS = 0〉 and |mS = −1〉. (c) Pulse location sweep under different total free precession times t. The nuclear spin state is
prepared to (|0〉 + |−1〉)/

√
2 and the electronic spin flip is between |mS = 0〉 and |mS = +1〉. (d) Pulse location sweep under

different total free precession times t. The nuclear spin state is prepared to (|0〉 + |+1〉)/
√

2 and the electronic spin flip is
between |mS = 0〉 and |mS = +1〉. (e-h) Same data as (a-d) but shown with normalization by its maximum values. For (e)
and (g), the x axis is also shifted by 0.181t to best show the overlap.

In Fig. S3, we show the complete data with and without normalization for the pulse location sweep experiments
for all different combinations of the nuclear spin and electronic spin levels.

In the main text, the ratio predicted in Fig. 2c is a little bit different from the one predicted in Fig. 2d, This is
due to the residual decoherence sources that are not considered when calculating the intercept with the x axis in (d).
Thus, prediction based on the experiment in (c) is more precise since it directly uses the crossing between the two
straight lines to predict the ratio, which does not requires a knowledge of the residual decoherence sources, although
such a source can be characterized by other experiments such as DQ Ramsey measurement discussed above.

S4. TEMPERATURE-DEPENDENCE MEASUREMENT

All of our experiments are performed at ambient temperature (∼ 300 K) and pressure. We focus a 0.4 W laser to
a small spot with a size around 10-30 µm. By varying the time duration of the initialization laser pulse, we can vary
the temperature and measure its effect on the energy levels of the nuclear and electronic spin.

In Fig. S4(a), we measure the NV electronic spin transition frequencies and nuclear spin transition frequencies
under eight different initialization pulse lengths. We use the electronic spin resonance measurements as a reference
to calculate the temperature shift under each sequences with the relation dD/dT ≈ −(2π)77.7 kHz/K [40], where
the resonance shift is obtained by calculating the average of the two resonance frequencies between |mS = 0〉 and
|mS = ±1〉. Then we keep the same sequence length and experimental repetition to keep the same heat load, and
implement the nuclear spin resonance measurements. In Fig. S4(b), we show the shifts of the six nuclear spin SQ
transition frequencies as a function of temperature. In Fig. S4(c), we show the calculated quadrupole and hyperfine
frequency shifts. The quadrupole shift is obtained by calculating the average of the two transitions between |mI = 0〉
and |mI = ±1〉 when NV is in a state |mS = 0〉 such that δQ = δω1 + δω2. The hyperfine shift is obtained by
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calculating δ|Azz| = δω4 + δω5 − δω3 − δω6. We note that ω1, · · · , ω6 are the six nuclear spin transitions as shown in
Fig. 1a in the main text.
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Shifts of the six different nuclear spin transitions f1, f2, f3, f4, f5, f6. (c) Shifts of the quadrupole and hyperfine interactions
calculated with the data in (a) and (b).

S5. SIMULATION OF LARGE TEMPERATURE FLUCTUATIONS

In the main text, we use the first-principles calculation results to numerically study the coherence protection of
a large temperature inhomogeneity. In Fig. S5, we further simulate an even larger temperature inhomogeneity to
demonstrate the applicability of our method under extreme conditions. For a temperature inhomogeneity satisfying
a Lorentzian distribution with a standard deviation σT = 25 K such that the variation of both quadrupole and
hyperfine interactions remains approximately linear, more than 10 ms coherence time can be achieved (assuming no
other noise sources), which shows a 400-fold improvement. For a σT = 100 K temperature inhomogeneity involving
strong nonlinear effects, we still get ∼ 3 ms coherence time showing a 100-fold improvement.
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