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Single-qubit sensing protocols can be used to measure qubit-bath coupling parameters. However, for
sufficiently large coupling, the sensing protocol itself perturbs the bath, which is predicted to result in a
characteristic response in the sensing measurements. Here, we observe this bath perturbation, also known
as a quantum quench, by preparing the nuclear spin bath of a nitrogen-vacancy (NV) center in polar-
ized initial states and performing phase-resolved spin-echo measurements on the NV electron spin. These
measurements reveal a time-dependent phase determined by the initial state of the bath. We derive the rela-
tionship between the sensor phase and the Gaussian spin-bath polarization and apply it to reconstruct both
the axial and transverse polarization components. Using this insight, we optimize the transfer efficiency
of our dynamic nuclear polarization sequence. This technique for directly measuring bath polarization
may assist in preparing high-fidelity quantum memory states, improving nanoscale NMR methods, and

investigating non-Gaussian quantum baths.
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L. INTRODUCTION

A central paradigm of quantum sensing is to probe a
target system with a well-understood single qubit. Through
the interaction terms, measurements of the qubit reveal
details of the target system, which is often chosen to be
the native environment of the qubit. Despite the simplic-
ity of a two-level system, these measurements can access
a wealth of sensing information, including Hamiltonian
parameters [1], noise spectra [2—4], and the presence of
entanglement [5—7]. Single-qubit sensing has been per-
formed with many common qubit platforms; therefore,
advances in sensing protocols have widespread relevance.
For instance, echo-based spectroscopy has been employed
to characterize the noisy environments of trapped atoms
[8], defect centers [9], superconducting circuits [10], and
many other qubits [11-14].
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Echo-based spectroscopy techniques are among the
most versatile and widely used single-qubit sensing meth-
ods. In these protocols, qubit control pulses are used to
tailor the sensor-target interaction and measure a quan-
tity of interest—e.g., the noise spectral density of the bath
within a narrow frequency band [4]. While these tech-
niques are powerful and ubiquitous, standard theoretical
treatments of sensing interactions often ignore the impact
of the sensing protocol on the bath. Naturally, the bath
Hamiltonian depends on the qubit state via the qubit-bath
coupling terms but this influence is typically assumed to be
negligible, either by treating the bath as a classical noise
source [1,15] or by neglecting the coupling terms when
calculating bath dynamics. This assumption is not always
justified, and identifying and making predictions for cases
where it is violated is an ongoing area of research [16—18].

Recent theoretical work has explored the impact of a
sudden change in the bath Hamiltonian—known as a quan-
tum quench—on the evolution of a sensor qubit during
spectroscopy measurements [19]. This quantum quench is
induced by the qubit-state rotation at the start of the mea-
surement, and the distinct bath dynamics under the altered
Hamiltonian are shown to influence the final state of the
qubit at the end of the measurement. Specifically, in a
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pure-dephasing environment, Wang and Clerk [19] have
calculated a phase shift on the final state that depends on
the response function of the bath [20]. This quench phase
shift (QPS), therefore, encodes valuable environmental
information but has yet to be experimentally observed.
Formally, the QPS is of the same order in the qubit-
bath coupling as the noise-induced dephasing created by
the bath (i.e., the quantity that is usually sensed). How-
ever, the noise term still dominates when the bath is at
high temperature, since the noise is then much larger than
the susceptibilities that underlie the QPS. In related work
[21,22], a phase shift appearing in systems that feature
asymmetric qubit basis states has been calculated, with
Kwiatkowski et al. [22] investigating a nitrogen-vacancy
(NV) center during a spin-echo measurement and pre-
dicting a phase shift that is linearly proportional to the
surrounding nuclear-spin-bath polarization. These theoret-
ical investigations suggest the NV center and its bath of
3C nuclear spins as a natural system for detecting and
understanding the QPS.

Here, we present experimental observations of the QPS
on single NV centers in diamond. To induce nonzero
QPS, we first polarize the bath of '3C nuclear spins, as
in Fig. 1(a). Spin-echo measurements reveal a QPS with
a strong dependence on pulse-sequence parameters. To
interpret our measurements, we extend the established
theory of QPS for a Gaussian spin bath with axial )
polarization to encompass transverse (ix,?y) polarization.
We show how the phase-shift contributions from axial
and transverse polarization can be distinguished due to
their different physical origins, which allows reconstruc-
tion of the collective nuclear-spin-bath polarization along
both axes. These results show how the QPS directly quan-
tifies the local bath polarization of the NV, as opposed to
existing techniques that provide indirect or only relative
polarization information [23—26]. More broadly, we show
that QPS measurements provide access to the bath density
matrix and response function, establishing it as a useful
technique for investigating the quantum properties of the
environment in a variety of single-qubit platforms.

I1. ORIGIN OF THE NV-CENTER QUENCH
PHASE SHIFT

First, we describe how a quantum quench phase arises
in NV-center spin-echo experiments. The NV center has
a spin-1 electronic ground state and an external magnetic
field is applied along its quantization axis. The 4N nucleus
of the NV is also spin-1 but is polarized when the applied
field is well aligned [27], as in this work, and does not
affect the electron spin dynamics (see the Supplemental
Material [28]). In natural isotopic samples, each NV is also
surrounded by a 1.1%-abundant bath of spin-% 3C nuclear
spins. The relevant combined NV-bath spin Hamiltonian
can be written in terms of NV electron spin S, and nuclear
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FIG. 1. (a) The '3C spin bath surrounding a nitrogen-vacancy

(NV) center in diamond can act as a Gaussian bath if no spins
are closer than approximately 0.5 nm to the NV center. By polar-
izing the bath spins, a polarization-dependent phase appears in
NV spin-echo measurements, which we observe and analyze
under a Gaussian framework. (b) The optically detected mag-
netic resonance (ODMR) of the NV center corresponding to the
m; = 1 nitrogen nuclear-spin state. The full width at half max-
imum (FWHM) is 27 x 221(6) kHz and the single resonance
indicates an absence of strongly coupled spins. PL, photolumi-
nescence. (c) Coherence revivals for NV A during an XY8§-2
sequence (16 pulses). Fits to the data are used to extract nearby
spin-coupling parameters, collected in Table I, and confirm that
the environment is sufficiently Gaussian.

spin I, j (@ =x,y,z) operators as

H= I:INV + [A—Ibath + [:Iint, (1)
Hyy = DS? + y.B,S., )
Ay = y2Bo Y Ly, 3)
J
Hy=)"8-4;-1;, (4)
J

where D = 2w x 2.87 GHz is the zero-field splitting, y,
and y, are the electron and nuclear gyromagnetic ratios,
and 4; is the hyperfine tensor for the jth nuclear spin.
Nuclear-nuclear interactions are relatively weak (oc y2)
and can be neglected on the time scales of our experi-
ments. In this work, the electron-level splitting dominates
all energy scales, so the secular approximation can be
applied to recast the hyperfine terms into parallel (axial)
and perpendicular (transverse) terms for each nuclear spin
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TABLE L. Parallel (4)) and perpendicular (4, ) '*C hyperfine
parameters obtained from XY8 measurements as in Fig. 1(c).
Approximate values of 6 (the azimuthal angle) and r (the
NV-nuclear displacement) are calculated assuming pure dipole-
dipole interactions.

NV 1BC number Ay (kHz) A, (kHz) 0 (degrees) 7 (nm)
1 28.7(3) 81(1) 71 0.77
2 29.0(1) 46.9(9) 77 0.83
A 3 -9.8(2) 27.1(7) 35 1.27
4 0.3(4) 23(1) 55 1.34
5 11.4(4) 20.2(9) 76 1.13
1 —0.1(7) 177(1) 55 0.68
2 —39.4(7) 148(1) 40 0.73
3 87.9(4) 122(1) 102 0.58
B 4 —30.02) 80.5(9) 34 0.88
5 —16.0(3) 72(1) 42 0.94
6 51.7(7) 58(2) 100 0.71
7 —0.1(6) 45(1) 55 1.08
as
Hy =S, ZAHJLJ +AL,/ixJ . (5)

J

From the perspective of bath spins, iy is often described
as the NV-state-dependent hyperfine field. With Hiy o
S., the system is well approximated by pure-dephasing
models. To simplify the problem further, we focus on
nuclear-spin environments that can be accurately mod-
eled as Gaussian baths. The properties of a Gaussian noise
source are fully characterized by only a mean and vari-
ance, with all higher-order terms factorizing into products
of the lower orders (see, e.g., Ref. [4]). Gaussian models
can be used to describe baths composed of an ensemble
of independent two-level fluctuators. Physically, this limit
is best satisfied for baths with many spins, each weakly
coupled to the central NV spin. For a given NV center
and '3C distribution, the Gaussian approximation holds
for a time 7 < (max; |A‘|(l),j|)_l. Operating in a pure-
dephasing Gaussian-bath regime enables the application of
analytical QPS calculations for our system.

Equation (5) makes clear that an NV spin-echo sequence
produces an effective quantum quench on the nuclear-
spin environment. At initialization and as long as the
NV remains in |0), I:Iim vanishes and the bath evolves
purely under ﬁbath. However, when the NV is rotated to
a superposition state, I:Iim once again contributes to the
bath dynamics. While the consequences of Eq. (5) have
been studied and used for nuclear-spin sensing and control,
the quench dynamics that follow from the sudden activa-
tion of Hiy have only recently been explored. As shown
in Ref. [19], a quench will occur whenever [,éb,i,lilbath +

Tryy(Hin) /2] # 0, with initial bath density matrix ,; and

Tryy denoting the partial trace over the NV degrees of
freedom. The principal consequence of this quench for
spin-echo measurements is an additional phase on the final
state. Conceptually, this phase arises because the change
in the bath dynamics conditional on the qubit state cre-
ates a net average field from the bath. Concretely, in the
NV-bath system, any bath spins initially oriented along the
z axis are stationary while the NV state is |0). When the
NV state changes, the bath spins begin precessing around
a tilted axis due to the 4, J-S'fo ,j terms. The precessing
bath spins can then induce phase accumulation on an NV
superposition state.

Spin-echo spectroscopy experiments typically investi-
gate a system by mapping out its coherence function. We
can rewrite a generic coherence function W(t) as

(6-(1))
(6-(0))
— ¢ X (D% (6)

W) = = (X) —i(Y)

Here, 6_ = (6, — i6,)/2 denotes the spin-lowering oper-
ator, X and Y are Bloch-vector components, and yx
and ® parametrize qubit coherence and phase evolution,
respectively. The physical processes that determine (X') =
e % cos® have been thoroughly examined in previous
studies, finding x to be a function of the bath noise spectral
density and the filter function of the echo sequence. In the
case where the NV undergoes a single (Hahn) spin echo in
the presence of a Gaussian spin bath described by Eq. (1),
this has a simple analytical formula,

T

x (1) = 2€ sin* (%) , 7

where w;, is the Larmor frequency of the bath spins. The
strength of the qubit-bath coupling is parametrized with
the dimensionless quantity

@®)

2
DY
==

wr

Note that y is independent of the bath state [29]. The
corresponding oscillations in (X') have been observed in
numerous experiments. In contrast, ® is usually found
to vanish, reflected in an absence of signal when mea-
suring (Y) = e *sin®. We show that nonzero & can
provide extensive information on the bath state. Previ-
ous works that probe qubit-induced back action, includ-
ing Refs. [30-32], investigate unpolarized baths, for
which & = 0.

We derive two contributions to ®, one being the QPS
and both being attributable to bath spin polarization. The
QPS, denoted ®,, can be derived using a linear-response
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approach (see the Supplemental Material [28]) to be

®,(7) = poe sin? (“’—”) sin (“ﬂ) 9)
4 2
Here, p, is the coupling-weighted axial polarization of the
bath,

5= Y =41,
z — s
Zj Ai/

where p.; € [—1,1] is the axial polarization of the jth
nuclear spin. If w; is known a priori or is characterized
by sweeping 7, ®, is determined by only p. and €. Since €
can be characterized independently via Eq. (7), measuring
@, provides a direct readout of the axial spin polarization
in the local bath.

A second contribution to & originates from trans-
verse bath spin polarization. Analogous to a phase gen-
erated by nearby precessing classical magnetic moments,
we label this term &,,. Defining p,; and p,; in accor-
dance with p.;, ®,, enters to first order with hyperfine
couplings:

(10)

4
wr,

. wrT wrT
S (1) 45 (5.

J
(11)

. 2 M
o (o) = 250 ()

A full derivation of ®, and ®,, is presented in Appendix
A. Phase shifts related to ®,, have been attributed to polar-
ized spin baths in NMR [33,34], ensemble-NV [25,26] and
single-NV [35] experiments, although these works did not
focus on quantitative reconstruction of environmental spin
polarization via the measurement. Here, we calculate ®,,
for a single sensor spin coupled to a Gaussian spin bath. A
key step in measuring the QPS is to distinguish ®, from
®,,, since ®,, features leading-order hyperfine terms while
®, is second order in the couplings and in general exper-
imental systems exhibit nonzero transverse polarization.
As we later show, the distinct physical sources of phase
allow us to separate them and extract information about the
bath.

II1. SINGLE-NV-CENTER EXPERIMENTS

A. NV-center characterization and polarization

To experimentally investigate the QPS, we study sin-
gle NV centers in natural isotope abundance Ila diamond
at room temperature. We initialize and read out the elec-
tronic spin state optically using a 532-nm laser and apply
an external magnetic field By = 310.8 G, aligned to the
NV axis within 0.5°. We use a suspended wire coil to

apply rf fields for spin operations (see the Supplemental
Material [28]).

In order to study the Gaussian-bath dynamics, we iden-
tify single NV centers with suitably weak hyperfine cou-
plings. In a perturbative treatment, the Gaussian approx-
imation holds for 7 < |4 =1, A4, J)_l for all spins and
when max; |41, | < ;. Due to the stochastic distribu-
tion of "C spins around each NV center, some defects
have strongly coupled nuclei, which is unfavorable for
these criteria. Ideally, a spin-free volume surrounds the
NV center, as in Fig. 1(a). In Ref. [22], a minimum spin-
free radius of 0.5 nm has been calculated for the bath
to appear Gaussian at moderate magnetic fields. We fil-
ter candidate NVs based on narrow optically detected
magnetic resonance (ODMR) spectra, as in Fig. 1(b),
which indicates relatively weak total bath interactions and
an absence of individual couplings larger than the line
width.

We select two NV centers with suitable local spin baths,
NV A [full width at half maximum (FWHM) 221(6) kHz]
and NV B (284(14) kHz). To fully characterize the respec-
tive nuclear-spin environments, we apply the XY8 pulse
sequence to each NV center to map out hyperfine coupling
parameters. Specifically, the XY8-2 sequence, with a total
of 16 w pulses, isolates resonant features in the coherence
envelope of the NV center corresponding to the hyper-
fine interaction with distinct nuclear spins [30-32]. Figure
1(c) shows the coherence data for NV A and the best-fit
parameters for both NVs are displayed in Table I. The data
show that both NVs are sufficiently distant from the closest
nuclear spins to make the Gaussian approximation reli-
able for roughly one nuclear Larmor period, 7 = 2ww; .
Using the fit parameters for individual hyperfine couplings,
we can compute € for each NV based on Eq. (8) and find
the estimated €, = 0.094(3) and €5 = 0.77(1). Using NVs
A and B, we investigate the appearance of phase shifts dur-
ing spin-echo experiments. Since the QPS is only predicted
to arise with nonzero bath polarization, each measurement
involves preparing the initial state of the bath.

We use the nuclear orientation via electron spin-locking
(NOVEL) sequence [36] to polarize the nearby nuclear
spins. The NV is optically polarized to |0) and rotated
to |£X) = (J0) & |—1))/2 prior to a spin-locking pulse
of duration fg;. When the Rabi frequency of the spin-
locking pulse, 25, matches w;, resonant exchange occurs
between the NV and coupled '3C nuclei. This exchange
is shown in Fig. 2(b), where the |X) state is measured
after a single NOVEL pulse. The electron-nuclear reso-
nance appears at the expected y,By = 27 x 335 kHz. By
repeating the NOVEL subsequence, polarization accumu-
lates in the bath and persists for much longer than the
spin-echo time scale of tens of microseconds. The sign
of the polarization transfer is determined by the choice of
initial NV-center state (|+X)), providing a simple means
to invert the bath polarization.
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FIG. 2. NV-center phase shifts appear when the bath is polarized. (a) The initial bath preparation-and-measurement sequence. N
NOVEL repetitions transfer polarization from the NV center to nearby nuclear spins, followed by phase-resolved spin echoes (PSEs)
to measure both the (X') and (Y) components of the NV electron spin. (b) NV-bath oscillations during a single NOVEL pulse, after
the NV is initialized to |X). The maximal polarization transfer is observed when Qg; = w; = 27w x 335 kHz. (c) On resonance, no
discernible difference is observed in (X') (left) but (¥) (right) shows bath-polarization-dependent oscillations. (d) Using ts;, = 4 s,
N = 3, and preparing the bath into |1), a phase appears with nuclear Larmor periodicity but only near resonance. All data shown are

taken on NV A.

B. Spin echoes with polarized nuclear baths

With a polarized bath, NV spin-echo measurements
exhibit additional oscillations. The basic measurement
framework is illustrated in Fig. 2(a) and consists of alter-
nating steps that polarize the bath to a steady state and
perform spin-echo measurements. After N repetitions of
NOVEL reestablish steady-state polarization, we reinitial-
ize the NV to |0) and initiate the spin echo after a delay
of tyait. Using different phases for the spin-echo readout
pulse, we measure the +X and Y components of the
final state to reconstruct the amplitude and phase—a phase-
resolved spin echo (PSE). The combined NOVEL-plus-
PSE sequence is then repeated 10°—107 times to record
average statistics. Conventionally, only (X) is measured
in an echo experiment, with NV-bath interactions pro-
ducing coherence oscillations resembling the blue data
of Fig. 2(c). With a high-temperature bath, (¥) provides
no additional information. However, when the bath is
polarized (N = 3, green and purple curves), clear oscil-
lations in (Y) appear on the time scale of the Larmor
period. These phase oscillations follow the sign of the bath
polarization [Fig. 2(c)] and are correlated with the spin-
locking resonance [Fig. 2(d)], clearly linking their origin
to the polarized bath spins. Note that (X') shows no dif-
ference regardless of bath polarization; for Gaussian baths,
polarization has an imperceptible effect on this projection.
Since € is independent of the bath state, we fit the (X)

data for each NV to Eq. (7), resulting in measured val-
ues €4 = 0.115(3) and €z = 0.852(17). These values are
in good agreement with the calculated values €, and €5
from Sec. III A when accounting for the rest of the spin
cluster (see the Supplemental Material [28]), increasing
confidence in the extracted hyperfine parameters.

Before quantifying and further investigating the spin-
echo dynamics, we refine the measurement protocol to
robustly extract the QPS. Since the combined measure-
ment sequence modifies the spin bath by design, the PSE
sequence necessarily alters the bath preparation entering
the next repetition of the experiment. This can produce a
confounding effect when sweeping a spin-echo or NOVEL
parameter, as we demonstrate through numerical simula-
tions. In Fig. 3, we simulate the exact spin dynamics of
NV A and its distinguishable nearby '*C spins, using the
measured hyperfine parameters from Table I, while evolv-
ing under the preparation-and-measurement sequence of
Fig. 3(a) (see also the Supplemental Material [28]). The
simulated sequence is repeated until the bath reaches a
steady state. We calculate (6,), which is equal to (Y)
for our measurements. Each trace is an average over a
range of #y,i to reduce the effects of nuclear precession,
which isolates the ®, component, as will be addressed in
more detail in Sec. III C. In Fig. 3(b), we begin by incor-
porating only the NOVEL and PSE elements, followed
by a variable wait period. We define #,, as the interval
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FIG. 3.

Compensated measurement sequences ensure robust QPS detection. (a) Over many repetitions, the NV-bath coupling during

PSE measurement alters the equilibrium bath polarization but this effect can be minimized by following it with a nonmeasurement
compensating spin echo (CSE) in the opposite triplet basis. The CSE begins a multiple of the Larmor period (7) after the start of
the PSE. (b) Without CSE pulses, numerical simulations of NV A show that the equilibrium bath polarization and the resulting PSE
signal (6,) are strongly affected by feum = fwait + 171 + fcsg, obscuring the quench phase shift ®,. (c) When CSE is included, the bath
polarization is robust against changing sequence parameters. Deviations only become significant when the Gaussian approximation
falters at longer 7, approximately 3 s for NV A. (d) Without CSE pulses, the PSE may not capture ®, accurately, even within the
valid Gaussian approximation regime. (¢) With CSE pulses, the exact numerical results agree with the Gaussian approximation until
the approximation begins to deviate from analytical expectations. For the measurements in this work, (¥) = (6y).

between the Nth NOVEL pulse and the first NOVEL pulse
of the next repetition. Despite only changing #gm, i.e.,
varying the wait time between repetitions, we note dra-
matic changes in the behavior of (6,). This indicates that
the steady-state bath polarization can strongly depend on
the measurement parameters in addition to the NOVEL
parameters.

To mitigate this effect, we introduce a second non-
measurement spin echo performed on the {0,+1} basis
following the PSE in the {0, —1} basis, which we refer
to as a compensating spin echo (CSE). Because of the
symmetry between the |11) states, the net effect of the
CSE is to reverse the perturbation of the PSE on the bath
state to lowest order. Importantly, for the most effective
compensation, the initial pulses of the PSE and CSE are
separated by a multiple of 7}, so that the bath spins are
close to their state at the beginning of the PSE. The ben-
efit of compensation is shown in Fig. 3(c), where the
simulations are repeated including the CSE. The echo
signal is observed to be robust, indicating a bath state
that is not sensitive to parameters in the measurement
sequence. At large 7, the computed (G,) does eventu-
ally exhibit noticeable differences for different 7y, but
only after the Gaussian approximation begins to break
down. Heuristically, the PSE and CSE can each be viewed

as performing a “pulse” on the surrounding bath. While
the effect of the first such pulse may be complicated in
general, the bath can be restored to approximately its
initial state by performing an inverse pulse with appro-
priate timing. A detailed analysis of the compensating
effect of the CSE is presented in Appendix C, with addi-
tional supporting data and numerics in the Supplemental
Material [28].

In addition to establishing the robustness of the aug-
mented measurement protocol, we confirm that it accu-
rately quantifies the QPS. Figures 3(d) and 3(e) show
three separate calculations of (6,) for fom = 41.25 ps.
These calculations each stem from the same simula-
tion of the NV A spin cluster but incorporate the
steady-state bath-polarization components p, and p;, =

/p}+p; (at the start of the PSE) in different ways, as
follows:

(i) The Gaussian curve (dashed orange) plots the QPS
signal for a Gaussian bath with € = €4 and p, only.
(i) The analytical curve (dotted black) plots the exact
dynamics for p, only.
(iii)) The numerical curve (solid blue) plots the exact
dynamics including both p, and p; .
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FIG. 4. The observation of quench phase shifts and corresponding polarization measurements. (a),(b) The phase evolution with
7= 1.5 us on (a) NV A and (b) NV B with respect to ¢ and for several £5 . The oscillations correspond to the precession of
transverse nuclear polarization, manifesting in an oscillating ®,, as described in Eqs. (11) and (14). The constant offset is &, o p..

NV B, with stronger hyperfine couplings, exhibits both larger ®,,

and ®,. The axial (c) and transverse (d) bath polarization state is

optimized by tuning fs;.. Each point is determined by fitting a sweep of £y, as in (a) and (b), to the combined Egs. (9), (11), and (14).
(e),(f) The time evolution of the coherence magnitude || and @, fitted to Eq. (9), with p, minimized for each NV using s, = 2.75 ps.

Without the CSE [Fig. 3(d)], the (6,) signal is biased by
p. contributions and differs from @, by roughly a factor
of 2. Including the CSE [Fig. 3(e)] eliminates the bias,
indicating that &, can be extracted by averaging over faj.
These simulations also confirm that the Gaussian approx-
imation is reliable for T < 3 ws. In ensuing experiments,
we use the full compensated PSE sequence to quantify &,
and ®,.

We note that, in general, compensation is not a require-
ment to perform QPS measurements. It improves the qual-
ity of the measurements when the iterated PSE step might
affect the steady-state bath polarization significantly. In
systems where the ratio (max 4;)/w;, is smaller, this effect
is also diminished and compensation may be unneces-
sary. Alternatively, compensation is not needed if the bath
returns to a thermal state in between each measurement,
whether via intrinsic fast relaxation processes or induced
depolarization.

C. Phase-shift measurements

Using the measurement sequence of Fig. 3(a), we
observe phase shifts on our single NV centers that corre-
spond to the polarization and precession of the nuclear spin
bath. In Figs. 4(a) (NV A) and 4(b) (NV B), we vary fyait
while holding all other sequence parameters constant. We
choose T = m/w; = 1.5 ps, which maintains large signal

while simplifying Egs. (9) and (11) to

T D€
(o} = — | ==, 12
(r=2)-" (12)
T 1
d,, =—)=— Al py;. 13
<r wL) wL/Z 1, Pxj (13)

The resulting oscillations match w; and arise from the
precession of the nuclear-spin state after the final NOVEL
pulse. The NOVEL preparation gives rise to p; > 0
through two mechanisms: appreciable 4; components rel-
ative to wy and spin locking in the asymmetric {|0), |—1)}
basis. These sources are discussed in more detail in
Appendix B. The latter is particularly easy to overlook for
the NV center, since its triplet structure is often reduced to
a two-level system to simplify calculations. As described
by Eq. (11), any transverse polarization produces a (Y)
signal. After the final NOVEL pulse, the initial transverse
polarization will precess during #,.;; between p, and p,:

DPxj = P1j COS (Wplwait + ¢ ),
J o ( ait J) (14)

py?/ — pJ_,] SiIl (CULtwait + w])’

where ¢ is the initial phase of the transverse polariza-
tion. Previously, related oscillations have been detected
in ensemble experiments [25,26] but they are observed
here at the single-NV level and quantified in a Gaussian
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framework. Combining Eq. (13) with the parameters in
Table I and assuming a uniform initial bath polarization via
p1j =P1, ¢ =@, we can estimate the mean transverse
polarization p, . By fitting the oscillations, we find p, =
0.32(1) for NV A using f5p = 3.75 ps and 0.117(6) for
NV B using tsp. = 4.5 s [purple data sets of Figs. 4(a) and
4(b)]. By tuning g, we minimize p, [Fig. 4(d)], achiev-
ing p; = 0.003(15) for NV A and 0.004(5) for NV B.
These measurements do not suffice to uniquely determine
the transverse polarization of each nearby nuclear spin but
they do provide a means of rapidly estimating it with a
single quantity—the oscillation amplitude—to adjust for
nonideal behavior in polarization sequences. Even with-
out quantifying the hyperfine constants of the bath, this
metric provides qualitative feedback when optimizing bath
preparation sequence parameters.

Within the same PSE data set, we observe the QPS and
use it to quantify p.. In addition to the oscillating ®,, com-
ponent, we detect a constant phase offset as a function of
twait- P4 1s independent of 7, since the decay of nuclear
polarization is negligible on the time scale of #y,i. The ®,,
component of ® can be canceled by averaging (Y) over
twait OF, equivalently, fitting the (Y) oscillations to an offset.
Thus, both ®,, and ®, o p.€ can be fitted simultaneously
to (Y) = e X sin ®, using the previously measured €. For
the optimal values of #5p (green data sets), we measure
ﬁ(z,A) = 0.96(1 1) andﬁ(z,B) = 068(2)

The observed @, exhibits the predicted QPS characteris-
tics. @, is sensitive to the direction of bath polarization, as
in Fig. 4(a), where the offset inverts along with the bath
state. When transverse polarization is present, sweeping
twait 18 necessary to confirm the sign of the offset, since
|| can exceed |P,|. Alternatively, with fixed fy,i;, T can
be swept to map the ®(r). Both (X) and (Y) are needed
to correctly calculate || = ¢~ * and ®. In Figs. 4(e) and
4(f), the fits to @, for both NVs with minimized p, show
that &, closely matches the predicted dynamics of Egs. (7)
and (9).

As with p,, we examine the dependence of p, on 5.
In Fig. 4(c), both NVs exhibit similar trends: p, improves
where fgp ~ T and is reduced where p is largest. While
predicting t5;, dependence in general requires knowledge
of the spin bath, PSE measurements offer a simple method
to investigate parameter sensitivity without exhaustively
characterizing the bath. p, exceeding unity is observed for
NV A and can be attributed to uncertainty in €4, which
is used as a constant for calculating all p. 4 values. The
confidence intervals for NV A are larger than for NV B
since the QPS is smaller for A, leading to larger frac-
tional uncertainty. We find good agreement between the
experimental data and numerical predictions for NV A
using the identified nuclear spins (see the Supplemental
Material [28]).

Next, we demonstrate that small &, signals can be
increased with additional spin echoes in the PSE sequence.

In general, target bath systems may have smaller € than
studied here and improved signal reduces the need for
extensive averaging. For spin baths, smaller ¢ may be
due to more distant spins (4, o< #~3) or larger magnetic
fields (w; o By), as captured by Eq. (8). Through the appli-
cation of similar linear-response analysis to the general
case of an M-pulse dynamical decoupling sequence of
the form [(t/2) — 7 — (7/2)]¥, the resulting sensor-qubit
evolution is given by

2e 7 ( o , M even,
X(T) = Cosz(Mer)zin“(ir) (15)
2¢ u 5 M Odda
cos2<%r)
. sin (M, 1) sin® (45
®,(0) = (=D""'p.e 2‘2; (w_u)( ) (16)
2

For the derivation of these expressions, see Appendix A 2.

As € — 0, the polarization information in ®, coincides
with (¥(1)) = e X sin(®P,). Maximization of the mea-
surement signal is therefore a balance between the loss of
coherence and the accumulation of phase. For Gaussian
spin baths described by Egs. (3) and (5), the theoretical
upper bound of the QPS signal is [(6,)| < 0.3/€, which
can be saturated when € < 1 and x = % (see Appendix
A 3). At this maximal signal point,

1 T

e Topt = ———.
Je T w /e

In Fig. 5, we show the effect of multipulse PSE on NV A,
for which we calculate My = 3 and 7o = 1.5 pus. Here,

Mopt ~ (17)

1.2 T T T T T
L 3
§ e e Q . ee T g
- 08 B ., L) I
L )
0.4 NV Ax | | | | i
0 2 [ T T T T T ]
£
£ oo =
S M=3
2-m-Tl2
-0.21 [z 7{ - ] | | | | il
0 1 2 3 4 5 6
7 (Us)
FIG. 5. PSE measurements with additional echoes can

increase signal. As demonstrated on NV A, the phase @ (bottom)
has greater amplitude for M = 3 echoes than for M = 1. Corre-
spondingly, the coherence magnitude || (top) is diminished at
the maximum of ®, so the signal cannot be increased monoton-
ically with additional pulses. The data are fitted to Egs. (15) and
(16), with the optimal M = 3 determined by Eq. (17). Here, 7 is
the interval between echo 7 pulses.
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FIG. 6. The PSE measurement of the coherence magnitude
|W] and phase @ after a single (M = 1) echo with total evolu-
tion time 7. When 7 exceeds |4;|~!, (4,)~!, the bath dynamics
become increasingly non-Gaussian and the NV signal departs
from predictions under the Gaussian approximation (red curves).
As demonstrated here on NV B, both (X) and (Y) begin to
deviate and PSE measurements can be used to quantify these
non-Gaussian deviations.

T is the interval between echo m pulses, for a total free-
evolution time of M. The additional pulses induce more
complex time evolution but also increase signal relative
to the single-pulse PSE. The maximal @ is approximately
doubled on NV A for the M = 3 sequence relative to
M = 1. Because this system involves coherent interaction
between probe and bath spins, this enhancement is distinct
from applications where dynamical decoupling on a sen-
sor qubit is used to increase sensitivity to a classical noise
field.

Finally, we note the potential utility of QPS measure-
ments in exploring the underlying non-Gaussian nature of
spin baths. While an ideal Gaussian environment would
produce perfectly periodic oscillations, physical spin baths
deviate from this ideal for t > (4,)7',|4;|~". These devi-
ations are evident in both || and ®, as observed in Fig. 6
using NV B, where the mismatch increases with 7. By
quantifying the non-Gaussian phase evolution, QPS mea-
surements may enable tests of noise models for polarized
and other nonequilibrium spin baths. Such investigations
are beyond the scope of the current work but present a
promising future direction of study.

IV. DISCUSSION

We have used single NV centers in diamond to observe
a periodic phase shift that arises in spin-echo measure-
ments due to axial polarization of surrounding nuclear bath
spins. This quantum quench phase shift has been predicted
previously through linear-response calculations of Gaus-
sian spin baths and arises due to the dependence of the
bath Hamiltonian on the qubit state. We have extended
the existing theory by calculating the effects of trans-
verse polarization and multiple spin-echo pulses, which

are relevant to experimental implementations. A critical
step in observing the quench phase has been to intro-
duce a pulse sequence to minimize changes to the bath
polarization due to many repetitions of the measurement
protocol.

QPS-based polarization measurements have many
appealing characteristics. Not only do QPS measurements
directly probe bath polarization p, € [—1, 1] but they can
also be performed with no prior knowledge of bath cou-
pling parameters. This is possible since the empirically
determined e characterizes the total bath-qubit coupling,
regardless of the number of spins or their distribution, so
long as the environment is approximately Gaussian. In
existing NV-based polarization-measurement techniques,
13C bath polarization is probed indirectly via polarization
loss from the central spin [23,24], is measured by address-
ing each nuclear spin through unique hyperfine couplings
[37] or is detected by driving resonant nuclear-spin rota-
tions [25,26]. Indirect measurements have difficulty dis-
tinguishing p, and p; and may disrupt the bath in the
process of manipulating the central spin. Alternatively,
methods that directly drive nuclear-spin operations have
several drawbacks, including the requirements of apply-
ing rf drives in significantly lower frequency bands and
with operation times 3> 7} . The target nuclear-spin sample
may contain a distribution of Larmor frequencies, which
makes direct driving inefficient and imperfect. The Sup-
plemental Material [28] contains additional data on exist-
ing polarization-measurement techniques. In contrast, QPS
measurements require only a single spin echo on the time
scale of Ty, encompass the collective bath polarization in
a single measurement, and do not require identifying or
driving bath resonances. In addition to facilitating imple-
mentation and improving signal, these advantages enable
QPS measurements to probe relatively fast spin dynam-
ics. Whereas other methods can surpass 100 s, the QPS
measurement requires only approximately t to perform. A
number of phenomena are quasistatic on this time scale,
including fast polarization transfer [38] and spin diffu-
sion [39], making QPS measurements an accurate probe
of time-dependent spin phenomena.

Though not required in this work, the capability of
tuning € using the magnetic field is valuable for opti-
mizing future spin-bath measurements. For Gaussian spin
baths with large €, such as systems with dense or strongly
coupled spins, € can be moderated by increasing By. Con-
versely, lower applied fields may be used to probe spin
baths at greater distances. Where approximate coupling
strengths and spin distributions are known, Eq. (8) guides
the choice of system parameters. As an example, to opti-
mally probe the polarization of proton spins in a hydro-
carbon liquid on the diamond surface using proximal NV
centers roughly 7 nm deep, such as in Ref. [40], Bo ~ 20 G
can be used. Control over € complements the ability to
increase signal via multiple echoes; if € is still small after
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tuning the magnetic field, multipulse measurements pro-
vide additional enhancement. Thus, QPS sequences are
viable for probing a wide range of spin baths, with respect
to both geometry and composition.

Engineering the spin sensor itself may also extend the
capabilities of QPS measurements. Often, ensembles are
used to increase the signal-to-noise ratio of single spin sen-
sors. The simplest approach, using a randomly distributed
ensemble to probe a randomly distributed spin bath, may
not enhance the QPS signal, due to averaging over the
much weaker hyperfine coupling of more distant bath
spins and the non-Gaussian behavior of proximal spins.
However, more structured ensembles may yield improve-
ments—such as for a thin layer of qubits near an interface
to a target sample [41,42]. The similar distance of each
sensor to the bath would produce a narrow distribution of
€, ensuring that the ensemble measurements average to a
consistent signal.

Simple and accurate methods for quantifying polariza-
tion are valuable in a variety of fundamental and applied
domains. NV centers are actively used for developing
efficient dynamic nuclear polarization methods [38], evalu-
ating hyperpolarization routines for quantum sensing [43],
and preparing registers of nuclear spins for quantum mem-
ories or quantum many-body experiments [44]. The appli-
cation of QPS measurements to near-surface NVs with a
spin-rich target on the surface [40], in isotopically engi-
neered diamond with layered architectures [45] or with
core-shell nanoparticles [46], will provide more insight
into promising sensing applications and the empirical lim-
its of sensitivity for NV centers. Beyond NV centers, a
rich variety of spin-bath systems feature similar dynamics
[47-49].

More broadly, QPS measurements provide an additional
technique to study response properties of quantum sys-
tems, which is known to be a valuable probe of a variety of
physical phenomena including superconductivity [50,51]
and phase transitions [52]. As discussed in Ref. [19], it
provides access to the susceptibility of the bath, which
complements conventional noise spectral density measure-
ments, and it can be used to quantitatively investigate bath
dynamics and nonequilibrium systems, as well as non-
Gaussian noise. In an appropriate context, this line of study
may also shed light on the understanding of quantum to
classical transitions [53,54].

ACKNOWLEDGMENTS

We thank Masaya Fukami, Jonathan C. Marcks, Leah
R. Weiss, and Nazar Delegan for helpful discussions. This
work is primarily supported by the U.S. Department of
Energy, Office of Science, National Quantum Informa-
tion Science Research Centers (Q-NEXT), with additional

support from the U.S. Department of Energy, Office of Sci-
ence, Basic Energy Sciences, Materials Science and Engi-
neering Division, the Center for Novel Pathways to Quan-
tum Coherence in Materials, an Energy Frontier Research
Center funded by the U.S. Department of Energy, Office
of Science, Basic Energy Sciences under Award No. DE-
AC02-05CH11231, and the Air Force Office of Scientific
Research under Awards No. FA9550-19-1-0358 and No.
FA9550-22-1-0370. This work was partially supported by
the University of Chicago Materials Research Science and
Engineering Center, which is funded by the National Sci-
ence Foundation under Award No. DMR-2011854. A.C.
also acknowledges support from the Simons Foundation
through a Simons Investigator award (Grant No. 669487).

APPENDIX A: DERIVATION OF NV PHASE
SHIFTS FROM GAUSSIAN BATHS

1. Probe-qubit evolution due to a (quenched)
Gaussian bath

We consider a Ramsey-type experiment (including
Hahn-echo or general dynamical decoupling sequences) on
a single probe qubit. Throughout our discussion, we focus
on the case where the qubit is coupled to a pure-dephasing
environment. In this subsection, we provide a detailed
discussion on the qubit-phase-shift and coherence-decay
effects due to a generic Gaussian bath (for generalization
to non-Gaussian environments, see Ref. [19]). We also
assume that effects due to finite qubit pulse width are neg-
ligible, which holds true for the experiments discussed
in the main text. As such, we can transform to the stan-
dard toggling frame defined by the qubit pulses, as well
as the rotating frame with respect to the intrinsic qubit
Hamiltonian Hyy = wgpd/2 = (0g/2)(11) (1] — L) (L.
The toggling-frame Hamiltonian for the qubit-bath system
can thus be written as

I:IO (t) = I:Ienv + I}:]int ([) 5 (Al)
N 1 ~
Hint (t) = EF(Z) 6z 02y ,s;: (AZ)

Here, I:IenV denotes the bath-only Hamiltonian, é is the
qubit-bath coupling operator (abbreviated as the bath cou-
pling operator for brevity), and F(¢) is the switching
function that encodes qubit pulse(s). For the simplest case
of Ramsey experiments, we have F(f) = 1 during the
protocol ¢ € (0, ].

At the beginning of the protocol and after the
qubit initialization (r/2) pulse, the instantaneous qubit-
environment state is given by

Prot(t = 07) = |[+)(+] ® fp,i» (A3)

where |+) = % (|1 4+ I{)). By measuring the qubit spin
operators 6, and 6, at the end of the protocol, = #, one
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can directly access the qubit coherence function, defined as
follows [6_ = [{) (1] = (6, — i6,)/2]:
6-)) = Tr [ (6-@lan ) )] (A4)
t . Lot .
Prot(ty) = Tefifof d/HO(t)/atot(l‘ =0")7T¢ fof dlHo@),
(AS5)

Due to the pure-dephasing form of qubit-environment cou-
pling in Eq. (A2), the qubit coherence function in Eq. (A4)
can be computed via the initial bath state and conditional
bath Hamiltonians I:IT( @ = ﬁenv + %F (t)é‘ , as

% =Tr {Teif(;f dﬂ]:[T(r/)pAb,i’]N'eifotf dt’]%(t’)} )
o_
(A6)

It is thus convenient to separate the dephasing from the
phase-shift effect in the measurement signal, so that we can
define

(6= _ —rpr-ioty)

A7
(6-(01)) (A7

In Eq. (A7), the real-valued functions x(#) and
®(#r) encode amplitude decay and phase shift on the
qubit coherence due to coupling to the environment,
respectively.

As shown in Ref. [19], implementation of a standard
dephasing-type noise spectroscopy experiment can inad-
vertently lead to a quench on the environment during the
protocol, resulting in an extra quench-induced qubit phase
shift. To see this effect, we can transform to the inter-
action picture defined by the bath Hamiltonian IfIb,,- prior
to the start of the measurement sequence. More specifi-
cally, for the experiments discussed in the main text, we
have

. . . 1.

Hb,izHT(t:O )=Henv+§é_- (AS)
The corresponding interaction-picture Hamiltonian with
respect to Hj; can be written as

N 1. 1 A
Hi (1) = —55(1) + EF H6.®& (1), (A9)

where we define the rotating-frame bath coupling operator
é(t) as

E(t) = ebitg miflhit, (A10)

Thus Eq. (A6) can be equivalently computed in the inter-
action picture, as

(6_(1r))

[ N il
60ty Tr{Um (tr) ol (tf)}, (Al1)

Uiy (i) = Te*4 10 w01, (A12)
If the environment is Gaussian, i.e., if the bath coupling
operator § (f) satisfies Gaussian statistics, Eq. (A11) can
be evaluated exactly. For this purpose, we first note that a
generic Gaussian process can be fully characterized by its
first-order average and second-order correlation functions.
For the bath noise operators é (1), we thus introduce

(D) = Tr[E (1) by,
(8E(11)8E (12)) = Tr[8& (11)8E (12) Pv.i],

(A13)
(Al4)

where 8§ (H = é(t) - (é (#)). The first-order average (é ()
can be viewed as the quantum version of the average
of a classical stochastic field. In contrast to the case of
classical stochastic variables, the second-order average,
(§ (tl)é (1)), is generally not symmetric under exchange of
time variables ¢, and #,, because the bath operators é(t) at
different times do not commute. In this case, a more phys-
ical way to represent the second-order moments is to sep-
arate its components that are symmetric and asymmetric
in time. Specifically, we can define the standard bath auto-
correlation function S(z1, ), as well as its linear-response
susceptibility function G?E (t1, 1), as

_ 1 ~ ~
S(1 1) = 5 ({8 (), € ()}, (A15)
Gi:(1,1) = =0t — ) ([E),E®)]).  (Al6)

Making use of the first two bath average moments, we
can now explicitly write out the phase shift ®(7) and
dephasing factor x(#r) in Eq. (A6) due to a Gaussian
environment. The dephasing term is given by

/A n -
x () 2/ dtlF(fl)/ duF()S(th, ). (A17)
0 0

As such, the dynamical decoupling pulses encoded in F'(¢)
act as a spectral filter of the bath noise and the correspond-
ing Flw] in the Fourier domain (or its squared norm) is
commonly known as the filter function of the pulse(s).
Note that Eq. (A17) has a direct parallel with qubit dephas-
ing due to classical noise. For the phase shift ® (), we
have

ir n
Boly) = /O dnF ) Ew)), (A19)

L[y g
() = —3 /O dn F(t)) /0 dnGEe(11,1).  (A20)

In the right-hand side of Eq. (A18), the first term ®,,(#)
corresponds to the standard phase shift due to a nonzero
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average bath field, which is independent of the probe-qubit
state and also has a straightforward classical analogue. The
second quench-induced term &, (¢ ), however, is related to
the response properties of the quantum environment and
cannot be generated by a classical static noise source. This
extra phase shift, which we call the quench phase shift
(QPS) for convenience, can emerge in Ramsey-type exper-
iments for a wide range of physical platforms, which in
turn can be used to extract the spectral function of an
unknown environment [19].

2. NV dynamics under multipulse dynamical
decoupling sequences

We note that Egs. (A17) and (A20) are generally appli-
cable to computing the dephasing factor x(#) and the
quench phase shift ®,(#;) for general dynamical decou-
pling pulses. As an example, we derive the NV dynamics
due to a nuclear-spin environment corresponding to a gen-
eral Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence
with M pulses and total duration M7, as considered in
the main text. The pulse sequence can now be written as
[(z/2) — 7 — (1:/2)]M and the switching function can be
compactly expressed as

F(t) = sgn[cos (t/T)], 0<t<Mr, (A21)
where sgn(-) denotes the sign function.

We now consider the nuclear spin bath discussed in the
main text. As shown in the Supplemental Material [28],
the bath Hamiltonian and NV-bath coupling operator can
be described by

Hyj = o1 Zizw (A22)
J
E=-2. (AHJiZ,j +A¢,,>?x,j) : (A23)

J

Without loss of generality, we also assume that the nuclear
spins only have axial polarization. In this case, by sub-
stituting Eq. (A21) into the analytical expressions for
dephasing and phase evolution in Eqs. (A17) and (A20),
we obtain

>, A1, sin* (%5)
T

_ 4 M+1 o Mz 2
T) = - e +1 5
x(®) w?  2cos? (“%) }( )
(A24)
p-;i A2 sin (M oy t) sin? (22
cbq(r)z(_l)M—lsz; Ly Moy )wT ( 4 )
w? 2cos (47)
(A25)

One can show that above equations are equivalent to Egs.
(15) and (16).

3. Derivation of the upper bound on NV (o)
coherence signal due to QPS

Let us again consider the nuclear spin bath discussed
in the main text but with a generic dynamical decoupling
pulse satisfying féf F(t)dt =0 (i.e., any static noise is
fully canceled). Substituting Eqgs. (A22) and (A23) into
the general analytical expressions for dephasing and phase
evolution in Egs. (A17) and (A20), and introducing the
Fourier transform of the filter function as

Flw] = /0 ! F(te'™dt, (A26)

we thus obtain
x() = ngA L Flol (A27)
D, (tr) = Zff:ZTJLAZ“m:F[wL]. (A28)

One can use a few lines of algebra to show that Eqgs. (A27)
and (A28) lead to an upper bound on the NV coherence
component (G,),

[(6,) = e X U] sin @y (1)| < | Dy (1 )|e 4

21 43,

which reproduces the upper bound given in the main text.

(A29)

APPENDIX B: ORIGINS OF TRANSVERSE
POLARIZATION

In standard dynamical nuclear polarization protocols
and in the simplest scenarios, which typically make use
of Hartmann-Hahn resonances, it is common to assume
that the resulting nuclear polarization is aligned with the
external magnetic field or, equivalently, the direction of
its bare Hamiltonian. It is thus useful to discuss the origin
of both parallel and transverse polarizations in the exper-
iments discussed in the main text. Let us again start with
the total system Hamiltonian, which can be written as

A

N WONV . A Inv + 6 N A
Hyy = %oz + Ay + NVT ® (Hy, +&). (B

For clarity, in the following derivations we assume that the
NV is coupled to a single nuclear bath spin (with spin oper-
ators given by dy,) but our result also applies to larger
spin baths. Furthermore, we show numerical show numer-
ical evidence verifying our analytical results, assuming a
realistic spin bath corresponding to NV A as discussed in
the main text.
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To transfer polarization from the NV to the nuclear spin,
we make use of a spin-locking pulse on the NV. Without
loss of generality, we assume that the drive is along the
x axis, which can be described in the NV Hamiltonian as
I:IdI = Q4;:0; cos(wgt), with the drive frequency and Rabi
amplitude given by wy, and Q24,, respectively. In the rotat-
ing frame defined with respect to wg;, the total NV-bath
system can be described by the following Hamiltonian:

A 8 N er ~
HSL = —EO‘Z + B oy + Hbath + [_[mt, (B2)
A wy .
Hyam = TLUZ,O, (B3)
A ﬁNV — 5’2 A ,06'2,0 ‘f‘AJ_,()& 0
[_Iint = D ® ” B - ’ (B4)

where the drive detuning is defined as § = wgr — wny.
To enable polarization transfer from NV spin to the bath
spin, we choose the spin-locking pulse to satisfy the reso-
nance conditions § = 0 and Q4 = w;, so that the NV-bath
Hamiltonian simplifies into

A wy N ~ A A

HSL = 7 (Ux + UO,z) + Hquench + Hint, (BS)
Hauench = (AH 060 + A1 ,060x) , (B6)

N 1. N ~

Hin = — 70 ® (A||,000,z + AL,OGO,x) . (B7)

We note that when the nuclear-spin Larmor frequency w;
is comparable to 4, o or A, the spin-locking Hamilto-
nian Hs. may not facilitate perfect polarization transfer,
i.e., gy in general cannot transform an unpolarized initial
bath spin state to 6y, eigenstates. This can be seen intu-
itively by comparing the physical Hamiltonian Hg; to the
standard flip-flop Hamiltonian for a two-spin system, the
latter of which can achieve perfect polarization transfer, as

Aoy = 2 (12 + £22) +J (1211 (] ® s+ He).

(B?)

We see that there are two different factors that prevent Hy
from achieving perfect polarization transfer:

(1) The NV—nuclear-spin interaction Hiy deviates from
the perfect flip-flop form by having the extra 4
term as well as the counter-rotating contributions in
the 4 1.0 term.

(2) The extra quench term ﬁquench tilts the nuclear-spin
axis, so that the intrinsic nuclear-spin quantization
axis now has overlap with the direction set by the
interaction Hamiltonian I:Iim between the NV and
the bath.
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FIG. 7. The origin of transverse nuclear-spin polarization.
The time evolution of 3C numbers 1 and 2 is plotted, while
simulating the entire NV—nuclear-spin-bath system dynamics,
making use of fitted hyperfine coupling parameters of NV A
from Table 1. (a) Simulation results based on the spin-locking
Hamiltonian Eq. (B2): 4;; # 0,NV{0,—1}. (b)«(d) Simula-
tions when ignoring the axial component of hyperfine cou-
plings, when using a balanced NV |m, = +1) < |m, = —1)
transition in the spin-locking pulse, and when applying both:
(b) 4y; = 0,NV{0, —1}; (c) 4; # O,NV{+1,—1}; (d) 4, =
0,NV{+1,—1}. While only two 3C spins are plotted here,
the polarization dynamics of the other '3C bath spins exhibit
qualitatively the same behavior.

This analysis is also verified by numerical simulations in
Fig. 7, where we assume approximately the experimental
magnetic field By = 312 G, and the nuclear-spin configu-
ration of NV A with five bath spins extracted from XY8§-2
measurements (see Table I). We start from an unpolarized
initial nuclear-spin state and simulate the time evolution of
nuclear-spin polarization along the z and x axes during a
single spin-locking pulse [Fig. 7(a)]. To demonstrate the
two distinct sources of transverse polarization discussed
above, we also simulate the spin-polarization evolution for
the same bath but driving the NV |m; = +1) < |m; =
—1) transition in the spin-locking pulse [Fig. 7(c)], in
which case the total Hamiltonian does not have the quench
term in Eq. (B6). We compare these results with (i) set-
ting the parallel hyperfine coupling coefficients to zero
A0 =0 in Eq. (B7) and, more generally, 4 ; = 0 for the
multispin bath used in the simulation [Fig. 7(b)], such that
the nuclear-spin quantization axis is not tilted from the z
axis, versus (ii) using both the NV |m; = +1) < |m, =
—1) transition and the transverse-only NV-bath interac-
tion [Fig. 7(d)]. As shown in Fig. 7, all but the last case
lead to nontrivial transverse polarization in the x-y plane,
illustrating that having either the quench term Eq. (B6) or
the counter-rotating contributions in Eq. (B7) can prevent
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the bath from reaching a fully polarized state during the
spin-locking pulse.

It is worth noting that in the limit where the rotating-
wave approximation holds, i.e., wz 3> |4)0l, 410l I:ISL
in Eq. (B5) can be well approximated by Eq. (B8) and
the dynamics could achieve perfect polarization transfer.
However, in this regime, the polarization transfer pro-
cess also becomes much slower than the time scale set
by the nuclear-spin Larmor frequency, which can signifi-
cantly prolong the entire measurement protocol. In realistic
experiments, it would be more desirable to use nuclear
spins with larger coupling, i.e., greater values of |4, o[, to
ensure that the later sensing step can detect a reasonable
signal.

APPENDIX C: ANALYSIS OF THE
COMPENSATING SPIN-ECHO SEQUENCE

In the main text, we state that the phase-resolved spin-
echo signal is more robust if we apply a second compen-
sating spin-echo pulse using NV basis {m; = 0,m; = +1}
and fix the distance between the start of the two Hahn-
echo sequences to be an integer multiple of the nuclear
Larmor period 7; = Zna)zl, as illustrated in Fig. 3(a).
Here, we provide a rigorous justification for the use of this
measurement protocol.

Before explaining how the modified protocol offers a
more robust approach to measuring the quench phase shift
®, and the linear-order phase shift ®,,, we first discuss
why the standard spin-echo measurement may be insuffi-
cient for this purpose. Note that in the ideal case considered
in Ref. [19], where at the beginning of the measurement
protocol, the sensing target relaxes into a steady state set by
its surrounding environment, one can simply vary the wait
time #y,j; between the end of the initialization pulse and the
start of the spin-echo sequence to access NV phase shifts
with the same axial but varying transverse polarizations
(for details, see the Supplemental Material [28]). For the
experiment considered here, however, because we use the
interaction between the probe NV and the nuclear spin bath
to also initialize (i.e., polarize) the bath state, the resulting
initial bath state could also depend on #,;; (When repeating
the entire measurement cycle many times), making it diffi-
cult to separate the phase shifts due to axial and transverse
polarizations.

Thus, our goal is to devise a measurement protocol
where the bath initialization is independent of the measure-
ment pulse sequence and, more specifically, insensitive
to fyair. Fortunately, this can be achieved by the appli-
cation of the second compensating Hahn-echo pulse. As
shown in Fig. 3, the evolution of the spin-echo phase
without the compensating sequence averaged over all
twait [Fig. 3(c)] shows considerable deviation from the
analytical expression (for detailed derivations, see the

Supplemental Material [28])

Py(tr)

Ai‘ wrly wrty
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which is due to drifting of the initial bath polarization
when we change the wait time #,;. In contrast, adding the
compensating pulse leads to excellent agreement between
the measured spin-echo phase averaged over ty,;; [see the
solid curves in Fig. 3(e)] and the analytical expression in
Eq. (C1).

One can naturally ask if there exists a more rigorous
proof showing why the sequence with the compensating
pulse is more robust, beyond numerics based on the spe-
cific spin-bath configurations. To see this, it is convenient
to transform the bath to the rotating frame defined with
respect to the bath-only Hamiltonian, I:Ib’i = wy, Z/‘ }Z Jj>as
well as the toggling frame defined by the Hahn-echo &
pulse. Thus, the action of a single Hahn-echo sequence
(with wait time ¢ and duration 7)) on the bath density matrix
can be written as

Crnne (15 7) [ 5] = Trny {ff{o,—l} (&) () (+]

@,y 60}, (C2)

where Ujg_1) denotes the unitary evolution operator of
the total NV-bath system when using the NV {m; =
0, my = —1} basis as the probe qubit and |+) is the equal-
superposition state of the two basis states. For the purpose
of our discussion, it is convenient to also define the unitary
evolution when using NV basis states {m; = 0, m; = +1}
as U 1), so that we can compactly derive the unitary
operators as

N +i [T 10)(0|®E (¢ )dr
Upzy (tbt)=Te 2 ©

Te:l:ifttJr% £ 1) (£ 1®E (7 )dl (C3)

Here, £ (1) = e e=iHbit Note that Cppe (£ 7) denotes a
superoperator, which is in general a completely positive
trace-preserving (CPTP) map.

From the NV-bath system described by Egs. (A22) and
(A23), we obtain £(f) = — Zj [A”J-iZJ- +A4, (?+J-ei“’L’ +
H.c.)]; assuming that the evolution time is sufficiently
small such that |[4),|t <1 and |4, |t < 1, we can
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approximately express the backaction due to the Hahn-
echo sequence on the nuclear spin bath (keeping leading-
order terms in £ (7)) as

2
~ T 3 T AE(W) 5, F ot I k().
(C4)

. =+t R
Cone () [P] = o — f [ (7). py)dr

It is clear that the evolution of the bath state under the
Hahn-echo measurement sequence depends on the value
of ¢, 1.e., on the wait time fy;;.

This formal argument also lets us understand the role
of the compensating Hahn-echo pulse. Noting that the sec-
ond Hahn-echo sequence uses the NV {m, = 0,m, = +1}
basis, the evolution of the bath state under the combination
of measurement and compensating Hahn-echo sequences
can be written as

Cone (11,123 T) [ P5] = Cene (11 + 125 T) [Conne (115 7) [06]] »

(C5)
where we have
Cene (1;7) [ 5] = Trny {U{O,+l} (&) (1) (+
® o, ). (C6)

In Eq. (C5), #; denotes the start of the first measure-
ment Hahn-echo pulse, whereas #, denotes the spacing
between the start of the two Hahn-echo sequences. Follow-
ing similar analysis as in Eq. (C4), we can approximate the
backaction due to the compensating pulse as

Cche (t; T) [Iab] = T€+% ft{ﬂ dt/é (/) ﬁb,j;e_% ttﬂ dt’é (t,) .
(C7)

Combining Egs. (C4) and (C7), it is straightforward to see
that the leading-order effects due to the two Hahn echoes
can be canceled when the following resonance condition is
met:

w2 /2 € Ly = Cone (1, 1257) [Pp] = 5. (CB)
We note that this full cancellation (to leading order in the
NV-bath coupling) is enabled by the NV spin-1 structure.
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