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Radical pairs and the dynamics they undergo are prevalent in many chemical and biological systems.
Specifically, it has been proposed that the radical-pair mechanism results from a relatively strong hyper-
fine interaction with its intrinsic nuclear spin environment. While the existence of this mechanism is
undisputed, the nanoscale details remain to be experimentally shown. Here, we analyze the role of a quan-
tum sensor in detecting the spin dynamics (non-Markovian) of individual radical pairs in the presence of a
weak magnetic field. We show how quantum control methods can be used to set apart the dynamics of the
radical-pair mechanism at various stages of the evolution. We expect these findings to have implications to
the understanding of the physical mechanism in magnetoreception and other biochemical processes with

a microscopic detail.
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I. INTRODUCTION

Spin plays a fundamental role in many chemical reac-
tions, from photosynthesis [1] to polymerization [2]. One
of the most well studied of those is known as the radical-
pair mechanism, or RPM [3]. There, radical pairs are
formed of biomolecules with a free electron (S = 1/2)
that constitute a spin-correlated pair due to electron trans-
fer. Upon collective excitation of these pairs, one could
study their dynamics in the collective two-electron spin
basis (triplet or singlet) [4]. Due to interaction with an
external magnetic field and the existence of hyperfine
interaction with the nuclear spins of each radical, this pair
of radicals can undergo oscillations between its triplet and
singlet states, with a frequency that is mostly dependent
on the strength of this hyperfine coupling with respect
to the external magnetic field experienced by the radi-
cal pair [5]. The RPM has been studied extensively using
recombination fluorescence [6], electrochemistry [7], tran-
sient electron spin resonance (ESR) [8,9], and ultrafast
absorption spectroscopy [10—12]. All of these techniques
probe samples of macroscopic scale, namely microliters or
10'® molecules. While providing a wealth of information
and improving our understanding of some key processes
in the said mechanism, the aforementioned tools provide
an ensemble average indication as to the magnetic prop-
erties that one wants to explore. The RPM is typically
characterized by the spin coherence time [13—16] and
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the recombination rate &, i.e., the rate at which the pairs
recombine back to their original constituents [17]. Follow-
ing previous proposals to detect radical-pair dynamics on
the single-molecule level [18-20], our approach, using a
nanoscale single-spin sensor in the form of the nitrogen-
vacancy (N-V) center in diamond [18,21,22], shows that
some of the most remarkable features of the RPM are
masked by averaging and allows us to probe this territory.
Our quantum-sensing technique can assist in determin-
ing not only the charge state of the pair [19] but perhaps
more importantly, its spin state. We introduce a detection-
pulse scheme for single-qubit magnetometry [22—24] that
enables a consistent way of realizing whether the pair is in
its singlet or one of its three possible triplet states. As this
is a single-spin sensor operated in a detection regime where
only a small amount of molecules (and hence radical pairs
or spins) contribute to the signal [25-27], we also show
how quantum control schemes [14] allow us to modify and,
in some instances, also enhance the interaction of the radi-
cal pair with its external environment, thereby achieving a
change in the ratio between the final products.

II. MODEL

We consider a prototypical model used to analyze the
sensitivity of a radical-pair (RP) reaction to an external
field (w), wherein a radical pair (o), composed of two
electrons (spin 1/2) is coupled to a nuclear spin environ-
ment (/). In addition, we also couple the radical-pair spins
to a sensor (spin 1), S. The Hamiltonian describing their
dynamics is given by
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H=h4ly-04+hglp-0p+w(c]+op) +gS0;+03),
(1)

where /4 p are the hyperfine coupling constants and g is
the RP-sensor coupling strength. For simplicity, we set
hp = 0 and consider a single nuclear spin as the dynam-
ics generated by the above Hamiltonian becomes exactly
solvable [28,29]. We would like to note that the simplified
sensor-RP interaction is possible due to the large zero-
field splitting of the sensor states. Further, the nonsecular
interactions, such as $°0 5, could be omitted when w < g
but could become relevant for w ~ g. For simplicity, we
omit such terms and only focus on the secular interac-
tions shown above. One could choose a two-level subspace
spanned either by |—1),]0) or |4+1),]0) as the computa-
tional subspace for the sensor spin. For example, in this
basis of the sensor |£1),|0), the above Hamiltonian can
be further simplified to

H = Hy |0) (0] + Hx[£1){£1]. 2

Here, Hy = hyl - 04+ w(o] +0j) and Hy = hyl - 04+
(w £ g)(0] + 05). From Eq. 2, it is clear that the coupling
to the sensor leads to a modified external field.

A. Dynamics

The singlet-product yield, also known as the singlet frac-
tion [28], ®s(?), quantifies the fraction of radical pairs in
the singlet state at time ¢. Due to the sensor spin-state-
dependent enhancement (or reduction) of the effective
external field seen by the radical pair, the singlet-product
yield &g varies with the occupation probability of the sen-
sor in either of its spin states (see Appendix C). In turn,
this leads to a visible contrast in the spin-state readout of
the sensor itself. To see this, we evaluate the dynamics
governed by the above Hamiltonian. The corresponding
time-evolution operator is given by

U=Up|0) (0] + Uz |£1) (1], 3

where Uy = 0" and U, = €™+, Starting from an initial
state of the sensor in )y = %[IO) + |1)] and of the RP in
a singlet state |¢), = %[lTM — |4 1)], the time-evolved
state for the total system can be found using

p(H) = Up(0)U", 4)

where p(0) = |¥)g (Vs ® V), (¥, ® %IA. We consider
an initial thermal state for the nuclear spin, i.e., a fully
mixed state %L. The reduced state of RP spins and their
coupled nuclear spins can be obtained by tracing out the

sensor degrees of freedom and vice versa, respectively, as

Po., () = Trsp (D), ps() = Trs 1, 0(D). (5)

For the above initial state of the sensor, the RP state is

1
po1y® = 5 [Uops, U+ Uz UL, ] 6)

Due to the above symmetry, the total singlet fraction
will also be @5 = (P} + ®%)/2 (see the Appendix C for
details). The reduced density matrix of the sensor at time ¢
is simply given by

1
pst) = 5 [10)(01 + [1)(1] + Ca (1) 10) (1] + C4 (1) 1) (O1],
(7

where Co = Tr,, [U0(|w>g W, ® %?A)UL] and the

trace is bounded by 1, and is directly accessible in exper-
iments. The above trace can be further simplified to obtain
a closed-form expression given by

Co(t) = oo {sin (¢Q) [2 (T + gw) cos (gf) sin (1)
— 209, sin (g7) cos (12,) |
+ Q1 cos (1221) [2 (g + w) sin (g7) sin (££2;)
+ 2K, cos (gf) cos (1€2;)] + 2€2; Qz} , (8)
where Q) = /A% + w? and Q, = /h% + (0 + g)?. This

is the central result of the paper and from this we obtain
directly the dynamic behavior shown in Fig. 1(b). The
singlet recombination rate « determines how fast the RP
state is reset back to the singlet state before a signifi-
cant hyperfine-driven singlet-to-triplet conversion can take
place. Within the Markov approximation, one can include
the spin relaxation rate y of the sensor together with «, to
obtain an effective relaxation rate k¥ = « + y. To obtain the
steady-state singlet population and further the contrast, we
evaluate the expression

Co(R) ~ i / ” dtCy(He ™, 9)
0

As Eq. 9 simply represents the Laplace transform of sev-
eral trigonometric functions, it becomes exactly solvable
(see the Appendix C). As the coherence time of the sen-
sor is much longer than the singlet recombination rate «,
the asymptotic dependence of both the singlet fraction and
the sensor contrast (Cg) is hardly affected by the sensor
lifetimes. We now use this to perform sensitivity analy-
sis of the sensor with respect to the changes both in the
external field (w) and the coupling strength (g) to the
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FIG. 1.

(a) A schematic representation of the system, wherein the radical-pair spins deposited on the surface of the diamond are

sensed and/or controlled by a single spin sensor embedded in a solid-state matrix. Inset (al) shows the coupling of radical-pair spins
to their local nuclear spin environment and in (a2) the distance-dependent coupling of the single-spin sensor to the radical-pair spins.
(b) The singlet-triplet oscillations and the corresponding oscillations in the contrast of the sensor are shown as a function of time.
(c) The asymptotic singlet-state population [28] and the sensor spin contrast [Eq. (C4)] are plotted as a function of a weak external
field w. In the inset, we show the low-field effect for the sensor contrast (black dotted line), where we plot the first derivative of the
contrast Cg. (d) The average contrast Cg obtained from an ensemble of RPs and the couplings described by a distribution as shown in
Eq. (10). Here, we show the contrast obtained from a single (black line) to an ensemble of RPs (blue dashed, red dotted) characterized
by the parameter 7. In the above simulations, we choose all the parameters in units of the hyperfine coupling strength /,4: the singlet
recombination rate kK = 0.01%4,4 [shown in (b) and (d)] and the sensor-RP coupling to be g = 0.1%4,. In (b)(d), all x-axis units are
dimensionless and all y-axis units are either normalized (and hence unitless) or constitute a derivative of the latter.

RP. In Fig. 1(c) we show the effect of the magnetic field
(w) on the singlet yield of a one-proton radical pair [see
Eq. (1)]. It has been shown previously that the singlet-
product yield shows an abrupt change even due to a tiny
magnetic field in the low-field limit and for a slow recom-
bination rate « [16,30]. Similar behavior is observed in
the case of sensor contrast, Cg, where for w/hy < 1, the
change in the contrast (d,,C¢) is large, while for large fields
(w > g) it vanishes. The singlet fraction shown here is the
steady-state population obtained in the long-time limit, but
nevertheless one could also analyze the dynamics for times
shorter than the relaxation time, as shown in Fig. 1(b). The
effects of singlet-triplet oscillations are also seen on the
sensor contrast. As opposed to the fast oscillations in the
singlet fraction caused by the hyperfine interaction /4, the
oscillation frequency of the sensor contrast is due to the
small coupling strength g < Ay.

I1I1. ENSEMBLE SENSING

While the above analysis holds for a single RP with a
given interaction strength g to the sensor, in general, in a
practical setting, an ensemble of RPs is drop casted on top
of the sensor surface or on the apex of an AFM tip and
then scanned with respect to the sensor [31]. Due to this,
the sensor interacts with a large number of RPs within a
sensing volume that is determined by the distance between
the surface and the sensor [32]. Owing to interaction with
a large number of RPs, both the singlet production rate
and the sensor contrast become affected due to the aver-
aging over the effective field generated by the sensor on
the different RPs and vice versa. Such effective fields pro-
duced by an RP spin bath could be approximated in the
quasistatic approximation by a Gaussian distribution [33]
when the effective field produced by the bath is varying
slowly in time. Upon using such a distribution for g, one
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can integrate the functions given in Eq. (8), as

ds(n) ~ Co / dge 880" O (g),
(10)
2
Co(1) ~ Co f dge "€ Cy (g),

where the normalization constant Cy = /7 [erf (ﬁgo)
+ 11/2./7, and erf(x) is the error function. For an increas-
ing width of this distribution, the oscillations seen in the
single-RP limit eventually vanish in the large-N limit. Sim-
ilar behavior can also be seen for a finite time in Fig. 1(b),
where we directly plot the time-dependent behavior of
the triplet-pair production @ (¢) from the unitary evolution
generated by the Hamiltonian given in Eq. (1). The charac-
teristic oscillations of the triplet fraction shown in Fig. 1(d)
indicate the singlet-triplet oscillations. In the presence of
interaction with the sensor, the dampening of the oscil-
lations can be understood as an additional random phase
¢ (see the Appendix C) introduced by the sensor cou-
pling, leading to a gradual loss of coherent behavior of
the triplet-pair production in time. As shown in Fig. 2,
this can be overcome by employing a high-strength mag-
netic field gradient [26] on an atomic force microscope
(AFM) tip, which has been experimentally achieved by
several groups [26,34,35]. Both the asymptotic and the
finite-time analysis clearly display the role of an additional
sensor interaction both for sensing the RP dynamics and,
in turn, influencing its production rate. This influence can
be further induced in a controlled manner if one employs
coherent control of the sensor spin (see the Appendix D).

IV. EXPERIMENTAL IMPLEMENTATION

Apart from the theoretical model shown here, we also
propose an apparatus for sensing and controlling the RP
spin state as described above. This consists of a scan-
ning confocal microscope for the initialization and readout
of a single N-J center in diamond [21,23,36]. A green
laser (520 nm) is used for excitation and the N-V flu-
orescence in the range of 650-800 nm is collected and
focused onto an avalanche photodiode. The microscope
is integrated with a variable magnetic field implemented
by either a permanent magnet (Nd-Fe-B or Sm-Co) on an
XYZ stage for a room-temperature setup or a set of three
pairs of split Helmholtz coils for a low-temperature mea-
surement. In addition, a microwave antenna is positioned
near the N-V center for spin-state manipulation of both
the N-J spin and the RP state. A schematic of such an
apparatus is shown in Fig. 2(a). A solution containing a
dilute amount of precursor molecules can be drop casted
on the surface of a diamond containing shallow N-V cen-
ters. Protection of the molecules from denaturation can be
achieved by encapsulation in a polymer matrix [37]. Yet
another method is diamond-surface functionalization [38],
which will create covalent bonds between the functional
groups on the diamond and the molecules. For such sen-
sors, situated approximately 5—10 nm below the surface of
the diamond [39], the typical decoherence time (spin echo)
is T, ~ 10 — 20 us, allowing for an ac-magnetic-field sen-
sitivity of a few nT/Hz!/? [22,40]. Finally, we take RPs
based on the Flavin-Tryptophan pair in cryptochrome as a
widely studied example [8,41], where a pulsed blue laser
diode (460 nm) can be used to excite RPs. Short (10-ns)
pulses are sufficient to create RPs in cryptochrome [8] and
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FIG. 2. (a) A schematic representation of the experimental setup, displaying a diamond substrate with precursor molecules, where
the RPM is photoexcited, on its surface. We also show the initialization and readout mechanism of the sensor spin (N-V) state through
the green laser (520 nm) and detection through its red side-band emission (650—800 nm). A blue LED (460 nm) is used to initialize
the RP mechanism that will be sensed through the N-J center in the diamond lattice. By is an externally applied magnetic field aligned
with the N-J axis so as to maximize the N-J readout and tune the local magnetic field. A high-strength magnetic field gradient is
placed on an AFM tip, effecting a local spectral and hence spatial separation between the radical pairs. (b) We show the modified
double electron-electron resonance (DEER) pulse sequence (b)) in b, wherein a r pulse is replaced by a 77 /2 pulse to differentiate the
singlet and triplet states, as shown in the plot on the right, where we vary the free evolution time 7 and initialize the RP in various spin
states. In (b), the y-axis units are normalized (and hence unitless).
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hence are short enough so as not to interfere with our pro-
posed sensing protocol. This wavelength has been shown
to be efficient in creating RPs in this makeup. Not only
that, but the absorption spectrum of cryptochrome is coin-
cidentally “orthogonal” to that of the N-J center [8,42],
preventing optical signal quenching, which might reduce
the SNR. Furthermore, the N-J spin resonance is shifted by
2.87 GHz with respect to that of a free electron due to zero-
field splitting [43], which allows for selective addressing
and manipulation of the N-J spin independent of the RP
state and vice versa. Spin relaxation times for this RP sys-
tem are estimated to be in the range of a few microseconds,
consistent with transient absorption experiments [30] and
also viable for the shallow N-V center mentioned above
[27,37]. For arealistic N-V ac-magnetic-field sensitivity of
10 nT/Hz!/? and a distance of 20 nm between the N-J and
the RP, we expect to be able to achieve an SNR of 1 after
a measurement time of 10 s [22,40]. As each iteration of
our pulse sequence is on the order of 10 us, and with a
single-shot SNR 0.03 (for a single readout pulse), each data
point in the scheme proposed above [see Fig. 2(b)] needs at
least 10° repetitions, or 1 s, to achieve an SNR of 10 [44].
When taking extra measures for canceling sources of noise
[45], considering the reduced contrast (and hence, SNR)
in nested N-J magnetometry measurements [32,46] and
utilizing quantum-assisted methods to improve the read-
out efficiency [47—49], a full data set would be acquired in
about 1 h, after accounting for the full photocycle relax-
ation between subsequent measurements [16,50]. See the
Appendix B for a more detailed calculation.

V. QUANTUM CONTROL

As both the sensor and the target spins are electrons, one
can simultaneously manipulate the sensor and target spins
similar to the DEER experiments known in ESR. Addi-
tionally, here, as we have two target electron spins, one
can employ a triple electron-electron resonance (TEER)
sequence as an alternative method to detect the spin state
of the radical pair. We have introduced and experimen-
tally verified such multielectron resonance control earlier,
in Ref. [27]. This entails a preliminary frequency scan of
the Larmor precession frequency of each radical, taking
into account a small (zero) shift between the two radi-
cals in the pair due to direct dipole-dipole interactions
(04 - J - 03), which we do not consider in our calculations
here. Combining this with the proposed protocol for the
charge-state determination of the pair [19], our spin-state
scheme can allow us to distinguish between the differ-
ent triplet spin states, as well as giving a threshold below
which we can safely establish that the RP is in the sin-
glet state. In Fig. 2(b) we show the original and modified
TEER pulse sequences for detecting the exact spin state
of the RP. In Fig. 2(b) the normalized contrast of the N-V
center when employing this pulse sequence while varying

the time between microwave pulses, t, is shown and the
four spin states of the two-electron system (RP) become
clearly distinguishable. The N-V decoherence time and RP
spin relaxation time are both in the relevant range for such
TEER sensing [27].

The experimental difficulty in clearly resolving the
singlet-triplet oscillations stems from the ensemble
dynamics of the RP spins in the presence of external field,
as shown in Fig. 1(d). One can also use the dynamical
control pulses on the sensor spin to resolve its coupling
to individual RPs. For this, we choose the computational
basis for the sensor spin as |—1), |0). Due to this, the effec-
tive field seen by a given RP is w — g. By scanning the
external field w, one finds an enhanced singlet fraction
when the total effective field becomes zero, i.e., the singlet
fraction ®g peaks at the external field, with an uncer-
tainty (width) determined by the recombination rate k. The
aspect of quantum control here arises when one periodi-
cally changes the spin state of the sensor from m; = +1 to
m; = —1 in a controllable way.

VI. CONCLUSION AND OUTLOOK

The use of a quantum sensor—i.e., a true two-level
system—as the detection tool opens up a wide range of
possibilities for optimization and control that are not acces-
sible to macroscopic or classic objects. Namely, it allows
us to decouple the target spin from its surrounding spin
bath and even make use of potentially helpful nuclear spins
in the immediate vicinity of the radicals, such as those
which are hyperfine coupled to them. We find that even
such a basic protocol (before optimization) can lead to
a visible enhancement of the triplet-to-singlet ratio and
hence, in effect, we show control over at least one stage
of the RPM. Moreover, due to the quantum nature of both
the N-J and the RP, it is possible to devise a model that
takes such a single spin sensor and an N-sized collection
of RPs and show that as one reduces the number of pairs
in the vicinity of the sensor, one can obtain a significantly
improved visibility contrast for reading out the state of the
pairs.

To conclude, we show here the role of a quantum sen-
sor in sensing and controlling the RP mechanism to weak
external fields, both for the case of single and ensemble
RPs. We also give modified multi-electron-electron reso-
nance spectroscopy pulse sequences to clearly distinguish
the four different singlet or triplet configurations and find
the conditions for the optimal sensitivity in terms of the
magnetic field strength, the hyperfine interaction, and the
recombination rate. We also show a preliminary quantum
control aspect wherein modulation of the sensor spin state
can have a dramatic effect on the RP dynamics and we
envisage that additional tailor-made protocols can improve
this even further. Our results continue a line of theoretical
proposals for detecting various aspects of the phenomenon
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known as the radical-pair mechanism, which can now be
considered for experimental realization as the technical
aspects of assembling the appropriate setups are being
constantly tackled and resolved.
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APPENDIX A: ESTIMATION FOR THE
MAGNETIC FIELD OF A RADICAL PAIR

The magnetic field from the radical pair is assumed to
behave like a magnetic dipole,

3 .

p_ Mo[3rmn m]

am r r
and so for a best-case scenario (where the angle between m
and r is 77 /2), the magnetic field of an electron at a distance
of 20 nm is 59 nT.

APPENDIX B: SIGNAL-TO-NOISE
CALCULATION

Here, we provide a calculation for the expected time it
would take to acquire a full data set of 30 points needed to
plot Fig. 1(d). As mentioned in the main text, with standard
N-V readout [22], 10° repetitions of the pulse sequence are
needed for an SNR of 10. The pulse sequence we propose,
including laser initialization and readout, is 10 us long and
so together a single data point takes 1 s to acquire. The
DEER and TEER protocols assume a reduced contrast of
4% and 0.5%, respectively [27], leading to a stretching of
each data-point acquisition to 8.5 and 70 s, respectively
[50]. Therefore, a data set of 30 points is expected to take
2100 s to acquire. This is all under the assumption of a rela-
tively (us) short relaxation time of the radical pair [8]. For
completeness, we note that if a full re-equilibration of the
photocycle is necessary, then the overhead will be 3 orders
of magnitude larger [16] and, correspondingly, so will the
acquisition time. Nevertheless, with measurements involv-
ing a long relaxation time, it is possible to compensate for
the relatively poor N-JV readout efficiency by using nuclear-
spin-assisted single-shot readout [47] and spin-to-charge
conversion [48]. Using only the former in combination
with an improved photon-collection efficiency [49], we
have previously shown [50] how the acquisition time can

be reduced by a factor of approximately 400. This would
allow us to retain the approximately 1-h acquisition time
for a full data set.

Other spurious noise effects that may arise when sensing
molecules are, for example, the extraordinary broadening
of the hyperfine-coupling (hfc) spectrum seen by the radi-
cal pairs due to Jahn-Teller (JT) distortion. Moreover, hfc
broadening due to the JT effect in molecules is rarely seen
in radical pairs and typically requires octohedral symmetry
or a similar one; for example, a prolate fullerene.

While many such possible interactions, especially the
complex ones, cannot be modeled in totality, the current
literature suggests that all such effects lead to an effectively
modified field distribution sensed by the N-V center, which
should eventually lead to an effective reduction in the spin
relaxation (7)) and spin coherence (73) times of the N-J/
center. In typical N-J experiments, candidate N-J centers
in the diamond are characterized before application of the
molecules, which allows for quantifying their 7 and 7,
properties and even their magnetic noise spectrum [51].
Therefore, separation of the noise effects arising from the
internal and external sources could be well quantified.

APPENDIX C: TRIPLET FRACTION

Based on the one-proton radical-pair model presented in
Ref. [28], we calculate ®7(¢) = 1 — Og(f), where

CTOYRE R AChs A
+% :1 - (w;;g):f (%h+%(w+g)+%ﬂ)
e :1 - (‘“;;g):f (%h— ot - %9)
-+%}+Kw$g{f<%h—%mwun+%ﬁ)
+% :1 + (w;;g):f (%h+%(w+g>— %Q)

Here, £ is the hyperfine coupling strength in rad/s, w is the
Zeeman interaction term or magnetic field in rad/s, w =

2yB, Q = /I’ + (0 + g)?, and

S (x) = cos(xt + ¢). (Cl)
Note that ¢ is not included in the original derivation and
accounts for a random phase for each radical pair. For the
case of a single spin sensor this phase is crucial, since
indeed each radical pair has a different distance and solid
angle relative to the sensor. We take a magnetic field of
50 uT and a hyperfine interaction strength of 14 MHz. One
can also see the back action of the sensor on the RP dynam-
ics, where the effective field is now (w + g) instead of w.
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For example, if @ = g, and the N-V sensor is in the spin
state |—1), then the effective seen by the RP is zero and the
singlet fraction jumps suddenly when scanning the field
strength.

We consider a radical pair initially formed in a sin-
glet configuration and evolving under both the hyperfine
interaction with its neighboring nuclear spins and with the
external (Zeeman) field. For the current discussion, we
neglect their intraspin interaction and consider their inter-
action with a nearby probe spin, the N-J center. From
the coherent evolution of the pair p(#), the singlet-state
dynamics can be evaluated as

Ps(1) = [1S0){p(D]]. (C2)

where p(#) is obtained by tracing out the degrees of free-
dom of the nuclear and probe spins. Further, upon con-
sidering the radical-pair recombination mechanisms, the
decay of the singlet products, or the singlet yield in the
RP mechanism, is simply captured through

Ps(k) = / dtPs(f)e™". (C3)
0

Similarly, the contrast as defined in Eq. (9) can be evalu-
ated to yield an exact expression as follows:

[w(g +w) + h,zcl] <_2[,;2+(g+'291+92)2] -

i i 4 i i )
224 (g +R1+20)°] 22 +e-21+2)] 2[4+ -2)°]

Co@®) =1/2 — %,z

K _ K
g+ o) (2[f?2+(—g+91+92)2] 2[/?2+(g+91+92)2]>

+ Q)

Q182

+

w( K o K _ K 4 K )
2 +(g+21+20)%]  2[R24+(—g+Q+2)?]  2[#2+(@e-1+2)?] T 2[f2 e+ —0)?]

Q2

K

i i
+ +
(2[:22 + (g4 + )] 2[f24 (—g+ Q) + )]

+
2[R+ (g — Q1 + Q)]

i K ©
- + N ’
2[R+ g+ —szzf]) (2[fz2+(g+szl —@7] 2[E+ - +92)2])]

where =,/a)2+hf1 and 2, =,/(w+g)2+hi.

APPENDIX D: QUANTUM CONTROL

The ability to control the singlet-product yield through
the quantum sensor becomes possible due to the sensor
spin-state-dependent evolution of the radical pair. Upon
coherent flipping of the sensor spin, the singlet yield can be
manipulated and hence its sensitivity to low fields and low
recombination rates. To see this, we write down the evo-
lution operator corresponding to the above Hamiltonian,
given by

U= U0s10) (0] + U 1) (1] (D1

Let us consider a w-flip operation on the sensor spin, fol-
lowed by the time evolution. This leads to a modified
time-evolution operator, given by

Vi = U™ U= U U, 1) (0] + UpU; [0) (1] (D2)

(C4

(

Upon the application of M (even) 7 pulses, the final
evolution operator takes the simple form

Vg =U--- ™ U™ U= (U UM 1) (0]

+ (UoUDM7210) (1] (D3)
From the above evolution, the singlet yield is addition-
ally dependent on the stroboscopic interruptions of the
evolution for every time t.

APPENDIX E: LOW-FIELD CONTROL

For measuring fields on the order of Earth’s magnetic
field, we harness the degeneracy of the |£1) states of
the sensor at zero field. The |£1) states are never ide-
ally degenerate due to a finite splitting caused by the
Earth’s magnetic field. To cancel this, one should apply
an external field in the opposite direction. At this degen-
eracy point, one could drive a microwave transition |0) <>
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%[H—l) + |—1)] at exactly the zero-field splitting of the

sensor, i.e., D = 2.87 GHz. This technique is commonly
used for quantum control in quantum communication pro-
tocols, developed by one of us previously in [52] and
widely explored in the N-¥ community (cf. Ref. [53]). For
such measurements, one would use the |41) states of the
sensor instead of |0),|1) employed here. The sensitivity
to the RP dynamics has a twofold enhancement in this
basis. Furthermore, at low temperature one could harness
the single-shot readout of the electron spin for such mea-
surements, to obtain a further improvement in the SNR
[54].

APPENDIX F: GRADIENT

A gradient tip allows for an on-demand application of a
magnetic field with a gradient of 1 G/nm, or 2.8 MHz per
nanometer for electron spins with g = 2, as is the case of
the radical pairs that we are discussing. This means that
any RP that is not within a 1 nm radius of the RPs under
investigation will be completely decoupled from it, since
its resonant frequency will be shifted by several megahertz
from that of the RPs. To effect such a change in the mag-
netic field, there is in fact no need for a high absolute value
of the magnetic field but, rather, only a high gradient. Since
the magnetic field gradient created by the AFM tip is a
crucial component of the experimental implementation, in
Fig. 3 we provide a result of a short numerical calcula-
tion using finite-element analysis, assuming a magnetized
nickel apex with a diameter of 30 nm deposited on a quartz
tip. The AFM tip is assumed to be at a height of 40 nm
above the surface of the diamond.

70 A

A
$ /
1 nickel — ] 2
_ | |
|
j
501 !
s

o
dB/dx (Gauss/nm)

—2‘00 —]:50 —]:00 —.“)0 6 Sb 160 1_‘;0 260
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FIG. 3. A numerical calculation by finite-element analysis of
the magnetic field, B, effected by a magnetic AFM tip, assum-
ing a 30-nm layer of nickel deposited on a quartz tip, brought to
a distance of 40 nm from the surface of the diamond. The plot
shows the magnetic field profile (red solid line) and the spatial
derivative dB/dx (blue dashed line) as a function of the position
under the center of the tip, x.

The calculation shows that one can find different posi-
tions away from the center of the tip where the absolute
magnetic field is 12 G but the gradient is already at 1 G/nm.
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