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I. DESIGNING THE VARIATIONAL CIRCUIT

In this section, we discuss how to choose the experimentally realizable elementary gates in the variational sequence
in the entangler based on limited quantum resource [S1}, [S2].

A. Entanglement generation gates from two-body interaction Hamiltonian and global rotations

Consider a two-body interaction Hamiltonian:

Hine =Y Vij (J'S.iS.; + J5S; - S;) . (1)

i<j
In this Hamiltonian, S = (S, Sy, S.) is the vector of spin-1/2 operators, V;; is the interaction strength between spin
i and j which depends on their locations, and .J!(# 0), J® are the Ising and symmetric coupling constant respectively.
The elementary gates in each layer of the variational circuit for preparing metrological states (Fig.1(c) main text)

include two free evolutions under the interaction Hamiltonian D(7), D(7’), one global rotation along the x-axis R ()
and two fixed 7/2 rotations R,(—7%), R,(%) along the y-axis. We define the interaction gate in the z-direction as

D.(r) = exp(—itHin /h) = exp | —it Y Vij (J'8.:S.; + J5S; - S;) /h| . (S2)

1<j

The interaction gates in other directions can be obtained by /2 rotations:

Dy y(7) = Ry 2(7/2)D=(T) Ry 2 (—7/2)

=exp | =i Y Vij (J'SzyiSuy; + J°8i - S;) /h]. (S3)
i<j
In Egs. , the symmetric interaction term stay unchanged because inner product is conserved under global

rotation and the ‘direction of interaction’ is only determined by the Ising term. Using these definitions, we simplify
the gate set in each layer as

U =R, (5) DR, (=5) R (0 D (7)
= Dy, (7)) Ry (9:) D2 (13) . (54)

In the next two subsections, it will be shown that the sequence in Eq. (S4)) is the most general gate set that uses only
global rotations and preserves the collective spin direction along x-direction.

B. Preservation of the collective spin direction

Define the x-parity operator P, = [INo,; = P}, with P? = I. This operator describes the parity of a state in
a-direction and is related to the global 7 rotation along z-axis up to a phase constant, R,(m) = exp(—im ), Sqi) =
(—i)N HzN ozi- Applying the x-parity operator onto individual spin’s angular momentum operator gives P,S,; P, =
(028u,02); = £S,;. Thus the interaction gates along z- and z-direction conserve the x-parity, P,D, .P, = D, ..
Similarly, the only global rotation that conserves x-parity for arbitrary angles is R, (). Then, based on Eq.(1) in the
main text, the unitary operator of the whole control sequence conserves the x-parity

P,S(0)P, = Pylhy,.. Uslhs P,
= P,IL[D, () Ry (0;) D, (1:)| Py
= 5(0). (S5)
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The initial spin state pointing to the +z-direction is an eigenstate of P,: P, |TI>®N = |Tz>®N. Thus, any state
produced by this variational circuit remains an eigenstate of P,:

Py |9(8))

P.5(0) [12)""
P,S(0) PPy 1)
V(8)) . (S6)
Now consider the expectation value of the total spin angular momentum operator J, = >, Sy (1 € {x,y, 2}):
(Jy,z) = (W(O)] Jy,- |(0))
= (V(0)| PoPyJy - Py Py |9(0))

—(Jy.») =0. (S7)

Thus, the collective spin direction (J)/|(J)| always points along the z-direction.

C. Choosing the most general gate set

To preserve the collective spin direction along z-axis, the global rotation and interaction gates that can be chosen
are R, D,;, D, where D, stands for the interaction gates along any direction perpendicular to the z-direction.
Combining R, and D, can generate any D, thus the simplest gate set fulfilling all the requirements is D, R, D, as
described by Eq.(1) in the main text.

The derivations and results in this section about selecting the variational sequence agree with ref.[S1]. However,
the interaction Hamiltonian we discuss here is more general. In Eq. 7 when J' = 1,J% = 0, the interaction
becomes Ising type interaction which is equivalent to the Rydberg interaction in ref.[S1IS2]. The Ising interaction
can also describe spin systems with large local disorder. The optimization results are shown in the next section.
When J! = 3,J5% = —1, Eq. becomes the dipolar interaction Hamiltonian between spin-1/2 particles. When
J''=2,J% = —1, it becomes the dipolar interaction Hamiltonian between spin-1 particles (such as NV centers). The
simulation results for this case are shown in the next section. When J' = 1,.J% = —1, the interaction can describe
the dipolar interaction between cold molecules [S3].

II. OPTIMIZATION RESULTS OF DIFFERENT TYPES OF DIPOLE-DIPOLE INTERACTION
HAMILTONIAN

The magnetic dipole-dipole interaction Hamiltonian under secular approximation has the general form [S4} [S5]:
Haa = ) Vij(25:i8:5 — SuiSuj — SyiSy;) (S8)
i<j
with

V. — Ho Yivih? (1 — 3cos fBij)
' 4 [ry — 2

(S9)

i<y
where pp is the vacuum permeability, v is the geomagnetic ratio of the spin, §;; is the angle between the line segment
connecting (r;,r;) and the direction of the bias external magnetic field (along z-direction in this case). Eq. is
able to describe the dipolar interaction for the spin systems with arbitrary spin number as long as the spin angular
momentum operators S, obey the commutation relation [S;, S;] = i€;;xSk. It applies to the spin-1/2 systems we
discussed in the main text and Nitrogen-Vacancy (NV) centers which are spin-1 systems.

A. NV ensemble

Here we consider NV ensemble and only |mg = 1) and |ms; = 0) are used as a 2-level system. The spin-1 operators
are

W1 010 W1 0 —i 0 " 10 0
SV=—f1o01],sSM=—"i 0 —i],SP=100 0 (S10)
V2\o10/ " V2\0 i o 00 —1
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If we only take the |ms = 1), |ms = 0) subspace into consideration, the relations between the ‘truncated’ spin-1
operators and the spin-1 / 2 operators are:

1 1 I 1
53(11) _ \@Sl(/é)7sg(/1) _ \/553(/%)’59) =3 + Sié) (S11)

Plugging Eq. (S11) into Eq. , we get the effective dipole-dipole interaction Hamiltonian for NV ensemble
|ms = 1), |ms = 0) subspace [S4IS6]:

Hpp,nv = Z‘/ij(sj)sig%) ~ 58 S(%)S;(U%)) (512)

i zj yi
1<j

Fig.[S1|(a) shows the Classical Fisher Information (CFI) optimization results for 2D square lattice spin configuration.
They are similar to the results we get in Fig.(2) of the main text for spin-1/2 systems.
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FIG. S1. (a) Optimization results for NV-ensemble. The CFI saturates the theoretical upper bound Heisenberg Limit (HL)
when the variational circuit layer number goes up from 1 to 7, and the CFI results are ‘oscillating’ for even/odd number of
spins from shallow circuit. (b) Optimization results for Ising type spin interaction when there is large local disorder in the

system.

B. Ising type interaction (large local disorder)

When the system has large local disorder, the flip-flop terms in the dipolar interaction Hamiltonian Eq. are
suppressed because of the large energy gap:

1 1y (1 1y (1 1y (1
i i<j
(1 (1) (1 1y (b 1y (1
=S as + Y2 (sls) - 58 - sWs))
i i<j
1 1y (1
~ 3557 + 3 2wt (S13)
i i<j
This location-dependent single-spin energy shift (J;) can be canceled by spin-echo pulse sequence where the inter-
action gate D(7) needs to be applied:

D(1) = Ry (m) exp[—iTHpD, Ising) Ra: (T) exp[—iTHDD Ising)

= exp —iTZQVijSS)Sj) . (S14)

i<j



Eq. is also valid when the local disorder §; is comparable with the interaction strength V;;. If there is local
disorder in the dipolar-interacting spin ensemble, applying spin-echo will generate the interaction gate D(7) where
the local disorder terms are canceled. o

The CFI optimization results by using the effective Ising type interaction Hamiltonian Hpp ising = i< 2Vi; S EE)S 2)
is shown in Fig. [S1| (b).

From Fig. [S1] the CFI results close to the Heisenberg Limit are observed, indicating that the variational method
can be applied to different kinds of spins in solid state systems and generate highly entangled state for high-precision
quantum metrology. We also observe that for shallow variational circuits, the CFI ‘oscillation’ between even and
odd spin numbers only appears when there are flip-flop terms in the Hamiltonian. For Ising type interaction, the
‘oscillation’ disappears.

III. OPTIMIZATION RESULTS BY USING P!, P AS MEASUREMENT BASES
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FIG. S2. CFI optimization data for (a) 2D square lattice using observable P°*, (b) 3D-random configuration using observable
P!°' (averaged over 5 cases), (c) 2D square lattice using observable PJ, (d) 3D-random configuration using observable PJ
(averaged over 5 cases).

The optimization results shown in Fig.2 in the main text are obtain by using P, as the measurement basis for the
CFT (cost function) calculation. Although measuring all the diagonal elements in the density matrix of the resulting
states provides the maximum information one can get from single-qubit measurement and a large Hilbert space for the
optimizer, it leads to an exponentially large (2/V) experimental repetition number when the CFI needs to be estimated
from experimental data. Thus, we test the variational method on two other measurement bases which require less
repetitions for readout.

The measurement basis on total spin polarization along z-direction is given by

Pt = |J = N/2,J.) (J = N/2, J.| (S15)



where J is the total spin angular momentum quantum number and J, is the total spin angular momentum projection
quantum number that runs from N/2 to —N/2. P!°* has N + 1 outcomes, so it scales linear with the system size.

The optimization results by using the CFI on P!°' as cost function are shown in Fig. (a)(b). Surprisingly,
compared to the results by using P,, the optimization results from using P!' are improved by about a factor of
1.5 ~ 2 for the 3D-random spin configuration. Since all the information one can extract from P!°' are contained in
P,, we attribute this improvement to the simpler parameter space structure that Pi°* provides to the optimizer. Less
local maximum points in the parameter space will help the optimizer to converge to a high CFI point, especially when
the dimension of the parameter space (3m) is large.

Parity of the spin ensemble,

Pr=1"o,;, (S16)

provides a constant (2) dimensional outcome space for experimental readout. Improvements are also observed in 2D
square lattice and 3D-random spin configurations (Fig. [S2(c)(d)).

IV. MUTUAL INFORMATION OF THE METROLOGICAL STATES

The Rényi entropy of order n of a subsystem A:

Su(A) = —— log Tx(p}) (S17)

1-—n
describes the general entanglement correlation between the subsystem A and the full system [STIS8]. The 1-st
order Rényi entropy is equivalent to the von-Neumann entropy, S1(A) = Eyn = — Tr(palogpa), which we used
to characterize the entanglement of the metrological states in Fig.3 of the main text. The 2-nd order Rényi entropy
reflects the purity of the state Tr(p2A) < 1. It is an indication of entanglement when the purity of the subsystem is
smaller than the purity of the full system [S9], Tr(p3) < Tr(pip)-

By measuring the 2-nd order Rényi entropy, we can calculate the mutual information between the two subsystems
A and B.

Iap = S2(A) + 52(B) — S2(AB). (S18)

The scaling of the mutual information with respect to the subsystem size is one of the keys to study the entanglement
properties of interacting quantum systems, e.g. area law and volume law [S10/S9IS11]. Here, we numerically calculate
the mutual information of the 9-spin metrological states generated by the variational circuits with different layer
numbers.

As shown in Fig. unlike CFI, the mutual information does not monotonically increase with the circuit layer
number m. Quantifying the entanglement by mutual information, all the metrological states we studied here have
‘more’ entanglement compared to the GHZ states, even though the CFI are lower. These results reflect the fact that
deep entanglement does not necessarily lead to better sensing performance (CFI), global and shallow entanglement is
preferred for Heisenberg-limit quantum sensing.

We can understand the relation between CFI and entanglement by taking a 4-qubit GHZ state |GHZ) = %(\0000} +

[1111)) as an example. |GHZ) has the highest CFI, however, if you look at the amount of entanglement between the
two qubits on the left and the two on the right, it only has 1 ebit of entanglement. S3(A) = S2(B) = 1,Iap = 2.
Consider another state |1/) = 1(|0000) + [1111) +[0101) 4 |1010)), the amount of entanglement between the left and
right two qubits are 2 ebits. S3(A) = S2(B) = 2, Iy = 4. But the last two terms in |¢)) have negative contribution
of the CFTI to the state, even though they provide more entanglement.



Mutual Information of metrological states
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FIG. S3. Mutual information versus subsystem size of the 9-spin metrological states. The spatial spin configuration is the
same as Fig.3(b) (case No.2 in 50 random cases) and the m = 2/7 results are calculated from the states that shown in Fig.3(b)
left /right in the main text. The asymmetry of the mutual information with respect to the subsystem size comes from the
random spin locations.

V. SUPPLEMENTARY DATA
A. Complete CFI data for Fig.2 in main text

The complete data for dipolar-interacting spin systems’ CFI optimization is shown in this section. Fig. a) shows
the 50-cases averaged optimization results for 3D-random spin configurations, the variational circuit layer number m
is chosen from 1 to 10. The optimized CFI results are approaching to the Heisenberg Limit (HL) when more layers
(m) are used. However, when m > 7, the CFI results stop increasing. This CFI ‘saturation’ effect might be caused
by two reasons. First, when m is large, the number of the local maximum points in the high dimensional parameter
space increases. This could potentially cause the optimizer to stuck in the local maximum point. Sometimes, take
N =7,m = 10 data in Fig. a) as an example, adding more variational layers even leads to a lower CFI optimization
result. The ‘local maximum’ problem could be solved by more advanced and powerful optimization algorithms, such
as reinforcement learning [S12}HS14], and more computational resources. Second, the ‘saturation’ effect reflects the
global maximum CFI one can reach, no matter what kind of optimization algorithm is applied. It’s still an open
question what is the highest CFI the spin ensemble could reach for a given configuration.

Fig. b)—(d) show the CFI optimization result for 1D chain, 2D square lattice and 2D symmetric cycle spin
configurations. The results of regular patterns are better than those of 3D-random pattern.



100

807

60

CFlg

40

20+

m=5 e m=10
m=4 ® m=9
*m=3 ~ m=8
® m=2 m=7
m=6

o m=1

100

801

60

CFlg

401

207

FIG. S4.

m=7

m=5
* m=3
o m=2

C
100 7
80+
60+
S
o
(w]
40+
20+
d
100 7
m=7 V4
m=5 /'
801 ® m=3 ///
® m=2 /
601 ® m=1
S
o
(w]

40

20

The complete CFI data for (a) 3D random, (b) 1D chain, (¢) 2D square lattice, and (d) 2D circle.

B. Required layers to reach given CFI for 2D square lattice
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FIG. S5. Left: Schematic of a 2D square lattice pattern. The numbers label the order in which spins are added to form a
lattice of size N. Right: Number of layers required to achieve a CFI within a given percentage of the HL.

As shown by the schematic on the left, the distances between spin No.4 and spin No.5, 7, and 9 are the same, so
the interaction strengths between each pair are the same. Similarly, the distance between spin No.4 and spin No.2, 3,
6, and 8 are the same (smaller). Therefore, the plateau features in Fig. are likely due to this symmetry: adding
one more spin to the lattice does not require an extra layer to reach a given percentage of the CFI.



Orders of interaction

Due to the decaying feature (T%) of dipolar interaction strength, the resulting states might be mainly generated by
nearest-neighbor interaction. For studying ‘how much’ interaction is essential for generating the resulting entangled
states, we calculate the overlap (state fidelity [S15]) between the original state and the new state, which is generated
by using the cutoff Hamiltonian and optimized parameters. A cutoff interaction strength feutog is chosen, and all
the pairwise potential V;; smaller than fcutos are set to zero in the cutoff Hamiltonian. Fig. |S_3| shows the relation
between the state fidelity F' versus feutonr- A state fidelity value less than 1 is observed when feutof iS set to be equal
to the averaged nearest-neighbor interaction strength fqq. This result reflects higher order interactions in the spins
ensemble are utilized for the metrological states generation.
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FIG. S6. Average state fidelity vs. different cutoff strength in Hgqq. The shaded area corresponds to the error range. Data
obtained from 3D-random N = 10, m = 5, 50-cases optimization results.

C. Non-Markovian noise sensing performance
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FIG. S7. Average Ramsey protocol’s results of the generated entangled states in 3D random configurations when considering
non-Markovian noise in the signal accumulation step. Blue and orange correspond to two different noise models (v = 2 and 4).

D. Optimized states with different readout fidelity

We run the optimization with imperfect readout for N = 4 and N = 10 2D square lattice spin configurations. The
optimized states resemble GHZ states (high RF), SSS (low RF), CSS (RF close to 50%). For N = 4 case, the Gaussian
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state appears for RF lower than 92%, but for N = 10 case, the Gaussian states appears when RF is about 96%. We
expected that for large spin system with finite RF, Gaussian states (e.g. SSS) are advantageous for quantum-enhanced

metrology.
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FIG. S8. Optimized states’” Wigner distributions when finite RF is assumed in the CFI calculation.

E. Relative experimental parameter table (full)

TABLE S1. Experimental platforms’ data

System ‘ Tz(besw TQ(DD) fad Py Fleadout v
NV ensemble 1.58(7)s* 7.9(2) us® 35kHz" 97.5%°¢ 97.5%°¢ 2 —4°
P1 centers 0.8ms°(DEER) 4.4ps" 0.7kHz®,0.92MHz* 95%° 95%° ?
Rare-Earth crystals 23.2 + 0.5ms® 2.5ush 1.96MHz" 97%' 94.6%} 24+0.18
Cold Molecules 1s¥ 80ms' 52Hz',1.5kHz™ 97%™ 97%™ ?

2 T H.Taminiau, NComm 2018, ® H.Zhou, PRX 2020, B.J.Shields, ¢ M.D.Lukin, PRL 2015, 9 L.Childress Science 2006

¢ T.H.Taminiau, NComm 2021, f N.Yao, Nature 2021

¢ P.Bertet, Science advances 2021, " A .Reiserer, PRL 2021, ! J.Thompson, Science 2020, § J. Thompson, NComm 2020
kK M.R Tarbutt PRL 2020, ! B.Yan, J.Ye, Nature 2013, ™ J Doyle, PRL 2020

Based on the simulation results shown in Fig.4(c) in main text, we need fzqT» > 5 to generate metrological states
that beat the SQL. It’s worth mentioning that the 75 in this situation stands for the coherence time without the
dipole-dipole interaction’s influence. During the state preparation step, the dipolar interactions between the spins
are included in the system Hamiltonian for the entanglement generation (D gate in Fig.1(c) in main text). Thus, the
T»(PD) in Table |S1|is a lower bound and 75" is a more precise estimation for the spin coherence time.
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VI. SUPPLEMENTARY DERIVATIONS
A. CFI with respect to angle and frequency

In general, the Classical Fisher Information (CFI) measures the sensitivity of a statistical model to small changes
of a parameter 6 [S16, [S17]. Let Z be a random variable and P,(#) = P(z|0) be its probability distribution which
depends on 0. Let © be an unbiased estimator of 0, i.e.

0=(0)=>_6-P.0). (S19)
From Eq. (S19)) and the fact that the sum of probabilities of all outcomes is 1,
_0©e) 0
l=—r=2 ;@PZ(G), (S20)
0=2 > P.(0) (S21)
G

Subtracting Eq. (S21]) multiplied by 6 from Eq. (S20)), we get

1= YO 0) 2P0

- Z P.(0)(© —0) le(g) %Pz(e)
1 0
= (0~ 0) 5y 5™
= (0~ ) 1og P-(0). (s22)

Letting X = ©—0 and Y = 2 log P, (f), by the Cauchy-Schwartz inequality for random variables: (XY)? < (X?2)(Y2),
we have

9 2
(©- 07 (gyoer@) )=1 (523)
where
(©~10)%) = (0% — (20(8) — (6%))
= (07) — (26° ~ 6?)
=(0%) - ()
= AO? (S24)
is the variance of ©. Defining
9 2
CFI = Z P.(0) (ae log PZ(H)) , (S25)
we have
2
> —.
AO* > CFT (S26)
If the measurement is repeated M times, then by the additive property of CFI, we obtain the Cramér-Rao bound:
1
2 > —
AO” > - CFL (S27)

In our variational circuit, we use CFI with respect to an infinitesimal angle ¢ as the cost function to generate
entangled states. In our program, we use a method similar to parameter shift to calculate the CFl4 of our optimized
states [SI8IST9US20]. In the following notation,
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1. z represents a multi-qubit state in the z-basis;
2. U(¢) = e~ *’v is the rotation operator where ¢ is a small angle;
3. 1 is the state we create from the variational circuit;

4. P,(0) is the probability of measuring the state z with the state after rotation.

Then
o PO =gl @],
G CITS| J
=N (@)1, |2) U@ )]+ Wl @lH @) )T )|
—i (¢ (Jy 2) (2] = |2) ¢4 Jy) ). (28)
Note that assuming the rotation operator U(¢) = e **/v = U,(¢) along y-axis is for calculation simplicity. In

experiments, the signal (e.g. the external B-field) usually induces a rotation along z-axis, U.(¢) = e /=, It’s
equivalent to assume that the prepared state is firstly rotated by a R,(7w/2) pulse and then accumulates a signal ¢
along y-axis, or firstly accumulates a signal along z-axis and then rotated by R, (—m/2) pulse [S17]. In another word,
R, (—7/2)U,(¢) = U, (¢) Ry (m/2), so the signal accumulation process we assumed in the calculation is able to simulate
the experiments.

After creating the entangled states, we want to know how useful they are in a Ramsey spectroscopy, where the signal
we want to detect is a frequency w. By the same calculation as above except the difference that we take derivative

with respect to w = % where tg is the Ramsey sensing time, we have

CFI,, = CFl, - t§. (S29)
B. Relation beteen CFI, and SNR in single qubit Ramsey experiment

We illustrate the Ramsey protocol for a single qubit.

1. The qubit is initialized into the ground state |0).

2. A 7 pulse along the y-direction is applied to transform it into a superposition state %(|O> +|1)). Its matrix

p(t) = % G 1) : (S30)

3. After evolving under noise and a signal with frequency w for time ¢, its state becomes

1 1 efiwtef2’yt
pt) =5 (a‘wte—%t X ) (S31)

form is

where v is the decoherence rate.

4. A second 7§ pulse along the x-direction is applied for readout. The qubit is then in the state

R, (5) oL (3) (332)

5. After the rotation, the probability of the qubit being in the ground state is

1 1
Py = 3 + ie_QW sin wt. (S33)
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The CFI with respect to w is

2 2 2 2
CFL, 1 <8P0) +% (8P1> __ t*costwi . (S34)
1

ow ow et — sin? wit

Assuming only quantum projection noise, the Signal-to-Noise Ratio (SNR) is \/% where M is the total
s o(1—Fo

number of measurements. Then

M2 cos? wtdw?

et — sin? wit

SNR? = (S35)

Assuming no time overhead, i.e., M = 7;‘—;“ where Ti, is the total measurement time and tg is the time between
Ramsey pulses, we obtain the relationship

T
CF1, - % - dw? = SNR2. (S36)
R

In unit time (Tiot = 1), when SNR= 1, the smallest signal we can measure is

1
fw = —— S37
Y= /AT CFL (837)

leading to the saturated Cramér-Rao bound.

C. Maximum Likelihood Estimator

Since a measurement collapses a quantum state to an eigenstate of the observable, it’s impossible to directly
measure P(0). In experiments, we repeat the sequence to obtain the results for estimating the P(6) and then get an
estimate value of 6. To understand the relation between the variance of the estimation and CFI, we introduce the
Maximum Likelihood Estimator (MLE), which has asymptotic properties to saturate the Cramér-Rao bound. Below
we summarize the proof given in [S21].

Let X = {X1, X5, ..., X} be a collection of independent and identically distributed (i.i.d.) random variables with
a parametric family of probability distributions {P(X10)|6 € O}, where 6 is an unknown parameter and © is the
parameter space. Let @ = {x1,xa,...,2p7]|2; € X;} be the experimental data set from M repetitions. The goal is to
estimate 6 (the signal we want to measure) from «, i.e., find 6 that is most likely to produce the outcome x. Thus,
the normalized log-likelihood function is defined as

M
Lu(0) = %logP(XW) —logHP (X:]6) = Z log P(X;|0). (S38)

i=1

A MLE maximizes the log-likelihood function

OmLe = argmax Ly (6). (S39)
0cO

In the following, we first show that
1. ©pLE converges to the true parameter 6g;
2. the distribution of v M (OyLE — 0p) tends to a normal distribution N (O7 ﬁ) as M increases.
0

In other words, not only does the MLE converge to the true parameter, it converges at a rate ——.

VM
Define
L(0) = (log P(X6)), (540)

which denotes the expected log-likelihood function with respect to 6y, then by the Weak Law of Large Numbers
(WLLN), the average outcomes from a large number of trials should approach the expected value:

V0, Ly (0) 2222 1(6). (S41)
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In fact, y maximizes L(6):

V0, L(8) — L(6) = (log P(X]8))g, — (log P(X]60))s,
<1o P<X|0>>
S P(X100) /4,
P(X1)
< P(X]60) 1>90
B (x|9) -
Z( o )P( 60)

=1-1=0. (S42)

IN

Moreover, we show that 6 is the unique maximizer. Jensen’s inequality states that for a strictly convex function f
and a random variable Y,

(fF(¥)) > fF((Y)). (S43)
Taking f(y) = —logy and P(X|0) # P(X]|6p), we have
L PN PG\
< o P<X90>>90 - g<P(X|90)>90 " (544)
L(6y) > L(0). (S45)

Therefore, since
1. O maximizes Lps(6),

2. 0y maximizes L(6), and

3. Ly (0) X2 1(9),

OnMLE converges to 0.

Now we use this property to prove that the distribution of Oy tends to the desired normal distribution, where
we will apply the Central Limit Theorem (CLT): Suppose X = {Xj, ..., X/} is a sequence of i.i.d. random variables
with (X;) = p and Var(X;) = 0 < oo. Then as M — 0o, the random variable v/ M (X — u) converges in distribution
to a normal N(0,0?).

We start with the Mean Value Theorem for the function L, the derivative of Ly, (continuous by assumption), on
the interval [OmLE, Oo]:

0 = Ly (©nLe) = Ly (60) + Ly (61) (o — OmLE)

= 0y — OmMLE = —Zz‘,lgzoi
m\Y1
— VM(fy — Onig) = —\/ML/M(HO) (546)

Ly (61)

for some 0y € [O\LE, 6p]. We analyze the numerator and denominator respectively. The numerator

1 M
L (6o) = Z (log P(X[60))’
1

o
I

(log P(X;]60))" — L' (6o)

i\H
M:

1

.
Il

logP (X;100))" — {(log P(X[6o))")s,

i\
Mz

M

> " log P(X;[60) ) — ((log P(Xi]60))") 0, (547)

i=1

i\H
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where the last equality is obtained from the linearity of expected value and derivative. By the CLT, the distribution
of VML, (6y) converges to

N(O, Vary, (log P(Xi|90))’> (548)

where the variance

Varg, (log P(Xi|fh))" = ([(log P(Xi[00))]*)s, — {(log P(Xilf0)")7,

P'(x[6p) |
— P(x|6 — (L' (60))?
> Pl (P - e
z€X1
= CFlIy, (S49)
by the definition of CFI and that 6y maximizes L(6). By the consistency property, Oy converges to 6y, and thus
6, converges to 6. The denominator

M
Ly (01) = L7 (60) = % > _llog P(X;]60)]" — ([log P(X160)]")e, (S50)

i=1

by the WLLN. We further show that Eq. (S50) is in fact the additive inverse of CFI:

(llog P(X,1[60)]" ), = <8 logP<Xleo>>

962 o
= > [log P(x60)]" P(|60)
zeX
B P"(z|60) ([ P'(x]60)\>
-2 ( ramn ~ (7o) ) Plalto)
_ ar _ (Pl(x|90))2
=& 2 e
=0 — CFly, = —CFIy,. (S51)

Finally, Eq. (S46) becomes

. P CFIGO o 1
\/M(@O @MLE) — N (0, CFIgO = N 0, 7CF190

1
= Omre 2N (90, Mj) (S52)

Thus, the MLE is asymptotically unbiased and saturates the Cramér-Rao bound.

D. Master equation for a non-Markovian environment

To simulate the performance of our optimized states during the Ramsey measurement with non-Markovian noise,
we use a time-local master equation given by [S22]. A brief summary of the derivation is given below.

1. Let £(C%) be the Hilbert space of linear operators acting on C¢, where the inner product is defined as (o, 7) =
Tr(of7) (the Hilbert-Schmidt inner product).

2. Let £L£(C?) be the Hilbert space of linear operators acting on £(C?) which has dimension d? xd?. Let {l;};—1, a2
be an orthonormal basis of L£(C?). Then the action of A € LL(C?) on 7 € L(C?) can be expressed as

d2

Afr] = (s ALY, 7). (S53)

ij=1
Thus, A has a unique correspondence with the matrix A with entries

Nij = (L, AlL]). (S54)
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3. A € LL(C?) is trace- and hermicity-preserving if and only if its matrix representation A can be written as

(rt &) : (S55)

where 0 is the zero row vector of length d?—1, m is a real column vector of length d>—1, and M is a (d*—1)(d?—1)
real matrix.

4. For a single qubit, any operator p on C? can be written as
1
p:E(IJrv'a') (S56)

where v is a three-dimensional real vector and o is the vector of Pauli matrices. Then a map A whose matrix
representation is given by Eq. (S55) acting on p gives

1
Alp] = i(I + (m+ Mv) - o). (S57)
5. The noisy evolution of a state p is described by
p(t) = A(t)[p(0)]. (S58)
The time local master equation satisfies
d -
plt) = Z(0)[p(0)]. (859)
So
dA(t
E(t) = ®) oA(t)! (S60)
dt
with the corresponding matrix representation
— dA(t) 1
=(t) = ——=A . 1
() = =20 (s61)
6. Consider the evolution of one qubit described by A(t) = U(t) o T'(t) . U(t) is defined as
Ut)[p(0)] = Ut)p(0)U (t) (S62)

where U(t) = e~ 9= represents the signal accumulation. By Eq. 1D and Eq. lj the matrix representation
of U(t) is

1 0 0 0

ut) = 0 Cf)swt —sinwt 0 . (S63)
0 sinwt coswt 0
0 0 0 1

I'(t) represents the noise which is trace- and hermicity- preserving, i.e., has the form in Eq. (S55).
7. Solving the commutation relation that gives phase covariant qubit map [S22/S23]
U(@),T(1)] =0 < [U(),T(#)] =0, (S64)

we obtain the matrix representation of A(t):

1 0 0 0
A(t) = 0 ny(?) Cf)Su)t —ny(t)sinwt 0 7 (S65)
0 ni(t)sinwt ni(t)coswt 0
/ﬁ(t) 0 0 ull (t)
Ny (t)coswt —ny(t)sinwt 0
where m = (0,0, £(t))” describes a translation along the z-axis, and M = | 5, (t)sinwt 1, (t)coswt 0
0 0 i (t)

describes a rotation along the z-axis and a contraction characterized by 7, and nj.
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8. By Eq. (S61]), we obtain the time-local master equation for a single qubit:

(O)p(t)] = — wlo. p(t)]

£ (0ot — 5001, p())

[1]

+y-(t)(o_p(t)oq — %{Jwﬁa p(t)})

+7:(t)(o2p(t)o> — p(1)), (S66)
where
)= ( (t) - Z: Eg (k(t) + 1)) , (367)
()= (K (1) + M“ - n(t») , (568)
() = i (Z:Eg - 2%3) . (S69)

Considering only 75 noise, v—(t) = v4(t) = 0, 1 is constant, and

na(t) = e-(%ﬁ)yy (S70)
where v is the stretch character which equals 1 for Markovian noise. Then

l/tufl
2Ty

7= (t) (S71)

We further need to express Z(t) as a superoperator acting on the vectorization of p(t). Defining the vectorization
of a matrix as the map

p=puli) Gl o) = pis i) @ ). 72)

Define the left and right multiplication superoperators by L(A)[p] = Ap and R(A)[p] = pA so that [A, p] = L(A)[p] —
R(A)[p]. By this definition, we can calculate the matrix representation £(A) = I ® A and R(A) = AT ® I. Using the
superoperator notation, we can express =(t) as

=(t) = — %w([ R0, —0,@1) +7.(t)(0. @0, — [ @) (S73)

With this expression, we numerically simulate the evolution of our entangled states under non-Markovian noise by
using the Time-Dependent Master Equation Solver in QuTip [S24].

E. Performance of metrological states in a non-Markovian environment

To calculate the derivative of probability with respect to w in the calculation for CFI,,, we use a method similar
to parameter shift that utilizes the property that the signal accumulation operator (U(w) = e~™!/=) and the noisy
operator commutes. In the following notation,

1. z represents a multi-qubit state in the z basis;

2. U(w) is the effective signal accumulation operator: U (w) = e~ *v;

i

3. p is the state density matrix of our optimized state after the noisy evolution without signal for some Ramsey
s

time and a 7 pulse along the 2 direction (here we switch the order of the signal accumulation and the second
pulse of the Ramsey protocol [S17]);
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4. P(z|w) is the probability of measuring the state z with our rotated optimized state after the noisy evolution
and signal accumulation.

Then
9 pel)| = Lmlf) (U)o )]
ow ws0 0w w—0
0
_ 9 gt
S TUT W) |2) G U@l
0 0
— gt T —
T Ut @) |2) (U)ol + T (@) 12) (o] (]|
= it Tr[(Jy |2) (2] — [2) (2] Jy)pl- (S74)
From Eq. 1} since Tio; and dw? are constants, SNR is proportional to % Thus we choose % as the result

we show in Fig.4(d) in the main text.

F. Time Overhead

CFl,/tg (MHz™1) Hv=2 Wv=3 v=4

0.4{ - GHZ

0.3 1

0.2 1

0.1 1

FIG. S9. 50 cases average sensing performance of the optimized states when using 7-layer circuit on 3D random spin configu-
ration.

In experiments, the time overhead, including the state preparation and readout time, reduces the repetition number
of the sensing sequence and thus decreases the sensitivity. For all the proposed experimental platforms the readout
time exceeds the typical T, and state preparation time, which means that even for protocols with CSS the time
overhead is significant [S25].

If we consider a nonzero time overhead, i.e., M = tRTf; -, the expression for SNR? for an uncorrelated spin state
becomes
Tiott% cos? (wir )ow?
SNR? = ot 'R tR(, r) . (S75)
(tr + ton) (eQ(T’A‘) — sin? (th)>
If ton >> tr, we ignore the term tr in the denominator and
SNR? o ti%; (S76)
2(#)
Taking the derivative of Eq. (S76)) with respect to tg gives us the best ¢ if the time overhead is significantly larger:
T
th = —. (S77)

Vv
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t

Y
Similarly, the same calculations for a GHZ state where the decay term in Eq. |) becomes e2n<T2) show that the
best Ramsey sensing time is

T
()%
Plugging Eq. (S77) and Eq. (S78) into Eq. (S76)), we find that the ratio of the SNR? of a GHZ state to that of an
uncorrelated spin state is n'~+. Thus, only when

tr = (S78)

v>2 (S79)

do GHZ states provide an advantage in SNR over uncorrelated spin states when t,, >> tg. We compare the SNR
of the states generated by the optimizer with that of the CSS and GHZ states when v = 2,3,4. Fig. [S9| shows that
when we assume a long time overhead, the generated entangled states are less sensitive than CSS when v = 2 and
v = 3 for large spin numbers.

G. State preparation time comparing to adiabatic method

State preparation time is one of the major components of the time overhead in the generalized Ramsey sensing
sequence which influences the sensitivity. The state preparation time of the variational method depends on the circuit
layer number m, system size N and is proportional to the inverse of average interaction strength 1/fqq. The adiabatic
method [S26] is an alternative approach to generate entangled states for quantum metrology in dipolar-interacting
spin systems by only using single-qubit rotations (global pulses).

To compare the performance of our variational method with the adiabatic method, we derive the relation between
the squeezing parameter (Wineland parameter [S27]) and CFI. Without loss of generality, we consider a SSS with
collective spin direction +x and is squeezed along the y-axis (such as the 3rd Wigner distribution shown in Fig. b))
In this case, the squeezing parameter is

(AJ,)?

3 :NW, (S80)

where (AO)? = (0?) — (O)? and N is the number of spins. According to the uncertainty principle,

(AT HBL)? 2 7). (s51)

The relation between the squeezing parameter and total spin angular momentum uncertainty projection in z-direction
is

()2
(AJy)?

It’s been proven that for a pure Gaussian state, the quantum Fisher information (QFT) is directly related to the
variance of the projected spin angular momentum [ST16/S28]S29]:

4(AT,)% > = N/€2. (S82)

QFT = 4(AJ.)2. (S83)
Combining Eq. (S82) and Eq. (S83]), we obtain the relation between CFI and squeezing parameter of a SSS:
CFI < QFI > N/&2 (S84)

The first inequality in Eq. is saturated by measuring the SSS along the direction where it is squeezed (y-axis,
or equivalently measuring it in z-basis after applying a R, (%) pulse [S30]). The second inequality originates from the
uncertainty principle (Eq. (S81)). Since the optimal SSS saturate the Heisenberg uncertainty relation [S31] and the
SSS generated by the adiabatic method [S26] belongs to these states, we obtain the relation between the squeezing
parameter and CFI

CFI = N/¢2. (S85)

Based on the data shown in Fig.3 from ref. (526)), it takes about 200us for the adiabatic method to prepare an
8-spin SSS with ¢2 = 0.4 which corresponds to CFI = 20. The 2D spin density 8/(30nm x 30nm) corresponds to
faqa = 43.5kHz. According to Fig.3(d) in the main text, the variational method is able to prepare an 8-spin entangled
state with CFI ~ 20 by a 4-layer circuit with fqq7 = 0.8. Plugging in the same average nearest neighbor dipolar
interaction strength fqq, we finally calculated the state preparation time of the variational method is T' = 18.4us,
which is about 11 times faster than the adiabatic method under the same condition.
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VII. CONTROLLABILITY

Since all the black-box optimization algorithms cannot ensure that the optimized result is the global maxi-
mum/minimum point of in the parameter space, it is sill an open question that if the variational method is able
to find the ’best’ metrological state for a given spin configuration or not. In this section, we’re interested in the
theoretically achievable controllability of dipolar interacting spin systems. The question is, given any (possibly infi-
nite) arbitrary sequence of evolution under each Hamiltonian governing the dynamics of our system, can we drive any
arbitrary unitary operator? Quantum control systems of the general form

K
H(t) = Ho + Zuk(t)Hka (586)
k=1

governed by the Schrédinger equation, i% [(t)y = H(t) |4 (t)), have been studied extensively [S32IS33]. Hy is the
unperturbed or free evolution Hamiltonian, Hj, are the control interactions, and wy(¢) are the piecewise continuous
control fields. There are several distinct but related notions of controllability that have different conditions for ‘full’
controllability. The notion of ‘operator’ or ‘complete’ controllability is the strictest condition and is defined as above.
For generic interacting spin systems, all of these notions are equivalent. Complete controllability is equivalent to
universal quantum computation (UQC) in quantum information processing (QIP) [S34IS35].

A. Controllability Test

The way we investigate the controllability of a generic system (S86|) is by examining the so-called ‘dynamical Lie
algebra’ Lo C u(N) or su(N) generated by the operators {—iHy, —iHj, ..., —iHg }, which are represented by N x A/
matrices in a basis we choose [S32JS33].

A quantum system of the form is completely controllable if either £y = u(N) or Lo = su(N) [S32], where
u(N) is the unitary Lie algebra represented by the set of skew-Hermitian N x A matrices and su(N') is the special
unitary Lie algebra represented by the same set of matrices with the extra condition that they are traceless. Note
that dimu(N) = N2 and dim su(N) = N2 — 1, and the difference of 1 comes from counting identity operation (I)
as a dimension or not. We must find a basis for £y by iteratively taking the Lie bracket [-,-] of Hy, Hy, ..., Hg until
we have a set of dim £y linearly independent matrices, where the Lie bracket is the commutator [A, B] = AB — BA
for matrices A and B. Ref.[S32] and ref.[S33] present an algorithm for generating this basis. Thus, if dim £y = N2
or N2 — 1 we can say that the system is completely controllable. Note that for generic spin systems N = 2V for N
spins.

Algorithm. Generating £y and finding dim Lo.

Input: Hamiltonians I = {Ho, H1,...,Hk}
1. B = maximal linearly independent subset of I
r=|B|
.If r = N? then O = Belse O = {}
. If r = N? or |B| = 0 then terminate
. C =[0,B]U B, B], where

[51752} = {[81782] | S1 € 51,82 € SQ}
6.0=0UB

7. B = maximal linearly independent extension of O with

SIS UIIN

elements from C'
8. r=r+|B|; Go to 4
Output: basis O of Lo and dim Lo =7

TABLE S2. Implementation of [S33]’s algorithm with a few physically motivated modifications. Note |S| indicates the cardi-
nality of set S.
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Lie algebra dimension N=2 N=3 N =4 N =5
Completely controllable: 4V (or 4% — 1) 16 64 256 1024
Haq 9 39 225
Symmetric Ising: (N;?’) -1 9 19 34 55

TABLE S3. Lie algebra dimensions for the complete controllable system, dipolar interacting system and symmetric Ising system
(lower bound for subspace controllability). Dipolar interacting spin systems’ dim Lo is calculated using an implementation of
[S33]’s algorithm, and is necessarily bounded by the complete and subspace controllability dimensions. Lie algebra dimensions
for dipolar interacting systems are only calculated up to N = 4 due to stability issues stemming from numerical errors in how
matrix rank is calculated.

B. Controllability of Dipolar Interacting Spin Systems

We write our system in the form (S86) by defining the free evolution Hamiltonian to be the dipolar interaction Hqq
and two control interactions J, and Jy, as these operators are generators of rotation, with respective independent
control fields ,(t) and 8,(¢):

H(t) = Hgq + 0o()J, + 0, (t)J,. (S87)

Ref.[S33IS36] demonstrate that we cannot achieve complete controllability with global controls due to inherent sym-
metries, so we know that dim £y < 4V — 1.

However, complete controllability is a rather strict condition. Not being able to drive any arbitrary unitary does
not mean we cannot drive unitaries that produce metrological states.

In fact, ref.[S37] demonstrate for a long-range Ising spin model (all-to-all interactions) with global controls that
metrological states, such as the GHZ and W states are reachable. Ref.[S38] extend their result for symmetric Ising spin
networks with global controls and demonstrate that one can reach any state that preserves spin permutation invariance.
This is known as subspace controllability. The dimension of their dynamical Lie algebra, £5"& = £P1 0 sy (2V), is
shown to be (N Jj,' 3) — 1. This is relevant to our system because [S39] show that if we replace the Ising interaction with
a more general two body interaction—which includes Hgq—the dimension of the dynamical Lie algebra is necessarily
greater than or equal to that of the symmetric Ising case, and it is therefore subspace controllable. This means that
we can write (N]j,'?’) —1<dim £y < 4V — 1 and say that £y is subspace controllable but not completely controllable.
Therefore, we can achieve arbitrary permutation invariant states, including metrological states such as a GHZ state.

C. Finding Reachable States

Ly is associated with a Lie group e by the Lie group-Lie algebra correspondence [S32]. The Lie algebra u(N)
corresponds to the Lie group U(N), and su(N) corresponds to SU(N). We can define R = e*° as the reachable set
of unitaries we can drive under {H}}r—o,... x, and so starting from an initial state |tg) s Ryyo) s the set of states we
can reach.

As demonstrated in the previous section, our dynamical Lie algebra is a superset of L£%7¢ and a strict subset of
su(2V), so we can write e£ C ¢fo ¢ SU(2N). Because |GHZ) € RT(S);I;?gN we can write |GHZ) € R?S;’gﬁr. In fact,
this is true for any permutation invariant state, which includes all metrological states we're interested in.

While we know that metrological states are in the reachable set, determining the parameters that drive the unitaries
to produce those states is a highly convex optimization problem equivalent to our variational circuit, using state fidelity
between the ideal state and the current state instead of CFI as the cost function. That is we optimize the output
unitary of the variational circuit,

m
s — T — 9. s —ir! iy
8(9) :e—zinHe andde “9“]”612‘]1’6 717'1Hdde zQJy’ (888)
=1

where m is the (possibly infinite) number of layers, for state fidelity,
2
F(GHZ),5(6)[0)°Y) = |Grz| 5(6) [0y | (559)

for pure states. If there exists some 0 such that F(|GHZ),S(0) |O>®N) = 1, then we can say that |GHZ) € ngfg}??
From the previous section, we know such a @ must exist, but it may be the case that m — oo, in which case it is not
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possible to find this exactly. This is the method employed in ref.[S37S40] to demonstrate the reachability of GHZ
and W states for Ising spin models. Our variational circuit method represents an improvement in the efficiency of
searching for such metrological states.

[S1] R. Kaubruegger, P. Silvi, C. Kokail, R. van Bijnen, A. M. Rey, J. Ye, A. M. Kaufman, and P. Zoller, Variational
spin-squeezing algorithms on programmable quantum sensors, Physical review letters 123, 260505 (2019).

[S2] R. Kaubruegger, D. V. Vasilyev, M. Schulte, K. Hammerer, and P. Zoller, Quantum variational optimization of ramsey
interferometry and atomic clocks, Physical review X 11, 2160 (2021).

[S3] B. Yan, S. A. Moses, B. Gadway, J. P. Covey, K. R. Hazzard, A. M. Rey, D. S. Jin, and J. Ye, Observation of dipolar
spin-exchange interactions with lattice-confined polar molecules, Nature 501, 521 (2013).

[S4] G. Kucsko, S. Choi, J. Choi, P. C. Maurer, H. Zhou, R. Landig, H. Sumiya, S. Onoda, J. Isoya, F. Jelezko, et al., Critical
thermalization of a disordered dipolar spin system in diamond, Physical review letters 121, 023601 (2018).

[S5] D. Barskiy, Dipole-dipole interactions in NMR: explained} (unpublished).

[S6] S. Choi, J. Choi, R. Landig, G. Kucsko, H. Zhou, J. Isoya, F. Jelezko, S. Onoda, H. Sumiya, V. Khemani, et al.,
Observation of discrete time-crystalline order in a disordered dipolar many-body system, Nature 543, 221 (2017).

[S7] A. Rényi, On measures of entropy and information, in Proceedings of the Fourth Berkeley Symposium on Mathematical
Statistics and Probability, Volume 1: Contributions to the Theory of Statistics, Vol. 4 (University of California Press,
1961) pp. 547-562.

[S8] R. Horodecki, P. Horodecki, M. Horodecki, and K. Horodecki, Quantum entanglement, Reviews of modern physics 81,
865 (2009).

[S9] R. Islam, R. Ma, P. M. Preiss, M. Eric Tai, A. Lukin, M. Rispoli, and M. Greiner, Measuring entanglement entropy in a
quantum many-body system, Nature 528, 77 (2015).

[S10] M. M. Wolf, F. Verstraete, M. B. Hastings, and J. I. Cirac, Area laws in quantum systems: mutual information and
correlations, Physical review letters 100, 070502 (2008).

[S11] D. Bluvstein, H. Levine, G. Semeghini, T. T. Wang, S. Ebadi, M. Kalinowski, A. Keesling, N. Maskara, H. Pichler,
M. Greiner, et al., A quantum processor based on coherent transport of entangled atom arrays, Nature 604, 451 (2022).

[S12] R. S. Sutton and A. G. Barto, Reinforcement learning: An introduction (MIT press, 2018).

[S13] D. Silver, J. Schrittwieser, K. Simonyan, I. Antonoglou, A. Huang, A. Guez, T. Hubert, L. Baker, M. Lai, A. Bolton,
et al., Mastering the game of go without human knowledge, nature 550, 354 (2017).

[S14] P. Peng, X. Huang, C. Yin, L. Joseph, C. Ramanathan, and P. Cappellaro, Deep reinforcement learning for quantum
hamiltonian engineering, arXiv:2102.13161 (2021).

[S15] M. A. Nielsen and I. L. Chuang, Quantum Computation and Quantum Information| (Cambridge University Press, 2010).

[S16] S. L. Braunstein and C. M. Caves, Statistical distance and the geometry of quantum states, Physical Review Letters 72,
3439 (1994).

[S17] H. Strobel, W. Muessel, D. Linnemann, T. Zibold, D. B. Hume, L. Pezzé, A. Smerzi, and M. K. Oberthaler, Fisher
information and entanglement of non-gaussian spin states, Science 345, 424 (2014).

[S18] M. Cerezo, A. Arrasmith, R. Babbush, S. C. Benjamin, S. Endo, K. Fujii, J. R. McClean, K. Mitarai, X. Yuan, L. Cincio,
et al., Variational quantum algorithms, Nature Reviews Physics , 1 (2021).

[S19] J. J. Meyer, J. Borregaard, and J. Eisert, A variational toolbox for quantum multi-parameter estimation, NPJ Quantum
Information 7, 1 (2021).

[S20] M. Schuld, V. Bergholm, C. Gogolin, J. Izaac, and N. Killoran, Evaluating analytic gradients on quantum hardware,
Physical Review A 99, 032331 (2019).

[S21] D. Panchenko, Properties of MLE: consistency, asymptotic normality. Fisher information, (unpublished).

[S22] A. Smirne, J. Kolodynski, S. F. Huelga, and R. Demkowicz-Dobrzaiiski, Ultimate precision limits for noisy frequency
estimation, Physical review letters 116, 120801 (2016).

[S23] A. S. Holevo, A note on covariant dynamical semigroups, Reports on mathematical physics 32, 211 (1993).

[S24] J. R. Johansson, P. D. Nation, and F. Nori, Qutip: An open-source python framework for the dynamics of open quantum
systems, Computer Physics Communications 183, 1760 (2012).

[S25] L. Jiang, J. Hodges, J. Maze, P. Maurer, J. Taylor, D. Cory, P. Hemmer, R. L. Walsworth, A. Yacoby, A. S. Zibrov, et al.,
Repetitive readout of a single electronic spin via quantum logic with nuclear spin ancillae, Science 326, 267 (2009).

[S26] P. Cappellaro and M. D. Lukin, Quantum correlation in disordered spin systems: Applications to magnetic sensing,
Physical Review A 80, 032311 (2009).

[S27] D. J. Wineland, J. J. Bollinger, W. M. Itano, and D. Heinzen, Squeezed atomic states and projection noise in spectroscopy,
Physical Review A 50, 67 (1994).

[S28] L. Pezzé and A. Smerzi, Entanglement, nmiscar dynamics, and the heisenberg limit, Physical review letters 102, 100401
(2009).

[S29] P. Hyllus, O. Giihne, and A. Smerzi, Not all pure entangled states are useful for sub-shot-noise interferometry, Physical
Review A 82, 012337 (2010).

[S30] E. Pedrozo-Peiniafiel, S. Colombo, C. Shu, A. F. Adiyatullin, Z. Li, E. Mendez, B. Braverman, A. Kawasaki, D. Akamatsu,
Y. Xiao, et al., Entanglement on an optical atomic-clock transition, Nature 588, 414 (2020).


https://danilabarskiy.com/tag/secular-approximation/
https://doi.org/10.1017/CBO9780511976667
https://ocw.mit.edu/courses/mathematics/18-443-statistics-for-applications-fall-2006/lecture-notes/lecture3.pdf
https://www.sciencedirect.com/science/article/pii/S0010465512000835

23

[S31] L. Pezze, A. Smerzi, M. K. Oberthaler, R. Schmied, and P. Treutlein, Quantum metrology with nonclassical states of
atomic ensembles, Reviews of Modern Physics 90, 035005 (2018).

[S32] D. d’Alessandro, Introduction to quantum control and dynamics (Chapman and hall/CRC, 2021).

[S33] S. G. Schirmer, H. Fu, and A. I. Solomon, Complete controllability of quantum systems, Physical Review A 63, 063410
(2001).

[S34] X. Wang, D. Burgarth, and S. Schirmer, Subspace controllability of spin-1 2 chains with symmetries, Physical Review A
94, 052319 (2016).

[S35] V. Ramakrishna and H. Rabitz, Relation between quantum computing and quantum controllability, Physical Review A
54, 1715 (1996).

[S36] T. Polack, H. Suchowski, and D. J. Tannor, Uncontrollable quantum systems: A classification scheme based on lie
subalgebras, Physical Review A 79, 053403 (2009).

[S37] J. Chen, H. Zhou, C. Duan, and X. Peng, Preparing greenberger-horne-zeilinger and w states on a long-range ising spin
model by global controls, Physical Review A 95, 032340 (2017).

[S38] F. Albertini and D. D’Alessandro, Controllability of symmetric spin networks, Journal of Mathematical Physics 59,
052102 (2018).

[S39] F. Albertini and D. D’Alessandro, Subspace controllability of multi-partite spin networks, Systems & Control Letters
151, 104913 (2021).

[S40] Y. Gao, H. Zhou, D. Zou, X. Peng, and J. Du, Preparation of greenberger-horne-zeilinger and w states on a one-dimensional
ising chain by global control, Physical Review A 87, 032335 (2013).



	Supplemental Material for: Preparation of Metrological States in Dipolar Interacting Spin Systems
	Contents
	Designing the variational circuit
	Entanglement generation gates from two-body interaction Hamiltonian and global rotations
	Preservation of the collective spin direction
	Choosing the most general gate set

	Optimization results of different types of dipole-dipole interaction Hamiltonian
	NV ensemble
	Ising type interaction (large local disorder)

	Optimization results by using Pztot, Pz as measurement bases
	Mutual Information of the Metrological States
	Supplementary Data
	Complete CFI data for Fig.2 in main text
	Required layers to reach given CFI for 2D square lattice
	Orders of interaction
	Non-Markovian noise sensing performance
	Optimized states with different readout fidelity
	Relative experimental parameter table (full)

	Supplementary Derivations
	CFI with respect to angle and frequency
	Relation beteen CFI and SNR in single qubit Ramsey experiment
	Maximum Likelihood Estimator
	Master equation for a non-Markovian environment
	Performance of metrological states in a non-Markovian environment
	Time Overhead
	State preparation time comparing to adiabatic method

	Controllability
	Controllability Test
	Controllability of Dipolar Interacting Spin Systems
	Finding Reachable States

	References


