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I. NV-LABELS HAMILTONIAN

In the following, we derive Eq. (1) of the main text. We start with the Hamiltonian for a driven NV center interacting with
two driven nitroxide electron-spin labels. The full Hamiltonian is

H = D(S + BIlS™ + Hy, + Hy, + ) Hxyoy, + Hee + V2QuwS " cos(wnawi) + 2Qxr (J5 + J5) cos(wred). 1)
i=1,2

Here, D = 2 x 2.87 GHz is the zero-field splitting of the NV center, |y,| = 27 x 28 MHz/mT is the electron gyromag-
_ poyih [§ J_ 3(8-7)(Ji-7)

netic ratio, Hyv_p, = e o } is the dipolar interaction between the NV and the ith label electron, and H,, =

wis [, _ Wese)rn)
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yo ] is the dipolar interaction between label electrons. In these equations, 7 is the vector joining the NV
12

with the ith label, 7, = 7| — 7 is the relative vector that connects the two labels, d; = |, and di» = |#1»]. The last two terms on
the right hand side of Eq. (S1) are the MW and RF driving terms, respectively. We move to the interaction picture with respect
to Hy = D (S%)* + [YelB*S* = w4 |1){1]| + w-| — 1){~1|, with w. = D =+ |y,|B*. In addition, we set the MW field on resonance with
the 0 & 1 NV transition (wymw = w-). In the interaction picture, the Hamiltonian takes the form
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. Q
Hy = Hy, + H,, +S%(@y - Jy + @y J3) + Hee + % (0X1] + 140D + 2Qgr (J} + J3 ) cos(wre). (S2)

Note that we substituted Hyxy-,, — S°d; - J., with @ = ’Z’ny;? [2 - 3;’;”
between the NV and labels is much smaller than the transition energies of the NV. Therefore, the terms proportional to $*” can
be neglected in the RWA.

We initialize the NV in the m; = 1,0 manifold. Moreover, the Hamiltonian does not contain terms that can significantly
populate the m; = —1 subspace. Consequently, we can project the Hamiltonian on the m; = 1,0 manifold and treat the NV as a
two-level system. The resulting Hamiltonian is

I+ 0% = - Q
g (31 -J+ 6_1)2 . Jz) + Hee + %0"( + ZQRF (Jf + Jg) COS(&)RFI), (83)

]. This is justifiable since the strength of the interaction

H;,=H, +H,, +

where I = [1){1]| + [0)0], 0% = |1){1| — [0)0|, and o= = [1)0] + [0){1].

The next approximation consists in removing the counter-rotating terms in H,,. These are terms of the form J{JJ and J{J;
that precess under the externally applied magnetic field B*. They can be neglected in the RWA since the strength of the coupling
between label electrons is much smaller than their Zeeman energy. Under this assumption, H,, simplifies to

- \2
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with J = JF + iJl?’ and g = Z”Zih [1 -3 (%22) } Combining the above approximations leads to Eq. (1) of the main text.
Ty

II. SIMPLIFIED DYNAMICS OF THE NITROXIDE LABELS

In this section, we develop a simplified model of electron-nucleus dynamics within each nitroxide label. Our approach is based
on a perturbative treatment of the nitroxide nuclear degrees of freedom that are orthogonal to the z direction, i.e., the direction of



the external magnetic field. We first introduce the rotation matrices used to relate the laboratory axes and the nitroxide principal
axes, namely,

cosf 0O sinf cosp —sing 0
R(0) = 0 1 0 |, RY¢)=]|sing cosg O0]. (S5)
—sinf 0 cosé 0 0 1

The two frames are related via the combined rotation R(6, ¢) = R*(¢)R’(#). In particular, a tensor O defined with respect to
the nitroxide principal axes takes the form O = R(8, ©)O" R(6, )T in the laboratory frame. For instance, consider the nitroxide
Hamiltonians [Eq. (2) of the main text]. In the present analysis, we ignore the quadrupolar and nuclear Larmor terms since they
are small and do not contribute significantly to the dynamics. The validity of this last assumption was confirmed by our detailed
numerical simulations. With this assumption, the nitroxide Hamiltonians expressed in the laboratory frame become

Hy, ~ upB2- Gy Ji+ Ji - Ay I = ppB% - RO, )G R, )7 - i + T - RO, 0) ARG, 007 - T (S6)
Due to the symmetry of the GEP) and Al(.P) tensors (G* = G” ~ 2.007 and A* = AY ~ 2 X 14 MHz) we can set ¢; = 0 without
loss of generality. We find
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A. Simplified dynamics of a nitroxide label hosting '“N

As a first approximation, we keep only the terms proportional to J; in Eq. (S7) . This is a reasonable first approximation since
the hyperfine interaction is typically smaller than the electronic Zeeman energy. The resulting Hamiltonian is

B Al A+ Al AL _ AL
Hyiog = “’32 [(G! = G*)cos(26) + G+ + G| 3 + ( 5t 005(20,»)) FI + $in(26,)J: 1
AL 1 Al Al AL Al AL (S8)
= upB*G(6)J; + ( > + > cos(29i)) If + sin(29,-)lix] J7,

where G(6) = % [(G” - G1)cos(20) + G+ + G”]. To find the shifts on J; associated to specific nuclear spin states, we diagonalize
the term
I AL

sin(26,)1I". (59)
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Since N is a spin-1 particle, diagonalization leads to three nuclear eigenstates |6), |T), and | —T) . The states have eigenenergies

wf) =0,
W = L \/[(A”)Z — (A1)?] cos(26;) + (A1) + (A2
) ' ’ (S10)
; 1
Wl = ——— J[(AI? — (A4)] cos(26)) + (A)? + (A2,
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Thus, our leading approximation for the nitroxide Hamiltonian is
H,, ~ |E{[D)T] + E)0)0] + EX|| - TX-T|] J5, (S11)
where
Efy = usB*G(6)),
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The above expressions reveal the existence of three energy-transition branches. There is one central branch with energy
upB*G(6;). The other two branches are shifted from the central branch by + |\+§ V[AN2 — (A1)2] cos(26;) + (A+)? + (A“)2|.

A full energy diagram is given in Fig. S1. Note that for moderate magnetic fields, Ef) depends much more weakly than E‘i’_l on
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FIG. S1. Energy diagram of a nitroxide label hosting a '*N. A magnetic field B? is applied along the laboratory z axis, leading to a Landé
splitting of the electronic states (blue panel). The hyperfine coupling between the label electron and the nitrogen then splits the energy levels
(green panel). Finally, each level is further split in two by the coupling between label electrons (yellow panel). The red arrows in the yellow
panel indicate the transitions targeted by our protocol.

the nitroxide azimuth 6; since the Landé tensor is almost isotropic, G!! ~ G*, while the hyperfine tensor is strongly anisotropic,
Al £ AL, Thus, the central branch is particularly important since it can be robust against molecular tumbling (i.e., robust against
changes in 6;). Note, however, that the dependence of Eé on 6; due to the small anistropy of the Landé tensor can become sig-
nificant if the magnetic field becomes too large. At low magnetic fields, the above approximation starts to break down. We now
investigate the leading correction to the central branch Eé) due to the hyperfine interaction in that regime. This correction arises
from the nondiagonal terms in Eq. (S7), i.e., the terms proportional to Jf’y. We first rewrite the nondiagonal terms in Eq. (S7) as

V= CZ,'J;r +,8,'J?), (S13)
where
a; = (A* cos’(6)) + Al sin®(@)) I* + (A" = A*) FF cos(6) sin(6y), S = A*P. (S14)

We find the second-order correction due to V by performing operator perturbation theory. More precisely, we move to a rotating

frame with respect to upB*G(6;)J; and find the effective contribution of V by keeping time-independent terms in its Dyson series
(@i—iBi)(@i+iBi) J?

S BGE) i Projecting this expression onto the 0)

(expanded up to second order). This leads to an effective interaction
subspace gives the leading correction to E!,

1 2(A+AIN? + [(AL)4 - (ALA“)Z] sin%(6;)

(S15)
2upBG(6)  (AL)?sin®(6;) + (A1)? cos2(6;)

This expression shows that the anisotropy of the hyperfine tensor can lead to a strong dependence of Ef) on 6; when the magnetic
field becomes small enough to be comparable to the hyperfine coupling. From the above arguments, we therefore expect that
there exists an optimum magnetic field strength where the central branch is most robust to variations in the azimuth 6;. This is
illustrated in Fig. S2.

In summary, we write the nitroxide Hamiltonian as

H,, ~ [E{TY(T); + EYOX0); + EXy| = T(-11| %, (S16)
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FIG. S2. (Top panels) Energy-transition branches of a nitroxide as a function of its azimuth angle 8 for B = 3, 30 and 300 mT (left to right).
Solid black (grey) lines correspond to a nitroxide hosting N (!3N). All branches are obtained by diagonalizing Eq. (2) of the main text.
(Bottom panels) Numerical simulation of the average NV spectrum (o-*yyy for the same magnetic fields as in the top panels. All simulations
are performed by unitary propagation of Eq. (1) of the main text and using the full nitroxide Hamiltonian, Eq. (2). We show the spectrum for
an equilibrium azimuth 6.4 = 30° (black lines) and the spectra averaged over a Gaussian distribution of angles centered at 8.4 and with standard
deviation oy = 6.25° (shaded areas). At intermediate magnetic fields, the spectrum is resilient to tumbling due to a weak dependence of the
central branch E, on 6.

with

. ; 1 24 4[4 - @A ]sin’(@)
E}) = ugB°G(6;
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E! = upB°G(6;) + % \/ [(A2 — (A+)?] cos(26;) + (A+)* + (All2,

El| = upBG(6) - % \/[(A”)2 — (A1)*] cos(26;) + (A+)? + (Al)%.

B. Simplified dynamics of a nitroxide label hosting *N

For a 1N, (i.e., a spin-1/2 particle) the diagonalization of Eq. (S9) yields two nitrogen eigenstates Im) and | — m) with
eigenergies

VA2 + (AT + [(AT2 — (A)2] cos(26)
242 '

Ei/z,-l/z = upBG(6)) + (S17)



III. DETAILS OF THE NUMERICAL SIMULATIONS
A. Dissipative model

Our detailed numerical simulations account for decoherence in ambient conditions using a Lindblad master equation of the
form

o L
p= t[H,p]+2—T2(apol p)

* 2,

i=1,2

! (S18)
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Here, T, = 20 us is the NV coherence time for an NV depth of 4 nm [S1], I' » 27 X 2.68 Hz is the relaxation rate of the
label electrons, and 72 = 1/ [exp (fry,B*/kgT) — 1] is the thermal occupation of a bosonic thermal bath of temperature T that
generates electronic transitions. For the magnetic field B° = 30 mT and the temperature 7 = 300 K used in our simulations, this
corresponds to an electronic relaxation time 7 = 1/ [(2i1 + 1)I'] = 4 us [S1]. The coherent part of the evolution in the presence
of driving is described by the Hamiltonian

Qmw

H=——0"+
3 o T 812

* 2,
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The above model was previously used to accurately describe the experimental results of Ref. [S1].

B. Molecular tumbling

Figure S3 depicts the effect of molecular tumbling on the orientations and positions of the nitroxides before rotation and after
rotation. For all simulations, the molecule rotates around an axis that is parallel to the laboratory x axis and that contains the point
7 = (3, 0,6) nm. For the simulations of Fig. 3(a,d), the equilibrium positions of the two nitroxides are 7| eq = (=2.10,2.17,6.24)
nm and 72,eq = (0.4,0.3,7.3) nm and their equilibrium orientations are (f;eq, P1eq) = (11.46,-91.67)° and (6req, P2.0q) =
(91.67,154.70)°. For the simulation of Fig. 3(b), the equilibrium positions are 7j¢q = (—2.10,2.17,6.24) nm and eq =
(0.89,0.39,8.27) nm and the equilibrium orientations are (61 eq, P1,eq) = (11.46,-91.67)° and (6¢q, 2.q) = (91.67,154.70)°.
For the simulation of Fig. 3(c), the equilibrium positions are 7 ¢q = (=2.10,2.17,6.24) nm and 7, ¢q = (0.4,0.3,7.3) nm and the
equilibrium orientations are (8} eq, @1,eq) = (63.03,-91.67)° and (62,¢q, P2,¢q) = (51.57,154.70)°. All positions are measured with
respect to an origin located at the NV center. The average spectrum (o~)yy is obtained by averaging spectra assuming that the
rotation angle ¢ follows a Gaussian distribution with zero mean and standard deviation 6.25°. Finally, note that the molecular
tumbling has a correlation time of ~1 ms for typical proteins at room temperature [S1]. Since the NV signal must be averaged
over several seconds (see Sec. III D), all tumbling configurations are averaged over in the course of the experiment

C. Inference model

In this section, we motivate the expression used for Bayesian parameter inference in the main text. We make the following
simplifying assumptions:

1. The system is simplified to a single NV interacting with a single target nitroxide ('*N) with orientation (6, ¢). The only
role of the other nitroxide is to introduce an energy shift +g;,(8)/2 on the target nitroxide depending on its state. Here,
g1nB) « d1’23(1 — 3 cos?B) is the dipole-dipole coupling and 3 is the angle between the magnetic field and the vector 7,
joining the nitroxides.

2. The longitudinal coupling a® between the NV and target nitroxide stays approximately constant during molecular tumbling.
This is a reasonable approximation for small molecular tumbling angles.

3. The driving frequency wgr is close to resonance with the Ey(6) energy-transition branch of the target nitroxide and far
off resonance with the other branches. Therefore, non-trivial evolution of the target nitroxide occurs only for nuclear
eigenstate |0).



FIG. S3. Starting from an initial configuration (left), the molecule is slightly rotated around an axis parallel to the laboratory x axis (right). In
the right panel, the transparent image shows the initial configuration for better comparison.

4. The m-pulse on the NV is simply described by the action of the operator —ic™*, i.e., the interaction between the NV and
label electrons during irradiation can be neglected.

With these assumptions, the Hamiltonian of the target nitroxide during free evolution is Hfyee » = {[EO (0) — wrr = g‘ZT(ﬂ)] JP+ %ZO'Z J z}®
|5)(6| . Similarly, the Hamiltonian of the target nitroxide during irradiation is Hpyjee,+ = {[EO(H) — WRF £ g”T(B)] JP+ QRFJ"} ®
|6)(6|. In these expressions, the index + labels the states of the other nitroxide electron. For coherent dynamics, these Hamilto-
nians yield the propagator U, = ¢ HiresTinee o~ 1Hlpiecs iy (_jr¥) p=iHiesTie | We assume an initial state o= |+)¥+® % ® %, i.e., the
target nitroxide is in a fully mixed state. We also assume that the other nitroxide is in a fully mixed state so that the evolutions

U. have equal probability. With these initial conditions, we find that the spectrum S(wrg, 6, 8) = (c*)nv has the form

1 Qe P o [7Q(wre.6.8)
~ - o) = Sy - _CRE | 2 | A2 \RE TP
Strr. 0.9~ ), 3T (UspUle") = S, SZCs[QS(wRF,a,ﬁ)} . [2 Qnr ] (520

s=+,—

where Q2 (wgr, 0, 8) = Q2 + [wrr — Eo(0) + g2B)/2)%. S = 1, and C, = L sin? (%) For a fixed value of T, wWe expect
the main effect of dissipation to be two-fold. First, NV decoherence can modify the baseline NV response Sy when the drive
is off-resonant. Second, NV decoherence and relaxation of the nitroxide electrons can reduce the contrast C, in a way that may
depend on s = +. Therefore, we leave Sy, C., and C_ as adjustable parameters for the dissipative model. In the presence of
molecular tumbling, the average spectrum S(wgr) is obtained by averaging Eq. (S20) over a suitable distribution of the tumbling
angle 9, with the angles 6 and 8 both depending on 6. For tumbling by an angle ¢ around an axis parallel to the laboratory x axis
(see Fig. S3), the azimuth angle 6 of the target nitroxide is related to ¢ by

6(6) = arccos [cos(é) €08(Beq) + sin(o) sin(Beq) sin(goeq)] s (S21)

where (feq, ¢eq) is the equilibrium orientation of the target nitroxide. Moreover, the dependence of the angle 8 on the tumbling
angle ¢ is described by the expression cos?[3(5)] = A[z, cos?(d + ¢p), where Ag and ¢ are parameters capturing the orientation of

712 in the x—y plane. Using these relations, the average spectrum S(wgr) is obtained by numerically averaging S[wrg, 8(5), 8(6)]
over ¢ assuming that ¢ is Gaussian-distributed with unknown standard deviation os. When trying to infer d;,, there are nine
adjustable parameters in total. We assume that Sy is calibrated and known. The remaining eight adjustable parameters are
V= {C+, C_, geq, (peq,Alg, ¢[5, d12, 0'5}.

D. Inference of the distance between nitroxide electron-spin labels

We now describe how to infer system parameters from the simplified model discussed in Sec. III C. We first simulate the
acquisition of experimental data from a spectrum obtained numerically using Eq. (S19). Here, we use the spectrum of Fig. 3(a)
in the main text. The data has the form X = {X, ..., Xy}, where X is an estimate of the probability £, = (1 + WNV) /2 of the
NV occupying the +1 eigenstate of o* when the target nitroxide is driven at frequency wgg, ;. Assuming ideal NV measurements,



the simulated values of X; are drawn independently from a Binomial distribution, X; ~ B(N,,,P+)/N,. Fig. S4(a) shows an
example simulated dataset X. The “true” spectrum #, = (l + WNV) /2 and the approximate spectrum $, = (1 + E(a)RF)) /2
are also shown for comparison. The values of 6eq, @eq. Ag, P, d12 and s used to plot the approximate spectrum are the same
as for the “true” spectrum, while the contrasts C.. and baseline Sy are adjusted to fit the “true” spectrum. The two spectra are
in good agreement, suggesting that our simplified model can be safely used to infer the system parameters V. To infer the
parameters, we assume that X; is Gaussian distributed with mean (1 + E(wRF, j)) /2 and variance a'fn = (1 - E(wRF, j)z) /4N,,.

The Gaussian approximation is justifiable when the number N,, of measurements per frequency is large. Since S ~ 0.34 at
all frequencies for the spectrum of Fig. 3(a), we fix o2, to a constant value o2, ~ 0.22/N,,. In addition, we assume a uniform
prior for V. The posterior distribution L(V|X) is then sampled using a standard Metropolis algorithm [S2]. Fig. S4(b) shows an
example Markov chain for the parameters di,, C,, and C_ (the contrasts C.. are multiplied by a factor 10 for easier viewing).
The resulting marginal posterior for dj, is shown in Fig. 4(d) of the main text. For reference, the marginal posterior of |g,|
is also shown in Fig. S4(c). The posteriors were obtained by discarding the first 10* steps as a burn-in phase. The Metropolis
acceptance rate was ~ 30%.
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FIG. S4. (a) Simulated experimental dataset X (red points). The dataset contains M = 25 frequencies wgr ; swept across the target nitroxide
resonance, with N,, = 2 x 10* ideal measurements for each frequency. The error bars are given by o, = (1 - Ez) /4AN,, ~ V0.22/N,,. The

“true” spectrum WNV + 1) /2 (solid line) and the simplified model (E(wRF) + 1) /2 (dashed line) are also shown (see text for details about
the used parameters). (b) Metropolis Markov chain for the parameters C.. (red and blue) and d;, (grey). The contrasts C.. are dimensionless
and are multiplied by 10 for easier viewing. The distance d;, is measured in nm. (c) Marginal posterior L(|g1,||X) obtained from the Markov
chain by combining the parameters d», Ag, and ¢ according to g» = (uoyfh/ 47rd*?2) (1 - 3A2 cos? ¢,;). All samples before N, = 10* were
discarded. The expectation value is |g12|/27r = 1.010(41) MHz, in good agreement with the ideal value |g1,|/27 = 1 MHz. The error is given
by the standard deviation of the marginal posterior.

When the measurements are not ideal, preparation of the NV in the mg = 0 state (mapped to o* = +1) leads to a photon
detection with probability p <« 1, while preparation of the NV in the mg = +1 state (mapped to o* = —1) leads to no photon
detection. Under these assumptions, we estimate that the measurement noise variance scales as afn ~ (1+ §) /2pN,, [S3].
For S ~ 0.34 and for an experimentally achievable ground state detection efficiency p ~ 0.12 [S4], this gives 02, ~ 5.6/N,,.
Comparing with the ideal case, we find that the same variance as for ideal measurements is achieved with approximately 25
times more measurements. In the present case, this would require N,, ~ 5 x 10° non-ideal measurements per RF frequency.
The execution time of the sequence (4.6 us), plus measurement and reinitialization (~ 3 us) and some additional time to assure
reliable thermalization of the labels (~ 37) leads to a total time of ~ 20 us per shot. Assuming M = 25 inspected frequencies
and N,, ~ 5 x 10°, the experiment would require 250 s to be completed.
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