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Sensing of magnetic field effects in radical-pair reactions using a quantum sensor
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Magnetic field effects (MFE) in certain chemical reactions have been well established in the last five decades
and are attributed to the evolution of transient radical pairs whose spin dynamics are determined by local and
external magnetic fields. The majority of existing experimental techniques used to probe these reactions only
provide ensemble averaged reaction parameters and spin chemistry, hindering the observation of the potential
presence of quantum coherent phenomena at the single molecule scale. Here, considering a single nitrogen-
vacancy (NV) center as quantum sensor, we investigate the prospects and requirements for the detection of
MFEs on the spin dynamics of radical pairs at the scale of a single and small ensembles of molecules. We
employ elaborate and realistic models of radical pairs, considering their coupling to the local spin environment
and the sensor. For two model systems, we derive signals of MFE detectable even in the weak coupling regime
between a radical pair and an NV quantum sensor and observe that the dynamics of certain populations, as well
as coherence elements, of the density matrix of the radical pair are directly detectable. Our investigations will
provide important guidelines for the potential detection of spin chemistry of biomolecules at the scale of a single

and small ensembles of molecules.
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I. INTRODUCTION

Investigating the fundamental role of spin interactions in
magnetic field effects (MFE) in chemical reactions has a long
history [1-3]. The study of spin-chemical effects provides
important insights about structure, kinetics and magnetic
properties of transient intermediate chemical species [4,5] and
are explored in various interdisciplinary applications includ-
ing sensitivity enhancement in nuclear magnetic resonance
(NMR) [6], quantum computing [7], avian magnetic compass
[8], and solar energy conversion kinetics in photosynthetic
systems [9].

It is astounding that spin interactions can have decisive
effects on the fate of chemical reactions as the energy of
spin transitions typically is orders of magnitude smaller than
the thermal energy [4]. However, spin dependent MFEs in
chemical systems, also known as the radical-pair mechanism
(RPM) [2,8,10], rely on the creation of transient paramagnetic
species in a nonequilibrium state called radicals, which are
chemical species with an odd number of electrons. In the
RPM, the radical pair (RP) is spatially separated but in a
spin-correlated state and the recombination of the radicals
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back to the molecular precursor state is spin selective. The
influence of an external magnetic field then occurs in terms
of a modulation of the spin dynamics and consequently an
alteration in the yield of products formed from the various
spin states [11,12].

The formulation of the RPM started in the late 1960s
to explain nonequilibrium magnetic resonance spectra of
chemical reactions of organic molecules [13-19], while the
recent interest is fuelled by investigations of the RPM as the
most plausible mechanism for MFE in biological reaction
kinetics [20,21]. These include flavoproteins related to DNA
photolyases, the involvement of cryptochromes in circadian
rhythms [22,23] and their proposed role in animal magne-
toreception [24]. MFEs have been recorded in cryptochromes
[11] and seem to fulfill the structural and dynamical require-
ments of the RPM [8]. Considerable interest exists also in
the role of radical pairs in chemical kinetics in photosynthetic
reaction centres [9,25,26]. Flavoenzymes [27]—Flavin-based
enzymes—are responsible for catalytic functions in diverse
biological reactions [28] and the involvement of various RPs
in these reactions is debated in recent discussions [29,30].

Existing experimental techniques for in vitro probing of
MFE in RP dynamics in chemical reactions rely on aver-
aged signals collected from a large ensemble of molecules.
These techniques include time-resolved electron paramag-
netic resonance (TREPR) spectroscopy [31,32], and optical
methods based on absorption [33-36] and fluorescence de-
tection [37-41]. Studies of RP reactions conducted using
these techniques can only provide ensemble averaged infor-
mation of spin dynamics along with requiring a large quantity
(few microliters) of potentially precious biological samples.
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FIG. 1. Simplified illustration for sensing of MFEs of an RP
reaction using a NV quantum sensor in diamond. An RP on a host
molecule is formed in a spin-correlated state (yellow). Subject to
local and external fields, the distinct RP evolution induces a signal
that is detectable by a nearby NV center (red) using appropriate
sensing sequences.

It is therefore imperative to instead consider single-molecule
detection techniques in order to reveal potential quantum
coherent spin evolution otherwise hidden by ensemble av-
eraging [42-44]. Specifically the single negatively charged
nitrogen-vacancy (NV) center in diamond [45] has attracted
significant interest as potential candidate for the detection of
spin-chemical effects of RP reactions at the single molecule
scale [43,44]. This is achieved due to the excellent biocom-
patibility of diamond [46,47], the attainable nanometer scale
spatial resolution and remarkable sensitivity to external elec-
tromagnetic fields of a single NV center [48-52].

In the present work, we discuss a realistic avenue for the
detection of MFE associated with RPs at the scale of a single
and small ensembles (<100) of molecules using a single NV
center in diamond (Fig. 1). We investigate both the weak and
the strong coupling regime between the NV center and RPs.
Compared to the simplified model employed by Finkler et al.
[44] neglecting important spin interactions and considering
only the strong coupling regime, we here use an elaborate
model governing realistic RP spin dynamics. We include up
to three nuclear spins per radical with maximum anisotropic
hyperfine coupling along with dipolar and exchange coupling
between the radicals. Applying standard sensing protocols,
we derive measurable signals received by an NV center and
quantify magnetic field dependent RP dynamics. We show
that in the weak coupling regime, the signal generated by an
RP on a single molecule is comfortably within the sensitivity
limit of state-of-the-art shallow NV centers and dynamics
of certain populations, as well as coherences, of the RP
density matrix is directly accessible. Nontrivial features of
RP spin dynamics can be observed depending on direction
and magnitude of a bias magnetic field. Further, we observe
that signal features tend to average out when we consider a
small ensemble of RPs, highlighting the importance of single-
molecule detection. In the strong coupling regime, we find
that although there is an opportunity to probe various RP spin
state populations individually, detection becomes challenging
especially in larger biomolecules due to the increased num-

ber of unavoidable and spectrally indistinguishable hyperfine
interactions within the RP.

The paper is organized as follows. In Sec. II, we introduce
the theoretical framework for the RP and interaction with the
NV center. In Sec. 111, we describe the numerical simulations
performed with realistic RP systems and present the main
results. We conclude in Sec. IV and discuss possible future
directions.

II. DESCRIPTION OF THE MODEL

The general situation considered for the model is illustrated
in Fig. 2(a). Molecules hosting RPs are distributed above the
diamond surface and an NV center is situated at a depth d
from the surface, where d is typically in the range 5-50 nm
depending on the preparation method [53,54]. We choose to
work in the NV frame (shown in the figure) and the total
Hamiltonian of the whole system in this frame is given as

H = Hnv + Hgp + He, (D

where Hyy, Hrp, and Hc are the Hamiltonians governing the
dynamics of the NV center, the RP, and coupling between the
NV center and the RP, respectively.

We consider the C3, symmetric, negatively charged NV~
center (hereafter called NV) that consists of ground (A,
total spin s = 1), metastable ('A, s =0) and excited (’E,
s = 1) states [45]. The ground state triplet {|0), |£1)|} is
split at zero magnetic field with Dzps = 2.87 GHz [48]. The
|[+1) and |—1) can be further split by application of an
external magnetic field, thus making all the three states ac-
cessible by application of appropriate control fields. Upon
optical excitation typically with 532 nm light, the NV center
might relax via a spin-dependent intersystem crossing [55],
a process that allows for initialization in |0) and spin-state
dependent fluorescence contrast between |0) and the |£1)
states. These properties combined with an external magnetic
field can be exploited to isolate |0) <> |[+1) or |0) <> |—1) as
a two-level system with effective spin s = 1/2. In addition,
the NV center interacts with nuclear spins, predominantly
(abundance of 99.6% [56]) the intrinsic '“N with total spin
s = 1, hyperfine coupling tensor Ax and quadrupolar cou-
pling On =~ —5.01 MHz [56], causing further splitting of the
|£1) states. Due to the axial symmetry of the NV center,
AN can be expressed in a diagonal form in the principal
axis system of the NV axis with diagonal elements [Ag ~
—2.7 MHz, AI{;, AP\I ~ —2.16 MHz] [56]. Taking the above
details into account, the relevant part of the NV center Hamil-
tonian can be written as

Hxv = DzpsJ? + ve(Bo - J) + T - Ax - In, 2

where y, is the gyromagnetic ratio of an electron, J =
[y, Jy, J;] and I;I = [Iny, Iny, IN;] are, respectively, spin op-
erators of the NV center and '"“N nuclear spin, and Eo =
[Box, Boy, Bo.] is the vector of the externally applied magnetic
field on the NV center. The relatively large zero-field splitting
allows to make the secular approximation (|Dzgs + y.Bo,| >
A3) where we can ignore all terms involving electron-nuclear
spin flip flops (containing Ay). Further, we assume By, >>
By, andBy, and consequently choose |0) <> |[+1) (hereafter
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FIG. 2. (a) General setting for detection of RP spin dynamics
using an NV center situated at a depth d under the diamond surface.
The light blue hemisphere shows the sensing volume of the NV
center and an RP situated in this volume contribute to the detectable
signal by the NV center. Without loss of generality, we choose to
work in the axis system where normal to the diamond surface is
aligned along the NV axis ([1 1 1] crystal axis), named “NV frame”
here. The origin of the coordinate system (7, &', B) associated with
the molecule that hosts an RP, named “RP frame,” is situated at
location(7, ¢ = {«, B}) with respect to the NV center. The two axis
systems are related by the rotation matrix ¢, which is different for
each RP. The magnetic field is applied in direction (6, ¢). When
RP spin dynamics is probed at very low magnetic fields (close to
Earth’s), a gradient is required for the magnetic field in the z direction
to ensure that the two level approximation of the NV center energy
levels is valid. (b) Simplified description of the RPM. The two fac-
tors, (i) magnetic field dependent interconversion between the singlet
state and triplet states, and (ii) spin dependent product yield, make
the RPM a plausible mechanism behind MFE in RP reactions.

denoted [1)) as a two-level system. Now the NV center
Hamiltonian simplifies to

Hyxy = (Dzgs + veBo:)J- + Al L. 3)

The RP consists of two radicals each containing an
unpaired electron. A simplified reaction for the creation
and recombination of radicals is shown in Fig. 2(b).
The radicals can be generated either by electron transfer
or chemical bond breaking from the oxidized state
of the molecule. The reduction can be facilitated by
various mechanisms, for example, by photoexcitation
with light of appropriate wavelength (reduction of flavin

based systems [57]) or by chemical means (Haber-Weiss
reaction [58]). Depending on the internal molecular
dynamics, the unpaired electrons in the radicals are
born in either singlet (s =0) (1So) = [|14) — [11)1/+/2)
or triplet (s=1) (ITo) =[14)+ IN/V2ITy) =
(M), IT-) = (|4 {)) states, where |[1) and ||) denote
the eigenstate of the Pauli z matrix. After creation, the
singlet and triplet states interconvert among each other under
the RP Hamiltonian, which for the RP situated at location
[r, ¢ = {«, B}, see Fig. 2(a)] is given by [59]

Hgp = =V [B*.(Si + 5] = 2058, - S+ 5, - D - S,

Ny
+ZS1~Aii~11;+ZSz'A§j'12j, 4)
=1

where S| and S, are the spin operators of the unpaired elec-
trons of the first and second radicals, respectively. The B¢
denotes the external magnetic field applied on the RP and it
is directed as indicated by angles (8, ¢). The superscript ¢
is a mere indication of the parameter value for the radical
pair that is relevant. The radicals couple to each other via
exchange interaction (coupling constant J¢, ) and dipolar inter-
action (coupling tensor D*). Each unpaired electron is further
surrounded by a set of nuclei in the radical and interact with
them via hyperfine coupling. The I7;(A ii) and I; J (Ag ;) are spin
operators (hyperfine coupling tensors) of the ith nuclei cou-
pled to the unpaired electron in the first and jth nuclei coupled
to the unpaired electron in the second radical, respectively.
The magnitude of hyperfine coupling is typically in the range
of 2.8-28 MHz [60] in organic radicals, whereas the strength
of the dipolar and exchange interaction is dependent on the
separation between the radicals [61]. Usually the dipolar and
hyperfine coupling tensors are simulated or measured in a co-
ordinate frame associated with the molecule that hosts the RP,
hereafter referred to as the RP frame. The NV and RP frames
are related by a rotation matrix R?, i.e., Hép = R¥ HypRE,
where Hyp is the RP Hamiltonian in the RP frame. All the
terms in Eq. (4) except the hyperfine interaction terms com-
mute with the singlet state projector. Thus the spin exchange
symmetry is broken, resulting in interconversion between
the singlet and triplet states, since the singlet and triplet
states are antisymmetric and symmetric under spin exchange,
respectively.

Due to interaction with the surrounding environment, after
the creation, along with the interconversion dynamics, the
spin-correlated RP recombine back to the equilibrium state.
The rates of recombination depend on whether the RP is in the
singlet (rate constant kg) or the triplet state (rate constant k7).
Products are thus formed with spin-state dependent yield and
can be altered by the application of a suitable magnetic field,
with the RPM as result [8]. The recombination dynamics can
be modeled by treating the RP as an open quantum system
with Lindbladian

Lrel 1= — O TNT | 1%, -,

i=+,0,—

&)
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FIG. 3. The effective coupling strength gex (7, ¢)/27 =
D, (r)y/Dex(¢)? + D..(¢)? /7 for various RPs situated at (r, @)

(B = 01is assumed).

where N = N; + N, is total number of nuclei in the RP and
{.} denotes the anticommutator.

The electron spin of the NV center and the RP is coupled
via dipolar interaction and the corresponding Hamiltonian can
be written as

He(r, £) = J.De(r, £).(S1 + 55), ©6)

where D, is the dipolar coupling tensor in the NV frame which
depends on the location of the RP ¢ = {«, 8} and the NV
center distance to the RP. Under the secular approximation
|Dzgs + veB;| > |D.| and assumption |B;| > {|B;|, |By|}, the
coupling Hamiltonian simplifies to

He(r,0) = J.Dp(r) Y Dei(¢)(Sti + S2i)

i=x,y,2

=J.D,(r) Y Si0). )

i=x,y,2

D.,(¢) =3sin2acos B/2, Dey(¢)
D..(¢)=3cos’a—1 and S§i(¢)=
D.i($)(S1i+ 82).  The  trace  norm  gef(r, §) =
[|D,(r) Zi §1(§)|| = 2Dr(r)\/Dcx(§)2 + Dcy(§)2 + Dcz(;)z
represents the effective RP-NV coupling (Fig. 3) and can
be determined using techniques developed in recent works
for three-dimensional molecular localization using the NV
center [62—65]. We also assume the same dipolar coupling D;
between the NV and both radicals, which is justified in the
regime where the NV-RP distance |r| is much larger than the
RP separation rgp. Note that the coupling Hamiltonian can
not be approximated to contain only the J.S. term [44,66] as
the strength of cross terms (/. S, and ngy) may not be smaller
compared to various other parameters in Hép at low external
magnetic fields.

Now, after establishing the general framework, the protocol
to study RP dynamics using the NV center is as follows.

(1) Prepare the NV center and the RP in a known ini-
tial state p(0) = ponv(0) ® prp(0). The initial state of the

where D,(r) = ZJ(;)I/;I’ ,
= 3sin 2« sin 3/2,

unpaired electrons in the RP is either the |Sy) or |Tp) state
as described before, while the nuclei start in the maximally
mixed state I®V /2V . The initial state of the NV center can be
controlled and depends on the applied sensing scheme.

(2) Solve the quantum dynamics in the NV frame using
the master equation: % —i[H, p(t)] — Lec[p(t)]. Since
the NV center has the capability of detecting magnetic signal
directly originating from interconversion dynamics of the RP
instead of relying on the product yield based detection, we
can simplify the Lindbladian by assuming ks = kr = k, thus
giving Lrec(-) = —k{I®N*2 | p(¢)} [59]. Further, the rate k
may be allowed to include decoherence of the electron spins
of the NV center as well because their typical timescale is
similar to recombination rates in organic RPs which is in the
order of tens of ps.

(3) Trace out the RP to calculate the state of the NV center
at any time ¢: pyy (¢) = Trrp[o(?)] and investigate signatures
of the RP evolution on the states of the NV center.

Depending on r, o, and B, the coupling between an NV
center and an RP varies (Fig. 3). The resulting NV-RP dy-
namics can be divided in two dynamical regimes:

weak coupling : ger(r, &) < T, (8
strong coupling : geg (7, ¢) > T, ©)]

where I' = ﬂ— and T is the dephasing time of the NV center.
T, depends on factors including applied sensing sequence and
magnetic field [67], proximity to surface impurities, presence
of paramagnetic defects and nuclear spins around the NV
center [45]. Typical values of T, range from a few microsec-
onds to a few milliseconds depending mainly on the applied
sensing sequence, the isotopic purity of the diamond sample
used [68] and the surface termination [69], making both weak
and strong coupling regimes achievable in practice.

III. SIMULATIONS

In this section, we present details and results of the sim-
ulations. We consider two RP systems, respectively with
isotropic and anisotropic hyperfine coupling tensors. We in-
vestigate MFEs in RP systems in the weak as well as strong
coupling regimes and discuss appropriate detection strategies.
In the weak coupling regime, we study the MFE as a function
of strength and direction of magnetic field due to a single
as well as a small ensemble of RP. For the strong coupling
regime, we point out potential challenges in the regime of
single molecule detection that arise for larger biomolecules.

A. RP systems

The two RP systems we investigate are the following.

(1) Flavin adenine dinucleotide—tryptophan (FAD®*™ -
TrPH**) with anisotropic hyperfine couplings, which has
been subjected to various MFE studies using absorption spec-
troscopy in recent years [11]. This system is suggested as one
possible candidate enabling avian magnetoreception [8].

(2) Pyrene-N,N-dimethylaniline (PY*~™ - DMA®")
RP, widely studied [70] and with isotropic hyperfine
couplings [71].
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FIG. 4. Energy level structure of an NV center in the weak
coupling regime. The RP causes a relative phase between |0) and
|1) states of the NV center, this relative phase is proportional to
Hc(r, ¢, t). The sequences to detect the RP dynamics in each regime
are shown in (b). The RP is born in |Sy) or |T) state and the NV
is initialized in |0) state. Then an appropriate sensing sequence is
applied which is chosen based on the frequency profile of X;(r, w, ¢).
During sensing, the NV center acquires a phase which contains the
information about the RP dynamics which is then read out by a
projective measurement.

B. Weak coupling regime

In the weak coupling regime, no observable splitting of the
NV energy levels occurs upon interaction with the RP and the
effect of spin dynamics of the RP on the NV center dynam-
ics then appears only as a time-dependent classical magnetic
field. The coupling Hamiltonian between the NV and a single
RP simplifies to

He(r, g, 1) = JLD.(r) Y (8¢, 1), (10)

i=x,y,2

where (0(1)) = Tr[0 e~ Hr! prp(0) e ] with O € {5}, i =
x, ¥, z. The detectable magnetic signal generated from an RP
situated at a location (r, ¢) can now be calculated as (in units
of Tesla):

D, 3
"D 52, 0) = “°|y|3<5(f; n) A

Xi (r 5 C ) t ) = -
where i = x, y, z. Due to the 1/|r|? scaling and as indicated
in Fig. 2, only an RP within the NV sensing volume will
contribute to the field X;(r, ¢, t). For estimating the field of
a small ensemble as discussed in Sec. [IIB2, Eq. (11) can
easily be modified by summing over the contributions from
individual RPs located within the sensing volume of the NV, a
situation similar to nanoscale NMR [54]. The summation for
the ensemble is finite since the contribution of RPs outside the
sensing volume to X;(r, ¢, t) will be negligible.

The maximum signal is generated when R® = Z, where
is the identity matrix, i.e. when the RP frame is aligned with
the NV frame. The possibility of achieving such a condition
is discussed in Appendix A 1.

A simple protocol to detect the above signal is shown in
Fig. 4. First, we initialize the NV center in |0) and the RP in
either the |Sp) or |7p) state. An appropriate sensing sequence
is then applied on the N'V. For the range of relevant bias fields
0-20 mT considered here, the |Sy) and |7j) transition energies
are << Dzps — y.B, and effects of the NV drive sequence on
the RP are thus negligible. The choice of the NV sequence
depends on the Fourier spectrum of the detectable signal,

denoted by X;(r, ¢, w) here. Finally, a projective measurement
is made on the NV to yield information about the accumulated
phase, which is proportional to X;(r, ¢, t), acquired during the
sensing sequence. As we are considering the weak coupling
regime with effective NV-RP coupling g.s is smaller than
rates in Hg, and since both NV and RP are initialized in each
iteration of the sequence, it is also assumed that back-action
of the NV on the RP can be neglected.

As evident from Eq. (10), only specific combinations
of RP density matrix elements corresponding to {Sj;, j =
1,2 and i = x, y, z} contribute to X (¢) and are directly measur-
able by the NV center. Explicitly, in the singlet-triplet basis,
the directly measurable elements are

S1z + S2: = [T ) (T | — [T-)(T-], (12)
which measures the magnetization corresponding to the pop-
ulation difference of outer triplet states and

Six + Sor = V2 Re(|IT W (Ty| + |T-)(T)).
Siy 4 Say = V2 Im(| T ) (To| + |T-)(T)), 13)

which measure the magnetization corresponding to the co-
herences between the outer and central triplet states. Thus
the detection of magnetization corresponding to elements
Six + 82 and Sy + S5, can reveal involvement of quantum
coherent phenomenon in RP dynamics in the singlet-triplet
basis. The full state tomography of the density matrix of
RP, however, requires conversion of various elements onto
directly detectable ones [Eqgs. (12) and (13)] and is beyond
the scope of this work.

We consider RPs to be statistically distributed above the
surface of the diamond sample. The coupling strength of an
RP outside the sensing radius of three-four times the depth
d of the NV center [cf. Fig. 2(a)] decreases by an order of
magnitude compared to RPs on the surface. The number of
RPs falling in the sensing volume depends on the size of the
host protein. For the case of proteins with many amino acids
and large molecular weights (>500 kDa, the average radius
>5 nm [72]), only one of them might fall in the sensing vol-
ume with high probability. On the other hand, for the case of
smaller proteins (<50 kDa, the average radius being 2-3 nm),
tens of RPs can be accommodated in the sensing volume. The
following two subsections discuss how the generated signal
behaves in these two cases.

1. RP on a single molecule

To study RP dynamics at the single-molecule level, we
assume R¢ = I and 8 = 0 without loss of generality. We use
three nuclei with maximum anisotropic hyperfine couplings
for each of the radicals in (FAD®™ - TrPH*") : N5, N, and
He for FAD*™, and Ny, H;, and Hg; for TrPH*") [60]. The
used J4 and D° couplings correspond to FAD*~ - TrPH*"
RP in Drosophila melanogaster cryptochrome protein [59].
The recombination rate is assumed to be k = 2 x 10° Hz,
which is of the order of the observed spin relaxation time in
behavioural studies in migratory birds [73]. To calculate the
total signal received (or phase accumulated by the NV center)
at a given strength and direction of the applied magnetic field,
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FIG. 5. Signal received by the NV center from a single RP
molecule of model systems FAD*~ - TrPH*' (solid lines) and
PY*” - DMA*" RP) (dashed lines). Time (a) and frequency (b) pro-
file of the signal at magnetic field By, = 1.16mT for FAD®™ - TrPH*"
RP, where maximum of time integrated signal |le | and |X!| is
obtained as plotted in (c). 8 = 0° is assumed in (a), (b), and (c).
(d) Level dynamics of the RP in singlet-triplet basis as a function
of the strength of the applied magnetic field. (e) Dependence of the
integrated signal on the angle of the applied magnetic field at mag-
netic field strength |By| = 1.16mT and |By| = 0.25mT, respectively,
for FAD*™ - TrPH*" and PY*~ - DMA®" RP.

we define the time integrated signal per second as
1
1 g .
Xi ()= T Et Xi(r, ¢, 1), (14)

where T is the total time of the sequence. In Fig. 5, we show
the strength of the magnetic signal received by the NV from
an RP on a single molecule at a distance r = 10 nm. For such
shallow NV centres, the achievable sensitivity is of the order
of a few nT/+/Hz to a slowly alternating signal [66,74]. For
the case of B = 0, as we assume here, the detectable signal is
only generated by X! and le , which, respectively, corresponds
to the dynamics of RP density matrix elements Sy, + S, and
Siz + 82

To determine the suitable NV sensing sequence to probe
the generated signal, Fig. 5(a) plots the temporal evolution
of |X;|(¢) for a bias magnetic field that maximizes the time
integrated signal XZI [see Fig. 5(c)]. The unpaired electrons
in the RP are initialized in the singlet-state whose population

decays with time as it is converted into other density matrix
elements under the evolution of H]gp, thus resulting in the
build-up of |le |. The generated signal (hundreds of nT) is
within the sensitivity achieved for <10 nm deep NV centres.
The corresponding spectrum is shown in Fig. 5(b). Because
we are interested in low frequency dynamics (kHz to tens
of MHz) resulting from the dipolar and hyperfine coupling
terms (typically 1-10 mT) in Hép, the maximum component
of the signal in the frequency domain is limited to 500 MHz.
The cutoff frequency of these oscillations observed is in the
order of 10MHz. Sequences including Ramsey, spin-echo, and
dynamical decoupling are thus suitable for probing such RP
dynamics [67].

Variation with strength of the magnetic field. To study
the dependence of the signal on the strength of the applied
magnetic field, we set 6 = 0, i.e., By, = 0 and By, = 0 so that
there is no spin mixing of the NV center states keeping the
two-level approximation valid and By, (= B,) is varied from 0
to 50 mT. The dependence of the time-integrated signal |X/|
and |X!| is plotted as a function of By, in Fig. 5(c).

The features of the time-integrated signal |XZI | can be qual-
itatively explained by the dynamics of the RP under ngp in
singlet-triplet basis as shown in Fig. 5(d). At By, ~ 0, all
three triplet states are almost degenerate and the energy gap
between |Sy) and |Tp) states is proportional to ng and the
secular part of D°. With the unpaired electrons in the RP
initialized in the singlet state, population transfer between
the spin states occurs due to the evolution of the RP under
HéP containing hyperfine interactions with the surrounding
nuclei [Eq. (4)]. However, for small By,, the RP only gener-
ates a very low signal |XZ’ | as the outer triplet states (|7%))
remain close to degeneracy. As By, increases, the outer triplet
states move apart and give rise to additional manifolds for
singlet-triplet mixing [75,76]. This opens the possibility of
information (population and coherence) transfer among |Sy)
and |Tp) states to only one of the outer triplet states, creating
a population imbalance between outer triplet states and giving
rise to an increase in signal |le |. At a certain B, value, there
is a maximum transfer between singlet-triplet oscillations to
population difference of outer triplet states, giving rise to
the peaklike features in |XZI | (for example the peak at ~1.16
and ~0.25mT, respectively, for FAD®*~ - TrPH*" RP and
PY*™ - DMA®' RP). A further increase in By, results in en-
ergetic isolation of the outer triplet states which causes steady
decrease in the probability of information transfer between
them, and |Sp) and |7p) states, eventually vanishing at very
high magnetic fields |Bo,| > |HI§P| /Ve. A similar argument
as above can be used to qualitatively explain features in the
dynamics of |X/|.

Variation with direction of the magnetic field. In Fig. 5(e),
we investigate the signal dependence on the direction of the
applied magnetic field. Here we restrict the magnetic field to
the XZ plane by assuming ¢ = 0 as the following discussion
holds for the general case. Although By, is nonzero for certain
values of 6, its magnitude should be less than that required for
mixing of the |1) and |—1) levels of the NV center. We fix the
magnetic field strength to ~1.16 and ~0.25 mT, respectively,
for FAD®*~ - TrPH*" RP and PY*~ - DMA®" RP where the
maximum MFE is expected based on the results shown in
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Fig. 5(c). The dependence of the time-integrated signal on 6
is plotted in Fig. 5(e).

Once again, using the level dynamics under Hép in the
singlet-triplet basis, a qualitative explanation of various fea-
tures of the generated signals is possible using the following
arguments: (i) for a given magnetic field, 6 close to 90° essen-
tially means presence of an extra channel for singlet-triplet
mixing due to nonzero By, and By, and (ii) at 6 close to 90°,
the outer triplet states are almost degenerate while maximum
splitting occurs at 6 close to 0° or 180°. The shape of |X!|
is a direct consequence of argument (i) as nonzero transverse
fields close to 90° increase the probability of singlet-triplet as
well as triplet-triplet mixing. The signal |X/| is a consequence
of argument (ii) as higher splitting of outer triplet states opens
new manifolds for information transfer between them and |Sp)
and |T;) states as described earlier.

For parameter values chosen here and described above, we
do not observe the recently discovered spike feature [60] in the
generated signals |XZ’ | and IXXI | presumably due to the high
value of magnetic field used, and the nonzero exchange and
dipolar coupling in the Hép [77]. However, the spike feature
can be observed when we consider a simpler RP system with
only one nuclear spin in each RP in earth’s magnetic field as
summarized in Appendix A 2.

2. Ensemble of RPs

Assuming the minimum size of the protein to be 3—
4 nm (small protein with molecular weight <50 kDa [72]),
~100 RPs (£ = 5 x 1072 nm~?) might fall in the NV sensing
volume. In contrast, standard absorption or EPR based stud-
ies require orders of magnitude larger number of molecules
(micro litres of sample) in order to get observable signals
which might cause masking of certain features of the RPM
due to averaging [44]. In Fig. 6, we plot the mean and vari-
ance of the generated signal as a function of strength and
direction of applied magnetic field for an ensemble of RPs,
where we neglected dipolar coupling between RPs on differ-
ent molecules. Such dipolar couplings are expected to give
rise to altered RP dynamics and even yield unique magnetic
field effects. We consider two types of ensembles. (i) All
the RPs are oriented along the direction of the NV axis,
i.e., R® =1 (solid lines in Fig. 6), and (ii) all RPs are ran-
domly oriented with respect to the NV axis (dashed lines in
Fig. 6), i.e., R® = Rc(y1)Ry(¥2)R.(y3), where R.(y1), Ry(2),
and R.(y3), respectively, are rotation matrices about the x, y,
and z axes with randomly chosen Euler angles y, y», and y3.
For both cases, r, «, and 8 were sampled uniformly from the
range [5-20nm], [0, /2], and [0, 277], respectively, assum-
ing spherical geometry for the distribution of RPs.

For the uniformly oriented ensemble (i), the mean of the
generated signal is obviously amplified in contrast to the
randomly oriented ensemble in (ii) where the features due to
the RP spin dynamics are almost entirely removed because
of random averaging of the signal over various realizations
of R¢. The variance of the generated signal as a function of
strength of the magnetic field is within the sensitivity range of
a shallow NV center for both types of ensembles and the MFE
behavior akin to the single-molecule case [Fig. 5(c)] is still
observable after averaging. On the contrary, although there is
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FIG. 6. Dynamics of the statistical signal generated by an en-
semble of RPs in the sensing volume of the NV center. To reduce
computation time, two nuclear spins were included for each radical:
Ns, Njo for FAD*", and Ny, H; for TrPH*". MFE against variation
in [(a) and (c)] strength of magnetic field [(b) and (d)] direction
of the magnetic field. The blue line indicate the average MFE
when the coordinate frames of all the RPs are aligned(R¢ =1)
with the NV frame, while the red lines show the average MFE from
a randomly oriented ensemble (mean and variance of 50 random
realizations of R?Y).

an observable variance signal when 6 is varied, the shape of
the variation is erratic for ensemble (ii) with no similarity to
the single molecule case [Fig. 5(f)]. Therefore, although the
ensemble (ii) is simply realized by drop casting a molecule
sample on the surface of the diamond, detecting a MFE in
this arrangement is more challenging. The situation might be
compared to absorption or EPR studies where the size of the
probed ensemble is very large (micro litres of sample) and
hence MFE detection relies on statistical signals generated
from a very small number of molecules. This limits the detec-
tion of MFE to a few percent [35] along with causing wastage
of precious biological samples. Hence, it becomes important
to appropriately position the proteins in the desired orientation
with respect to the NV center to maximize the probability of
successful detection of an MFE (Appendix A 1).

C. Strong coupling regime

In the strong coupling regime, the energy levels of the
NV and RP mix, giving rise to a level structure as illus-
trated in Fig. 7. Due to the s = 1 structure of the NV center,
the RP components of eigenstates in |0) and |1) are quan-
tized along different axes determined by the strength of the
coupling tensor. The total Hamiltonian in this regime can be

013218-7



PHYSICAL REVIEW RESEARCH 6, 013218 (2024)

DEEPAK KHURANA et al.

@ — |1, %)
) —|1,3)
D 1 I1,05)
S 11,41)

m

N

+

%)
§ _: |0: lpn)
|0) _JV — |O' 11)3)

10,2)
10,%1)

()

Initialize in t
[So) or |To)

T pulse Readou
0 m

c
© ﬁ—{ o B,=50uT e B,=5mT BOZSOmT}—y—

-1 -0.8 -06 -04 -02 0 02 04 06 08 1

f-D,q (MHz)

FIG. 7. (a) Energy level structure in the strong coupling regime.
The RP components of an eigenstate in the |0) manifold (|y;)) are
determined by ngp alone whereas in the eigenstate |1) manifold,
(|4])) are determined by both Hj, and H, together. The sequence
to detect RP dynamics in this regime is shown in (b). (c) The number
(each circle represent one peak) of peaks in the spin resonance
spectrum of the NV center resulting from interaction of the NV
center with a single RP as a function of applied magnetic field. Here
we only considered the resonances resulting for the case n = m, i.e.,
transitions corresponding to [+1, ¥,) — |0, ¥,,).

reduced to

H = Hyy + Hgp|0)(0] + | Hyp + D, Z S; [11)(1]. (15)

i=x,y,2

Depending on the magnitude of various couplings in Hép and
type of the nuclei in the RP, the |0) and |1) states of the NV
center are further split, as shown in Fig. 7(a). For example,
for the RP consisting of only spin — 1/2 nuclei, NV center
levels split into a maximum of 2¥*2 levels. The level structure
results in resonance lines in the magnetic resonance spectrum
of the NV center corresponding to transitions |+1, v, ) —
|0, ), where |y,,) and |y,) are respectively eigenstates of
Hép and H]gp +D, ), S:. The magnitude of the resonance
lines is proportional to the transition dipole moment and pop-
ulation difference of the states connected by the transition.
Therefore monitoring it using a simple sequence as shown
in Fig. 7(b) may facilitate a probing of the dynamics of the
populations of HéP.

There are a couple of important details about the detection
of RP dynamics in this regime which should be pointed out.

(1) Since we wish to study RP dynamics exclusively un-
der an applied magnetic field, a pulsed sensing sequence
[Fig. 7(b)] is preferred as it ensures that the NV center stays
in the |0) state during the time of evolution, implying no
backaction of the NV on the RP. In a Ramsay type of sequence
where the NV center is prepared in (]0) + |1))/«/§, the RP
experiences an additional induced field from the |1) state
component [44] which is different for each RP, complicating
the probing of MFEs.

(2) As the size of the biomolecule increases, the number
of unavoidable hyperfine interactions also grows. As a conse-
quence, the spectral features will start to overlap, especially
when the applied magnetic fields are comparable to the hy-
perfine couplings in HéP [see Fig. 7(c) for FAD®*~-TrPH**].
In this case, it becomes challenging to access the various
electronic transitions of the RP separately. One could consider
decoupling the nuclear spin bath [78,79] during the readout
time by driving the RP at a frequency larger than the strongest
hyperfine coupling, however the short readout duration (typ-
ically ~300 ns for an NV center [45,80]) will render the
averaging inefficient.

In the light of the second argument, although the detection
of RP dynamics in the strong coupling regime may be chal-
lenging, it offers an opportunity to track various populations
of the RP density matrix individually and the possibility of
quantum control of the RP using an NV center [44].

IV. CONCLUSION AND OUTLOOK

In summary, we analysed the realistic prospects of MFE
detection at the single molecule scale in RP reactions in
biomolecules using a single NV center in diamond. To realisti-
cally describe the biomolecular spin dynamics, our RP model
includes three nuclear spins per radical that have the largest
hyperfine couplings. Including dipolar and exchange coupling
between the two electrons forming the radical pair, the RP
spin dynamics become correlated and can not be simulated by
treating each of the radicals independently [43]. Depending
on distance and orientation between NV and RP, two coupling
regimes of dynamics can be considered requiring accordingly
tailored NV sensing approaches. We find that in the weak
coupling regime, RP dynamics can be seen as a classical mag-
netic field by the NV. This regime is most suitable for large
biomolecules with unavoidable and spectrally indistinguish-
able spin interactions. The signal generated even from a single
RP is well within the sensitivity achievable by state of the
art NV centers and distinct features of RP spin dynamics are
thus observable at the single molecule and a small ensemble
(<100 molecules) scale.

The simulations performed in our work can be further
improved by incorporating more nuclear spins and using the
recently developed coherent state sampling method [81,82]
for efficient computation of spin dynamics. Adding to the
recent theoretical works [42—-44], we expect our analysis to
pave the way towards experimental detection of MFE in
biomolecules at the single molecule level and unravel the
importance of quantum coherent effects in biochemical pro-
cesses [20,21].
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FIG. 8. The generated signal |X!| and |XZ1| for various types
of hyperfine coupling tensors for the model system. Here “iso,”
“axial',” “axial®>,” “axial’,” and “rhombic” stand for hyperfine
principle components (A, A,y,,A;;), respectively, (0.5,0.5,0.5),
(—0.09, -0.09, 1.76), (-0.2,-0.2,1.76), (—0.39, —0.39, 1.76),
and (—0.39,0, 1.76) mT. The exchange coupling is chosen to be
Jex = 0.375 mT and diplolar coupling tensor (D) is assumed to be
zero as the effect is similar to exchange coupling. The lifetime of the
RPis 5 us.
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APPENDIX
1. Orientation of RP with respect to NV

As described in the main text, the orientation of the
molecule hosting the RP is crucial for obtaining maximum
signal. Recent studies involving investigation of structure
and motion of single proteins using NV centers have em-
ployed either statistical placement of proteins via diamond
surface functionalization [66,83,84] or controlled alignment
via attaching the protein to a solid host and then using a
nanopositioning system, for example, a tuning fork scanning
probe of an atomic force microscope [85]. The latter method
is preferred because, in the former case, there are two main
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FIG. 9. The generated signal |X/| and |X/|, and singlet yield [86]
for various values of exchange coupling for the model system. Here
A; = A, and chosen according to the case axial® (see caption of
Fig. 8).

disadvantages: (i) the RP might end up in an orientation
where one or more coupling parameters (D.;, i = x, y, z) are
zero, thereby reducing the coupling to the NV center (ii). The
functionalization of the diamond surface may not be possible
for all types of proteins.

2. Spike features in the generated signal

Here we consider a simple RP model system with only
one nuclear spin in each radical (we drop the ¢ notation for
convenience in the following), with hyperfine tensors Ay and
A, to analyze which parameter ranges give rise to spikelike
features of the generated signal as a function of the direction
of the applied magnetic field. This feature has been suggested
to be behind the precision of an avian magnetic compass [60].

In Fig. 8, we plot the generated signal |X]| and |X/|,
respectively, in (a) and (b) for various types of hyperfine
coupling tensors chosen by varying principal axis components
set (Axx, Ayy, A;;). For the anisotropic hyperfine coupling case,
the principal axis system is that of the N5 in FAD*™ [60].
A qualitative description of the seen behavior can be pro-
vided by looking at the symmetry of the RP Hamiltonian.
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FIG. 10. The generated signal |X/| and |X/|, and singlet yield for
increasing values of RP lifetime. Here By = 50 uT and A1 = A, and
chosen according to the case axial® (see caption of Fig. 8).

In the absence of dipolar coupling, there are three interactions
in the RP Hamiltonian, namely, Zeeman, exchange and hy-
perfine. Zeeman (same magnetic field on all the spins) and
exchange interactions are symmetrical with respect to elec-
tronic spin exchange while hyperfine interaction is symmetry
breaking in general. When the hyperfine interaction is also
assumed to be isotropic and A; = A,, the full Hamiltonian is
symmetric, and the singlet and triplet states are eigenstates.
As a result, there is no singlet-triplet oscillations possible
for isotropic hyperfine coupling as the sub-spaces of different
symmetry remain unconnected and as consequence, |X!| and
|le | remains zero. As the anisotropy is included in the Hamil-
tonian, a nonzero signal is generated along with appearance
of spike features with the most prominent around 6 = 90°.
Again, the amplitude of this spike is within the sensitivity
achieved for <10 nm deep NV centres. Now we analyze the

behavior of the generated signal and spike as a function of
various parameters of the RP Hamiltonian.

The amplitude of the spike increases and it becomes nar-
rower as the principal components A, and A,, are increased.
This observation hints that the origin of the spike might also
be similar, i.e., an avoided crossing of energy levels as a
function of direction of the magnetic field. However, further
investigations are required to draw firm conclusions.

In Fig. 9, we show the generated signal |X/| and |X/| along
with the singlet yield ¢ = kdt ), Tr[prp(t)|S0)(Sol] [86] (c)
with increasing value of Jx. Using the symmetry argument,
as Je is increased, the Hamiltonian eigenstate get closer to
singlet and triplet states, and reduction (increase) in the signal
(singlet yield) is observed. The spike feature in the generated
signal at & = 90° is most prominent when Jex is compara-
ble to the Ay, and A,, principal component of the hyperfine
coupling. This behavior hints that the spike in the generated
signal depends on exchange interaction (and also dipolar in
general) as well as anisotropic hyperfine interaction. This is in
contrast to the singlet yield where the spike depends strongly
on hyperfine anisotropy as it disappears even for small Je,
comparable to A, and A,, parameters [77].

In Fig. 10, we show the generated signal |X!| and |X/|
along with the singlet yield [86] (c) with increasing value
of RP lifetime 7. A contrasting behavior is observed in the
generated signal and singlet yield in addition to the former
being relatively less sensitive to the lifetime of the radical.
This observation seems to suggest that unpaired electrons pre-
fer to stay in the singlet state compared to other populations
and coherences of the RP. However, again, further studies are
required in this direction to draw concrete conclusions which
are beyond purview of current work.

3. Experimental parameters

Here, we provide an order of magnitude estimation of
the parameters for acquisition of MFE effects, that would
be required applying a diamond NV sensor. We consider a
single NV center shallow implanted below the surface of a flat
diamond sample that yields a photon count rate of ~100 k/s
and a spin readout contrast of ~30%. The sensitivity of a
Ramsey sequence can be estimated via [87]

h T+t +1r
NpC = ——OR — 5
8HB T

where 7 is the reduced Planck’s constant, g is the Lande factor,
upg is the Bohr magneton, and #; & 1 ps and fz & 1 us are
NV initialization and readout times. For such configuration,
the spin-readout noise og ~ 30 (in units of the spin projection
noise) and with T = T, a sensitivity npc ~ 1 pTHz"'/? is
obtained. Thus a total acquisition time 7" &~ 20 s (correspond-
ing to 5 x 10° single repetitions) is required to resolve a field
with an amplitude around 500 nT. Depending on resolution,
an experimental sweep will thus take at least several minutes.
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