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An attractive approach for stabilizing entangled many-body spin states is to employ engineered
dissipation. Most existing proposals either target relatively simple collective spin states or require
numerous independent and complex dissipative processes. Here, we show a surprisingly versatile scheme
for many-body reservoir engineering that relies solely on fully collective single-excitation decay,
augmented with local Hamiltonian terms. Crucially, all these ingredients are readily available in cavity
QED setups. Our method is based on splitting the spin system into groups of subensembles and provides an
easily tunable setup for stabilizing a broad family of pure, highly entangled states with closed-form analytic
descriptions. Our results have immediate application to multiensemble quantum metrology, enabling
Heisenberg-limited sensing of field gradients and curvatures. Notably, our approach solves an important
challenge in differential quantum sensing by providing an example of Heisenberg-limited differential
sensing immune to common-mode noise and accessible with only simple one-body measurements. The
same setup also allows the stabilization of an entire family of entangled states in a one-dimensional chain of
spin ensembles with symmetry-protected topological order and has a direct connection to the outputs of
sequential unitary circuits. A special case of our protocol efficiently stabilizes the celebrated Affleck-

Kennedy-Lieb-Tasaki state.

DOIL: 10.1103/qdh9-2pc7

I. INTRODUCTION

Among the major achievements of modern quantum
science is the ability to control systems of many qubits or
spins with increasing levels of complexity. This progress is
driven both by applications to quantum technologies and by
the fundamental pursuit of understanding many-body
physics. Cavity QED systems, where multiple atoms
interact through their couplings to common cavity modes,
have proven particularly fruitful. In these systems, photons
commonly serve as mediators of effective Hamiltonian
spin-spin interactions, giving rise to rich and nontrivial
dynamical behavior. This standard approach has been
widely used to generate highly entangled spin-squeezed
states for quantum-enhanced metrology [1] and has also
served as a powerful tool for exploring a variety of many-
body effects [2].
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Cavity QED platforms also naturally provide an alter-
native route for generating nontrivial spin dynamics and
entangled states by harnessing cavity dissipation. A generic
situation in experiments is the limit where cavity loss
induces fully collective dissipation on the spins, a single
dissipative process where each atom is essentially indis-
tinguishable. This setting underlies the celebrated phe-
nomenon of Dicke superradiance [3,4], characterized by a
collectively enhanced atomic decay and the generation of a
photonic burst. Beyond superradiance, the interplay
between collective decay and coherent Rabi driving can
give rise to dissipative phase transitions [5,6] and even
time-crystal-like phenomena [7]. Moreover, the combina-
tion of collective decay and tailored external driving
enables the generation of metrologically useful spin-
squeezed states [8—12], as well as extensions to two-
ensemble configurations [13-16].

While permutation-symmetric spin models with collec-
tive cavity-induced decay are appealing for their exper-
imental relevance, a broader goal is to realize more general
forms of reservoir engineering [17], where controlled
dissipation can stabilize a wide variety of nontrivial
many-body spin states beyond the permutation-symmetric
case. Many-body dissipative state-preparation schemes are
of interest both for their practical utility, such as the
potential to design protocols that are more robust than
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unitary approaches, and for their fundamental implications
including the characterization of dissipative phases of
matter [18,19]. There are by now a host of theoretically
proposed protocols for reservoir engineering (see, e.g.,
Ref. [20] for a recent review). However, these protocols
typically involve a considerable amount of complexity for
near-term experiments: Instead of a single collective cavity-
induced loss process, they often require engineering a large,
even extensive, number of independent and highly tailored
dissipative processes.

Given this context, a natural question is whether one can
bridge these two extremes: Is it possible to rely on only the
ubiquitous ingredient of collective loss in cavity QED
systems, but still dissipatively stabilize complex, non-
collective many-body states? One might even be more
ambitious and ask whether such an approach could be made
“reconfigurable,” allowing the same setup to stabilize a
wide variety of target states. In this work, surprisingly, we
show that this is indeed possible. We introduce and analyze
a general method for dissipative stabilization of a broad
class of noncollective many-body entangled states using
only a single collective loss dissipator. Our approach breaks
the permutation symmetry of N, atoms through only
Hamiltonian terms, namely, a pattern of drive detunings
and a structured cavity-mediated spin-exchange interaction.
The Hamiltonian terms reduce the symmetry of the system
using L distinct spin ensembles, each with the same
collective spin S = N /2L. By varying the detuning
pattern, we show that one can dissipatively stabilize a
wide range of pure entangled states of these L ensembles.
We can further derive closed-form analytic descriptions of
the corresponding steady states. Note that in the extreme
limit L = N, where the steady states attain a greatly
simplified structure, our construction coincides with
Refs. [21-23]. Our work has immediate relevance to recent
cavity QED experiments involving two or more spin
ensembles [24-27].

While the space of states accessible with our approach is
vast, we focus on two particularly intriguing classes. In
Secs. III and IV, we demonstrate how multiensemble
entangled states with exceptional metrological properties
for field gradients and curvatures can be naturally stabi-
lized. Our approach solves an important challenge in
differential quantum sensing [16,28] by providing the first
example of Heisenberg-limited differential sensing immune
to common-mode noise and accessible with only simple
one-body measurements—the standard measurement
primitive in essentially all atomic sensors. In Sec. V, we
discuss how our approach can stabilize states of funda-
mental interest in many-body physics: An entire family of
entangled states in a one-dimensional (1D) chain of spin-S
ensembles exhibiting symmetry-protected topological
(SPT) order [29,30] and connecting directly to recent ideas
for exploiting sequential unitary circuits [31]. A special
case of our protocol efficiently stabilizes the celebrated
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FIG. 1. Schematic of a cavity QED platform for reconfigurable
many-body reservoir engineering. We start with a fully collective
setup: Ny, spins are subject to Rabi drives € and a collective,
cavity-mediated superradiant decay I. We break the full permu-
tation symmetry by assigning different detunings §; to suben-
sembles of spins and/or adding chiral spin-exchange interactions
x between subensembles. This setup stabilizes a variety of
nontrivial pure, entangled states and is easily reconfigured by
changing the detuning pattern §; and/or other system parameters
(r and Q).

Affleck-Kennedy-Lieb-Tasaki (AKLT) state [32,33].
Together, these examples highlight both the power and
versatility of our general approach.

II. SETUP FOR RECONFIGURABLE
RESERVOIR ENGINEERING

Our approach is sketched in Fig. 1. We start with a
simple, fully collective system where N, two-level atoms
experience a single collective decay process (induced by
resonant interaction with a lossy cavity) and are also subject
to uniform and resonant Rabi drives. This realizes the well-
known cooperative Rabi fluorescence (CRF) model [5,6].
Working in the rotating frame of Rabi drives and adiabati-
cally eliminating the cavity, the spin dynamics follows
a  Gorini-Kossakowski-Sudarshan-Lindblad  (Lindblad)
master equation for density matrix p,

d N N
S p=—ila8". ] + DS )p.

(1)
where D[K|p = Kp K" — {K'K,p}/2 is the Lindblad dis-
sipative superoperator describing dynamics induced by a
jump operator K,  is the Rabi frequency, I" is the rate of
superradiant emission, and 3‘", S~ are collective spin
operators for the N, atoms. Despite its seeming simplicity,
the CRF model exhibits a variety of nontrivial nonequili-
brium physics, including dissipative phase transitions [5,6],
dissipative spin squeezing [34,35], boundary time
crystals [7], and hidden time-reversal symmetry [36].
The dissipative steady state of this model can be found
exactly [6], even if one adds single-spin loss and
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disorder [36]. Dissipative phase transitions related to this
model have recently been observed experimentally [37,38].

The CRF model is fully collective (i.e., total angular
momentum is conserved), severely limiting the complexity
of the resulting dynamics and steady states. As promised,
we will achieve a richer dynamics by perturbing the system
Hamiltonian, while keeping the dissipative part of the
dynamics unchanged (see Fig. 1). We first partition our
full set of N, atoms equally into L subensembles (indexed
by !/ =1,...,L, with L an even number). Then we break the
permutation symmetry by assigning detuning 9; for atoms
in subensemble [/ and introducing an all-to-all spin-
exchange interaction (amplitude y) with a ‘“chiral”
structure [21-23]. The modified master equation describes
a system of L ensembles with the same collective spin
S = N/2L and has the form

d,. ... LT
mP:—Z[H7P]+FD[ZSZ}P,
=1
L L )(
H=D Q5+ 55+i2D (848 -858H. (2
Do+ 3 a8+ 43 615 -8, @

Here, all the spin operators are now spin-S operators acting
on a particular subensemble. As we will see, even without
the spin-exchange interactions y, we can generate interest-
ing states, but including them for the case of L > 2 gives
access to an even richer set. The imaginary amplitude of
these interactions will be crucial, since they provide an
effective 1D ordering of the ensembles [as the sign of spin-
exchange amplitude between k and / depends on the sign
of (k —1)].

All the new terms introduced in A are compatible with
the experimental tools of cavity QED. One can implement
Eq. (2) by trapping many spin ensembles in a cavity as
shown in Fig. 1. The detunings 6; can be realized by
applying separate Rabi drives with different frequencies
that selectively address individual subensembles or by
using a single global drive while engineering effective
detunings for each ensemble via local frequency shifts (e.g.,
ac Stark shifts, Zeeman shifts). Similar to the setup in
Ref. [24], the chiral spin-exchange couplings y can be
engineered by applying a magnetic-field gradient along the
cavity, which allows for engineering cavity-assisted Raman
processes between ensembles separated by different dis-
tances independently via frequency selection. Alternatively,
one can also engineer y wusing a chiral quantum
network [21-23,39,40], which functions by coupling each
spin ensemble to an optical cavity and then connecting all
these cavities via chiral waveguides. We discuss the details
of the implementation of chiral spin-exchange couplings y
in Appendix G.

As we increase L, we systematically reduce the permu-
tation symmetry of the model, yielding dynamics that is far
richer than the simple CRF model. We will consider the full

range of this explicit symmetry breaking, from the minimal
case of L =2 to the maximal case L = N, (i.e., each
subensemble consists of a single atom). Note that the fully-
permutation-symmetric limit L =1 (i.e., the bare CRF
model) does not admit pure dissipative steady states except
in the trivial case where there is no drive, Q = 0. As we
show below, the situation is very different (and richer)
when permutation symmetry is broken. For an even number
L, we will show that Eq. (2) has a unique, pure steady state

|1//§SL) ) for any Q>0 as long as the following two
conditions on the drive detunings are satisfied:

(1) For each spin ensemble k, there exists another spin
ensemble / such that o, = —9;.

(i) If y =0, all the detunings o; are nonzero and
different from each other.

At a heuristic level, these conditions suggest a kind of
pairing structure in the steady state between ensembles with
equal-in-magnitude, opposite-signed detunings. We will
see explicitly how this manifests itself.

Note that our approach is connected to (but distinct from)
previous work exploiting nonreciprocal interactions for
entanglement stabilization. In the limit where the chiral
interaction is tuned to exactly y = I, Eq. (2) has the form of a
cascaded master equation [21,41,42] and mimics a setup
where the L ensembles are all coupled to a common
unidirectional waveguide (meaning that ensemble / is influ-
enced only by ensembles k < /). In the case L = 2, dis-
sipative pure-state entanglement in this fully directional limit
can be understood as an example of the coherent quantum
absorber method [21] and a consequence of hidden time-
reversal symmetry (HTRS) [43]. Applications of HTRS to
two spin ensembles were studied in Refs. [36,44]. Our work
shows that, for L = 2, entanglement generation survives
beyond the fully directional limit, indicating a kind of
adiabatic continuity of the steady state as one tunes y.

In the other extreme case L = N (i.e., each ensemble is
just a single qubit with § = 1/2), our work reduces to the
entanglement stabilization scheme of Refs. [21-23]. Note
that, in this case, the complexity of the stabilized states is
reduced, and there is no obvious metrological utility to the
states that are generated. Although the possibility of states
with SPT order exists for the case of S = 1/2, it was not
discussed in the previous works. Our work nontrivially
generalizes this scheme to the case where each subsystem
has an arbitrary spin S > 1/2.

III. ENTANGLING TWO SPIN ENSEMBLES

A. Exact solution for pure steady states

We start by considering the case with just two spin
ensembles (i.e., L = 2), showing that the resulting dynam-
ics can stabilize entangled states with remarkable metro-
logical properties. As we will show later, the chiral
interaction y is unnecessary in this case, and the general
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——A/Q=1/S
——A/Q=1/VS
A/Q=1/2

FIG. 2. (a) Schematic of the L = 2 setup: two spin-S ensembles
coupled to a cavity, each driven by Rabi fields with amplitudes €
and opposite detunings +A/2, subject to a cavity-mediated
collective decay I'. (b) In the total-angular-momentum basis
|/, m), the Rabi drive Q couples |J,m) — |J,m £ 1), and the
detuning A couples |J,m) — |J & 1,m). The collective decay
ensures the pure steady state is a linear combination of |J, —J)
states, with coefficients ¢; _; determined by destructive interfer-
ence. (c) Steady-state wave function coefficients ¢; _; with § = 50.
For A/Q = 1/8, the wave function is peaked at J = 0; increasing
A/Q shifts weight to larger J. (d) Steady-state QFI for measuring a
differential phase ¢ [see Eq. (10)]. In the case of A/Q = 1/, the
QFI achieves Heisenberg scaling. We compare the QFI for different
A/Q scalings with the HL and the SQL.

conditions in Sec. II for a pure steady state require only that
the two drive detunings are nonzero and the same up to a
sign: §; = =8, = A/2. Setting y = 0, Eq. (2) becomes

5P ==ill.p] + TD[ST + 81p,

H =08 +85) += (5 - 53). (3)

| B>

As shown in Fig. 2(a), one can directly implement Eq. (3)
in a cavity QED setup similar to the realization of the CRF
model [38].

We now show that this dynamics admits a pure steady
state. In general, such a state must be both an eigenstate of the
Hamiltonian and annihilated by every Lindblad jump
operator [45]. In our case, the only jump operator is
ST + 85, which describes the collective decay of the two
ensembles. If such a steady state exists, it can be written in
the basis of total-angular-momentum states |J, m), which
are eigenstates of the total-angular-momentum operator
J- 3 m)y =00+ 1)1 m), with J=(J*J".)%) and
J* = 3‘1’ + 3‘2’. Here, J€{0,...,2S} is the total angular
momentum, and m € {—J, ..., J} is the angular-momentum
projection along the quantization axis with J?|J, m) =
m|J, m). The jump operator ST + S5 annihilates the ground
state |/, —J) of each total-angular-momentum sector; hence,
any pure steady state should take the form

28
2
) =" eyl =), (4)
J=0

with wave function coefficients c; _;.

In the total-angular-momentum basis, one can interpret
the Hamiltonian in Eq. (3) as generating nearest-neighbor
hopping in an effective 2D lattice formed by the |J, m)
states [see Fig. 2(b)],

. Q
H:E;Aj'm<

+%%}Bﬁm(|J + 1, m)y(J, m| + HC) (5)

Jom 4+ 1){J, m| +H.c.)

where Ay, = (J,m+1|S{+8J,m) and B,, =
(J +1,m|8% — 8|7, m). As shown in Appendix A, these
coefficients can be calculated analytically, yielding

Agm =T =m)(J +m+1), (6)

B 2Ss-N@2S+J+2)J+m+1)(J-m+1)
S (27 +1)(2J +3) '

(7)

Applying Eq. (5) to Eq. (4), one sees that H |1//§§)> isa
linear combination of states |J + 1,—J) and, hence, is
necessarily orthogonal to |y/£f)> Therefore, the pure steady

state in our case must satisfy H |1//23)> =0, which is
equivalent to destructive interference of the hopping terms
due to Rabi frequency Q and detuning A in the |/, m) basis.
One can thus obtain a recurrence relation for the coeffi-

cients of |y/§§) ),

Cit1-J-1 A

CJ—J QAo

We find that |y/£§)> is the unique steady state for any
A # 0. Note that for A = 0 (CRF model with two ensem-
bles), one can obtain (25 + 1) distinct steady states, as in
this case there are no couplings between subspaces of
different total angular momentum J. In Appendix F, we
show explicitly that the introduction of a perturbatively
small nonzero A completely breaks this degeneracy and
leads to a unique, pure steady state.

Figure 2(c) shows the amplitudes ¢, _; of the pure steady
state as a function of J. The probability |c; _;|? is localized
in J and the peak position can be tuned by varying the ratio
A/Q. When A/Q > 1/S, the peak position of |c; _;|? is
near |c;.y_y_1/cs_y| ~ 1, leading to J ~SA/Q. In con-
trast, in the large drive regime A/Q~1/S, [c;_,;|* is
centered at J =0 (as in this regime, we always have
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|¢si1.—7-1/¢y—s| < 1). The upshot is that, by varying the
detuning-to-drive ratio, we have a flexible tool for con-
trolling the angular-momentum distribution of the system’s
unique, pure steady state. The large-Rabi-drive limit

Q — oo is of particular interest, as in this limit |y/§§>)
approaches the |J = 0,m = 0) state. This is a maximally
entangled state between the two spin ensembles and has
been discussed in several recent works as enabling robust,
quantum-enhanced differential sensing [15,16]. As we
show below, our state continues to be metrologically useful
even away from the large-drive limit.

Before turning to a discussion of metrology, we briefly
comment on what happens if (still for L = 2) one includes
a nonzero chiral interaction amplitude y in Eq. (2). We still
obtain a pure steady state of the form in Eq. (4), but the
recursion relation in Eq. (8) determining the coefficients is
modified in a simple way,

Crit—i- _ _A-ig(U+1) By, )
Cr—J Q Aji1-s-1
This result is based on the relation C;,, = —(J + 1)B;,,

proved in Appendix A, where C;, is defined as
Crm=1{J+1,m8 8 - 8578 ). Thanks to this rela-
tion, one can simply replace A by A — iy(J + 1) in Eq. (8).
For the rest of our discussion of the two-ensemble (L = 2)
case, we will return to setting y = 0. However, in later
sections, when we explore the L > 2 multiensemble
versions of our setup, a nonzero y will be important,
and Eq. (9) will be an important ingredient in building up
our full solution.

B. Quantum enhancement for differential sensing

Having established the form of the pure steady state
of our two-ensemble setup, we now explore its remark-
able metrological utility for differential sensing. We con-
sider the measurement of a differential phase ¢ between
two spin ensembles, encoded by the unitary evolution

U¢ = ¢~i(5i-55) | The quantum Fisher information (QFI)
for measuring this phase is given by the variance of S’i - S’é
in [y&) [cf. Egs. (4), (7), and (8)],

}'¢_4var( '—SZ _4Z|CJ PBy—P. (10)

A central question is how this QFI scales with the
number of atoms, i.e., with S. Figure 2(d) shows this
scaling for different choices of the parameter A/Q. As
discussed in the previous section, away from the large drive
regime, i.e., when A/Q > 1/, the steady state’s angular-
momentum distribution is localized near J ~ SA/Q. It then
follows from Eq. (10) and the form of the B, _; coefficients
that F, o SQ/A. This immediately suggests how to

achieve different canonical scalings of the QFI. For
A/Q ~ 1, we have a scaling near the standard quantum
limit (SQL), F; o S. For a Rabi drive that increases with

system size, A/Q ~ 1/4/S, we obtain a scaling that exceeds
the SQL, F, o S*/2.

For even larger Rabi drives, A/Q ~ 1/S, we obtain a QFI
that exhibits Heisenberg-limited (HL) scaling, i.e.,
Fp S2. This is consistent with our earlier observation
that our state approaches the |/ = 0,m = 0) state in the
large-Rabi-drive limit (€2 — o), a state that has a maximal
QFI [F ) nax = 16S(S + 1)/3. The same maximal QFI is
also reported in Refs. [15,16]. Since the |J =0,m = 0)
state is invariant under global rotations, in the large-Rabi-
drive limit, one can obtain the same HL-scaling QFI for
parameter estimation corresponding to generators S} — 83,
§) —8), and §5 -85 and vanishing variances for the
operators 87 + 8%, 8§ + 83, and §5 + S5. The squeezing
and antisqueezing of these operators can be extended to the
case of a finite Q as we show later, although the rotation
symmetry of the three directions no longer holds.

While the |/ = 0,m = 0) has an optimally large QFTI,
one must also ask whether this metrological enhancement
can be achieved with experimentally feasible measure-
ments. The |/ = 0, m = 0) is problematic in this regard, as
the expectation values of all one-body operators vanish;
hence, achieving the QFI necessarily requires more com-
plicated, multibody measurements. Surprisingly, our more
general class of states provides a way of evading this issue
while still maintaining HL. scaling. The trick is to use a
large enough value of Q to yield HL scaling, but not so
large as to cause the average spin length in the two
ensembles to be zero (as it is the case for the |[J = 0,m =
0) state). Having a nonzero spin length means that a simple
Ramsey-style measurement, i.e., a linear measurement of
collective spin variables, can potentially achieve the sensi-
tivity predicted by the QFL

To make this idea more quantitative, we first derive a
relation between the differential x polarization of our spin
ensembles and the QFI. One can show through an explicit
calculation (see Appendix A) that

A
= Crit—y-1€1—By_; = == Fy, (11)

<Sv1( - 3)2(>ss

=(J+1,m—1|87 =85 |J.m). Since F 4= SQ/A,
as discussed previously, we have (S7 — 85, o S for a wide
range of A/Q, with corrections when decreasing A/Q to
the order of 1/S. This result suggests the possibility of
having the QFI exhibit Heisenberg scaling while still
having a nonzero average spin length of order S, e.g., by
having A/Q ~ 1/S. We indeed find that this is true through
an explicit evaluation of Eq. (11). Note that having a spin
length of order S ensures not only that a Ramsey-type

where By,
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FIG. 3. (a) Generalized Bloch sphere representation of the
L =2 steady state. It can be interpreted as a two-mode spin-
squeezed state with squeezing along the $7 4 8} and S5 + §5
axes and antisqueezing along the §5 — 85 and S} — 3§} axes.
Applying a differential phase ¢ between the two ensembles is
equivalent to rotations about the §5 — §5 axis in the first Bloch
sphere. (b) Comparison between the optimal timescale to reach
the steady state (7) and the steady-state squeezing [described by
var(8) + 83),,], with S = 30. Note that var(8} + §3)so. = S. We
consider the initial state where all the spins are pointing down and
define 7, as the optimal evolution time for the infidelity to the
steady state to reach 1073 with fixed I" and A /€. The same initial
state is used in (c). (c) The scaling of optimal two-mode Wineland
spin-squeezing parameter 5(2)13[ with spin S for each ensemble and
single-atom cooperativity C (obtained from a second-order
cumulant expansion). The scaling fgpt « 1/4/8C is determined
via numerical fitting.

protocol is applicable, but also enhances the robustness
against detection noise via large measurable signals.

Based on the large spin length (S¥ —§3) o S in our
case, as shown in Fig. 3(a), one can further interpret our
steady state |z//§§)> as a two-mode spin-squeezed state (see
Refs. [15,46,47] for other types of two-mode spin-squeezed
states). The squeezed quadratures are along the S"l + 3‘% and
S‘f + 3‘% axes, and the antisqueezed quadratures are along
the 85 — 85 and §} — 8} axes. Both of the Bloch spheres
share the same spin length, which is along the §7 — 8% axis.
In particular, the differential phase ¢ leads to rotations
along the 3‘? - 3‘5 axis, resulting in a nonzero average value
of 3‘{ + S‘% This suggests a simple Ramsey-style measure-
ment to measure the average collective spin component
S‘Y + S’; The quantum enhancement of this Ramsey-type
measurement can be characterized by the two-mode gen-
eralization of the Wineland spin-squeezing parameter [15].
Letting (A¢)., denote the error in estimating ¢ from the
Ramsey measurement, we have

Z_M

gs = 4S(A¢)cst - <3,)1€ _ 3,)2;>2 (12)

Note that var($] + 83) = 3225, |¢;—,[>J/2. Based on the
previous discussions of |c¢; _;|%, one can obtain &% o A/Q
when A/Q > 1/S. Thus, by setting A/Q ~ 1/, one finds
that Eq. (12) is approaching HL scaling, &% « 1/S. We thus
have established a major advantage of our scheme: HL
scaling can be achieved for the differential phase ¢ using a
simple Ramsey-type measurement with a signal of size
O(S). Based on the Bloch sphere representation, one can
also extract the phase imprinted by §) — 83 with HL scaling
by measuring 85 + §5.

We stress that the quantum enhancement for differential
sensing does not require exactly the same atom number for
the two spin ensembles (see Appendix H for detailed
analysis). For constant population imbalance, the HL
scaling £% o 1/S is maintained. Even with O(v/S) pop-
ulation imbalance, one can still obtain steady-state spin
squeezing &4 « 1/4/8.

Our approach and the resulting steady state offer several
distinct advantages over previous dissipative preparation
schemes for enhanced differential sensing based on entan-
glement between two spin ensembles. Reference [16]
stabilizes a state with vanishing spin length, precluding
its use in Ramsey-type measurements. Reference [15]
stabilizes a similar (but distinct) two-mode squeezed state,
while it relies on engineering two independent dissipators,
making the setup more demanding experimentally. In
contrast, our scheme is naturally compatible with a simple
Ramsey-type protocol and achieves HL scaling with a
simpler experimental design.

C. Impact of single-spin dissipation during
state preparation

While our ideal scheme produces entangled states with
exceptional metrological properties, experimental utility
also requires that we have robustness to inevitable imper-
fections. A key issue here is the presence of single-spin
relaxation. Each of our two spin ensembles is formed by 2.5
spin-1/2 particles, §7 = >"25, §7,» where §7,; are spin-1/2
operators. Single-particle spontaneous emission is then
described by adding additional dissipative processes with
jump operators /757, to Eq. (2). We define the single-atom
cooperativity C =T/y, which characterizes the ratio
between emission into the cavity and unwanted emission
into free space.

In the presence of such unwanted dissipation, the
relaxation timescale 7, for the ideal dynamics to reach

the steady state |y/£?) must not be too large, otherwise the
steady-state spin squeezing will be strongly degraded once
we introduce y. We define ¢, such that the ideal (y = 0)
evolution yields a high fidelity with the steady state for
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t > ty. More specifically, F(t) = tr[|z//§§>>(y/£§) |p(1)] sat-
isfies F(t) > 1 —e for ¢ > tg, where € is a small positive
number (we choose € = 107%). Here, p(0) can be any
specific state easy to initialize in an experiment. One finds
that there is a fundamental trade-off between the speed of
the dynamics and the amount of steady-state squeezing and
entanglement. Similar to Refs. [48,49], one can quantify
this with a lower bound on the relaxation time (see
Appendix B),

Py, > == FO (13)

dvar(8) + 83)
In Fig. 3(b), we compute ¢, numerically using the quantum-
jump method [50] and compare with var (S} + 53) . We use
an initial state |[J = 25, m = =285), i.e., all spins pointing
down, and then minimize ¢ by varying the ratio Q/T" while
keeping I" and A/Q fixed. The optimal ¢, can be achieved
when Q 2> ST". We stress that the required strong Rabi
drive (2 2 ST') has been realized in cavity QED experiments
with a single-spin ensemble (up to 10* atoms) [38]. Based
on this choice of Q, as shown in Fig. 3(b) we find
'ty /(27) ~ 1/var(8] + 83),. which is a constant factor
away from the lower bound [see Eq. (13)]. As we discussed
in Sec. IMB, var(8) +8)), ~SA/Q; we thus have
ts ~Q/(STA).

Having understood the basic speed-squeezing trade-off
in our dynamics, we now explicitly introduce single-spin
decay. At a heuristic level, this noncollective decay will
degrade the spin squeezing because of the effective short-
ening of the collective spin polarization. To the lowest
order, this increases the Wineland parameter by an amount
at the order of yz. Considering evolution over a timescale
t~ty, one can thus approximate the spin-squeezing
parameter by

A Q
ézN gs+7tssN§+SC—A' (14)
where we have made use of the trade-off between speed and
spin squeezing discussed above. Optimizing over the ratio
A/Q, one finds an optimal spin-squeezing parameter
z;gm x 1/4/SC, occurring for an optimal parameter ratio

A/Q ~1/y/SC. In Fig. 3(d), we explore the scaling of
§%pt with spin S for each ensemble and single-atom coop-
erativity C, using a second-order cumulant expansion to
numerically simulate the system dynamics (see Appendix E
for details). We vary parameters A and Q as well as the
evolution time ¢ while fixing I'. The numerical results show
good agreement with our analytically predicted scaling
%pt « 1/+/SC. Note that single-mode spin squeezing due
to the iconic one-axis twisting interaction [51] shares the
same scaling when considering dissipative processes such as
single-particle spin flips [52-54].

D. Robustness against common-mode noise
during interrogation

Common-mode noise can be a major practical limitation
during the signal-acquisition (interrogation) part of a
differential sensing protocol: While one wants to estimate
a small phase difference between the two ensembles, the
average phase of the two ensembles could be completely
random and uncontrolled. In atomic sensors, common-
mode noise can arise from laser-phase fluctuations in
optical clocks [55-57] and vibrations of reference plat-
forms in atom interferometers [58—60]. A standard method
to mitigate this noise, without assuming it to be small, is the
so-called “ellipse-fitting” method [61], which is originally
proposed for sensing with unentangled atoms. Recent work
has sought to generalize this technique by entangling each
spin ensemble separately [28]. An alternative is to use an
entangled state between two spin ensembles that is intrinsi-
cally insensitive to common-mode noise. As discussed
in Ref. [16], the |J = 0,m = 0) state (equivalent to our
Q — oo steady state) is such a state, as it is invariant under
global rotations. Hence, in principle, its HL scaling for
differential sensing is robust to such noise. However, based
on Sec. Il B, the |[J =0,m = 0) state has a significant
practical drawback: The lack of any net spin polarization
means that metrology must employ complicated nonlinear
measurements.

Here, we demonstrate that our generalized class of states
provide a means for combining the common-mode noise
robustness of the |J = 0, m = 0) state while still allowing
for a simple, linear measurement. The trick is to use our

steady state z//g) ) at finite values of Q, so that it retains a

net spin length. The loss of rotational symmetry can be
compensated by ellipse fitting, such that we can still
mitigate common-phase noise and maintain the same HL
scaling while measuring one-body observables. Our
approach circumvents the complications of measuring
two-body observables in Ref. [16].

We include the effects of the common-mode noise by
applying a common-phase rotation by angle @ to our steady
—i0(8;+53)

state, encoded by the unitary evolution Uy = e
We randomly sample @ with probability distribution P(9).
As a result, the pure steady state is transformed to the
impure state

B, = / doP(0)Uylyl) (w1 U} (15)

We can now calculate the sensitivity of this corrupted state
to a differential phase ¢ by calculating its QFI F,

Fo=2 Y B s
JyA2;>0 A+ 4

=4 Jes 1By (16)
J
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FIG. 4. (a) Schematic for differential sensing in the presence of

common-phase noise. We first apply the quantum channel &,
[see Eq. (3)] to stabilize the steady state |y/£3)> The system then
evolves under the differential phase ¢. We next apply a global
7/2 pulse (random common phase 6 due to laser noise) and then
perform a projective measurement of each ensemble in the z basis
to obtain the excitation fractions p; and p,. (b) Classical Fisher
information F, for ellipse fitting (solid lines). The dashed lines
are the corresponding quantum Fisher information F,. Fy is
roughly approaching F, except for the small region near ¢ = 0.
The left and right insets are color-scale plots of the conditional
probability for excitation fractions (py, p»). The points (p;, p,)
with peak probability lie on an ellipse whose form depends on ¢.

Here, 1, and |k) are the eigenvalues and eigenvectors of .
Comparing Eq. (10) with Eq. (16), we reach a surprising
conclusion: The QFI for the differential phase ¢ remains
unchanged for any probability distribution P(0) describing
the common-mode phase noise. This result can be under-
stood intuitively by considering the generalized Ramsey
measurement scheme of the previous subsection, charac-
terized by the two-mode spin-squeezing parameter in
Eq. (12). The robustness against common-phase noise is
the simple consequence of the fact that var(S} + 83),, =
var($% 4 8%),,. Hence, while random common-phase rota-
tions mix these collective variances, this does not alter the
variance that limits the generalized Ramsey measurement.
Further, as discussed in Ref. [28], this equal-variance
condition corresponds to the optimal situation for
extracting a differential phase ¢ using ellipse fitting.

We now go beyond the QFI calculation and provide an
explicit strategy for differential sensing in the presence of
common-mode noise, see Fig. 4(a). We consider a Ramsey-
type measurement with the following steps: (i) Turn on
laser drives for dissipative stabilization of the steady state

|W£3)> For simplicity, we assume perfect state preparation.
(ii) Turn off laser drives and let the system evolve under the
signal source, acquiring the differential phase ¢ of interest
during this “dark time.” (iii) Apply a global z/2 laser pulse.
Assuming the standard situation where the dark time
duration is much longer than the coherence time of the
laser, this second laser pulse has an effectively random

phase € (common for the two ensembles). The pulse can be
described by Ry(r/2) = U)e 5i+5/2(7, We assume
that the phase 6 is uniformly distributed between 0 and
2z, ie., P() = 1/(2x). Note that, even in an experiment
where P(0) is possibly more structured, one could simply
add phase noise to ensure P(0) = 1/(2x). (iv) Perform a
projective measurement on each ensemble in the z basis,
obtaining the excitation fractions p; (j =1, 2) as meas-

urement outcomes for operators 1/ 2+3‘§/ (2S). The

expectation values of p; and p, in a single shot are thus
given by

| B A .
E[pl |¢’ 9] = E <Sjlc - S)2C>ss SIH(¢ + 9) +

1
4S8

’

E[Pz <3v16 - S')2C>ss Sin(¢ - 6) +

¢.0] = : (17)

N = O =

Notice that Eq. (17) forms an ellipse in the (p;, p,) plane
when varying € from 0 to 2z, so one can extract the
differential phase ¢ by fitting the ellipse formed by the
measurement outcomes. Note that Eq. (17) is a circle
for ¢ = n/4.

One can use the classical Fisher information (CFI) to
characterize the sensitivity of extracting a differential phase
¢ from the ellipse-fitting method [28]. We first define the
probability of the measurement outcome p; and p, con-
ditioned on ¢ and € as

$.0) =| (15,11 @ (8. ms| ) Ro(x/2) Ul .
(18)

where p; = m;/(2S) +1/2 with j =1, 2. We then inte-
grate the common phase 6 over the random distribution,
P(p1. palgp) = [dOP(O)P(py. pa|¢. 6), which is shown in
Fig. 4(b). The CFI is thus given by

P(P1,P2

Fo= 3P i) (PPN o)

P1:P2

We then numerically calculate the CFI F, for § = 100. For
both A/Q = 1/+/Sand A/Q = 1/, the CFI F,; is roughly
approaching the QFI F, except for the small region near
¢ = 0. The best sensitivity is achieved near ¢ = x/4,
where Eq. (17) forms a circle. Note that one can of course
still measure a small differential phase ¢ by deliberately
adding a fixed differential phase bias of /4.

This result shows another key feature of our scheme and
the resulting steady-state solution: Even with large
common-phase noise, it is possible to reach Heisenberg
scaling using simple Ramsey-style measurements and the
ellipse-fitting method. It is also interesting to note that,
because of the interensemble entanglement in our scheme,

021047-8



RECONFIGURABLE DISSIPATIVE ENTANGLEMENT BETWEEN ...

PHYS. REV. X 16, 021047 (2026)

we achieve a much better scaling than what is possible by
applying the ellipse-fitting technique to a tensor product of
two single-ensemble squeezed states. As shown in
Ref. [28], this yields only a scaling of CFI Fj; ~ $*3, in
contrast to the HL-type scaling F ~ S? we achieve.

IV. ENTANGLING MANY SPIN ENSEMBLES

A. Exact solution for pure steady states

We now build on our discussion of the two-spin-
ensemble (L = 2) case in the previous section, showing
how a wide class of entangled states of L >2 spin
ensembles can be stabilized as pure steady states of the
dissipative dynamics in Eq. (2). Figure 5(a) shows a
schematic for the case L = 4. Recall from Sec. II that
obtaining a pure steady state requires L to be even and
detunings to come in equal-in-magnitude, opposite-sign
pairs. We will also focus on the case where the chiral
interaction y is nonzero; as discussed, this interaction
provides an effective 1D ordering of the ensembles.

To show the existence of a pure steady state, consider
first the special case where the detunings are ordered to
form a dimerized pattern: each odd-numbered ensemble /
with detuning §,; is immediately followed by an ensemble
with the opposite detuning: §y,_; = Ay/2, 6y = —Ar/2
with k = 1,2,...,L/2. A direct calculation shows that, in
this case, Eq. (2) has a pure steady state that is a product of
entangled states for each adjacent pair of ensembles
(2k — 1, 2k),

0y _ Lo
|‘l/ss > = g |ll/ss (Akv)(7 Q)>2k—1,2k- (20)

Here, |1//§§)) x. is just the two-ensemble steady state of the
last section [cf. Eq. (9)], realized using ensembles k and /.

One can further show that |1//£SL) ) is the unique steady state
as long as permutation symmetry is fully broken, which can
be achieved by setting y # 0 or making all A; nonzero and
distinct (see Appendix F). This dimerized form is easily
understood in the fully directional limit y =T, as the
ensemble 2k is a perfect absorber [21-23,43] for the 2k — 1
ensemble.

The more interesting case is where the detuning pairs
(£A,/2) are not perfectly ordered to appear in adjacent
ensembles. To address this general case, we first para-

metrize the Hamiltonian in Eq. (2) as H(3), where & =
(61,683, ..., 8, ) is the ordered vector of drive detunings. We

also define a reordered vector of detunings ginit, where the
elements of & have been permuted to yield a dimerized
ordering: & = (A/2,-A1/2,A,/2,-A,/2,...), such
that & = Pgmit with P a permutation. Note that the non-
uniqueness of gimt plays no role in the following analysis.

6
(¢ Suu(r2)
Sun(p13)
—Syu(p1a)
4 - - -Suu(p1231) ) -0000~>

Entanglement entropy

Usy |!
(65 4> 01) |-

E1934 (8 = —04, 05 = —03)

FIG. 5. (a) Schematic of steady-state entanglement between
four spin-S ensembles in an optical cavity. Similar to Fig. 2(a), we
consider Rabi drives with Rabi frequency Q and detunings &, for
each ensemble, as well as collective decay with rate I". We further
engineer chiral spin-exchange couplings with rate y between spin
ensembles. (b) The quantum channel for relaxation to the steady
state can be decomposed into quantum channels between
ensemble pairs (initially setting 0, = —6, and o3 = —d,) and
unitary operators to swap the detunings to the final form (see
text). (c) von Neumann entanglement entropy for the steady state
in the case of § = 10. The subscripts of p label the indices of spin
ensembles included in the reduced density matrix. As shown in
the insets, we fix 6; = —0, = 2y, 63 = —d, = 3y in the top panel
and 6, = =04 = 2y, 6, = —8, = 3y in the bottom panel. Multi-
partite entanglement between spin ensembles is achieved in the
bottom panel.

If the system Hamiltonian were A (gimt), then the system
steady state would be given by the fully dimerized form of
Eq. (20). Inspired by the discussion for the §=1/2
case [21-23], we seek to design, for arbitrary S, a unitary
operator U that transforms the steady-state solution of the
simple ordering ginit of detunings to the exact steady-state
solution of the actual ordering of detunings 5. This requires
that U satisfy

Uﬁ]@mn)fﬁ = FI(E)
U(ZS,‘) or=>5. (21)
1 1

If such a unitary operator exists, it immediately follows that
the steady solution for the general case will be given

by [y’ (8)) = Ulyss” (B )

The problem thus reduces to finding a U of the above
form that corresponds to the needed permutation P.
Note that any permutation can be decomposed as a product
of nearest-neighbor swap operations P, ;. that just per-
mute two adjacent detunings: Py q(...,8;,8.1,...) =
(....8141,6,,...). We can thus construct a IAJ,JH that
corresponds to P;,,; [and satisfies Eq. (21)], and then

use it to build the full unitary U that relates 6 and ginit.
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We make the following SU(2)-symmetric ansatz for Ll

U111 (81, 611,0) = exp <iZ€,|J,m>(J,m|,JH>, (22)

J.m

where |J, m>u+1 with J =0, 1, ...,2S is the total-angular-
momentum basis for the subsystem formed by ensembles /
and [/ + 1, and 6; are coefficients to be determined. This
form ensures that any terms symmetric between ensembles
[ and [/ + 1 will remain unchanged when transformed by
U, 141, so the second condition of Eq. (21) is automatically
satisfied. The first condition reduces to

. 61 =0141 0 & XA N
Ui ( I ) a8 (87— S7+1) + lE(S;LSlH _H-C-)) U;r.l+1

=611\ s s e
:_<l21+1>(5;_ ;H)Hg(s;s,—H—H.c.). (23)

Rewriting this in the total-angular-momentum basis and
applying the analytical results in Appendix A, we find an
equation that determines the coefficients 8,

ei0r1-0;) — —(0 - 5l+1) - i)((-] +1) (24)

G =8i) —ix(J+1)

To obtain intuition for this result, note first that / LI+
applies a different phase shift ; to each total-angular-
momentum sector of the two-ensemble subsystem. When
7> |6, — 61|, wehave 8,,, —0, — 0,and U, ., is close
to the identity matrix. In contrast, when y < |8, — 8/, we
have 8;,, — 8; — *+x. Because of the symmetry properties
of Clebsch-Gordan coefficients, (S,m;; S, m|J, m) =
(=1)>(S, my 3 S,my|J, m), U, in this limit is close
to a many-body SWAP gate that swaps the quantum
states for the entire ensemble / with ensemble [ 4 1. The
general case in between these limits corresponds to a
“partial swap” between the two ensembles, an operation
that is entangling.

Further insights follow from rewriting U/ 1i+1 in terms of
an effective Hamiltonian generator for spin-spin inter-
actions between the two ensembles. We find

25
Up141(01,8141.%) = exp (iZaq(S, : Sl+l)q>’ (25)
q=0

where the coefficients a, can be obtained from the phase
shifts 8. In the previously studied S = 1/2 case [21-23], we
have a massive simplification, as the Hamiltonian in Eq. (25)
reduces to a simple Heisenberg interaction Sl . §l+1. In
contrast, for the more general case of arbitrary spin S
considered in our work, Eq. (25) is highly nontrivial, as it
is the sum of many different multibody interaction terms.
Having understood how to construct a unitary of
the required form corresponding to a nearest-neighbor

permutation P, |, we can return to the general case where
the detunings in the Hamiltonian are obtained from a
general permutation P acting on the dimerized ordering

-

Oinie- This general permutation can be written as a product of
nearest-neighbor permutations. It follows that the needed
unitary U (ginit — 3) can be obtained as product of nearest-
neighbor operations U, ;,(8;,8.1,x), specified by the
decomposition of P into nearest-neighbor swaps. We thus
obtain

O _ 7w @)
W) = OG- 3) L@q WG >} (26)

We thus have a concrete way of understanding the broad
class of steady states that can be generated through our
reconfigurable dynamics. Our result also provides a useful
circuit decomposition for the quantum channel generated
by infinite-time evolution under the Lindbladian in Eq. (2)
(with detunings satisfying the constraints in Sec. II). We
show this explicitly in Fig. 5(b) for an example with L = 4.
The infinite-time evolution of our Lindblad master equation
is a quantum channel (£;,34) that converts an arbitrary state
into the steady state. For the case of §; = —d4, 6, = —63,
our analysis decomposes this quantum channel into quan-
tum channels for two spin ensembles (£, and £3,) and then
applies U3 and Us, to swap the detunings sequentially. In
computer science, forming an ordered list of numbers via
nearest-neighbor permutations is known as “bubble sort”
and it requires O(L?) permutations in the worst case. This
sets an upper bound for the number of nearest-neighbor
operations in Eq. (26).

Equation (26) shows that, by using an ordering of
detunings that is not simply dimerized, we can produce
steady states with more complex entanglement properties.
In Figs. 5(c) and 5(d), we numerically calculate the von
Neumann entanglement entropy for the four-ensemble
steady state in the case of S = 10. Here, we use subscripts
to label the indices of spin ensembles included in a reduced
density matrix. For example, p;, is the reduced two-
ensemble density matrix formed by tracing out ensembles

3 and 4, ie., pjp = tr34(|1//£g)><1//£§)|). The von Neumann
entanglement entropy for pi, is given by Sn(P12) =
—tr[p1 In(py,)]. The case of §, = —8,, 83 = —8, is shown
in Fig. 5(c). For this choice, we find S,n(p12) =0,
implying that p,, is a pure state. This agrees with the
dimerized structure predicted in Eq. (20). The case of
01 = —04, 0, = —03 is shown in Fig. 5(d). Here, we instead
find Syn(P12), Sun(P13), Sun(P14) # 0, indicating the exist-
ence of true multipartite entanglement between all spin
ensembles. In both Figs. 5(c) and 5(d), the entanglement
entropy vanishes below a threshold Q < Sy, where the
steady state is approaching a product state of the four spin

ensembles, |w§§)>z ®; IS, =S),.
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B. Entanglement-enhanced metrology
with multiple spin ensembles

There is growing interest in extending quantum-enhanced
metrology to setups with many spatially separated spin
ensembles [26,62], opening new frontiers in nonlocal-field
sensing, multiparameter estimation, and environmental-noise
mitigation. Here, we show that the unique entanglement
properties of our many-ensemble steady state [see Eq. (26)]
can be directly harnessed as a metrological resource. We focus
on the case of four spin-S ensembles with §; = —6, = A, /2,
6, = —83 = Ap/2 asaconcrete example. Note that the general
structure here can be exploited for even larger values of L.

We first demonstrate that this parametrized family of
four-ensemble entangled states can be tuned so as to change
how quantum-metrological enhancement is distributed
between different ensembles. We consider the QFI matrix
for operators 83,

‘7:kl = 4COV(A2’ S‘?)ss‘ (27)

In the large-Rabi-drive limit (Q — o0), it is possible to
diagonalize F, analytically (see Appendix C). The matrix
is diagonalized by the Hadamard matrix

-1 1 -1

1 -1 -1 (28)

=T
~
|
—_ = = =

Here, we consider the small detuning regime Ay, Ag < Sy.
In this regime, there are two dominant orthogonal modes
(generators) that exhibit a quantum-metrological enhance-
ment with HL. scaling in S,

‘7:+—+— = 4var(3’§ - Sé + Sg - Si)ss’
‘F+——+ = 4var(3‘§ - S‘é - SZZ% + S‘i)“ (29)

In Fig. 6(a), we show both 7, _, _and F,__ in the large-
Rabi-drive limit. F,_,_ dominates when |A,| > |Ag],
while F,__, dominates when |A,| < |Ag|. In Fig. 6(b),
we optimize Q, A,, and Ay to calculate the maximal QFL
One sees clearly that both [F _,_] .. and [F __ ] ..
show Heisenberg scaling with increasing spin size S. It is
worth mentioning that F, __, reaches its maximum at a
finite Q [see Fig. 6(c)]. Considering the prefactor of the
Heisenberg scaling, we find that the maximal QFI for both
cases approaches 64S(S +1)/3.

We thus see that the specific family of stabilized four-
ensemble entangled states analyzed here can provide a
metrological advantage for distributed sensing tasks, where
one wishes to estimate parameters that couple in a struc-
tured manner to all four ensembles. We now discuss
potential practical applications of this ability. Using many
spin ensembles, one can naturally consider the sensing of a
spatially varying field f(x) in 1D, where x is discretely

(a) g et 55) Fioi/(89) 30

20 S =10

---.Ap/2
o1 ol AYS
10 !

(b)10s
2 J(@)
z > *EE'BEZ
< 103 0[]:+77+]max ‘i’ - - —Wﬁ%
= [Fi— i~ ]max LN ¢ Pe
102 SQL 0 Petg
5 10 20 50 0 5 10
s Q/9x
FIG. 6. (a) Steady-state QFI F,_,_and F,__, (see text for

definitions) associated with estimating different differential param-
eters in a four spin ensemble setup (with each ensemble having
S = 10). The sensing state is the steady-state of our dynamics in the
large-Rabi-drive limit, with drive detunings &; set to &; =
=84 = Ay /2, 5, = =63 = Ag/2. The regime with |A,| > |Ag|
favors F,_, _, while the regime with |Ag| > |A,| favors F__,.
(b) Scaling of the maximum QFI for both composite parameters
after optimizing over Q, A, and Ap. Heisenberg scaling can be
reached for both cases. (¢) F,__, in the case of § =10 as a
function of Rabi drive amplitude Q. We fix Ay = 0 and Ag = 8.
The inset shows that 7, __, captures the sensitivity for estimating
the curvature of a spatially varying field. The blue line, orange
points, and yellow points describe the cases without noise (|y/£§) N,
with maximal common-phase noise (p.), and with both maximal
common-phase noise and gradient noise (D.,), respectively.

sampled by the spins in ensemble / which are localized near
x = x;. Suppose f(x) is a slowly varying function near
position x., one can approximate f(x) using the Taylor
expansion, f(x> zf(xc) + (x_xc)f/<xc> +%(x_xc)2f//(xc)’
where the first-order derivative f(x.) and the second-order
derivative f”(x.) are the gradient and curvature, respec-
tively. If we place two spin ensembles at positions
x; =x.+ (l—3/2)d, where [ = 1, 2 and d is the separa-
tion distance, we can measure the gradient f’(x,.) using the
differential sensing protocol discussed in Sec. III B. If,
instead, we place four spin ensembles at positions x; =
x.+ (1 =5/2)d with [ = 1, 2, 3, 4, the Hamiltonian for the
spatially varying field is given by

4
Hpq = Zf(xl)sf
=1
SJZ 1/ Qz Qz Qz Qz
~| fxe) +—f"(xe) ) (ST + S5+ 85+ 8§
8
d / Qz Qz Qz Qz
- Ef (xc) (351 +85 -85 - 354)
d?

+ S (Sg R S4) (30)
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Based on Eq. (30), the effects of the curvature f”(x.) can be
described by the following unitary evolution (removing the
common phase), lA]& = ¢~ i(S51=5-5+50) Therefore, our
steady-state solution can be directly applied to curvature
measurements and the sensitivity is captured by the
QFI F __,.

Our class of four-ensemble entangled states has
another strong advantage: Not only can it provide a
quantum enhancement for estimating the curvature of a
spatially varying field, it can do this with robustness against
various kinds of phase noise. We imagine a situation where
the goal is to estimate the value of the curvature of a
spatially varying field f(x), despite possible noise and
uncertainty in the average value and gradient of the
field. For four spin ensembles with positions x;
chosen as before, the unitary evolution due to a common
phase @ is described by U, = ¢~ 0Si+5+5+5)_ 1n contrast,
the evolution due to the gradient of the field f(x)
corresponds to U, = e~i9(35+53-5-35)  Similar to the
two-ensemble case analyzed in Sec. III D, phase fluctua-
tions of laser beams can lead to large common-phase
noise, implying evolution under a random common
phase 6. The resulting corrupted four-ensemble sensor

state is then p. = [[(d0)/(27)]U,lwd) (Wi | T}, One
can further include large fluctuations of a field gra-
dient and consider the density matrix, P, =

J1(d0)/ 2x))[(d)/ 2m) Ty Tlys) 9| U0 Note
that the uniform distribution over 2z is the worst-case
scenario, since any probability distribution can be reduced
to the uniform distribution by randomizing the common
phase and the field gradient. In Fig. 6(c), we numerically

estimate the QFL of 7, __, for |1//£g>>, Pe, and P, We see
that, even with maximal amounts of common-phase noise
and gradient noise, the reduction of the QFI associated with
estimating the field curvature is remarkably small.

V. STABILIZING SPT ORDER IN 1D CHAINS
OF SPIN ENSEMBLES

A. Motivation and connection to sequential
quantum circuits

We now segue away from exploring the metrological
utility of the entangled states stabilized by our scheme and,
instead, discuss how these states can possess more general
many-body and topological features. From a broad per-
spective, setting y # 0 (i.e., nonzero chiral spin-exchange
interaction) leads to a 1D ordering of the ensembles, so
steady states realized in our setup correspond to pure
entangled states of an effective 1D chain of spin-S
ensembles.

Depending on the choice of drive detunings in the system
Hamiltonian, output states from a variety of quantum
circuits can be obtained as the dissipative steady states

[see Eq. (26)]. In this section, we focus on a nontrivial
subset of them known as sequential quantum circuits
(SQCs), i.e., a linear-depth circuit with each layer acting
on only one subregion in the system. SQCs play an
important role in the preparation of matrix product states
(MPSs) and other tensor-product states [63—-66], as well as
connecting different gapped quantum phases [31]. We
show that the class of steady states as outputs of SQCs
has a natural MPS description with a low bond dimension,
and, in appropriate limits, one can achieve symmetry-
protected topological order [29,30].

As a specific example, we show how to stabilize the
spin-1 AKLT state using S = 1/2 ensembles. Initially
proposed to gain analytical insight into Haldane’s
conjecture [67] for ground states of the 1D integer-spin
antiferromagnetic  Heisenberg model, spin-1 ~AKLT
states [32,33] serve as a paradigmatic example of SPT
order [29,30] and are an important resource state for
measurement-based quantum computation [68,69]. We fur-
ther discuss the stabilization of a continuum of states in the
same SPT phase and the generalization to higher-spin S.

It is also worth emphasizing that viewing the dissipative
steady state as the output state of a quantum circuit [see
Eq. (26)] is a useful way of understanding the final steady
state, but does not reflect the actual time dynamics of the
dissipative evolution (i.e., unlike Ref. [70], we are not
directly encoding a unitary circuit into a sequence of
dissipators).

B. MPS representation

As shown in Fig. 7(a), we consider an even number L of
spin-S ensembles with y # 0. In our scheme, a particularly
simple way of achieving a three-parameter (A,,A,,y)
family of SQCs is to use a detuning pattern 6, = A,/2,
5L = —Ae/2 on the edges, and 52/{ = Ab/2, 52k+| =
—A,/2 in the bulk, with k = 1,2, ..., L/2 — 1. Notice that
we have equal-in-magnitude, opposite-sign detuning pairs
on adjacent sites except at the edges. This corresponds to
starting with a perfectly dimerized ordering of detunings
and then swapping a single detuning —A,/2 across the
whole 1D chain, moving it to the end.

Recall from Sec. I'V that the permutation P, which maps
the perfectly dimerized configuration to the actual ordering

of detunings, determines the form of the unitary operator /

to construct the steady state |1//£SL>> For the detuning pattern
specified above, Eq. (26) simplifies to a “staircase” circuit
[see Fig. 7(b)], in which we alternately apply quantum
gates U(=A,/2,A,/2.y) (purple boxes) to ensemble pairs
(2k,2k 4+ 1) and U(-A,/2,-A,/2,%) (green boxes) to

pairs (2k + 1,2k + 2), starting from the dimerized initial

state éi 21|1//§?>2k_12k (two blue boxes connected by a

bond). Here, the quantum gates are given by Egs. (22) and
(24), in which we are dropping the subscripts to emphasize
the translationally invariant structure of quantum gates.
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FIG. 7. (a) We consider an even number L of spin-S ensem-
bles placed in a 1D spin chain and set their detunings as
61 =1A4,/2, 6, =-A,/2, 6y =1Dy/2, Sy =—Ap/2, with
k=1,2,...,L/2 —1. (b) The steady-state solution is the same
as the output state of a staircase quantum circuit: Starting from the
initial dimerized state (two blue boxes linked by a bond), we
apply quantum gates U(—A,/2,A,/2,y) (purple boxes) and
U(-A,/2.—A,/2.y) (green boxes) alternately. The red dashed
line marks the translationally invariant structure for constructing a
MPS. (c) Upper: the schematic of the spin-1 AKLT state, which is
formed by projecting every unit cell between the spin-1/2 dimers
to total spin 1. Lower: the relaxation timescale z for reaching the
steady state with y =I". We also set A, =0 and A, = V2,
which make the steady state equal to the spin-1 AKLT state in the
large-Rabi-drive limit. The inset shows the fidelity between our
steady-state solution |1//§f)) and the spin-1 AKLT state as a
function of Q/y. The line colors specifying the system size L in
the inset also apply to the data points in the main plot.

From the circuit description in Fig. 7(b) of the resulting
state, one can identify a translationally invariant structure
based on a two-ensemble unit cell (depicted by red dashed
lines). This allows us to describe the final state (i.e., the
steady state) as a translationally invariant MPS with open
boundary conditions. Using a product-state basis of S’j
eigenstates, [m) = @%_,[S, m;), the MPS representation of
our steady state can be written as

L/2-1
L m Moy m mp,
‘llfgs)> = Z(Vlcft)T< H A 2“'>Vright|m>- (31)
k=1

m

Here, A#%+1 is the translationally invariant MPS matrix
corresponding to the basis state |S, mo)|S, moy, ) of a
given two-ensemble unit cell. From Fig. 7(b), we see that
the bond dimension of this matrix is 25 + 1. The left and
right boundary vectors Vif and vy, are uniquely deter-
mined by the form of the steady-state and are defined in
Appendix D.

In the following, we mainly focus on the large-Rabi-
drive limit (2 — o0), both to gain analytical insight and to
highlight the resulting emergent symmetries. In this limit,

the initial dimerized state ®-/2 [y2),,_, », in Eq. (26)

becomes a tensor product of maximally entangled ensem-
ble pairs ®,€fl|] = 0,m = 0)5,_; . This state is often
termed the spin-S dimer state of a 1D chain. This state is
the steady state of our scheme when we tune A, = A, = 0,
as, in this limit, all the quantum gates become identity
matrices [as per Eq. (26)]. For general choices of A, and
A,, it is more convenient to focus on the MPS
matrices A"+ and transform to the total-angular-
momentum basis in the two-ensemble unit cell, A/ =
D sy (Ss Mars Sy Moy [J,m) A1 Then, one can

obtain

A’ (D> A, A 32
m —- T 57 a; S7 - Jv m es ) )

[ ]aﬂ 2S—|—1< Bl )fa( b X)s (32)

where the subscripts a, f = -, ..., S are the internal bond-

dimension indices. Calculation details and the general
analytical form of the amplitudes f;(A,,A,,y) are dis-
cussed in Appendix D.

Equation (32) shows that the MPS matrices factorize in
the large-Q limit: The matrix structure of A’™ is determined
only by Clebsch-Gordan coefficients, and the control
parameters A,,A,,y enter only through an overall
J-dependent scalar prefactor. The form of Eq. (32) indicates
that the MPS is invariant under a global on-site SO(3)
symmetry [71]. At the physical level, this symmetry
emerges in the large-Q limit as each dimer in the input
to our circuit is in the |J = 0, m = 0) state (no preferred
axis for rotation), and the unitaries in the form of Eq. (22)
always preserve this symmetry. For a finite Rabi drive €,
the structure of the staircase quantum circuit remains the

same with a general input state ®ii : |1//£§))2k_1’2k. In this
case, it 1S more cumbersome to write down closed-form
expressions for the MPS matrices, since they no longer
exhibit the simple factorization in Eq. (32).

We return to the large-CQ limit and consider some special
illustrative cases of Eq. (32). To get a sense of the kinds of
states described by this form, we start by taking the f; as
arbitrary parameters. One simple case is f; = 1 for all J:
this is just the spin-S dimer state introduced earlier, where
the dimers are located between the two-ensemble unit cells.
This choice of f; and the corresponding state are achiev-
able in our setup by setting A, = A, = 0. Another special
case is where only one value of J = J, is allowed, i.e., f;
vanishes for J # J,. In this case, Eq. (32) describes the
spin-J,, valence-bond solid (VBS) state with virtual spin-S
particles [72]. For J, = 28, the VBS state is also known as
the spin-2S AKLT state [32,33]. In our model, one can
attempt to tune detunings and y to achieve a desired pattern
of the f; and a given target state. For general S, there is
insufficient tunability to have only one f; be nonzero and
hence stabilize a general VBS state. There is, however, an
important and interesting exception: As we now show, for
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S = 1/2, itis possible to set parameters such that the steady
state exactly coincides with the spin-1 AKLT state.

C. Stabilization of spin-1 AKLT states

In the case of S = 1/2 in our scheme, the tunability of
A,/y and A,/y allows for the dissipative stabilization of
the iconic spin-1 AKLT states. For S = 1/2, the MPS bond
dimension is 2, and Eq. (32) becomes

Al,l :f_\/l_g—k’ AI,O — —%UZ, Al,—l — _f_\/l_a—’
2 2
A0 — -%1, (33)

where [ is the 2 x 2 identity matrix, and 6= and ¢° are Pauli
matrices. The coefficients f; and f, are given by

7+ ixh,
(A +A,)/2 +ix] [(Ae = Ay)/2 + ix]
(A2 — A2)/2 — 2 + ixA,
(Ae + Ab)/z + l)d [(Ae - Ab)/2 + ZZ] .

==t
(34)

fo=[

We see that f; = 0 can be achieved by tuning A, = 0 and
A, = +v/2y, thus realizing the exact MPS matrices of
the spin-1 AKLT state. As shown in the upper panel of
Fig. 7(c), one can understand the spin-1 AKLT state as
projecting every unit cell between the spin-1/2 dimers
(singlets) to total spin 1. It is worth mentioning that the
AKLT state we dissipatively stabilized is unique (see
Appendixes D and F). Nevertheless, one can still access
the four different AKLT states with open boundary con-
ditions depending on the projective measurement outcome
of the two edge qubits [73].

To understand whether this exact stabilization of the
spin-1 AKLT state has practical relevance, we need to
additionally analyze the relaxation time of the dynamics in
Eq. (2) when tuned to the AKLT parameters (A, = 0 and
A, = £v/2y) and what happens when the drive amplitude
Q is finite. We will be interested in seeing how the
relaxation time scales as we increase the system size L.
Here, we use two different metrics: (i) 7, the timescale for

reaching the steady state |1//§SL>> when Q/y remains fixed as
L increases (note that, in this case, the fidelity with the ideal

AKLT state |w§f12LT) will decrease with increasing system
size) and (ii) ok, the timescale for reaching the steady

state |1,/££>> when fixing the fidelity overlap between the

steady state and the ideal AKLT state, i.e., |<1//§SL) |WE\L12LT> 2.
In this case we need to increase Q/y with increasing
system size.

We start by considering the first case, i.e., t, with fixed
system parameters. Similar to Sec. III C, we define , in the
following way: For ¢ > t, the fidelity with the steady state,

F(r) = tr[|l//£sL>><l//§£) |p(1)], satisfies 1 — F(1) < 1073, We
consider the initial state where all the spins are pointing
down and numerically compute 7, via exact evolution of
the Lindblad master equation. In Appendix B, we show that
optimal ¢ can be achieved near y = I for fixed I" and Q/y,
and the deviation from y =TI reduces as we increase L.
Therefore, we show ¢, with y = I" as an upper bound of the
optimal relaxation timescale in the bottom panel of
Fig. 7(c).

Remarkably, although dissipative stabilization at
x = I (unidirectional propagation) share similarities with
the SQC structure of our steady state, we find that
Tty,/(27) = (Q/x)?g(L), where g(L) is a function that
depends only weakly on the system size L, as suggested by
numerical calculations up to L = 10 (see Appendix B for
further discussions). This is in contrast to an SQC where
preparation time (circuit depth) is simply proportional to
system size L. As we already mentioned, the SQC with
only nearest-neighbor quantum gates does not reflect the
actual dissipative dynamics, since the collective dissipation
and interactions in our system [see Eq. (2)] allow spins to
interact with one another instantaneously, regardless of
their distance. Note that the weak dependence of system
size for t is also reported for dissipative stabilization of a
different class of states in a related driven-dissipative
setup [74].

We next discuss the timescale 7 g1 relevant for the
preparation of approximate AKLT states with a “fixed
fidelity”” with the ideal AKLT state. As shown in the inset of

Fig. 7(c), for a fixed value of Q/y, the fidelity with |y/5\L]2LT>
decreases slowly as we increase the system size L. To
maintain the same fidelity, one has to compensate by
increasing Q/y. We further explore this trade-off in
Appendix D, where we find that the preparation time for
a fixed fidelity target scales as 7ox; 1 o« Lg(L). Our scheme
serves as a promising protocol for dissipative stabilization
of spin-1 AKLT states. Compared to other dissipative
stabilization schemes for such states [45,75-78], our
scheme features a more favorable scaling of fpx 1 Wwith
system size and requires only a single dissipator, which is
more directly compatible with existing cavity QED plat-
forms. More importantly, unlike other approaches, our
scheme is capable of stabilizing more than just the
AKLT state. As we have stressed, our setup is easily
reconfigurable (e.g., just change drive detunings), leading
to a broad class of many-body entangled steady states. We
will further explore the tunability in the following
subsection.

D. Tunability and string order for arbitrary spin S

Apart from the spin-1 AKLT state, the reconfigurable
nature of our scheme allows one to stabilize a class of
entangled MPS steady states simply by changing detunings
[see Eq. (32)]. To get an idea of the richness of steady
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states, we use the same specific parametrized detuning
pattern in Fig. 7(a) with arbitrary A, and A, and again take
the large-Q limit. We characterize the resulting two-
parameter family of states, in the limit of infinite system
size and arbitrary spin S.

Similar to the spin-1 AKLT state, the states we obtain in
this limit [described by Eq. (32)] do not exhibit any long-
range order when looking at conventional spin-spin corre-
lation functions, e.g.,

(3385) = (35)(83) ~ e~HH/ L, (35)
with L, the spin-spin correlation length. In contrast, the
string order parameter [79-81]

Olihngle) = Tim (85, + 85.1)

|l—k| >0

x e LS (85, 4 85 ))(36)

remains nonzero in the large-distance limit. Note that the

nonzero string order parameter O indicates the

smng( )
existence of the hidden long-range order of antiferromag-
netism. In particular, in the presence of SO(3) symmetry

[cf. Eq. (32)], the nonzero (’)Smng( ) indicates the existence
of SPT order [82]. We analyze the correlation length L,

and the string order parameter (’)gmng(q)) using the transfer-
matrix technique of infinite MPS [71] (see Appendix D for
technical details).

We first consider the range of states generated with
S =1/2 [see Eq. (33)] as we tune system parameters A,
and A, [see Fig. 8(a)]. In the left panel of Fig. 8(a), we see
that the correlation length L, in the pure steady state can
be continuously tuned all the way from O to arbitrarily large
values. The lines with L, = 0 are known as disorder lines
and correspond to the condition |fy| = |f;| on the MPS
matrices [cf. Eq. (33) and Appendix D]. These lines
can be realized with system parameters A? = A2 or
A7 = A + 8% In contrast, arbitrarily large correlation
lengths L., can be achieved in the regime A, > A, y.
The string order parameter for S = 1/2 is given by

1 . @
O (9) = i |+ sin® <5> (37)

indicating that maximal string order is achieved for an
angle @ = z. As shown in the right panel of Fig. 8(a),

Oifr)mg (7) reaches its maximum value 4/9 for parameters
corresponding to the spin-1 AKLT state (A, =0 and

A, =V2).

Note, crucially, that for any finite value of A,/y and
Ay/y, Lo remains finite and Osmng(ﬂ') is always nonzero
[see Fig. 8(a)]. This result indicates that all the states in

(@), B

=<3f T
s
<

Ac/x
®), REPE
—5=1
S15 5=3/2
= —5=2
O
O
0.5 -
0 0.5
p/2m
FIG. 8. (a) Correlation length L., (left) and string order

parameter Osmng( 7) (right) in the dissipative steady state for

= 1/2, as a function of A,/y and A,/ (and in the large-Rabi-
drive limit). The blue star (circle) marks detuning choices that
yield the spin-1 AKLT state (spin-1 / 2 dimer state). (b) Depend-

ence of the string order parameter O @) on the angle ¢. We

smng(
set A, =0and A, = V2r [ 2y [parameters for spin-1 AKLT state in
the case of S = 1/2, blue star in (a)] and extend the calculation to
S > 1/2. (c) Scaling of the maximum value of the string order
parameter as a function of S. We optimize over system parameters
A,/x and A, /y and angle ¢, and compare with spin-2S AKLT
states and spin-S dimer states.

Eq. (33) have SPT order and belong to the same phase as
the spin-1 AKLT state. This agrees with Ref. [83], which
argued that the parametrized MPS in Eq. (33) with § = 1/2
serves as a path smoothly connecting spin-1/2 dimer and
spin-1 AKLT states. This type of SPT order is due to the
emergent SO(3) symmetry in the large-€2 limit indicated by
Eq. (32). For a finite Rabi drive Q, strictly speaking, there is
no true SPT order, as the string order parameter will decay
to zero at infinite distance. However, for any finite system
size, one can always increase € to realize an approximation
of SPT order, where the string order parameter remains
nonzero over a distance much larger than system size (see
Appendix D).

As we have emphasized, a key virtue of our setup is its
extreme flexibility. We now show that the above construc-
tion with § = 1/2 directly generalizes to arbitrary spin-S
ensembles on each site. One can show that the correlation
length L. remains finite for the general case, i.e., all the
states in the large-Q limit lie in the same phase. We then
perform an analytical calculation of the string order
parameter for arbitrary spin S, similar to Refs. [80,81].
As shown in Appendix D, it is possible to separate the
dependence of system parameters A,,A,,y and the
dependence of the angle ¢,
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28
Oe0)= (g s s lfoF ) )P (39
J=0

where (¢) is a universal function for spin-S ensembles,

= Z asin(ag).

a=-S

(39)

Notice that we have (’)Smng( z) = 0 for integer S (no SPT

order), and (’)Smng( z) > 0 for half-integer S (SPT order).

This result agrees with the discussions of spin-2S AKLT
states in Ref. [30]. We show the distinct dependence of the
angle ¢ for different spin S in Fig. 8(b).

As we mentioned previously, except for the case of
S = 1/2, the tunability of A,/y and A, /y is not sufficient
to exactly realize the spin-2§ AKLT state. To provide a
sense of how close one can approach a spin-2S AKLT state,

in Fig. 8(c) we plot the maximum achievable string order

ifr)mg((p)]max by optimizing the detuning

parameters A,/y and A,/y and the angle ¢. Note that,
if one considers f; as arbitrary parameters, spin-2S AKLT
states have the largest string order parameter among all the
states of the form of Eq. (32). We find that, for small spin S,

(2)
[Ostring
states, and it saturates to roughly a factor of 2 smaller as we

increase S.

parameter [O

()] max 1s fairly close to the value of spin-2S AKLT

VI. CONCLUSION AND OUTLOOK

We proposed a reconfigurable dissipative platform
capable of stabilizing a broad class of exactly solvable
pure entangled states between multiple spin ensembles. The
scheme employs a single collective decay process and
permutation-symmetry-breaking Hamiltonian terms, which
is easily tunable via the detuning pattern of Rabi drives.
This general approach opens exciting new prospects for
robust quantum sensing and many-body state engineering,
including Heisenberg-limited differential and curvature
sensing and the stabilization of 1D SPT states such as
the spin-1 AKLT state.

The results presented here open several avenues for
further exploration. On the metrological side, distributed
quantum sensing [84] represents a particularly appealing
application. While explicitly analyzed for two- and four-
ensemble configurations, our approach can be scaled to
larger networks, potentially enabling spatially resolved
field detection and improved sensitivity scaling with
system size. On the state-engineering side, it is intriguing
to explore dissipative stabilization schemes for more
complex many-body states. For example, our approach
suggests a natural route toward realizing higher-spin AKLT
states by further increasing the tunability of the setup by
adding additional Hamiltonian terms that have the form of

rank-one spherical tensors. Another interesting direction is
to increase complexity by having multiple spin ensembles
now with different sizes (see Ref. [85] for a related mean-
field study). In addition, the stabilized states in our scheme
bear a clear resemblance to quantum spin liquids [86], both
consisting of superpositions of singlets with zero total
angular momentum. This analogy suggests that our frame-
work might be extendable to the dissipative preparation of
spin-liquid states.
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APPENDIX A: ANALYTIC CALCULATION IN
THE TOTAL-ANGULAR-MOMENTUM BASIS

Here, we provide detailed analytical calculations in the

total-angular-momentum basis for the following quantities:

J+1,m|85 = 8|4, m),

J+1,m|8F85 = 878517, m),
—3’3’|J,m>,

)- (Al)

We consider spherical tensors [87] of rank k, which

=
CJm (
B, =+ 1,m+1|8
By, = +1m—-18 -8

m

are a set of 2k-+ 1 operators written as f"gk), with
q=—k,—k+1,...,k. These operators transform under
rotation with exactly the same matrix of coefficients as
angular-momentum eigenstates |k, ¢). Notice that sz,
-8 /V/2, and 87/+/2 are k = 1 spherical tensors acting
on subsystem 1 (with ¢ = 0, 1, —1, respectively), and Sz,
—85/\/2, and 85 /+/2 are k = 1 spherical tensors acting on
subsystem 2 (with ¢ = 0, 1, —1, respectively). Therefore,

we can conclude that S5 — 85 is a spherical tensor with

k=1 and ¢ =0; —(S —8))/V/2 is a spherical tensor
with k =1 and g = 1; and (87 —85)/+/2 is a spherical
tensor with k =1 and g = —1.

For §/87 — 878, we consider the combination of
spherical tensors,
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T8 = kg kg k) UV,
9192

(A2)

where U 51/?,) and \7((]];2) are arbitrary spherical tensors. This
equation leads to

A A A 1 oain aa
75(8:8,) = ——= (5785 - §759).

o (A3)

Therefore, —(S} 85 — 8785)/(2v/2) is a spherical tensor
with k=1 and ¢ = 0.

The Wigner-Eckart theorem for the matrix elements of
spherical tensors is given by [87]

(| Ty = (=) (m's klJm) (J|[TO|). (A4)

where (J||T®||J") is the reduced matrix element. For a

product of spherical tensors in the form of Eq. (A2), if U ,(1’:”

acts on subsystem 1 and \751];2) acts on subsystem 2, the

relation between the reduced matrix elements is given
by [87]

TN =/ @7+ 1) (2k+1)(2j; + D (22 +1)
J J Kk
xS iy ko GO 117 Gal V&),
j2 Ty ko
(AS)

where the curly bracket with nine elements is the so-called
Wigner’s 9-j symbol. A 9-j symbol is invariant under even
permutations of rows or columns, while odd permutations
yield a phase factor (—1)F, where P is the sum of all the
nine elements. This symmetry property of the 9-j symbol as
well as the Clebsch-Gordan coefficient (J'm’;kq|Jm)
ensures that Egs. (A1) and their complex conjugates are
all the nonzero matrix elements in the total-angular-
momentum basis.
Plugging in Eq. (A4) and Eq. (AS5), we have

By, =2x (J,m;1,00J 4+ 1,m)(2S + 1)/3(2J + 1)
J+1 J 1
x{ 8 S 1 y(S|IS]]S). (A6)
s S0

The factor of 2 is generated by odd permutation of the 9-;
symbol, making —(J + 1,m|S5|J,m) = (J + 1,m|S5|J, m).
Similarly, we have

Crm = =2V2 % (J,m; 1,010 + 1,m) (28 + 1)/3(2J + 1)

J+1 J 1
x4 8 S 1 p(S|SIIS)(S]IS|S). (A7)
S S 1

where the factor —2+/2 is generated by Eq. (A3). Using

(S118]|8) = \/S(S + 1) and the following property of 9-;
symbols [87],

J+1 J 1 1 J+1 J 1
s S 1 :ﬁ S 1%, (A8)
s S 1 S+D1 s s
we have
Cym=—(J+1)By,,. (A9)

This result is directly relevant for the existence of the
SU(2)-symmetric unitary transformation in Eq. (22). Since
By, and C; ,, are both matrix elements of spherical tensors
with £k = 1 and g = 0, they share the same m dependence
due to the Wigner-Eckart theorem. This is the reason why
the phases 6; in Eq. (22) have no m dependence.

One can further simplify the formula of B,,, using
analytical expressions of Clebsch-Gordan coefficients and
9-j symbols, leading to

P \/(25—])(2S+J+2)(1+m+1)(J—m+1)
Jm — X
(27 + 1)(27 + 3)

(A10)

Following the same procedure, we can also provide

analytical calculations for B}, and Bj,,,

Bl =-—

J.m

(27 +1)(2] +3) ’
(Al1)

\/(25—])(25+J+2)(1+m+ D)(J+m—+2)

g [S=0ES I —mr U —mt2)
S 27+ 1)(2] +3)

(A12)

APPENDIX B: RELAXATION TIMESCALE

1. Lower bound for two spin ensembles

Here, we derive a lower bound of the relaxation time-
scale to a pure steady state |w£f>> based on Refs. [48,49].
We define relaxation time 7, such that the fidelity with the
steady state F(1) = tr[pgp(r)] satisfies F(¢) > 1—¢€ for
t>ts, where ¢ is a small positive number, and
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= |‘/’§£)> <W£SL) |. A lower bound of 7 is given as follows:

1—¢e—F(0) (B1)
a

feo >————.
* = max,|0,F (1)

We now provide an upper bound for max, |0,F(z)|. Notice
that

|0,F ()] =

(3000 = o)
- (@)

where L is the Lindbladian defined as Lp = —i[H, p]+
S (KpK; —{K}K,.p}/2), and L' is the adjoint
Lindbladian deﬁned as L'p=ilHpl+>,(KipK, -
{IA(;IA(M,,E)}/2), with IA(,, Lindblad jump operators. We
now apply the Cauchy-Schwarz inequality for operators,
tr(ATB)|? < tr(ATA)tr(B'B), leading to

(B2)

0F0] < \u((E70 (€9 )u?)

< \/ tr((ﬁ,ﬁss)T(ﬁTﬁss)>'

Using the fact that a pure
[H, ﬁss] = K}l
ing to

(B3)

steady state satisfies
Py = 0, we have Lip = 3, KipK,,, lead-

N

10,F(1)] < D wiK,, Kl 2. (B4)

In our case, with a single jump operator /T > j S’j_, we
have

l—e—F(O)

‘2 S5 (B5)

QS—

In principle, the lower bound derived above can be
applied to any number of spin ensembles. For two spin
ensembles (L = 2), this lower bound is relatively tight, as
we have shown in Fig. 3(b), and the optimal 7., obtained
numerically is only a constant factor away. In this case, we
can further relate the lower bound of 7 to the steady-state
spin  squeezing, since (SZ +85) = 38 ey —s (=),
and var($] + ) =13°35 le;_s|?J. So, we have

I > 1—€e—-F(0)

S (B6)
dvar(8) + %)

a b
(a) 8o ( )10 M
—L=6
& 60 / AKLT L=s
—L=10
S —
\:040 ? 55\
= — =4 =
~ —L =6
20 I—8
—L =10
0 0
0 1 2 0 1 2 3 4

x/T Ay/x

FIG. 9. (a) Relaxation timescale ¢, for a spin-1/2 chain as a
function of /T" and system size L. We consider the initial state as
all spins pointing down, set detunings to A, =0, A,/y = /2
(the AKLT case), set Rabi drives to /y = 3. Optimal 7., can be
achieved near y = I' (unidirectional propagation) as we increase
L. (b) Aty =T, one can approximate the relaxation timescale by
I'ty/(27) = (Q/y)*g(L). Except for the regime A, <y, g(L)
depends weakly on L.

2. Further discussions in 1D chain

We have already shown the relaxation timescale ¢ for
the AKLT state (spin-1/2 case) in Fig. 7(c). Here, we would
like to provide further numerical calculations for the
relaxation timescale in a 1D chain. In Fig. 9(a), we show
the relaxation timescale 7, under the AKLT parameters

(A, = 0,A, = \/2y) as a function of the ratio y/T". As we
increase the system size L, the optimal 7, can be achieved
near y = I' (unidirectional propagation). In this case, we
expect sequential relaxation, i.e., subensemble k will relax
in a faster rate compared to subensemble [/ if [ > k, because
the information flows only in a single direction.

However, the existence of sequential relaxation in dis-
sipative dynamics does not mean that the relaxation time-
scale ¢ will simply be proportional to system size L. As
shown in Fig. 9(b), we keep the same detuning pattern [see
Fig. 7(a)] as the AKLT case and vary the bulk detuning A,
(we set the edge detuning A, = 0). Aty = I, the relaxation
timescale ¢, (an upper bound for the optimal ¢,) can be
approximated by

P /(20) » (%) o(L). (87)

In the regime A, < y, where the chiral coupling domi-
nates, we find g(L) depends linearly in L. While in the
regime A, > y, where the chiral coupling is not playing the
dominant role, we find g(L) is independent of L. The
AKLT case lies in between these two regimes and g(L)
depends weakly on L. We believe this occurs due to the
collective nature of the chiral spin-exchange coupling,
which means that the spins can interact regardless of their
distance.

It is worth mentioning that the relaxation timescale is
nearly the same as before and after detuning permutation in
a 1D chain, up to transient physics due to different overlap
between the initial state and the Liouvillian eigenstates.
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This is because the detuning permutation is equivalent to a
unitary transformation to the Lindblad master equation [see
Eq. (22)] and the Liouvillian spectrum is conserved.

APPENDIX C: ANALYTIC CALCULATION
FOR FOUR SPIN ENSEMBLES

In the main text, we discuss quantum sensing using four
spin ensembles with detunings &, = A, /2, 5, = Ap/2,
63 =—Ag/2, and 6, = —A,/2. Here, we analytically
calculate the QFI matrix in the large-Rabi-drive limit
(@ — o0). In this case, the steady-state solution becomes

D Ao . .
|‘l/§s)>:U43U23|]12=01 J3=0; jiou=0, m=0), (CI)

where j,, means the combined angular momentum for
ensemble a and b, a,b €{1,2,3,4}. The sequential order
of a and b matters because Clebsch-Gordan coeffi-
cients might change sign if swapping a and b. j,, and
my, are the total angular momentum and magnetic num-
ber for the four ensembles. The unitary transformations

are given by U, = exp(i D, Oj1j. m)(j, ml3), Uy =
exp(i ) 0;]7, m)(j, mls3), with

ei0j1-0) — (Bs + 8p)/2 —ix(j+1)
—(Aq+Ap)/2—ix(j+ 1)’
01-0)) _ (Mg —Ap)/2—ix(j+1)

i€ = (C2)
e - )
—(Ap —Ag)/2—ix(j+1)
Using the Wigner 9-j symbol [87],
<.j12’j43;jtot’ mtot|j147j23;jtot7 mtot>
=V 2ji + 1) (2ja3 + 1)(2j1a + 1) (223 + 1)
Ji J2 Ji2
XS Ja J3o s (C3)
Jis J23 Jwot

one can switch between different angular-momentum bases

(1125 J435 Jiots Mior) <> |j14’j23;Ajtotamt0t>) of the four
ensembles. Note that, since U,; is diagonal in the first

basis and U,; is diagonal in the second basis, we obtain

1 28 .
W) =50 D V2 + 1gy(Aa. Ap.7)
25+ 145
X|j12 = j',j43 = jl;jtot =0,my = O>’ (C4)

where

9j’<AA’AB,)()
2 PR s s
— E (_])2S+j+J ezejezej,(zj + 1){ ‘]. } (CS)
=0 S S

Here, the curly bracket with six elements is the so-called
Wigner 6-j symbol.

We now calculate the QFI matrix for operators 57 based
on Eq. (C4),

-Fkl = 4COV<A2’ Sv?)ss' (C6)

Notice that |w§§)> is constructed by linear combination
of different ji, =0 states, ie., |jo=7,juz =,
Jiot = 0, my; = 0). So we will still stay in j,, = 0 subspace
if we apply the spin operators S5 + §5 and 85 + S, while
we will move out of j,,, = 0 subspace if we apply the spin
operators 85 — 85 and §5 — §5. This allows us to simplify
the QFI matrix into a block-diagonal form. In the first block
with spin operators 85 + 85 and $5 + 83, based on the fact
that (85 + 85+ 85 + 3'2)|l//£g>) =0, one can show that
8% 4 85 4 85 + 85 and 8% 4 85 — 85 — 83 form an orthogo-
nal basis. In the second block with spin operators 55 — $3
and §5 — %, based on the fact that B, ,, = B, _,,, one can
obtain var($3 — §3) = var(85 — §3),,, which means that
§5 — 85 + 85 — 85 and 85 — 85 — §5 + §5 form an orthogo-
nal basis. Therefore, the diagonalization of the QFI matrix
in the large-Rabi-drive limit leads to

Fippy =4var(§] + 55 + 85+ 85), = 0, (C7)
F++—— = 4var(3‘i + Sé - S§ - Sézt)ss
LN
e -/ 2
== JU+ DR/ +1lgyl>. (C8)
328+ 1) 4
‘7:+—+— = 4V211'(S‘? - SS + Sé - Sézt)ss
=——— N 25-7/)2S+j+2)(j+1)
5 (28— J J
328+1) =
2
X(g,-/ +gj41| > (C9)

P = var(§ =555 5

28

- ﬁZ(ZS—J./)(ZS—Fj/ +2)(j + 1)
J'=0

" ‘2 (C10)

gy —9j'+1

For the sake of brevity, we omitted the arguments of g;
defined in Eq. (C5). One can also show that, in the large-
Rabi-drive limit,
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=51, i

Foy +F,
+ + 3

Foipr T F 4,

This result is based on the orthogonality relation for the
Wigner 6-j symbol [87],

Z(2j3+1){j1 J2 j3}{jl J2 j3}

. jo gs e Uis s i
_ O,
2je+ 1

{Jrisie}{jajaie} (C12)

where {j;jsje} is the triangular delta symbol, which is
equal to 1 when the triad (j,, js, js) satisfies the triangle
conditions and is zero otherwise.

APPENDIX D: ANALYTIC CALCULATION
FOR 1D SPIN CHAIN

1. MPS representation of 1D chain

In the main text, we consider an even number L of spin-S
ensembles placed in a 1D chain with detuning pattern
6y =A,/2, 6 =—A,/2 on the edges and &,; = A,/2,
bary1 = —A,/2 in the bulk, with k= 1,2,...,L/2 - 1. In
this case, we can express the steady-state solution using a
MPS,

L/2-1
L m Mo Moy | m
|w£s>>:z<vlea>T(H A )vﬁgm|m>. (1)

m k=1

Here, jm)= ®JL=1 S,m;), A" are the matrices for the
translationally invariant structure with bond dimension
25 41, which is a unit cell with two spin ensembles.

mny my, 3
Viefp and Vy;p, are boundary vectors. In the following, we

calculate vif, Vi, and A1 analytically in the large-
Rabi-drive limit (Q — o0).
In this case, we can simplify Eq. (26) into a sequential

quantum circuit,

oy T ; Mo
s = T Orpi12p0202p2p11 k@lhlfss Jae-12k |- (D2)
p=1 -

where, in the large-drive limit, the two-ensemble steady
state is given by |ll/§sz~)>zk-1,2k =/ =0,m = 0)y_ -
In Eq. (D2), we alternately apply the following two
quantum gates, 02]),2[)+l:exp(i2jm6j Jm){jimla,o,i1)s
Uspirapin = exp(i Y2, 01, m)(j.mlyy 1 12p12)s with

i(051-0;) — (Ae + Ab)/2 - U((] + 1)
—(Ao+8,)2=ix(j+ 1)’

b1-dy) _ (Be=84)/2-ix(j+1)
—(Ae =Ap)/2—ix(j+ 1)

To derive the column vector vy}, we consider the
decomposition

ell

(D3)

[/ =0.m=0),

SIS, my) S, —my).  (D4)

1
~ Y

Interpreting the first spin as physical dimension and the
second spin as bond dimension, we have

m (_1)S—m1
Vieftla = Tﬂcsa.—mw (Ds)
where the subscripts « = 5,5 — 1, ..., =S are indices for

the bond dimension. Note that a boundary vector contains
only a single-spin ensemble, in contrast to the two-
ensemble unit cell in the bulk.

For the column vector vr"ftht, we consider the row
dimension of the identity matrix as bond dimension and
the column dimension of the identity matrix as physical

dimension,

[V:l?ght]a = 5a,mL‘

(D6)

For the matrix A™™x+1  we transform to the total-
angular-momentum basis first,

A = Z (S, maps S moy iy [J, m) A,

MM+

(D7)

Then, we perform analytical calculation for A’”. One can
either transform back to obtain an analytical expression for
A or simply change Eq. (D1) to the |J, m) basis for
each two-ensemble unit cell. The procedure for A’™
calculation is as follows:

[Ajm]a/} = <<ju/7 =J, Map = m|<S’ m. = ﬁ|) [Ajbcﬁuh

x (1S mq = @)ljpe = 0,my = 0) (D8)

where we relabeled 2k - a, 2k+1 —> b, 2k+2 — c.
Considering the definition of the Wigner 6-j symbol [87],

CL o Ja Jb Jab
|Jabn]c;.]tot’mtot>ZZ|]a’]bc;]tot’mtot>{ Lo }
Jbe Je Jiot Jbe
X (=1)Jativtictio \/(Zjab + 1) (2 +1),
(D9)
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one can switch between different angular-momentum bases
(Jabs Jes Jrots mtoAt> < | Jas Jbes Jrot» Mior)) OF the three ensem-
bles. Note that U, is diagonal in the first basis, and U,,. is
diagonal in the second basis. We thus obtain

_1)S+ﬁ
Alm :( S,a;S,—p|J,m A, Ay y), (D10
ATy = e (S0 S.=BlIm)f (A, Bp.z). - (D10)
where
28 28 ~
Fr(Be Byx) =0 (1) e (2 + 1)(2 + 1)
Jj=0 j'=0

S S S s J
X ] . (D11)
s s 7 S s J
The orthogonality relation for f; is based on Eq. (C12), and
we have

> @I+ )fP =

J

(25 +1)2. (D12)

One can also conclude that the matrix A’” is a spherical
tensor TEIM with k = J and ¢ = m based on the Wigner-
Eckart theorem, which is acting on the bond dimension
(spin-S particle), i.e., Y, s[A7"],4]S,@)(S,p|. The same

structure is used in Ref. [72] to define the VBS state.

2. String order parameter

Similar to the calculation in Refs. [80,81], here we would
like to evaluate the string order parameter for Eq. (D10) in
an infinite 1D chain,

N A P I
Ohglp) = tim (85, + 55 )™ 2 ot i)

string li—k|—c0

x (854 851) ) (D13)

The general procedure is to construct a transfer matrix
with operator O based on an infinite MPS [71],

=22 "

Im J'm'

m'|O|J, m)AI" () (A")E.  (D14)

Here, we focus on three types of transfer matrices:

(i) Ordinary transfer matrix 7 ;. For a properly normal-
ized MPS, the largest eigenvalue of 7 should be 1,
with corresponding left and right eigenvectors la-
beled by V;, and V;,. The left and right eigen-

vectors are normalized by tr(V; Vir) =1
(i) String matrix Tz with  G=
exp(ip(S5 + 53)). We denote the largest eigenvalue

of T4 as Ag, with corresponding left and right
eigenvectors labeled by Vi, and Vi . The left

transfer

and right eigenvectors are
(VL , Ver) =
(iii) End pomt transfer matrices TG and Tg , with
G, = (55 +55) exp(z(p(SZ + SZ))
and Gy = 8% + §5.
Using these transfer matn'ces, the string order parameter
can be written as

normalized by

0% 4 (¢) = lim tr<vT Te, T T4 v ) (DI15)

|l—k| >0

As |l — k| - oo, we need to focus only on the largest

elgenvalue of Tg. If |Ag| < 1, we have o) (@) =0.1f

smng

Olne@) =t (Vi, T6,Ver)uw(VE, T6, Vi) (D16)

We now estimate the left and right eigenvectors of these
transfer matrices based on the analytical form of [A7"] .
For T, one can prove that

1

V5 = |V; =—— 06,4 D17
[ I,L}a/i [ I,R]aﬁ 25 + 1 B ( )
For T, one can prove that
s 18
Ve =V =——0,4 D
{ G.L}aﬂ [ G,R]aﬂ 7S+ 1 N ( )
Using these results, we have
iag 2
O%e(0) =D o5 |(S. J2IfA P
string JmEﬁ:a(ZS+ 1)2
(D19)
Notice that
2J + 1
D20
)P =T (S.alFIS.a). (D20)

Following the same procedure as in Appendix A for a
spherical tensor with k = 1 and ¢ = 0, we have

N JJ+1
(S, al71S, @) :“25((s++1))' (D21)
So we can further simplify (’)Smng( ) to
28
T JI+ 127+ 1)
Ol = (X35 a5 i) o
(D22)
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where

s
h(p) = Z asin(ag).

a=-S

(D23)

One can also perform the summation in 4(¢) analytically,

(S + 1) sin(Sg) — S sin((s n 1)(p)
hw) = 25in2(¢/2)

(D24)

3. Correlation length

One can also evaluate the spin-spin correlation length
Lo l[defined by Eq. (35)] using the ordinary transfer
matrix 7;. We sort the eigenvalues A; of 7; by their
absolute values, |dg| > |4 > |42 = -+, with j =0, 1, ...,
(28 +1)> — 1. A properly normalized MPS should have
Ao = 1. Since we are focusing on the connected part of
spin-spin correlations, (S38%) — (55)(S5), the contribution
of 4y is canceled, and the spin-spin correlation length is
determined by the second largest eigenvalue 4,

L — 2
corr 1n|i]|’

(D25)

where the factor of 2 in Eq. (D25) is to take account of the
two-ensemble unit cell. In the case of S = 1/2, one can
evaluate 4, analytically,

Mol =1riP

M 1

(D26)
In the left panel of Fig. 8(a), we calculate L, based on the
procedure above.

As we mention in the main text, in the case of a finite
Rabi drive Q, we break the symmetry required for the SPT
phase and the string order parameter vanishes in an infinite
chain. In this case, one can define the string order
correlation length Ly, as follows:

A N i =1 &z | Q2 A A
(85 + S50 )e 2SS ) 85, 485, )

~ e_zll_kl/Ls!ring s <D27)

where the factor of 2 is to account for the two-ensemble
unit cell. Similarly, we evaluate Ly, using the string
transfer matrix 7 4. For finite Rabi drive €, the largest
eigenvalue 4 has absolute value smaller than 1, s0 Ly 18
given by

2

Ling = Tl

(D28)
Here, we consider the case of S = 1/2 and set ¢ = 7. We

also set A, =0 and A, =2y (parameters for spin-1
AKLT state in the large-Rabi-drive limit). In Fig. 10(a), a

(b)

(a) 150

—L=10
—L=20
=09 L=30
& 100 AE —L=40
g 5§ 0.8 —L=50
50 o (©2/x)? 2
= 0.7
0 0.6
5 10 15 0 0.5 1
Q/X L/Lstring

FIG. 10. (a) String order correlation length L, as a function
of Q/y for the case of S = 1/2. We set A, = 0 and A, = /2y
(parameters for spin-1 AKLT state in the large-Rabi-drive limit)
for both (a) and (b). We also set the angle ¢ = x in the string
order parameter. (b) String order correlation length Ly, as a
measure of the fidelity between the steady-state solution and the
spin-1 AKLT state.

numerical calculation of L, shows that Ly, o (/x).
When Ly, > L, we effectively realize the SPT phase
since we cannot tell the difference in a finite-size system.
One can also interpret L/ Ln, as a measure of the fidelity
to the spin-1 AKLT state, as shown in Fig. 10(b). As we
increase L, we find that L /Ly, and the fidelity collapse
into a single line. For example, 90% fidelity corresponds to
L/Lying = 0.2. Based on the discussions in the main text,
we have the relaxation timescale 7,  (Q/y)?g(L), leading
to the AKLT relaxation timescale fox; 1 o Lg(L) if fixing
the same fidelity to the spin-1 AKLT state.

APPENDIX E: SECOND-ORDER CUMULANT
EXPANSION FOR TWO SPIN ENSEMBLES

Here, we provide details of the second-order cumulant
expansion for the case of two spin ensembles. Note that this
approach can, in principle, be generalized to the case of
many spin ensembles. We consider the following Lindblad
master equation:

d . C P oA &= | d-1a
= —i[H,p] + D[Sy + $31p
28
+7 > (Pl +Dlsz o).
=1

H=0(8+8)+

| >

(87 - 55). (E1)

A

where 57, are spin-1/2 operators. The collective spin
operators are constructed by the addition of 2§ spin-1/2
operators in the same spin ensemble, for example,
S; = 21221 g]_l

The general procedure of second-order cumulant expan-
sion is as follows: (i) Derive Heisenberg equations of
motion for spin operators and two-operator products of spin
operators. (ii) Take their expectation values and then split
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the expectation values for products of three or more
operators to obtain a closed set of equations of motion.
For example, expectation values for a three-operator
product can be split in the following way [88]:

(ABE) = (AB)(C) +

—~

(E2)

In the procedure above, we need to specify a convention for
counting the number of operators in an operator product. To
avoid any ambiguity, we rewrite Eq. (E1) in terms of Pauli
matrices 67, &;J, 6;,withj=1,2and [ =1,...,25. We
then derive Heisenberg equations of motion for these Pauli
matrices. Since all the spin-1/2 operators can be expressed
in the basis of Pauli matrices and identity, in this case, the
number of operators in an operator product can be naturally
defined as the number of spin-1/2 particles involved. We
also apply permutation invariance for each of the spin
ensembles to reduce the number of independent expect-
ation values, e.g., (&}’J> = <6}{1> forall /=1,...,2S and
a€{x,y,z}. As a result, we find 27 independent expect-
ation values:
(i) One-body operators in ensemble 1,

61, 61

(i1) one-body operators in ensemble 2,

(3.1

(iii) two-body operators in ensemble 1,

(@200

(611612),  (611612).  (611672).
<8Jf,1f3”¥,2>’ (‘}f.l&i.z)» <5}1',15?,2>§

(iv) two-body operators in ensemble 2,

(65165,),  (65185,),  (85,85,),
<5)2C,1‘A7§.2>v <5'§,15§,2>7 <8§,15§.2>;

(v) two-body operators between two ensembles,

@), B, (614650,
@851, G160, (E1185),
@), (B1aban),  (614650)

After numerically solving the corresponding equations
of motion, we then use these expectation values of Pauli
matrices to calculate the expectation values of collective
spin operators. For example,

-85 =s(er)-e1)).  (E3)

(@) ‘ S =30 (b) o sar
0
—~ = -10 S = 1000
% Exact (C — o0) =
~ —— Cumulant (C' — oc) .20
W -5 — Cumulant (C' =2) U
— Cumulant (C' =1) — Exact
77777 -30 e Cumulant
tes Steady state . HL o
-10
0 0.5 1 10 102 107 10°
I't/2n A/Q

FIG. 11. (a) Evolution of the Wineland spin-squeezing param-
eter £ in the case of S =30, SA/Q = 10, ST/Q = 10, with
initial state as all spins pointing down. We compare numerical
results based on the quantum-jump method (exact) and the
second-order cumulant expansion. We apply the cumulant ex-
pansion to include single-particle decay processes with rate
y =T/C, with C the single-atom cooperativity. (b) Wineland
spin-squeezing parameter for the steady state |W£3>> of two spin
ensembles with § = 1000 and y = 0. Second-order cumulant
expansion correctly captures the steady-state spin squeezing up to
A/Q ~1/S, which is the parameter regime for Heisenberg-
scaling quantum enhancement.

(51 + 50
N/ 4 Ay Ay A
—s+5(5-3) (@0 + @3,0) + 257060 30

zS‘f’SZ(@TJ&T,ﬁ‘f’<5§,15§,2>+2<5{,15§,1>)- (Es)

Based on these results, we can numerically calculate the
two-mode generalization of the Wineland spin-squeezing
parameter,

_ 4Svar(8) + 83)

2
-y ()

We find numerically that the large-S approximation in
Eq. (E5) can lead to a better agreement of the steady-state
spin squeezing.

In Fig. 11(a), we first benchmark the second-order
cumulant expansion with exact calculation via the quan-
tum-jump method in the case without single-particle decay
(C =T'/y — o0). We conclude that the second-order cumu-
lant expansion correctly captures the steady-state spin
squeezing, while predicting a slower relaxation timescale.
In Fig. 11(b), we further demonstrate that the second-order
cumulant expansion captures the steady-state spin squeez-
ing up to Heisenberg scaling. These findings ensure the
reliability of second-order cumulant expansion in our case;
at least it is possible to provide a qualitative prediction in
the regime beyond the reach of exact numerical methods.
We then use second-order cumulant expansion to calculate
the case with finite C as shown in Fig. 11(a). In this case,
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the optimal squeezing is achieved at a finite time before the
relaxation timescale 7.

APPENDIX F: UNIQUENESS OF STEADY-STATE
SOLUTION

1. Two spin ensembles

Here, we discuss the uniqueness of the steady-state
solution for two spin ensembles [see Eq. (3)]. We can
show the uniqueness of the steady-state solution in the limit
Q> ST and Q> SA using perturbation theory in the
Liouvillian space.

First, we apply the rotation R(6) = e with
0 = arctan(A/(2Q)), such that the Hamiltonian becomes

-i0(8}-8)/2

Ay = ROAR (0) = /2 + (8/223 + 8. (F1)
and the jump operator becomes
N AR 0 . 0, =
Sg = coszi {S‘ - tanZESJr - 2tan§ (8% = Sé)] , (F2)

where §* = 8§ + 85. Based on the condition Q > SA,
one can separate the Lindbladian into zeroth-, first-, and
second-order terms. The zeroth-order Lindbladian is
given by

Lop = —ilHg.p] + TrD[S7]p, (F3)
where Ty = I'cos*(0/2). The first-order Lindbladian is
given by

9 A A A
Lip=-2 tan<2> Ik (S ,0(5' - SZ) (S - Sé)ﬁS’L

1 e A A
G- G -a). @
and the second-order Lindbladian is given by
~ 2 0 Q7 _ Q21
Lrp = 4tan 3 zDIST — S51p. (F5)

Here, we drop the §* term in Sy since this term does not
play a role in lifting the degeneracy of steady states of L.

Second, we focus on the spectrum of £,. Note that both
Hp and S~ do not couple different total-angular-momentum
J sectors, such that one can separate L, into different
subspaces labeled by (J,J"),

Lo=L.

JJ'

(Fo)

In the limit Q > ST, L, is dominated by the Hamiltonian
Hp, so its eigenoperator to the leading order takes the

following form:

O %> el m) (' m + m), (F7)
m

where |J,m), = e=™S1+%)/2|J m) is the total-angular-
momentum state in the x basis. Note that, in this case,
the left and right eigenoperators are the same to leading
order. To reach the eigenvalue closest to 0 in each (J,J)
subspace, we have my = 0. The eigenvalues and coeffi-
cients c,, can be determined by the dissipative part, and
here we simply list the results. For [Ié’l , we have a steady-
state solution with eigenvalue O, and the corresponding
eigenoperator is given by

0 ~ ) (J.m|. (F8)

m=-—.

For Eé’”l, the eigenvalue closest to 0 is —I'/2, and the
corresponding eigenoperator is given by

NeERET

OJJ+1
J+1

>

m=—J

m) (J+1,m|.  (F9)

Similarly, for Eé’J_l, we have 07771 =
eigenvalue —I"/2.

We apply perturbation theory to lift the (25 + 1)-fold
degeneracy (O’ for each J) of the steady states of L. We
define a projection superoperator P for all the o’ (ground
manifold), and a projection superoperator Q for all the
O’7*! (excited manifold). Notice that £, couples only
between the ground and excited manifold, while £, can
couple within the ground manifold. So the effective
Lindbladian in the ground manifold is given by

(O’ with

PLQL,P

’Ceff = F/2

+PLyP. (F10)

Analytical calculation shows that L. is a tridiagonal
matrix with dimension (25 + 1),

ap Cp
by a ¢
L = ['sin’(0) b, (F11)
Cos5-1
bys  asg

The matrix elements are given by
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FIG. 12.  (a) Comparison of dissipative gap E,,, between exact
diagonalization and perturbative calculation in the case of two
spin ensembles with S = 5. The perturbative calculation can
capture the exact result up to SA/Q ~ 3. (b) Perturbative calcu-
lation of the dissipative gap E,, up to S = 10*. In the
perturbative regime, we have Eg,, o S? for S>> 1.

a; = —%J(J n 1)((25 T2 -+ 1)),

1 2 2 2
b= 5 ) I(@s+12-r),
=3y U+ DU (S 1= 0+ 1))

(F12)

where J =0, ...,2S. Since a;_o = b;_; = 0, one can show
that 0/=%/=0 is still a steady-state solution.

To show the uniqueness of the steady-state solution, we
numerically diagonalize the matrix in Eq. (F11) to obtain
the dissipative gap E,,. In Fig. 12(a), we compare the
perturbative calculation with exact diagonalization for Eg,,
at S = 5, which shows that the perturbative calculation can
capture the exact result up to SA/Q ~ 3. In Fig. 12(b), we
perform the perturbative calculation for Eg,, to confirm the
uniqueness of the steady state up to S = 10* In the
perturbative regime, one can obtain E,,,  I'(SA/Q)%.

Assuming the Lindbladian is diagonalizable, we can
extend the uniqueness of the steady-state solution by
increasing A beyond the perturbative regime. We also
numerically confirm the uniqueness of the steady state
beyond the perturbative regime up to S = 30, as shown in
Fig. 3(b). In this regime, we have E,,, x I'(SA/Q). The
uniqueness of the steady-state solution in the case of y # 0
can be discussed in a similar way.

2. Many spin ensembles

In the case of many spin ensembles, due to the existence
of the unitary transformation [see Eq. (22)] to swap
detunings, we need only to discuss the uniqueness of the
steady-state solution for a specific detuning pattern,
52/{—1 = Ak/Z, 52]{ = —Ak/2 with k = 1,2, ,L/2 With
this detuning pattern, the steady state is simply a tensor
product of ensemble pairs, |z//§gL)) = Q® |z//§f)>2k_172k.

It is possible to show the uniqueness of the steady-state
solution in the case of y =1I', where the Lindblad master

equation becomes a cascaded master equation. Similar to
Refs. [21,74], the procedure is based on induction: (i) Show
the unique steady state for the case of two spin ensembles.
(i1) Suppose the steady state is unique for L spin ensembles
(L is an even number), and prove that the steady state is
unique for L + 2 spin ensembles. The first step is discussed
in the previous subsection, here we discuss the second step.

We use subsystem A to label the first L ensembles and
subsystem B to label the last two ensembles. When y =T,
the Lindbladian of the system [see Eq. (2)] can be written as

Lp = Lap+ Lsp~T(185.550) + 585 831).  (F13)

where §3 =L §F and §§ = 87, + 57,,. Based on
Eq. (F13), one can show that
trg(L£p) = Latr(p). (F14)

Apply Eq. (F14) to the steady-state solution, and, assuming
that we have a unique pure steady state p4 o, = |1//§f)> A <w§f) |
for subsystem A, the steady-state solution for the whole
system should take the following form: py = pas ® P
Based on Eq. (F13), we have Lp,, = Lpp" = 0, reducing the
problem to the case of two spin ensembles discussed in the
previous subsection. This result indicates the unique steady-
state solution in the case of y =T

Assuming the Lindbladian is diagonalizable, we can
extend the uniqueness of the steady-state solution to the
case of y #1I if the permutation symmetry between
ensembles is completely broken. We also numerically
confirm the uniqueness for the case of y #I" for small
system sizes (up to L = 10 for § = 1/2).

APPENDIX G: EXPERIMENTAL
IMPLEMENTATION OF CHIRAL
SPIN-EXCHANGE COUPLINGS

1. Raman-coupled spin-exchange interactions

One way to implement the chiral spin-exchange cou-
plings is to engineer Raman-coupled spin-exchange inter-
actions similar to the setup in Ref. [24]. As shown in
Fig. 13(a), we define |1) and ||) states in the ground
manifold with transition frequency w, (generated by either
hyperfine shift or Zeeman shift from a uniform magnetic
field depending on specific platforms) and excited state |e)
with transition frequency @, with respect to the |1) state.
We then apply a magnetic-field gradient along the cavity
such that the transition frequency between |1) and ||)
states becomes @g; = wy + (I — 1)(Aw,). To engineer
chiral spin-exchange couplings between nearest-neighbor
ensembles (purple arrows), we apply a two-tone drive to
transition from |1) to |e) off resonantly (solid and dashed
arrows). The two tones have Rabi frequency Q' and iQ’ and
drive frequency @, and w; — Awy, respectively. We still use
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FIG. 13. (a) Schematic of engineering chiral spin-exchange
couplings via Raman transitions. We place all the spin ensembles
in a single optical cavity and apply a magnetic-field gradient
along the cavity axis. Spin-exchange couplings between ensem-
bles separated by different distances can be independently tuned
via frequency selection. (b) Schematic of engineering chiral spin-
exchange couplings via chiral quantum networks. We couple
each spin ensemble with an optical cavity and then connect all
these cavities by a unidirectional waveguide.

the same detuning 8§, = w,; — w, to the excited state |e)
assuming J, much larger than Zeeman shifts. The cavity
mode couples the transition from ||) to |e) with cavity
resonant frequency w,. After adiabatic elimination of the
excited states (5, > '), the Hamiltonian is given by

w it i+ Zwms +Z<

<IQ’

where 23 is the single-atom vacuum Rabi splitting of the
cavity. Using the following unitary transformation to the

. A~ —i atar—i {z
rotating frame, [ = ¢~/(@at@0)d’ar i @151 e have

—zwdt +H.c. >

a8, emilwa—hon)t +H.c.), (G1)

B =-sa'a+ Z @G a8 e~i-Nor L Hc.
c 56

Q/
Z(z QaS+ —il(Awy)t +H.c.),

1 6

(G2)

where 5, = w, + wy — w,.. Assuming 5, > Q'G\/S/5,, we
can further adiabatically eliminate the cavity mode. If we
also apply the rotating wave approximation and keep only
the time-independent terms, the effective Hamiltonian
becomes

N Q
He = ( g) <Zs+51 +Z (8 Sr =S¢ Sm))

(G3)

The second term in Eq. (G3) is the chiral spin-exchange
coupling between nearest-neighbor ensembles, which is
due to frequency selection via the two-tone frequency
difference Aw,. Other chiral spin-exchange coupling terms
can be engineered by two-tone frequency differences
2Awg, 3Aw, .... One can also cancel the first term in
Eq. (G3) using a single-tone drive that generates » _, 3‘73’,‘
with opposite 6.

2. Chiral quantum networks

Another way to implement the chiral spin-exchange
couplings is to couple each spin ensemble with an optical
cavity and then connect all these cavities by a unidirectional
waveguide as shown in Fig. 13(b). Based on Refs. [21,23],
the Lindblad master equation of this system can be
written as

d .
o1l —ilH,p] + kD {Ze ”’M,} P,
H= ZHl + iEZ(ei(ébk—(ﬁl)a; a, — —i(dx=b1) alr)’
l 1>k

where « is the linewidth of the optical cavity, a; is the
bosonic annihilation operator of the [/th cavity, ¢; is
the phase due to the running-wave mode of the unidirec-
tional waveguide. The Hamiltonian within the /th cavity is
based on the Tavis-Cummings model, and the frequency of
the drive is resonant with the cavity mode,

A

Q VPN S A P o o
Hl = E (e"ble + e_l¢[Sl_> + 5[*57 + g(ajsl_ + ST&]),
(G5)

where 2@ is the single-atom vacuum Rabi splitting of the
cavity, ¢, are the drive detunings to the optical transition of
the /th subensemble, and ¢} are the phases of Rabi drives
for each subensemble. We perform the following gauge
transformation SF = 8fe i, §7 = Srei, a, — ae',

a, - al ~i4; and Egs. (G4) and (G5) become

d N -
50 =—ill'".p] +xD [Ze-’4~al]ﬁ

= H'_|__ (¢k¢1
ST

— e~ild=1) &k&;> ,
1>k

= Q8 + 6,85 +G(alS; + Sfay), (G6)
where ¢~51 = ¢, — ¢;. When k> GVS, it is possible to
adiabatically eliminate all these cavity modes and obtain
an effective spin-only Lindblad master equation. When
$1.1 — ¢ = =, one can obtain Eq. (2) with y = ' = 4G?/k.
This phase requirement can be satisfied by controlling
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either the separation distance between cavities holding the
subensembles or the phases of the Rabi drives.

APPENDIX H: DISCUSSIONS OF
EXPERIMENTAL IMPERFECTIONS

1. Population imbalance between spin ensembles

In the main text, we assume each spin ensemble has the
same number of atoms. Here, we analyze the effects on the
steady-state spin squeezing generated by atom-number
imbalance between two spin ensembles, as shown in
Fig. 14. We define the atom number in the first ensemble
and the second ensemble as N; and N,, respectively, and
define the averaged atom number N = (N; + N,)/2 and
averaged spin value as § = N/2. In the presence of atom-
number imbalance, the lowest total angular momentum is
Jmin = [Ny = N;3|/2 > 0. As shown in Fig. 2(c), the dis-
tribution of the wave function across the different total-
angular-momentum sectors depends on the ratio A/Q. This
effect determines the behavior of the steady-state spin-
squeezing parameter £ [defined in Eq. (12)]:

(1) Inthe regime SA/Q > J ., the steady state is close
to a pure state since the relevant angular-momentum
structure is very similar to balanced case Ny = N,:
The state populates subspaces of large total angular
momentum and is not sensitive to the fact that the
lowest total-angular-momentum sector has been
moved from J;, =0 to Jy, = |Ny —N;|/2. In
this regime, spin squeezing enhances as we decrease
the ratio A/Q, similar to Fig. 2(d).

(ii) In the regime SA/Q < J,in, the steady state mainly
occupies low total-angular-momentum subspaces
and becomes sensitive to the effect of population
imbalance. Now, the steady state becomes a highly
mixed state limited by the population imbalance,
since we cannot find angular momentum smaller
than J,,;,. This causes the squeezing to degrade.

The optimal spin squeezing is typically achieved when
SA/Q ~ J i, Where the steady state is roughly a pure state
centered near total angular momentum J,,;;,. The qualitative
understanding above agrees with our numerical findings in
Fig. 14(a), in which the steady-state spin squeezing &%
reaches an optimal value at nonzero A/Q ratio when
N; # N,. In Fig. 14(b), we show that the steady-state spin
squeezing is mainly set by J ., i.e., ggpt ~ Jmin/N. When
Jmin ~ VN, we have égpt « 1/+/N; when J,;, is a constant
value, we have &, o« 1/N.

2. Measurement noise

Here, we examine the effects of measurement noise in
the case of ellipse fitting for differential phase ¢. The
measurement noise turns the projective measurement of
each spin ensemble in the basis |S,m;) ® |S,m,) into the
following positive operator-valued measure- (POVM) type

(@ o (b) o

g° )

= 2

%710 eH

155 -
01 02 03 04 05 4 16 3% 64
A/Q Ny
FIG. 14. (a) Steady-state spin squeezing &% considering atom

number imbalance between two spin ensembles. We fix the atom
number in the first ensemble N; = 40 and vary the atom number
in the second ensemble N,. When N # N,, &2 reaches a optimal
value at nonzero A/Q ratio. £, degrades as we increases the atom
number imbalance. (b) Scaling of optimal steady-state spin
squeezing ggpt (optimized over A/Q). We compare the cases
with atom number imbalance scales as a constant value and those
with imbalance scales like v/N.

measurements,
=(pj=p;)*/(20%)
o e \WiTrj
Eyp =@ [ S,m;)(S,mj| ———=——|. (HI)
P1P2 12 ; J J 2”0_3’1

with [dp,dp,E; 5, = 1. Here, p; = m;/(25) +1/2 are
the excitation fractions without measurement noise, p ; are
the excitation fractions in the presence of measurement
noise, and o,, controls the level of measurement noise.
Without measurement noise (o,, — 0), we use the condi-
tional probability P(p;, p,|¢) defined in Eq. (18) to
estimate the CFI F, for the differential phase ¢ [see
Eq. (19)]. In the presence of measurement noise, we
calculate the conditional probability using the above
POVM and find

L -5 b/ e}
2062,

P(ﬁl’pZ“p) = ZP(P17P2|¢)

P1:P2

(H2)

Using P(py, P2|¢), one can now estimate the CFI F
including measurement noise. In Fig. 15, we show F, ) as
afunction of the measurement noise o,,. The full power of the
quantum enhancement can be obtained only in the regime
o K 0gpN, 1.€., if the level of measurement noise is well
below the quantum projection noise (QPN). Here, the QPN is

var($) + 83)../(4S), which can be

interpreted as the half-thickness of the ellipse.

Note that this result is expected for all spin-squeezing
protocols that do not use signal amplification before read-
out. If the measurement noise in an experiment is larger
than the QPN, the signal-to-noise ratio is dominated by the
ratio between signal and measurement noise. In this case,
amplification can be used to increase the signal and
the QPN until measurement noise and QPN become

giVen by UQPN =
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FIG. 15. CH Fr/) for differential phase ¢ (near ¢ = z/4)
including measurement noise o,, (see text). osqr, = 1/ V8S is
the SQL-level noise for excitation fractions. The dashed lines
mark the spin-projection noise for excitation fractions ogpy (see
text) with colors indicating the value of A/Q.

comparable, which improves the overall signal-to-noise
ratio. For unitary one-axis twisting and dissipative single-
mode spin-squeezing protocols, simple signal amplification
protocols have been proposed to mitigate measurement
noise [89,90]. It is an interesting topic to study how these
concepts can be generalized to multimode spin squeezing
and ellipse-fitting measurements.
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