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ABSTRACT: Detection of AC magnetic fields at the nanoscale is

critical in applications ranging from fundamental physics to materials NVsensor @\ /o
science. Isolated quantum spin defects, such as the nitrogen-vacancy v
center in diamond, can achieve the desired spatial resolution with
high sensitivity. Still, vector AC magnetometry currently relies on
using different orientations of an ensemble of sensors, with degraded
spatial resolution, and a protocol based on a single NV is lacking.
Here we propose and experimentally demonstrate a protocol that
exploits a single NV to reconstruct the vectorial components of an
AC magnetic field by tuning a continuous driving to distinct
resonance conditions. We map the spatial distribution of an AC field
generated by a copper wire on the surface of the diamond. The
proposed protocol combines high sensitivity, broad dynamic range,
and sensitivity to both coherent and stochastic signals, with broad applications in condensed matter physics, such as probing spin
fluctuations.

Vector AC magnetometry

KEYWORDS: vector AC magnetometry, NV center, nanoscale, quantum sensor, Rabi oscillation

B INTRODUCTION working ranges.”'® The NV center has demonstrated excep-
tional performance in both DC and AC magnetometry,”
although most of the protocols focus on detecting only one
component of the vector magnetic field. In principle, protocols
tailored at measuring a given magnetic component could be
combined to extract the field vector, as it has recently been
done for DC sensing;23'25 however, the different control
sequences required potentially introduce biased systematic
errors in the detection. Similarly, one could exploit different
NV orientations (typically in NV ensembles) to measure
DC* 3! or AC** ™" vector fields; however the existing
protocols require complex controls and introduce systematic
errors since the signal is measured through different NV
centers. Moreover, nanoscale resolution is difficult to achieve
in ensemble-based sensors.

In this work, we propose and demonstrate a protocol for

Mapping the vectorial information of AC magnetic fields with
nanoscale resolution is an essential task in both fundamental
physics and practical applications. In condensed matter, vector
AC magnetometry reveals properties of spin, charge, orbital,
and lattice degrees of freedom by probing novel dynamical
behaviors such as spin-waves, current fluctuations, spin
fluctuations, and magnetic excitations."” In quantum technol-
ogy, it reconstructs the noise spectroscopy”* that determines
the coherence time of quantum systems. In microwave (MW)
technology, it calibrates and optimizes performance of MW
devices by imaging the field distribution.” In life sciences, it
probes magnetic signals in biological process.z’(”7 Quite
broadly, it has many other useful applications, such as in the
study of materials’ response to MW field.* Sensors based on a

: : 9
variety of platforms have been developed for different tasks, :
from neutron scatteringIO to micro-Brillouin light scattering,” vector AC magnetometry based on a sm§1e NV center.

. . ) 35,36
superconducting quantum interference devices (SQUIDs),"” Inspired by sp " 1ock'1ng magnetometry, we a“pply :
ultracold atoms, '* and scanning near field microscopy.>~"” coherent MW drive with tunable strength € as our “probe
7] . .
o LA for the AC fiel h fi . Th

Most of these sensors, however, are limited by their finite sizes or the AC field with frequency o, e transverse and
and cannot reach the desired atomic scale resolution.

A complementary sensing technology is based on nitrogen- Received:  March 22, 2021
vacancy (NV) centers in diamond, an atom-like solid-state Revised:  June 1, 2021
defect that can be used as a spin qubit.'® NV center-based Published: June 4, 2021
sensors are noninvasive and combine advantages such as high

s . 1920 . 21-24

sensitivity, nanoscale resolution, and k-space reso-
lution' in addition to broad temperature and magnetic field
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Figure 1. Vector AC magnetometry. (a) Pulse sequence. A green laser and a 7/2 pulse prepare the qubit to state l¢)) = %(lO) + ¢%1)), and

then a continuous MW field is switched on and the signal AC field is applied, followed by readout of 10) or I¢h,) (obtained via another z/2 pulse).
(b) Rotating-frame components of the vector AC magnetic field in the lab and rotating frame. (c) Conditions for B,, B, B, sensing. (d)
Demonstration of distinguishing longitudinal and transverse components by sweeping MW strength 2. Experimental parameters are g, = (27)0.2
MHz, w, = (27)28 MHz, ¢, = n/2, w, = (27)S0 MHz, ¢, = 0, and t = 2 us. (e) AC field amplitude sweep. Q is set at the corresponding resonances
measured in (d). In experiments, g, is swept, and the values of B, and B, are obtained comparing to eqs 7 and 8 where corrections 4, = 1.12, 4, =
0.95 due to the RWA breakdown are taken into account. (f) Transverse direction 6, measurement. ¢, is swept under ¢, = 0, 7/2, and the data are
fit to eq 6, which gives 6, = 0.9° + 10.2°, —10.1° + 7.2°, respectively. We note that the results here deviate from the perfect sinusoidal shape (lines)
due to the breakdown of the RWA, which are simulated in detail in Figure 3.

longitudinal components of the AC field can be separately
sensed under different resonance conditions with Q = @, and
Q = wy — w, respectively, where w, is the static energy
splitting of the NV center. We perform proof-of-principle
experiments and reach a ~1 uT/+/Hz sensitivity, mostly
limited by our setup photon shot noise. More generally, we
show that the sensitivity is ultimately limited by the coherence
time of the NV sensor and could reach ~nT/+/Hz through
optimization of the photon collection efficiency and MW
control stability. As a demonstration of our proposal, we map
the spatial distribution of the AC field generated by a straight
conducting wire on the surface of diamond. We further use
numerical simulation to identify that the dynamic range of the
proposed protocol is affected by the breakdown of the rotating
wave approximation due to strong MW strength and the
interference effects between different components of the AC
field. When taking into account and correcting for these effects,
we can achieve a broad dynamic range comparable to w,.
Finally, we show that our proposed protocol allows the sensor
to perform nanoscale reconstruction of both coherent and
stochastic AC signals, which finds broader applications in
magnetic noise spectrum detection in quantum materials."

B RESULTS

Principle. We use a single NV center as a spin sensor to
perform vector AC magnetometry. The NV center is effectively
treated as a qubit by selecting two ground state levels lmg = 0)
and Img =—1) as the logical 10) and I1). Recall that in Rabi
magnetometry” an AC field can be sensed via the rate of Rabi
oscillations (of an initial population state) induced by the field
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when on-resonance with the qubit. Here, we monitor instead
the coherent oscillations of an initial “spin-locked” state,®
prepared under continuous MW driving, and thus detect the
AC field by imposing the resonant condition in the rotating
frame. We thus call this detection method rotating-frame Rabi
magnetometry and show the sequence in Figure la. Since the
rotating-frame transformation shifts the frequency of the
transverse (x, y) AC field while keeping the longitudinal (z)
AC field unchanged, their resonance conditions are distinct,
and the two components can be separately probed by
appropriately tuning the MW strength on-resonance. When
measuring the transverse component, the signal strength also
depends on the azimuthal angle of the AC field in the x—y
plane, which enables the detection of all three components of a
vector AC field. In the following we explain in detail the
protocol.

_ Our goal is to sense a linearly polarized AC magnetic field
Bac = (B +_Bjj + B2)cos(wgt + ¢b), which couples to the
NV spin as y.Bxc-S, where y, and S are the gyromagnetic ratio
and the spin operator of the NV center. The Hamiltonian of
the system is H = Hy + Hyc: Hy describes a driven qubit
obtained by selecting two of the three NV energy levels, H, =
(wo/2)0, + Q cos(wt + ¢,)0,, where @, is the qubit frequency,
Q is the MW strength, and @ = @, the (on-resonance) MW
frequency. H,c is the signal Hamiltonian H,¢ = (g,0, + g0y +
g.0.) cos(wt + ), with g = (v,B,,)/~2 and g, = (v.B.)/2.
In the rotating frame defined by (w/2)o, and neglecting

counter-rotating terms, the Hamiltonian includes a static term
HI=(Q/2)[cos ¢y0, + s $o0,] and a signal term
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Figure 2. AC field mapping. (a) Simplified schematic of the setup showing the lab frame XYZ defined with respect to the diamond chip and the
wire (with a 25 ym diameter and lying on the diamond surface). In the inset, the field direction (light blue) arises from the wire (orange). The NV
frame has its z-axis along the [111] direction for the selected NV family. (b) Confocal scan showing several NVs close to the wire. The NV
highlighted by circles were measured to reconstruct the vectorial field [see (e)]. (c) AC field amplitude. An oscillating voltage with frequency 28
MHz and amplitude 0.007 V, which is further amplified by a 45 dB amplifier, is applied to generate the AC magnetic field, and B, and B, are
extracted by measuring the rotating-frame Rabi frequencies. Data are fit to Byc(r) = (52.8 + 1.1)/r (G/um) where r is the distance between the

NV center and the copper wire. (d) AC field direction. Data points are measured values of 8./ (gx/ V2 + gzz, in which the blue points are

obtained from the same experiment in (c) and the red points are measured by varying field amplitudes (see Supporting Information). The data are
fit to the infinite wire model, taking into account the NV orientation and assuming the wire is along X. The gray lines are predictions from the wire
model and two unobserved NV orientations, thus demonstrating that we can identify the NV direction. The red dashed curve is shifted from the
blue curve assuming wire is tilted from X by —15° in X—Y plane due to a sudden change of the laboratory conditions (our fit results indicate that
the assumption of a wire on the diamond surface is otherwise a good approximation). (e) Reconstructed vector AC field (direction and strength
shown by the arrow). Here the “wire tilted” data are not included to keep a consistent wire orientation for the reconstructed vector field. Note that
corrections 4, = 1.12 and A, = 0.95 are taken into account in all the data processing above.

0 L
Hy. = %[cos(éa}st + ¢)o, + sin(Swt + 43)%] y () = cos(gt/2)lgh,) + ie” sin(gt/2)l;") ()
g with ¢ = g, 0 = ¢, + © for the longitudinal case and
+-2[cos(Sat + ¢)o, — sin(Swt + ¢)a,] [2. 2
> s 10y s 1) 0 §=¢/2= 8, +gy /2,0 =0, — ¢y + ¢, for the transverse
+g cos(at + @)o, (1) case, where tan(ﬁg) = g,/g.- The oscillations czan be probed by
2 s measuring the population P(I¢hy))=I{,ly ()}, yielding signals
which contains two transverse components with shifted S.(t) = [1 + cos(g t)]/2
. o z 8. 3)
frequency 6w, = w, — @ in addition to an unchanged
longitudinal comPonent, as shown. in.Figure 1b,c. Then the S(t) =1+ cos(glt/Z)]/Z (4)
resonance conditions for the longitudinal and the transverse
components are Q = @, and Q = 6w, respectively, where we for the longitudinal and transverse resonance conditions,
choose Q, w, < @ = w, to avoid unnecessary high MW power. respectively. Thus, the values of g, and g, can be determined.
Under the MW driving alone, the qubit will not evolve when The phase of the AC field, ¢, € (—z, 7], can be further
initialized in one of the spin-locked states determined by observing the evolution not of the population
_ but of the coherence between spin-locked states lgh,), lgpg) that
g,y = (l0) + el1)) /2 acquire a relative phase 0 = ¢, + & during their evolution (eq

2), under the longitudinal resonance condition, yielding
or

0 1 . .
S = P(lo)) = Kol | = —[1 + sin sin
|¢OJ_> — (|0> _ ei¢0|1>)/\/5 z(t) ( )) < l//(t)> 2[ + (gzt) ¢S]

©)

e.g., by a 7/2 pulse. In the presence of the signal AC field, a With the knowledge of ¢, the direction of the AC field in the

rotating-frame Rabi oscillation is induced under either of the transverse plane, 8, € (=7, 7], can be similarly determined by

resonance conditions mentioned above. The state evolution is observing the probability P(I0)) under the transverse
then resonance condition, yielding
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Figure 3. Dynamic range. (a) Q sweep under different @,. The exact evolution is calculated with parameters @, = (27)50 MHz, ¢ = 2 us, g, =
(27)0.2 MHz, 8=0g= (27)0.1 MHz, and ¢, ¢, = 0, /2. The intensity of the density plot is the value of population in |0). The dashed lines are
the resonances under the RWA as a comparison. Same parameters apply in (b), (c), and (d) except for special notification. (b) ¢, sweep under the
transverse resonance condition under g, = 0. (c) g, sweep under the transverse resonance condition and g, = 0. (d) g, sweep under the longitudinal
resonance condition and g, = 0. Resonance conditions in (b), (c), and (d) are obtained from the exact simulation in (a).

S)(t) = % 1+ sin(%t) sin(g, — ¢ — Gg)]

(6)

Further identification of a unique ¢, can be achieved by varying
the controllable phase ¢, (Figure 1f). In experiments, when
measuring the transverse or longitudinal components, we set
the interrogation time ¢t to satisfy (w — w,)t = 22N or w¢ =
27N, respectively, with N a positive integer. This ensures that
the population in 10) is the same in all frames, as the rotating
frame transformations become identity. We note that the
unique value of 6, (¢,) can also be revealed by measuring
population in other states 10)) rather than 0) or under a more
general condition when (@ — w,)t = 22N + ¢ (w ¢t = 27N + @)
(see Supporting Information).

Proof-of-Principle Experiments. We demonstrate the
proposed vector AC magnetometry with our home-built single
NV setup” shown in Figure 2a. A straight copper wire applies
both the resonant MW field w = w, = (27)50 MHz with a
tunable amplitude Q and the AC field (w, = (27)28 MHz).
The direction z is defined along the NV orientation, and the
direction x is defined along the transverse projection of the
MW field in the NV frame, then g Hg = 0. Sweeping the MW
strength Q reveals two resonances at ~22 MHz and ~28 MHz
(Figure 1d) corresponding to the transverse and longitudinal
components. In Figure 1e we show the signal oscillations when
varying the AC field amplitude, when sensing either the
transverse or longitudinal components. In addition to showing
agreement with the theoretical predictions, these data can be
used to extract the sensitivity. While we cannot directly
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demonstrate measurement of the y-component, we can mimic
such measurement by sweeping the MW and AC relative
phase. The results in Figure 1f, obtained by sweeping the initial
state phase (also the MW phase) ¢, are fit to eq 6 to extract 6,
and reveal that indeed 6, = O since the maximum signal
variation is obtained at lpy — ¢yl = 7/2.

AC Field Mapping. To demonstrate our vector AC
magnetometry protocol, we further implement experiments
to map out the spatial distribution of the AC magnetic field
generated by the copper wire (Figure 2a). With the diamond
and microscope controlled by a piezo stage and motorized
stages, we can perform a 3D fluorescence scan with sub-ym
resolution and observe NV centers located at different
positions (Figure 2b). The values of g, are measured by
rotating-frame Rabi oscillations, and the reconstructed AC field
is plotted in Figure 2e. In Figures 2¢,d, we further compare the
reconstructed field direction and amplitude to the prediction of
a simple model, a straight conducting wire in classical
electrodynamics.

While until now we described the AC field in the frame
defined by the NV axes, xyz, since we are measuring several
NVs, it is convenient to describe the field in the lab frame, XYZ
(Figure 2a), where X is along the crystallographic direction
[110] of the diamond. In this frame, the wire is along X at Y =
0 and at a depth Z = —h & — 38 um with respect to the
confocal plane (where the NVs are measured). Assuming a
simple model for the magnetic field arising from an ideal,
infinite wire, we can calculate the expected field amplitude (|

Bacl & 1/r, with r= K + Y\\,%, Figure 2c¢) and its

https://doi.org/10.1021/acs.nanolett.1c01165
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cos(,/ (gx /2)* + 6Q7t) d(8K). The contrast c is normalized by the spin-locking contrast (g, = 0). The error bar is obtained from the data fitting

with a 95% confidence interval.

projection along the NV z-axis (BZ/|§AC| = —Ya/(V37),
Figure 2d). We use our sensing protocol to experimentally

measure the field amplitude, |By| = 1/2gl2 + 4gz2 /7, and

direction, BZ/IEAcl = gz/‘/glz/?, + gzz. For the direction

measurement, we extract g, | by both sweeping the AC field
amplitude and varying the Rabi oscillation duration. Fitting to
the theoretical model gives Byc(r) = (52.8 + 1.1)/r [G/um],
which is consistent with the prediction B,(r) = pol/(27r) =
49.8/r [G/pm)]. Finally, in Figure 2e we also show a 3D
vectorial representation of the reconstructed field, where the
length and direction of the (blue) field arrows are determined
from the measured g, .

We next evaluate the performance of the proposed vector
AC magnetometer, including the dynamic range, sensitivity,
and its capability of probing stochastic fields.

Dynamic Range. Since measuring over a broad range of
signal frequencies is desirable, we should analyze potential
limitations to the detectable w,. A potential limit is due to the
RWA breakdown, since at least one of the two MW strengths
Q=w, Q =w — o, might be comparable to the qubit
frequency w, = @. To investigate the RWA breakdown effects,
we simulate the exact evolution (with the same experimental
parameters as in Figure 1d—f) over a broad range of w, € (0,
®). Figure 3a shows that when Q > /2 the resonance
conditions for both components deviate from the RWA
prediction (dashed lines), which is also experimentally
observed in Figure 1d where the resonance for the z
component appears at Q ~ (27)28.4 MHz > w,. Figure 3c,d
shows signal oscillations when sweeping g, ., and Figure 3b
shows the initial phase ¢, sweep. The simulations suggest that
the effective oscillation rate deviates from g, , and decreases as
a function of w,. Still, numerical simulations allow us to define
corrected expressions for the signals in eqs 6 and 5:
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Adw)g t
S(t)g . 1 1- sin[—gx]
’ 2 2

(7)

S(t).. %[1 + sin(4,(@,)g.t)]

(8)
Crucially, the correction factors A, (@) are independent of the
AC fields g,, to be measured and can be evaluated
independently through numerical simulations (see Supporting
Information.) We thus demonstrated that the breakdown of
RWA due to strong driving does not limit the applicability of
our methods, which succeeds for most frequencies in the range
(0, @) except for a small range as described below.

A factor that does limit the dynamic range is the interference
between the transverse and longitudinal components. When
sensing the transverse component, the longitudinal component
affects the state evolution in two ways: (1) it drives a
significant evolution when g, ~ AQ, where AQ = lw — 2w is
the frequency difference between two resonances; (2) it
induces an AC stark shift, g’/(2AQ), and breaks the
resonance condition of the transverse component. As a result,
g has to satisfy g, < AQ and g,*/(2AQ) < g,/2 to suppress
the interference from the longitudinal components. Similarly,
when sensing the longitudinal components, g, has to satisfy
g1/2 <AQ and g,*/(8AQ) < g./2.

Sensitivity. A key metric to evaluate the performance of a
sensing protocol is its sensitivity, the minimally detectable
variation of the sensed quantity per unit time. The sensitivity 5
to the AC field amplitude is

n = US’/t+ td/(j_;)

where oy is the uncertainty of the measured signal and ¢ and #4
are the sensing time and dead time of the sequence.'” Our
setup has a low photon collection efficiency (~0.009 photons/
readout) and a signal contrast ¢ = 0.3; thus the amplitude
sensitivity of the AC field is mainly limited by photon shot-
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noise. Though our setup is not optimized, we still find
comparable sensitivities #,, to the B,, components by
analyzing the data in Figure 1d,

4\/568 N t+ td H'T
n = . ~ 1.1
" Ayt VHz
40‘5 A It + td uT
n=———=09S
Ayt VHz (9)

where 65 ~ o5 = 11 is calculated from the data error bar and

the number of repetitions, and t, {; = 2, 2.7 us. We note that
these are the sensitivity for single-parameter estimation (see
the Supporting Information for a discussion of multiparameter
estimation bounds). Similarly, we can compute the (single-

parameter) sensitivity to the angle 6, My, = 205t + t3/¢,
finding in our setup, 7, ~ 0.16 rad/~/Hz.
g

Under ideal conditions, the ultimate limit of the sensitivity,
1 o 1/4/t, is set by the coherence time of the rotating-frame
Rabi oscillations T),,. In turn, T,,, is bound by the coherence
time T, when the AC field is absent and the sensor stays in
the spin-locked state that is optimally protected against noise.
More broadly, these coherence times can be theoretically
analyzed using the generalized Bloch equations (GBEs),*’
where the decay rate of the coherence is given by the power
spectral density (PSD) of the magnetic noise at the system
frequency.”***® In the presence of the AC field, the
coherence time T,,, is further affected by additional PSD
terms, including the noise of the AC field itself. By generalizing
the GBE model to the case of our sensing protocol, we obtain

I

1 1 3 S
Z«Sg(o) + gSg(g) + ZSZ(Q) + ng(%) (10)

TZPP

where S, and Sq are the noise spectrum of the AC field and
MW driving, g = g,/2 or g = g, corresponding to the sensed
component, and Sx’z represent the transverse and longitudinal
magnetic noise of the spin bath (see Supporting Information).
We experimentally measure T,,, to evaluate its dependence on
the AC field. In Figure 4a, the coherence time increases for
decreasing AC field, which is due to the decrease of the term
(1/4)Sg(0) in eq 10. In an ideal situation where the AC field
and MW are noiseless, i.e,, So(g) = §(0) = 0, and assuming
that (5/8)S,(w,) ~ 5/(8T,) is small, the dominant terms in 1/
T,,, becomes (3/4)S,(Q) ~ 3/(4'1"1/,). Thus, the optimal T,,,
reaches the limit of spin-locking coherence (Figure 4). With
further g)gptimizations of the photon collection (~6 photons/

readout™), signal contrast (c ~ 0.8 ), and interrogation time
(~1 ms), we expect the sensitivity can at least reach

n < 1nT/ JHz.

Though the coherence time reaches the spin-locking limit, in
our experiments (Figure 4b), the signal contrast decreases with
smaller AC field, which also limits the sensitivity. Such a
decrease is due to slow variations in the MW amplitude from
one experimental repetition to another, due to technical noise,
which lead to off-resonance rotating-frame Rabi oscillations.
This effect can be simulated by calculating the average Rabi
signal assuming a Gaussian distribution of the MW fluctuation
with a standard deviation (27)0.02 MHz (Figure 4b).
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Stochastic AC Field. Though the discussion above focuses
on sensing a coherent AC field B,¢, our method also works for
a stochastic AC field; indeed, such a field would contribute to
the magnetic noise terms S, S, discussed above. Due to
shifted frequencies of the transverse and longitudinal
components, they contribute to the coherence time of the
spin-locked state T', under different MW strength €2 and can
be distinctly detected. Under the RWA assumption, we analyze
T,, with the GBE****% and obtain

1/T, = (1/4)[S(@, + Q) + S(w, — Q)] + S,(Q)

Thus, the transverse and longitudinal spectrum components of
a stochastic AC field S,(w,) and S,(w,) can be obtained by
measuring the coherence time T;, under MW strengths Q =
®y — w; and Q ~ w, respectively (the precise resonance  can
be given by the exact simulation). Furthermore, a full noise
spectrum can be characterized through T, measurement while
varying MW strength.

B DISCUSSION

In this work, we propose and demonstrate a protocol for vector
AC magnetometry based on a single NV center in diamond. By
tuning the MW to different resonances and measuring the
rotating-frame Rabi oscillations, 3D components of an AC field
can be reconstructed. We demonstrate the proof-of-principle
experiment with the AC field generated by a straight copper

wire and achieve ~1 yT/</Hz sensitivity. We then apply the
protocol to map the spatial distribution of the AC magnetic
field, which is consistent with the geometric analysis based on a
classical electrodynamics model. With numerical simulations,
including effects due to the RWA breakdown, we demonstrate
a large dynamic range, comparable to the qubit frequency .
On the basis of the noise spectrum analysis, we show that the
ultimate sensitivity is limited by the spin-locking coherence
time T, and demonstrate the capability of reconstructing the
vector component of a stochastic AC field by measuring the
coherence time.

In our experiments, slow variations in MW amplitude
degrade the signal contrast, thus limiting the achievable
sensitivity. Beyond simple technical improvements to achieve
a more stable MW, a strategy to overcome this problem is to
use pulsed (instead of continuous) dynamical decoupling
(DD)***" where resonance conditions, /7 = w, or 7/7 = @ +
w,, are set by the noise-free pulse spacing 7. However, the
RWA breakdown and finite pulse-width affect more adversely
the pulsed DD scheme than our proposed vector AC
magnetometry protocol, thus limiting the dynamic range.
Alternative strategies such as rotary echo’®** or a combination
of pulsed and continuous DD could be beneficial. More
broadly, a systematic error correction scheme such as DD
sequences with modulated pulse phase is of interest in a future
study to improve the performance of the vector AC
magnetometry and also other magnetometry protocols.

Since our protocol is capable of measuring both coherent
and stochastic vector fields, it finds applications in condensed
matter physics, such as characterizing the spin or current
fluctuations to reveal their correlation functions, as well as
detecting the dynamic susceptibility."*> Previous work has
utilized NV centers to probe spin-wave in a ferromagnetic
material by detecting the MW-excited AC field, """ as well as
the stochastic maﬁnetic field induced by the intrinsic spin—spin
correlations.*****” Similar measurement of magnetic noise
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spectrum with NV centers also revealed the chemical
potentials.”* Recently, even broader applications have been
proposed,””*° such as detecting electronic correlated phenom-
ena, studying the transport behavior, and observing localization
in 2D electron gases.*” Our protocol provides a tool to perform
a 3D detection of these phenomena such as excitation in spin-
wave*™* and skyrmions.,51 as well as the 3D analysis of
electronic transport properties.49 Furthermore, a 3D detection
makes it possible to probe anisotropy in spin or current
fluctuations, which remains an open question in many novel
phenomena such as unconventional superconductivity.”>**
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1 Principle

1.1 Sequence of the vector AC magnetometry

The sequence of the proposed vector AC magnetometry includes the following steps:

(1) Initialize the qubit to |0) state by shining a green laser beam, then prepare the qubit
state to |¢o) = 1/v/2(]0) + €#0|1)) through a 7/2 pulse about — sin ¢g -+ 3 cos ¢y.

(2) Apply a continuous microwave (MW) field € cos(wt + ¢g)o,. We note that the z
direction is defined as the NV orientation NV, z direction is defined along the projection of
MW field direction in the x — y plane.

(3,a) After evolution time ¢, measure the state population in |0).

(3,b) After evolution time ¢, measure the state population in |¢g) by applying a 7/2 pulse
before the population readout in |0).

Note that in (3,a), t is set to satisfy wst = 20N or (ws — w)t = 27N corresponding to
sensing the longitudinal (2) or transverse (x, y) components respectively such that population
in |0) is the same in all rotating frames. There are no restrictions on ¢ in (3,b). However, for

the transverse AC field, (3,b) can only reveal the field amplitude but not the field direction.



1.2 Derivation

In the lab frame, the linearly polarized AC magnetic field has three components Bac =
(B,Z + B,y + B.z) cos(wst + ¢5), which couples to the NV spin as ’yeB:‘C . S where Yo =
(27)2.802MHz/Gauss is the gyromagnetic ratio and S is the spin operator of the NV center.
Although the NV center is a spin-1 system, we select two of the ground states |mg = 0),
Ims = —1) as logical |0) and |1) and treat it as a spin-3 qubit. Then the Hamiltonian of
the system is H = Hy + H ¢ where Hy is the Hamiltonian of a driven qubit and H 4¢ is the

coupling between the qubit and the sensed AC field, with

Hy = %O’Z + Q cos(wt + ¢o)o, (1)

H o = g, cos(wst + ¢s)os + gy cos(wst + ¢5)oy, + g, cos(wst + ¢s)o,

where wy is the qubit frequency, €2 is the MW strength, w is the MW frequency setting to the
resonance condition w = wy in this work, and g, = V.B,/V/2, Gy = YeBy/ V2,9, = 7.B./2.
In the first rotating frame defined by (w/2)o, with the rotating wave approximation (RWA),

the interaction picture Hamiltonian is H! = e?2 % He™#2%* — (w/2)o, = HL + H',, where

H} = %(COS $00, + sin ¢goy) (2)
HY, = %x {cos((ws —w)t+ ¢g)o, + sin((ws — w)t + ¢S)0y]
+ g2_y {cos((ws —w)t + ¢s)oy, — sin((ws — w)t + qbs)ax] (3)

+ g, cos(wst + ¢s)o,

In absence of the AC field, i.e., g, = g, = g. = 0, the spin is locked to the |¢g) state in the
rotating frame after step (1) of the sequence in Sec. 1.1, which is the spin-locking condition.
Note that the other spin-locked state is |¢¢) = 1/4/2(]0) — €#0|1)). In the presence of the

AC field, a population oscillation is induced in the rotating frame. When Q = |w, — w|



or {2 = wg, only the transverse (z,y) or longitudinal (z) component is on-resonance and
contributes to the evolution significantly while the other component can be neglected due
to being off-resonance. In this work, we assume 0 < wy < w = wy to avoid unnecessary high
MW strength thus the two resonance conditions become ) = w — wy, {2 = w, corresponding
to the transverse (z,y) and longitudinal (2) components of the AC field respectively.

Note that in the experiment presented in this work, we apply both the MW and AC fields
with the same copper wire. We define the direction of the transverse MW as the z direction
of the qubit in the NV frame with direction 2z along the NV orientation, then g, = 0 and the

Hamiltonian H, becomes

Hjc = %x cos((ws — w)t + ¢5)o, +sin((ws — w)t + ¢s)oy, | + g. cos(wst + ¢s)o.  (4)

/

Longitudinal (z) component sensing. When =~ wy, define o/, = cos oo, + sin ¢goy,

!/

. = 0,, then the Hamiltonian in the interaction picture becomes

0, = €08 Ppoy — SN Py0,, O

Q
H' ~ 50; + g, cos(wst + ¢, (5)

where the transverse components are neglected due to being off-resonance. In the second
rotating frame defined by (ws/2)o,, assuming g, < 2 and the RWA is valid, the Hamiltonian
is

D—ws , g

HI,(Q) — 5 o, + E(COS ¢SU; — sin (bsU;) (6>

Under the resonance condition w, = €2, the state evolution in the first rotating frame becomes

(1)) = e | cos(g.t/2) |do) + i€’ sin(g.t/2) |67 ) (7)

The population measurement on |@g) (which is the spin-locked state in absence of the AC



field) yields a rotating-frame Rabi oscillation with the signal

N | —

5.(1) = P(lgo)) = P+wwm} ®)

With wst = 27N where N is integer, the second rotating frame transformation e—*(«st/2)%

becomes identity and population in cos(6;/2)|0) + i€’ sin(f;/2)|1), where 6; is the polar

angle in ¢y’ — 2’ plane, yields

SI(t) = P(cos(0;/2)]0) + ie™° sin(6/2)[1)) = = |1 + sin(g.t) sin(¢, + 0f)|. (9)

DO | —

In this work, we choose §; = 0 such that the population in |0) is simply measured.

Note that under a more general condition when wt = 27N + ¢ such that an additional
rotation ¢ about 2’ is applied to the final state in the first rotating frame, the formula for
signal in Eq. (9) can be obtained by simply replacing §; with 6; + ¢ such that S7(t) =
(1/2)[1 + sin(g.t) sin(6, + 05 + ).

Transverse (x,y) component sensing. When Q ~ w — w;, the Hamiltonian in the inter-

action picture becomes

o' = %a; -+ % [cos((ws — W)t + o5 — do)a, + sin((ws — w)t + @ — ¢0)0§/} (10)
+ g2_y {cos((ws —w)t + b5 — go)o, — sin((ws — w)t + s — gbo)cr;]

in which the longitudinal component is neglected. In the second rotating frame defined by

((w —ws)/2)0l, assuming g,, g, < 2 and the RWA is valid, the Hamiltonian becomes

BT o 4 I in(0 — 60 + cos(n — 6)0%) + L(cos(6y — 6.)07, + sin(y — 6,)01)

4
(11)

HL?) —



Under the resonance condition wy = w — €, the state evolution in the first rotating frame is

(W ws)t /

[p(t) = e cos(g.t/4) |¢o) + ie" @~ %*0) sin(g, /4) |éy) (12)

where g, = /g2 + g2, 0, = arctan(g,/g,) are the amplitude and direction of the transverse
component of the AC field. The population measurement in |¢g) yields a rotating-frame

Rabi oscillation with the signal

S.(1) = Pll6)) = [1 +cos<97”>] (13)

DN | —

w=ws)t/2)7, hecomes

With (w — w,)t = 27N, the second rotating frame transformation e(~i
identity and population in cos(f/2)|0) + ie'®° sin(6;/2)|1), where 6; is the polar angle in

y' — 2’ plane, yields

Sf( t) = P(cos(67/2)|0) + jeio sin(fr/2)|1)) = = |1+ sin(%ﬂf) sin(¢g + 05 — ¢s — 0,)| (14)

1
2
which reveals the transverse direction ¢, given known or controllable ¢g, 0¢, and ¢,. We
note that ¢, can be measured with the signal shown in Eq. (9). In the discussion of main
text, we use 6y = 0 such that the population in |0) is measured to eliminate additional MW
pulses in the population readout.

Note that under a more general condition when (w — wy)t = 20N + ¢, the formula for
signal in Eq. (14) can be obtained by simply replacing 6 with 67 + ¢ such that S{(t) =
(1/2) [1 + sin(g1t/2) sin(6o + 05 + ¢ — b — 0,)].

In summary, the 3D components of an AC field can be separately sensed at different
resonance conditions. As a supplement to the experiment in the main text, in Fig. 1, we
keep the MW unchanged while sweeping the frequencies and amplitudes of the AC field, and

observe similar behaviors as in the main text.



wg sweep

(b) Field amplitude sweep

0.95¢
0.9
©
5085
9]
08r
0.75 ¢ xcomponent (Q=w-w,)
0.6 F $ z component (Q=w,)
0.7 . 1 ) ! ,
20 22 24 26 28 30 -100 -50 0 50 100
ws/(27r) (MHz) B (uT)

Figure 1: Principle demonstration of the vector AC magnetometry. (a) AC field frequency
sweep. An AC field with g, = (27)0.2 MHz,Q = (27)22 MHz, ¢5 = 7/2 is applied under
wo = (2m)50 MHz, ¢g = 0 and duration time 7" = 2us. Two resonances appear at ws = w — 2
and ws = Q corresponding to the x component and z component sensing respectively. (b)
Field amplitude sweep at transverse and longitudinal resonance conditions in (a). In practical
experiments, ¢, are swept for both components, the field amplitude is deduced from the
corrected formula Egs. (15) and (16) considering the correction due to the RWA breakdown
obtained by the exact simulation.

2 Dynamic range

2.1 RWA breakdown

Due to strong driving strength €2, the RWA breakdown has to be considered. To simulate
the exact evolution, we discretize the time to small steps dt and calculate the evolution
by multiplying the time series of e~*#% with the Hamiltonian in Eq. (1). The simulation
parameters are w = wp = (27)50 MHz, t = 2us, dt = 0.0001us, g, = (27)0.2 MHz, ¢, = 0,
g. = (2m)0.1 MHz, and calculate the population in |0) to obtain the signal S(¢). As a
comparison, we also simulate the evolution under the RWA condition, where we numerically
evolve the Hamiltonian in the rotating frame in Eq. (2) with the same parameters used
above. Figure 2 shows a comparison between the exact simulation and the RWA simulation.

The simulation shows that a larger deviation from the RWA prediction happens when

MW strength €2 is large. The resonance conditions of sensing both the transverse and



longitudinal components are shifted as shown in Figs. 2(a,e). In particular, such shifts
become larger when Q > wq/2. In Figs. 2(b,c), the exact simulations are closer to the RWA
simulations in Figs. 2(f,g) when w; is large and close to the value of wy = (27)50 MHz,
which corresponds to the situation when Q ~ wy — w; is small. While in Fig. 2(d), the exact
simulation is closer to the RWA in Fig. 2(h) when w; is small, which also corresponds to the
situation when €2 is small.

Since the exact simulations of the g sweep signals in Figs. 2(c,d) still show periodic
properties where their periods are dependent on w, and independent of g, we can express

the corrected signal simply as

S(t)se = 2 [1 - sm<M>] (15)
S(0)c = 3 [1+ 5000 ()g.0) (16

with the wg-dependent A, A, obtained from the simulation. In Fig. 3(a), we plot out some
gz, g» sweep simulations (cut from Figs. 2(c,d)), which fit perfectly to the sinusoidal shape
and validate our correction formula. The simulation also shows a deviation from sinusoidal
shape under large g for the case of ws &~ wy in the g, sweep (or ws =~ 0 in g, sweep), which
is due to the reason explained in the next paragraph. In Fig. 3(b), we plot out the \,(w;),
A (ws) and show that as the decrease (increase) of wg, the value of A\, (\,) deviates more
from 1 due to RWA breakdown.

We note that a drastic change happens in Fig. 2(g) when w; is small and in Fig. 2(h)
when w; is large, which is also existing in the exact simulation. We now analyze Fig. 2(h)
as an example and the other one has the similar reason. As the increase of g., its value soon
becomes comparable and even larger than the value of the MW strength €2 ~ w, when w
is small, which breaks the rotating wave approximation of the second rotating frame due to
large g, in comparison to €2, thus the RWA of the second rotating frame is no longer valid

and dynamics changes drastically.
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Figure 2: Comparison between exact simulation and RWA. (a,b,c,d) are the same
plots in the main text. (e,f,gh) are corresponding simulations with the assumption of RWA.
In (b,c,d), the wy ranges are smaller than the full range [0,wp], this is because the value of
resonant {2 under each value of wy is obtained from the simulation in (a) which only sweeps
2 in [0,wp] and cannot find resonances corresponding to w, in those blank areas. When
Q > wp, more high-order effects due to strong MW strength become significant! and is out
of scope of this work. Note that under the transverse resonance conditions in (b,c,f,g), we
set g, = 0 such that the signal does not have interference from the z component. Similarly
in g, sweep simulations in (d,h), we set g, = 0.
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Figure 3: Correction factor A for the RWA breakdown. (a) g, and g, sweep cut from
the exact simulation in Fig. 2(c) and (d). Corresponding signal frequencies w; are shown in
legend. The oscillations are fit to sinusoidal shapes as shown in the red dashed line. (b) The
correction factor by fitting the g., g, sweep simulations in Fig. 2(c) and (d) to the Egs. (15)
and (16). The signal frequency of the proof-of-principle experiment in the main text is shown
by the dashed black line. Note that to improve the precision of the predicted A\ value, we
select the fitting range —0.4 MHz < ¢/(27) < 0.4 MHz in both plots to make sure the shape
in the fitting range is perfectly sinusoidal.
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2.2 Interference between transverse and longitudinal components

Both the transverse and longitudinal components exist in the Hamiltonian regardless of the
experimental conditions, which induce interference effects. In the previous discussion, such
effects are neglected when sensing one component of the AC field. Here, we briefly discuss
the regime where these effects become significant.

Under the longitudinal resonance condition 2 = w, and assuming ¢y = 0, ¢s = 7/2,

gy = 0, the Hamiltonian in the first rotating frame is
1,1) _ Q : Iz . 9z
HYY = 50z~ sin(wst)o, + 5 sin((w — ws)t)o, + 5 cos((w — wy)t) oy, (17)

and the Hamiltonian in the second rotating frame defined by (w,/2)o, is

HM® = —%Uy + % cos((w — 2wy)t)o, + %x sin((w — 2ws)t)o,. (18)

where the counter-rotating terms (g,/2)[cos(2wst)o, — sin(2wst)o,] + (gz/4)[cos(wt)o, —
sin(wt)o,] and term (g, /2) sin((w —ws)t)o, are neglected due to their fast oscillations. In ad-
dition to the static term —(g,/2)o, that drives the rotating-frame Rabi oscillation, there are
also oscillating terms with frequency AQ = |w — 2w,| that introduce unwanted interference.
To suppress the interference, the detuning A2 has to be much larger than g, /2. In Fig. 4 we
simulate the rotating-frame Rabi oscillation under the resonance condition of the longitudinal
component §2 = w, with different g,. In each plot, we keep the AC field frequency unchanged
ws = (2m)24 MHz and sweep w = wy such that the detuning of the transverse component
AQ) are swept from -4MHz to 4MHz. In Fig. 4(a) we set g, = 0 such that no interference
happens as a reference. In Figs. 4(b,c,d), three different g,/(27) = 0.2,0.4,0.8 MHz are
used and A2 = +2¢, are shown with dashed lines, within which the interference becomes
significant. The discussion here also applies to the case of transverse resonance condition,

which we do not show in detail. In conclusion, to avoid the interference between the two

11



components, the detuning A(Q has to be much larger than g, /2 and g..

In addition, the off-resonance component can interfere through an AC Stark shift g2 /(2AQ)
or (g9./2)%/(2AQ) which breaks the resonance condition. To visualize such an effect, we simu-
late the rotating-frame Rabi frequency with different off-resonance terms. In Fig. 5, we choose
parameters w = wy = (27)50 MHz,w, = (27)28 MHz, g, = 0 such that AQ = (27)6 MHz.
In Fig. 5(a), we choose the transverse resonance condition and simulate the rotating-frame
Rabi frequency under different g, with the y axis plotted as the ratio of the simulated value
of g, to its setting value. As the increase of g., the simulated g, increases due to the larger
interference. Comparisons of different curves show that for larger setting values of g,, the
interference due to g, is better suppressed. Figure 5(c) shows the same data with the x axis
plotted as ¢?/(2AQ) in units of g,/2. The overlap of different curves in Fig. 5(c) shows a
clear evidence that such interference happens through the AC Stark shift. Figures 5(b,d) are
similar simulations for the longitudinal resonance condition. In conclusion, to avoid the inter-
ference between the two components, conditions g?/(2A0Q) < g./2 and (g./2)*/(2A0) < g.
have to be satisfied.

We note that these restrictions are not strigent requirement for the vector AC magne-
tometry since one can always try to correct these errors by comparing experimental data to

the exact simulation.

3 Raw data for AC field mapping

In the AC field mapping experiment in the main text, we choose parameters w = wy =
(2m)50 MHz, ws = (27)28 MHz, ¢pg = 0,5 = 7/2. To extract the AC field directions, two
types of experiments are implemented. The first method [g sweep| keeps the sensing du-
ration time ¢ = 2us unchanged and sweeps the AC field amplitude under the transverse
and longitudinal resonance conditions, which is equivalent to sweeping g, , in Eqgs. (15) and

(16). Such sweeps are achieved by sweeping the MW voltage amplitude V; and measuring

12
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Figure 4: Interference between two components through direct driving. Rotating-
frame Rabi oscillations under longitudinal resonance conditions with parameters w, =
(2m)24 MHz, ¢, = 7/2,9, = 0,9, = (2m)0.1 MHz,T" = 2us and Q are obtained from the
longitudinal resonance condition through exact simulation. (a) Rotating-frame Rabi with
» = 0, w varies from (27)44 MHz to (27)52 MHz such that AQ = |w — 2ws| varies from
—(2m)4 MHz to (2m)4 MHz. AQ = +g, is plotted in dashed line. (b) Rotating-frame Rabi
with g, = (27)0.2 MHz. (c) Rotating-frame Rabi with g, = (27)0.4 MHz. (d) Rotating-
frame Rabi with g, = (27)0.8 MHz.
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(a) Transverse component (b) Longitudinal component

[ o g,,/2=(2)0.05MHz 1 [ —o—9,,=(27)0.05MHz
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g,/(2) (MHz) 0.59 /(2m) (MHz)

4 4
6 g,4/2=(2m)0.05MHz & g,4=(27)0.05MHz
35T o g, /2=(@m)0.1MHz T 851 o g, =(2m)0.1MHz
sl 9,/2=(27)0.2MHz sl 9,,=(2m)0.2MHz
(2m)

—6—9,4/2=

0.3MHz —&—9,,=(2m)0.3MHz /

o1 2 3 05, 1 15
9;/(2AQ) in the unit of 0.5g (0.59,)°/(2A%Q) in the unit of g,
Figure 5: Interference between two components through AC Stark shift. (a)
Rotating-frame Rabi frequency under different g, under the transverse resonance condition.
y axis plots the ratio of the measured g, to the setting ¢,o, and different curves represents
different setting g,o. Parameters w = wy = (27)50 MHz, w, = (27)28 MHz, g, = 0 are used
such that AQ) = (27)6 MHz. (b) Rotating-frame Rabi frequency under different g, /2 under
the longitudinal resonance condition. y axis plots the ratio of the measured g, to the setting
J.0, and different curves represents different setting g,o. Other parameters are the same as in
(a). (c) Same data as (a) with z axis scaling as g°/(2AQ) in the unit of 0.5¢g,. (d) Same data
as (b) with z axis scaling as (0.5g,)?/(2A€) in the unit of g.. Note that the rotating-frame
Rabi frequencies are fitted from the simulated rotating-frame Rabi oscillations.
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population in |0) such that Egs. (15) and (16) become

(1) = 5 |1 - s (19
S(0)e0 = 3 |1+ s 20 (20)

Thus the ratio g,/g. can be obtained by comparing the oscillation periods of two amplitude
sweep experiments, which is then used to reconstruct the direction of the vector AC field.
Note that wst = 27N or (w — w,)t = 2w N are satisfied where N is any integer such that the
population in |0) is the same in all rotating frames. The second method [t sweep] directly
obtains the g, . by measuring rotating-frame Rabi oscillations by projecting final state to

|o) such that the signals are

S(t)ze =

)

{1 + cos()\xgzt)} , (21)

S(t)se =

)

N = DN —

{1 + Cos()\zgzt)} . (22)

Since the same AC field is measured in the [t sweep| experiments, such a method not only
reveals the direction of the vector AC field, but also reveals its amplitude distribution in the
space, which forms a complete reconstruction of the vector AC field.

Figure 6 shows the raw data for the AC field mapping experiment in the main text. In
Figs. 6(a,b), the AC field amplitude at different NV positions is swept experimentally under
longitudinal (a) and transverse (b) resonance conditions by sweeping the MW amplitudes
Vs = Gu setting [here we write Vi as g, setting, Which is proportional to the MW amplitude and
does not affect the measurement of g,/g.]. The g sweep data in the main text is obtained
by comparing the oscillation periods in Figs. 6(a) and (b) to Egs. (20) and (19). Note that
under the linear region of the MW amplifier, the ratio of g, to the voltage amplitude can
be calibrated by a simple Rabi oscillation measurement, thus experimentally we are able to

set the value of g, according to such a ratio at each NV position [see example in Fig. 11].
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We use gy setting Obtained from Rabi calibration to distinguish from its real value g,. Ideally,
Gx.setting = Jz as in Fig. 6(b) where all the measurements show good consistency with the
simulation assuming g, = g setting-

In Figs. 6(c) and (d), the rotating-frame Rabi oscillations are measured at different NV
positions. The t sweep data in the main text are obtained by measuring the rotating-frame

Rabi oscillation and fitting the corresponding g,, ¢g. with Eqgs. (21) and (22).

4 Coherence time

In this section, we treat the noise as a classical fluctuating magnetic field and derive the
coherence time in terms of the power spectral density (PSD) of the magnetic noise following
the model used in Refs.?>* We analyze the situation of sensing the longitudinal component
as an example and point out that the transverse component sensing has similar results.

Assuming ¢y = 0 and g, = 0, the Hamiltonian in the lab frame can be written as

H = %O’Z—F(Q—ng) cos(wt)o,+(g.+E,. ) cos(wst+¢s) 0.+ (gu+E,, ) cos(wst+¢s)05+Ep0,+E.0,

(23)
where &;,&. are the stochastic noise terms due to the spin-bath coupling, and £q, &, , are
the fluctuations of the MW and AC fields. The frequency spectra of these noise terms S;(v)
(j = x,y,€,g.) can be obtained through a Fourier transformation of their time correlations

with

G(E) = Sita— 1) = o [ dvs ) 2

21 J_ o

Under the resonance condition w = wy and neglecting the counter-rotating terms, the
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o o  d=66.3um
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Figure 6: Raw data for the AC field mapping experiments. Parameters are w = wy =
(27)50 MHz, ws = (27)28 MHz, ¢9 = 0, ¢s = 7/2. (a) and (b) sweep the AC field amplitude
in terms of the setting values of g, sesting at different NV positions under longitudinal and
transverse resonance conditions respectively. Evolution time ¢ = 2us and population in |0)
is measured. (c) and (d) measure the rotating-frame Rabi oscillations under the longitudinal
and transverse resonance conditions respectively. Population in |¢g) = |+) is measured. The
same AC field is generated by an oscillating voltage with amplitude 0.007V and frequency
28MHz, further amplified by a 45dB amplifier before connecting to the copper wire input.
9z, 9. are extracted from the Rabi frequency with a correction factor A,, A, obtained from
the simulation in Fig. 2(c,d).
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Hamiltonian in the first rotating frame defined by Hy = (w/2)o, is

I {M
2

(g €,.) cos((wn — wo)t + 65) + &, cos<wot>] -
+ |:(gx + fgz) Sin((ws - WO)t + ¢8) - 59& Sin(w()t)}gy + |:(gz + ggz) COS(Wst + Cbs) + gz 0.
(25)
4.1 Case 1: No coherent AC field with g,.=¢, =0

According to Eq. (24), the PSDs in the first rotating frame S](-l) can be expressed as a function
of the PSDs in the lab frame

Sggl)(y) = iSQ(y) + i {Sm(y +wp) + S, (v — wo)}
8?51)(;/) = i [SI(V +wp) + S:(v — wo)] (26)

Then the decay along one axis is determined by the sum of the rotating frame spectra along

the two other axes, i.e., decay rate I'\" is determined by the sum of the Sél)(Q) and S (Q).

Then
) — % {Sx(wo + Q) + Se(wo — Q)] +38.(9)
1 1
D) = 28.(w0) + 5:(52) + 150(0) (21)
1 1 !
Fgl) = 5895(‘*)0) + Z |:Sz<w0 + Q) + S:E(WO - Q):| + ZSQ(O)
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We then obtain the longitudinal and transverse relaxation times in the first rotating frame

Tlp; Tgp, with

1 1
P
11 1 1 1 1 1 1
(W L0y = - _ - - - 4
i Q(Fy + 1) 2Sw(w0) +3 {Sx(wo + Q)+ Sp(wo — Q)| + 282(9) + 4SQ(O) o, + 7
(29)

where we defined the pure dephasing time Ty, with 1/75, = (1/2)S,(wo) + (1/4)Sa(0) =
1/(213) + (1/4)S0(0).
When Q < wp, Sy(wo £ Q) = S;(wp), then the coherence time T7,, T, reduces to

1 1

T_lp = §Sz<w0) +8.(2) (30)
1 3 1 1

T~ ZS:C(wo) + ESZ(Q) + 139(0) (31)

We note that T, is the coherence time of a qubit under spin-locking condition, while 75,
is the coherence time of a qubit under Rabi oscillation. Figure 7 shows the measurement of
both T},, T3, as a function of 2 with a single NV center. In Fig. 7(a), the Rabi coherence T,
increases initially with  due to the decreasing of S,(£2), then the increase of Sq(0) results
in the decrease of Ty,. In Ref.,? only the decrease of Ty, is observed in qubit ensembles due
to the large inhomogeneity yielding much larger So(0) than the single NV studied in this
work. In Fig. 7(b), the spin-locking coherence T, increases with 2 due to the decrease of

S.(€), which is consistent with the observation in qubit ensembles in Ref.?

4.2 Case 2: Coherent AC field applied

With the assumption of wy = w, ws = Q, s = —7/2, we enter into the second rotating frame

defined by (€2/2)o, and drop the counter-rotating terms of the modulation field but keep the
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Figure 7: (a) Rabi coherence T3, as a dependence of the MW strength Q. (b) Spin-locking
coherence 77, as a dependence of the MW strength €. (c) Raw data for Rabi coherence
measurement. (d) Raw data for spin-locking coherence measurement.
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counter-rotating terms of the noise field. The Hamiltonian in the second rotating frame is

Y = %0, 1180 4 con(wt) + (g2 + &) sin((2 — wo)t)| o

+ -%(—1 + cos(20t)) — &, sin(wot) cos(Qt) + &, sin(Qt) — (g + &,) cos((2 — wo)t) COS(Qt):| o,

(32)

+ —% sin(2Qt) + &, sin(wpt) sin(Q) + &, cos() + (g + &,,) cos((2 — wp)t) sin(Qt)} o,

Assuming terms corresponding to the off-resonant component g, do not contribute signif-
icantly and can be neglected due to their small value and off-resonance, the PSDs in the

second rotating frame SJ@) become

S () = iSQ(l/) + i [81(1/ + wp) + Sa(v — wo)l
§(r) = 38,.00) + 7 {sgz(u +20) +8,. (v - 29)] v [sz@ Q)+ S - Q)] (33)

1
+E[Sx(l/+w0+9)+8x(l/+wo—§2)—i—Sm(V—wo—l—Q)—FSx(V—wO—Q)}

SO () = 1—16 {ng (v +20) + 8, (v — 29)] + % {sz(y Q)+ 8. (v — Q)]

1

+16

{Sz(l/+w0 + D) +S(v+w— Q)+ S (v —wo+ Q)+ S (v —wy — Q)}

In the second rotating frame, the static field is along the y axis, and the decay rates can be

analyzed in a similar way

LY =8%(9.) +8P(g2) (34)
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Define the longitudinal and transverse relaxation times in the second rotating frame as

Tipps Topp. Assume that S, (wo £ Q%+ ¢g,) = S, (wo £ Q) with g, < Q, then

1 1 3 1 1
L et ° _ : -
T Iy 489(92) + 3 le(wo + Q)+ S, (wo Q)} + 8892(29) + 282(9)
11 1 1
= op +350(0:) + 1| Selwo + Q) + Se(wo — Q)| + £6,.(20) (35)
p
L e prey o L s 0y ks 00y 1 Lsi ) 4 L Sa(wo + Q) + Sulwo — )
Topp 27 27T 0T, 47 87 277 R T
-, (36)
73, 2T,

where 1/T5,, = (1/4)8,.(0) + (1/8)S,.(2Q) + (1/2)S.(2) + (1/8) {Sw(wo + Q) + Sy (wo — Q)}
is defined as the pure dephasing rate in the second rotating frame.
With Q < wg and S, (wg£) ~ S, (wp), the coherence times in the second rotating frame

simplifies to

1 1 3 1 1 1 1 1 1
o~ 2 28, (29) + =8.(Q) = - - S, (20
Tlpp 489(.92) + 4833(&}0) + 8892( ) _'_ 2SZ( ) 2T1p _'_ 4SQ(gZ) + 28-77<w0) + 8892( )

(37)

1 1 1 3 3 5)

T 15 (0) + 58a(g:) + 1555, (20) + 78.(2) + S Su(w) (38)

When g, =~ (), the approximation here is no longer valid and the coherence is dominated by
S.(Q — g.), which is discussed in Ref.? In the application of vector AC magnetometry, g,
typically has small value and the approximation above is always valid.

Although the derivations above focus on the situation of sensing the longitudinal com-
ponent, a similar derivation also applies to sensing the transverse component due to similar
Hamiltonian in the second rotating frame as in Eq. (32). In the following and in the main
text, we use g to summarize both cases with ¢ = g, or g = ¢,/2 corresponding to sensing
the longitudinal or transverse components.

Figure 8 is the longitudinal component sensing experiments as a supplement to the trans-
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verse component sensing in the main text. As the decrease of g, the coherence time increases
due to the decreasing of (1/4)S,(0), and the limiting coherence time reaches the scale of spin-
locking coherence T7,. The raw data for both experiments in the main text and supplemental
materials are shown in Fig. 9.

(a)l . ' ; : | (®) 400

Ihess. 227kHz, 6548

.~ 116kHz, 65us

55kHz, 129us
29kHz, 164us | wﬁ

.. 48 49 5 51 52
___Spin-locking, 2915 ~Q/(2m) (MHz)

Rot. frame ESR

_§_ T2pp

§ Contrast | 410 5

Rotating frame Rabi
Contrast

Simulation

0 100 200 300 400 500 0 0.05 0.1
t(us) g,/(2m) (MHz)

Figure 8: (a) Rotating-frame Rabi oscillations. Parameters are w = wy = (27)50 MHz, w, =
(2m)5 MHz, Q = wy = (27)5 MHz. The corresponding fitting values of g, and coherence times
are shown in text and different data are shifted for visualization. The inset plots the cor-
responding rotating frame electron spin resonance (ESR) measurement with corresponding
m-pulse lengths are 5,10, 20,40us from up to down. (b) Coherence time T5,, and oscillation
contrast ¢ of the data in (a). The rotating frame coherence T5,, is fit with the function
S(t) = 1+ ¢/2cos(g:t + ¢o) exp(—(t/Topp)?) + c3 exp(—t/72). The simulation of contrast is
performed with a model assuming a Gaussian distribution of 0§2 with o5 = (27)0.02 MHz.

Discussion on the limiting T5,, when gt < 1. The derivation of T5,, here is based on the
fact that the state evolution in the second rotating frame (a spin precession about y axis)
is significant such that the transverse decay rate is calculated by the average of r'? and
F,(f). Thus, the discussion both in the main text and in the supplemental materials have an
assumption that gt > 1 where ¢ is the sensing duration time. However, when gt < 1 and

the state does not have significant evolution in the second rotating frame, its coherence time
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Figure 9: (a) Raw data for Fig. 4 in the main text. Parameters are w = wy =

(2m)50 MHz, ws = (27)45 MHz,Q = w — ws = (27)5 MHz, 99 = 0,¢, = /2 such that a
transverse resonance condition is satisfied. For each g,, the population on both |+) and |—)
are measured by applying a 7/2 pulses about +x or -x before readout. Differential data
(P(]+)) — P(|-)))/(P(]+)) + P(]-))) is plotted and used for fitting in the main text. (b)
Raw data for Fig. 8. Parameters are w = wy = (27)50 MHz,ws = (27)5 MHz,Q = w, =
(27m)5 MHz, ¢g = 0, ¢s = 7/2 such that a longitudinal resonance condition is satisfied. The
data processing procedure is the same as in (a).
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should be only set by Fg), which is the decay rate in the MW field direction x, then

L 10~ s+ i[sﬁ(wo C Q)4 81w+ Q)] = = (39)

— =T\ -
T2pp Tlp

with §; ~ 0. As a result, when gt < 1, the coherence time T5,, reaches the spin-locking
coherence T}, rather than (4/3)T}, as discussed previously. We note that due to hardware
resolution, we are not able to perform experiment to distinguish these two situations in our

current setup.

5 Sensitivity calculation

5.1 Amplitude sensitivities, 1, 7,

Since our proof-of-principle experiment is not optimized for photon collection efficiency and
the collected photon per readout is ~ 0.009, the sensitivity of the magnetic field amplitude
is n = o5/t + t4/(dS/dB) where the signal readout uncertainty og is limited by the photon
shot-noise.? We calculate the shot-noise-limited AC field sensitivity with the amplitude sweep
data in the main text. Considering the correction A\, A, due to the RWA breakdown and

the maximum contrast ¢ of fluorescence measurement, the measured signals are

S()ie=(1—0)+ %{1 - sin(/\Léth)} —(1-0+ %:[1 - sm(%)} (40)
S()ee = (1) + %{1 " sin()\zgzt)} —(1-o+ %cll " sin()\ﬂ;th)} (41)

where ¢ ~ 0.3,A, ~ 1.12,\, = 0.95,7, = (27)2.802MHz/Gauss. Since the amplitude
sweep data are averages of N,., = 10° repetitions with data errorbars ~ 0.011, the readout

uncertainty for each repetition is o0y, = o0g, ~ 0.0114/N,,, = 11. Then the amplitude
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sensitivities for B and B, are

gs

= = = L ~11l— 42
e T T Ve A T Y= 7 (42)
dB, \/ t+tq 42 t+tq
s os wT
L, = = = = ~ 0.95—— 43
" das. 1 c)\z’yet 1 v Hz ( )
dB. \/ t+tq 4 t+tq
(44)

where t; = 2.7us is the dead time of the sequence for state preparation, readout and other
wait times.
Taking the coherence time 7T5,, into consideration, the sensitivities of the transverse and

longitudinal components are

os
n. = — (45)
EVERE S
d
0'5'2
N> = At o (t/Ts, )2 T (46>
Te 2pp t m

Based on the T5,, data both in the main text and in the supplement, we calculate the
sensitivities as a dependence of the sensing duration time ¢ for both data sets and plot them
in Fig. 10. The oscillation contrast ¢, index ¢, and T5,, are obtained from the fitting of
the oscillation with function S(t) = ¢1 + (¢/2) cos(gt + ¢o) exp(—(t/Topp)?) + 3 exp(—t/T2),
and og are obtained from the data errorbar and experimental repetitions 2 x 10%, where
the factor of 2 is multiplied because the differential data is used as shown in Fig. 9. In
Fig. 10, we achieve optimal sensitivities of 7, ~ 0.59uT/vHz, and 7, ~ 0.38uT/v/Hz for
our unoptimized setup.

With optimizations of the photon collection and interrogation time, we expect a limit of
sensitivity n < InT/ vHz, which comes from the following improvements. The interrogation

time can be improved by a factor of 500 to reach 1ms as measured in Fig. 7(b), which
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brings a 22-fold sensitivity improvement. The contrast can be improved to ¢ = 0.8 ~ 0.9,°
which brings a 3-fold sensitivity improvement. The photon collection efficiency can be 640
times larger than our current setup (0.009 photons/readout) as in,® which brings a 25-fold

sensitivity improvement.

0,=0.20MHz,T, =32115,6=0.12,0,=08 0,-0.11MHz,T, '-655,0=0.14.c,=1.3
0,=0.10MHz.T, =23115,0=0.12,0,=0.3
9,=0.05MHz.T, =581:5,c=0.09,c,=0.8 3 10%f
0,=0.02MHz,T, =159,:5,0=0.05.0,=2.

gZ=0.06MH2,T2pp=65ps,c=O.1 2,02=1
gz=0.03MHz,T2M)=1 29ps,c=0.09,c2 9

9,=0.01 MHZ,szp=1 641.5,6=0.05,6,~0.7

107! . . 107" . .
10° 10" 102 108 100 10" 102 10°
t (us) t (us)

Figure 10: (a) Sensitivity 7, of the transverse component B calculated according to
Eq. (45) with the data in the main text. The oscillation contrast ¢, index ¢y, coherence
time T5,, are obtained from the fitting of the oscillation with the model (b) Sensitivity 7,
of the longitudinal component B, calculated according to Eq. (46) with the data in the
supplemental materials in Fig. 8.

5.2 Angle sensitivity

The sensitivities discussed above only distinguish between longitudinal and transverse field.
Here we discuss a more general situation where the angle of the transverse AC field is also
measured and the angle sensitivity is defined and calculated. Since the transverse direction

8, is extracted from the signal

ALVeBJ_t

=) sn(on +0p = 9, = 0y) (47)

1
S(t)L,czl—c—I—ac 1 + sin(
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where A\, is the correction factor for RWA breakdown, we can define and calculate the

sensitivity of the transverse angle 6, as

. O'S\/t—f—td . O'S\/t—f-td

Moy, = o i
TR et el 00

. (48)

Properly choosing parameters to optimize the experiments such that sin(M;;\/glt) = cos(¢pp+
0; — ¢s —0,) =1 and using the values ¢ ~ 0.3, og ~ 11, t = 2us, t4 = 2.7us in the proof-of-

principle experiments, we can obtain the (optimal) sensitivity

_ 205/t +1tq _ 0.16rad
c VHz

7799

In the proposed protocol, the transverse and longitudinal AC fields are sensed separately
under different resonance conditions. In particular, for the transverse AC field, we first esti-
mate the amplitude B, by monitoring the population on |¢g) where the signal [Eq.(21)] has
no dependency on the field angle 6,, and then we estimate the angle 6, given the knowledge
of amplitude B, . Thus, the sensitivity discussions in this work are based on single-parameter
estimation assumptions, and each parameter is estimated stepwise in an independent way.
The simultaneous estimation of several parameters (g ,6,) or (g, g,) is more complex and
the metrics (and their ultimate bounds) need to take into account (quantum) correlations
among parameters. The attainable sensitivity in multi-parameter estimation is derived by
information theory as the quantum Cramér-Rao bound, and it is set by the quantum Fisher
information matrix and the correlation between the measurement operators associated with
the parameters.”® That is, for multi-parameter estimation, the quantum Fisher information
matrix (QFIM) needs to replace the well-known (scalar) quantum Fisher information (QFT)
to evaluate the bound of the covariance matrix of the parameters.”!® Then, the precisions of
different parameters are mutually correlated due to non-zero Berry curvature!! and finding

an optimal protocol is a complex task. We note that our work serves as a proposal of the
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vector AC magnetometry protocol, and the exploration of optimal metrology strategy based
on multi-parameter estimation of a vector field (B,, By, B.) or (B,, B,,0,), while highly

interesting, is outside the current scope.

6 Amplifier linearity

In Fig. 11 we plot the characterization of the amplifier in our experiment, which shows the
nonlinearity starting at voltage amplitude V,,,, ~ 0.15Volt. The measured NV center here
is ~ T2um away from the copper wire, and such a voltage converts to a Rabi frequency
) = (27)25 MHz. Note that for NV center that is closer to the copper wire, the same Rabi
frequency only needs a smaller MW voltage. In Fig. 2 in the main text, most data points
have their NV distances to the copper wire smaller than 70pm, which are in the linear region

of the amplifier. Other data in this paper is also taken with the amplifier in the linear region.
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Figure 11: Amplifier nonlinearity. We measure the Rabi frequency of a single NV center
under various voltage amplitude V,mp, which is further amplified by a 45dB amplifier before
connecting to the copper wire input. Note that the NV center we measured here is ~ 72um
away from the copper wire.
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