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We report on experiments exploring the non-Hermitian dynamics of pairs of two-level atoms tightly confined
in an optical lattice and driven by a near-resonant laser. Although spontaneous emission is negligible for the
long-lived excited state, two-body dissipation arises from strong inelastic collisions between two atoms in the
excited state. We demonstrate quasi-adiabatic control of the internal state of the pairs in the quantum Zeno
regime where inelastic losses dominate. Preparing each atom pair in the longest-lived eigenstate of the non-
Hermitian Hamiltonian describing the dissipative dynamics, we measure a lifetime enhanced by more than two
orders of magnitude in comparison to the bare two-body lifetime. The measured enhancement factor is in
quantitative agreement with the expected lifetime of the prepared “non-Hermitian dressed state”.

I. INTRODUCTION

In recent years, the theory of non-Hermitian systems has
emerged as a common framework to describe classical waves
undergoing energy or information loss. Experiments in op-
tical, mechanical, biological or electrical systems[1] have
demonstrated many phenomena unique to non-Hermitian sys-
tems, such as unidirectional transport, enhanced sensing ca-
pability or characteristic topological properties in the vicinity
of the so-called exceptional points where two (or more) of the
eigenmodes coalesce [2—4].

Non-Hermitian Hamiltonians [5, 6] have also been used for
a long time to model dissipative quantum systems, starting
with early studies of radioactive decay [7, 8]. Dissipation in
quantum systems often originates from their weak coupling to
a larger environment, described by a Lindblad master equa-
tion [9],
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Here p is the density matrix, L, is the so- called jump operator

for the dissipative channel @, and H.q = —iY, 5" Mafll,

is the effective Hamiltonian, with the Hermman part A de—
scribing the isolated system. The jump operator L, describes
environment-induced transitions in the dissipative channel «
at an average rate I',. The quantum trajectory approach [10—
12] interprets the non-Hermitian operator H.¢ as an effec-
tive Hamiltonian generating a continuous dissipative evolu-
tion interrupted by stochastic quantum jumps described by the
I:a’s. Thus, in general, the non-Hermitian Hamiltonian cap-
tures only part of the dissipative dynamics.

Master equations such as Eq. (1) have a long history and
many applications in low-energy physics, in particular in
atomic physics and quantum optics [9, 12, 13]. More recently,
master equations and non-Hermitian Hamiltonians have been
used to study many-body systems out of equilibrium. These
studies have been largely driven by experimental progress, for
instance with ultracold atoms subject to strong one-, two- or
three-body losses [14-29]. The dissipative part of the Lind-
blad master equation can be interpreted as describing gener-
alized measurements performed on the system [30-32]. For

strong losses, one enters a regime where the quantum Zeno ef-
fect [33-35] — the freezing of the time evolution of a quantum
system subject to frequent measurements —becomes relevant.
This effect prevents transitions to the highly dissipative states,
thereby effectively suppressing dissipation and dramatically
slowing down the decay [14—19]. Atomic systems with strong
two-body losses are plentiful, for instance two-electron atoms
(as in our work), but also atoms in highly excited Rydberg
states, atoms close to a Feshbach resonance, or spinful dipo-
lar atoms ... These systems also have interesting properties
that have led to many original proposals to engineer correlated
quantum states or more generally study quantum many-body
physics [45-50].

In this article, we investigate the dissipative properties of
pairs of two-level atoms trapped at isolated nodes of an op-
tical lattice and driven by a near-resonant laser [36, 37]. The
two atoms interact elastically in a state-dependent manner, but
also undergo strong inelastic losses when both atoms are ex-
cited. In a quantum trajectory description, quantum jumps
project the quantum state at each lattice site to the vacuum
state, which does not contribute to any observable. As a result,
expectation values are completely determined by the evolution
under the non-Hermitian Hamiltonian. We demonstrate quasi-
adiabatic [38—44] control of the quantum state of the pairs in
the quantum Zeno regime of strong dissipation. We prepare
each atom pair in the longest lived “dressed” eigenstate of
the effective non-Hermitian Hamiltonian, and observe a life-
time longer than the bare two-body lifetime by at least two
orders of magnitude. Preparing (quasi-)adiabatically many-
body systems in loss-protected states is of paramount impor-
tance to realize experimentally the proposals discussed above.
The experiments presented here are a first step towards this
goal.

II. DYNAMICS OF LASER-DRIVEN, INTERACTING
ATOM PAIRS AND NON-HERMITIAN HAMILTONIAN

A. The non-Hermitian Hamiltonian

We consider a pair of bosons with two internal levels con-
fined to the motional ground state of a tight trap. A near-
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FIG. 1. (a): Sketch of the energy levels of a pair of bosonic atoms with internal states g,e. The parameters p = (U, —

Ug)/2 and g =

Uey — (Ugg + U,,)/2 characterize the shifts of the transition frequencies due to state-dependent interactions Uy (a, 8 = {g, €}), ¢ is the laser
detuning from the atomic resonance, and I',, is a two-body loss rate for two atoms in the excited state e. (b-c): Real and imaginary parts
of the eigenvalues of the effective Hamiltonian in the regime of weak dissipation with Q/T",, = 1. (d-e): Same in the quantum Zeno regime
Q/T',, = 0.1. The thin dotted lines in (b,d) indicate the uncoupled energy levels gg, eg, ee. The vertical dashed lines in (b-e) mark the position
of the one-photon resonances. The dash-dotted lines in (e) indicate the decay rates calculated from the effective Hamiltonian in the {gg, eg}

subspace [Eq. (11)]. We used the experimental values from Table 1.

resonant laser field of frequency wy couples the two inter-
nal states |g) and |e). Neglecting motional excitations, the
internal state is the only dynamical degree of freedom. The
two-particle Hilbert space has only three exchange-symmetric
states, that we label |gg), leg) and |ee) to highlight the occupa-
tion numbers of the internal states.

The dynamics is captured by an effective non-Hermitian
Hamiltonian (see Supplemental Material [51]),

N . - Al e
Hg=Hy + W —i > lee){ee|. )
The first two terms in the right hand side (rhs) describe coher-
ent internal dynamics, with
Hy=(p-16)S,-qS%, W=nQs,. (3)

Here the coupling strength is given by the Rabi frequency €,
the detuning from the one-atom transition frequency wy is 6 =
wr, — Wo, and
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are the standard spin-1 matrices. The uncoupled Hamiltonian
Hj includes the internal energies and the interaction energies
of the pair for each spin configuration |i),
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with M the mass of an atom, a;; the scattering length describ-
ing the particular interaction process, and w the orbital wave-
function. The relevant shifts of the transition frequencies are
parametrized by p = (U,,—Ugg)/2and g = Uyg—(Ugg+Ue,)/2.
Relevant values of the various parameters for our experiment
are indicated in Table I.

The last term in the rhs of Eq. (2) proportional to the pro-
jector |ee){ee| describes inelastic losses. We neglect two-body
loss processes for the gg and eg states, in accordance with
experimental measurements [36, 37]. Physically, the losses
originate from “principal quantum number changing” colli-
sions [52, 53] (also called “energy-pooling” collisions), con-
cisely summarized by the reaction e + ¢ — g + ¢’ with ¢’
another electronic excited state which eventually radiatively
decays to g. The internal energy released in this strongly in-
elastic process makes both atoms escape from the trap. The
two-body loss rate

m=maﬂmmw% ©)

with 8, an atom-dependent rate constant, is determined by the
same overlap integral as the elastic interaction in Eq. (5). As a
result, the ratio /il'e. /Uy, = MP,./(4mhay,,) is independent of
the lattice details and of order unity (see Table I).



B. Properties of the non-Hermitian Hamitlonian

We consider how the complex eigenspectrum 4, = &, —
ifty, /2 (with g, and vy, real numbers) H.¢ changes as a func-
tion of the detuning 6. We call the eigenstates |1,) “non-
Hermitian dressed states” in analogy with their Hermitian
counterparts [51]. Note that the imaginary part (“decay rate”)
of the non-Hermitian spectrum is related to the population of
the bare state ee,
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To set the stage, we first discuss the behaviour of the co-
herent part Hy + W. The spectrum of the Hamiltonian H,
(thin dotted lines in Fig. 1b,d) gives rise to three level cross-
ings. Two of these (marked by the thin vertical dashed lines
in Fig. 1b-e) correspond to one-photon transitions and occur
when ¢ = (p+q)/h (gg — eg crossing) and when 6 = (p —¢q)/h
(eg — ee crossing). The third crossing corresponds to a two-
photon transition and occurs when 6 = p/# (gg — ee cross-
ing). A non-zero laser coupling W turns the level crossings to
avoided crossings.

Turning to the spectrum of the complete non-Hermitian
H.g, we find that two regimes emerge either at strong (Q =
I',e) or weak (Q < I'.) coherent driving, respectively. For
strong driving, the eigenstates are qualitatively similar to the
situation without losses. The real parts ¢ display avoided
crossings as for the non-dissipative version of the problem
(Fig. 1b). Near resonance (|6 < Q), the dressed states are su-
perpositions of all three bare states with comparable weigths,
and all decay rates y; are comparable to the bare loss rate I',,
(Fig. 1c).

For weak driving (or, equivalently, strong losses), a quali-
tatively different situation emerges. Only the gg — eg avoided
crossing survives. The other two disappear and the real parts
€ cross as in the absence of laser coupling (Fig. 1d). More-
over, the non-Hermitian dressed states no longer mix near res-
onance as for strong driving (Fig. 1e). Instead, one notices that
the states {4;, 4>} form a “lossless” subspace with a decay rate
orders of magnitude smaller than the bare loss rate I',.. As the
decay rate is varied, this subspace remains well isolated from
the lossy A3 state with a decay rate y3 = I, for all detunings.

C. Effective Hamiltonian in the lossless subspace

In the quantum Zeno regime, the lossy state remains iso-
lated in the sense that the complex eigenvalue A3 never ap-
proaches A;,, because of the vastly different imaginary parts.
This is reminiscent of a common situation in quantum me-
chanics, where a low-energy subspace remains well isolated
in energy from the rest of the Hilbert space. The dynamics
in the low-energy subspace can be captured by an effective
Hamiltonian given by the expansion [9],

PR P-PAP=PAQ~OAP+. ()
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Uge/h
1.40kHz

Ueg/Ugg Uee/Ugg hree/Ugg P/ Ugg (I/ Ugg
0.905 1.21 1.02 0.21 0.20

TABLE 1. Summary of collisional properties. We calibrate exper-
imentally the interaction strength U,, for ground state atoms as in
[36], while U,,, U, and I',, are deduced from it using the measured
scattering lengths [37] and inelastic rate constant [36]. The quantities
p=U,—Ugand g = (Ue + Ug)/2 — U,, determine the shifts of
the transition frequencies (see Fig. 1).

where Q and P =1 - 0 are projectors on the high- and low-
energy subspaces.

The formalism of the effective Hamiltonian is easily
adapted to the non-Hermitian case, with O = |ee)(ee| and
P =1- O the projectors on the lossy and lossless sub-
spaces, respectively, and with PWO = (hQ/V2) x leg){eel.
The effective Hamiltonian in the lossless subspace spanned
by {Igg). leg)} is given by

PA P = ( 9)
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with ¢’ = §—(p+q—Aq)/h. The eg level acquires an additional
level shift Ag and an effective decay rate [y,

r Q% x+i
2 T 1+x2

(10)
with x = 2(p — g — h9)/(Al’,.). The small parameter of the
expansion is Q/T,, < 1 in the quantum Zeno regime, so
that Te, |¢° — gl/fi < Q. For the experimental parameters
Q/Q2nr) =~ 150Hz and T'../(27) =~ 1.5kHz, we have for in-
stance It /(271) ~ 60s~! on resonance (x = 0). For Q <« T,,,
the eigenvalues of the 2 X 2 effective Hamiltonian are approx-
imately
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with Qoo = V&2 +2Q2. The imaginary parts of the two
eigenvalues are shown in Fig. le.

Far off resonance (|x| = 2|9|/T,. > 1), the effective decay
rate Tt behaves as Te o T, (Q/6)?, which is simply the bare
decay rate T,, times the occupation probability o« (Q/8) of
the ee state in the large detuning limit. The decay of the slow-
est decaying state is even smaller and scales as o (Q/6)*. The
scaling reflects that for large detunings, the slowest decaying
state couples to ee by a two-photon transition.

As the detuning is brought closer to the 6" = 0 resonance,
the parameter |x| eventually becomes small compared to one,
and the decay rate approaches [eg/2 o Q2 r,, < I, for
both eigenstates. Moreover, the larger I',, the smaller the sat-
uration value, a behavior typical of the quantum Zeno effect.
Note that a large bare decay rate is essential. Indeed, in the
opposite limiting case where |x| > 1 near resonance (or equiv-
alently, 2|g| > #I',.), one finds instead a perturbative scaling
law Lo oc g



III. DESCRIPTION OF THE EXPERIMENTS
A. Experimental system

The experiment is performed with ultracold '7#Yb atoms
trapped at isolated sites of a three-dimensional optical lat-
tice. The optical lattice operates at the magic wavelength
Am = 759.4nm, where the lattice potential is independent of
the internal state g or e. The lattice depth is chosen deep in the
Mott insulator regime with depth V., . = 25,25,27 E,, where
E, = h x 1.98kHz is the lattice recoil energy. We assume
that band occupation beyond the fundamental Bloch band (in-
cluding interband transitions induced by the coupling laser)
and tunneling within that band are negligible on experimen-
tal time scales. In this regime, the lattice sites can be treated
as an ensemble of tight traps isolated from each other. Due
to an auxiliary harmonic trap [36], the system forms a core
of doubly-occupied sites near the trap center, surrounded by a
shell of singly-occupied (or empty) sites (see sketch in Fig. 2).
Our focus is on the dynamics of atom pairs populating the cen-
tral “Mott core”, as considered in the previous Section II.
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FIG. 2. Lifetime measurement for a final detuning &;/(27) = 650 Hz
and nominal Rabi frequency Q/(2r) = 150Hz. The figure shows
the total atom number (irrespective of the internal state) versus hold
time. The decay is attributed to two-body losses in doubly-occupied
sites initially occupying the center of the trap. The presence of an
outer shell of singly-occupied sites explains the non-zero asymptote.
The inset shows a sketch of the temporal profile of the ramp.

B. Landau-Zener ramps

The atoms initially occupy the electronic ground state
g ='Sp, coupled to the excited state e =Py by a narrow-
linewidth “clock” laser with a wavelength around 578 nm. We
prepare the system to the desired final state using “Landau-
Zener ramps” where the detuning changes linearly with time
(inset of Fig.2). In details, the laser is first turned on with a
negligible intensity at an initial detuning ¢; far from any res-
onance. A first intensity ramp of duration #q brings the Rabi
frequency to its nominal value Q = 27r x 150Hz, keeping
6 = ¢; fixed. A second ramp of duration 75 brings the detun-
ing to the final desired value §; — d¢, keeping Q fixed at the

nominal value. For all reported experiments, we perform the
frequency ramp at a constant speed § ~ 27 x 11.1 Hz/ms, so
that t5 = (6; — 6;)/J, and chose tq = Tx/10, for a total ramp
time Tg = tq + t5.

C. Detection

We measure either the total atom number or the popula-
tions in the bare state g or e using absorption imaging after
a time of flight[51]. The e population is measured up to a
global repumping efficiency 7, ~ 0.8[36]. The result of a
given measurement can be expressed in terms of the occupa-
tion probability P, of the bare atomic states, weighted by the
initial proportions of singly- or doubly-occupied sites. For in-
stance, the population of state g is given by

Ng=m Py + ny (Pog +2Py). (12)

Here n,/, denote the number of singly/doubly occupied sites
determined by the initial density profile, respectively. A simi-
lar equation holds for N,, and the experiment records 7, N,.

The outer shell of singly-occupied sites thus appears as a
“parasitic” background signal on top of the atom pair signal
of interest. This signal is however easy to correct for, since it
merely corresponds to an ensemble of n; indenpendent two-
level systems undergoing a Landau-Zener process. Provided
one is able to determine ny/,, the spurious contribution of
singly-occupied sites can be substracted off the measurements
to obtain the contribution of atom pairs.

To measure ny/3, we hold the atoms for a variable time
ol 1n presence of laser light after the preparation ramp, and
record the remaining g population as a function of 4. An
example of such measurement is shown in Fig. 2. We fit such
curves by an exponentially decaying function fi + foe ™o
where f12 = nj;p in Eq.(12), and where y gives the decay
rate of the prepared non-Hermitian dressed state.

IV. STRONGLY ENHANCED LIFETIME IN THE
QUANTUM ZENO REGIME

We first discuss the observed lifetime of the state obtained
at the end of the Landau-Zener ramps. We postpone the dis-
cussion of (quasi-)adiabatic following for a non-Hermitian
system to the following Section V. We perform the prepara-
tion sequence described above (a) starting from ¢6;/(21) =
—1.5kHz and increasing the laser detuning, or (b) starting
from 6;/(27) = +1.5kHz and decreasing the laser detuning.
In case (a), the initial state almost coincide with the dressed
state A; and the experimental ramp aims at following “adia-
batically” this state. Case (b) is the same but following A,.

After the preparation ramp, we hold the atoms for a vari-
able time fpo1q in presence of laser light, and finally record the
remaining e population. For both ascending (a) and descend-
ing (b) ramps, monitoring the atom number as a function of
hold time #,04 allows us to extract the lifetime of the prepared
dressed state as discussed in Section IIT C.
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FIG. 3. Measurement of decay rates of the non-Hermitian dressed
eigenstates. Solid: numerically calculated decay rates. Dashed: life-
time expected when treating the non-Hermitian part as a perturbation.

We report in Fig. 3 the result of all lifetime measurements
using the ascending and descending frequency ramps (a) and
(b) for several final laser detunings. We compare the mea-
sured decay rates to the calculated decay rates of the eigen-
states A; and A,. The agreement between the predictions and
the measurements is excellent. This validates a posteriori the
description by a non-Hermitian Hamiltonian and supports the
claim of adiabatic following (see also Section V below).

To highlight the role of the quantum Zeno effect, we also
show as dashed lines the predictions of a naive perturbation
theory, where the non-Hermitian dressed eigenstates are re-
placed by the corresponding eigenstates of Hy + W (i.e. set-
ting I'.e = 0 in the non-Hermitian Hamiltonian), and Eq. (7) is
then used to compute the decay rates. This comparison shows
that the lifetime is enhanced by two orders of magnitude near
resonance by the quantum Zeno effect.

V. QUASI-ADIABATIC RAMPS

In this Section, we examine the notion of quasi-adiabaticity
and relate it to our experiments. We first remind how the con-
cept of adiabatic following in Hermitian quantum mechan-
ics can be generalized for non-Hermitian systems [38—44] ,
and thereby define the notion of (quasi-)adiabatic following
in a dissipative system. In a second part, we explore in more
details the quasi-adiabaticity of the experimental ramps dis-
cussed in the previous Section.

A. Quasi-adiabaticity for non-Hermitian systems

We now consider a time-dependent Hamiltonian H.5(t) =
H.¢[51)]. The time-dependence originates from the detuning
8(f) taken to be a linear function of time with slope §. We note
|2,) and (4,| the right and left eigenstates of H.g associated
with the eigenvalue A, = g, — ifiy,/2 (y, > 0). We take the

normalization conventions {(A,,|4,) = Opmn, (Aulds) = 1[54].
Assuming that the system is initially prepared in one particular
eigenstate a of Fleg(O), the non-Hermitian generalization of
adiabatic mapping is [38—44]

[(0)) = |2a[81]) = [¥(Tp)) = €25 |4,[55]),  (13)

with Tk the ramp duration. The system follows the state |4,)
up to a phase, as in the Hermitian case, but also up to an at-
tenuation factor e™. One may speak of “quasi-adiabaticity”
if the time evolution is well described by Eq. (13). By this, we
mean that the evolution is as close as possible to a truly adia-
batic one, given the dissipative nature of the system at hand.

It is convenient to parametrize the instantaneous detuning
as 0(x) = (1-x)o;+x0;, or equivalently x = 6t/ (6¢—6;) € [0, 1].
The quasi-adiabatic phase and attenuation exponent can then
be written as

1

o = f(_@ + RCB(W[X]) dx, (14)
0
1

‘o = f (Yal#1Tx + 21m By [x])dx, (15)
0

with Bp[x] = i</_1[3|%>)C a Berry connection associated with
“transport” of the eigenstates in the Q — ¢ space. Note that
the explicit form of ¢, and «, depend on the choice of the
normalization (see Ref. [44] for a detailed discussion).

Since the norm of the wavefunction is not conserved by
non-Hermitian evolution, the non-Hermitian dressed eigen-
state is transported with a survival probability less than one,

Py, = e, (16)

Eq. (16) provides a lower bound for the actual survival prob-
ability, which is realized only for quasi-adiabatic evolutions
following the least dissipative eigenstate.

A generic validity criterion for the quasi-adiabatic mapping
(13) is given by the inequality [40]

1|(dB.. Bl = 1o — A* Pyo
- = — (1812, — 17
h |( )ﬁ(l‘ 2 |< ﬁ| Zl >| = h2 Ps,ﬁ ( )

VB # «. There are two main differences from the analo-
gous Hermitian adiabatic condition. First, the equality of the
real parts €; is only a necessary condition to follow the initial
dressed state. Second, the right-hand-side of Eq. (17) has an
extra factor Ps,/Psp. If @ is the least dissipative eigenstate,
this factor is positive and exponentially large for slow ramps:
quasi-adiabaticity is then reinforced by the non-Hermitian dy-
namics [38].

B. Experimental ramps

Fig. 4a shows the experimentally measured populations in
g and the total atom number for each final detuning 65 of a
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FIG. 4. (a): Total atom number and g population following the A,
dressed state (descending frequency ramps at constant speed §). Note
that the frequency axis is reversed, so that the ramp time increases
from left to right. The insets show a sketch of the “trajectories” in
the Q — ¢ plane. (b): Total populations N, and N, of the central core
and of the outer shell, respectively. The former can be interpreted as a
measure of the survival probability of doubly-occupied sites. We ob-
serve an excellent agreement with the expected population of the |1,)
dressed eigenstate (solid lines), which provides evidence for quasi-
adiabatic following. The population N; of singly-occupied sites re-
mains approximately constant. For such sites, the frequency ramp
amounts to an adiabatic passage from g to e for large final detunings.

descending frequency ramp starting from a large and positive
initial detuning 6;/(2r) = +1.5kHz and lowering the detun-
ing at constant speed . This ramp aims at following the |1,)
eigenstate of the non-Hermitian Hamiltonian, which connects
to |gg) when 6 — +oo. We focus on descending ramps in this
Section for concreteness, but we obtain equivalent results for
ascending ramps following |1;). The measured populations
closely follow the curves expected from solving numerically
the time-dependent Schroedinger equation for the experimen-
tal ramp.

The survival probability of doubly-occupied sites intro-
duced previously provides a more direct experimental evi-
dence for quasi-adiabatic following. From the decay mea-
surements discussed in Section III C, we obtain the total pop-
ulations N, = 2n, and N; = n; of the central core and of
the outer shell, respectively, for each value of the final de-
tuning &;. The resulting curves are shown in Fig.4b. The
former quantity can be interpreted as a measure of the sur-
vival probability of doubly-occupied sites times their initial
total population. We observe that the measured N, agrees
well with the expected population of the |1,) dressed eigen-
state, i.e. No(6r) = N2(6i)Ps.,. As discussed before, this sup-
ports the interpretation of the experiment in terms of quasi-
adiabatic following of the dressed eigenstate |1,). Note also
that the population N; remains almost constant, as expected.

The small drop in the calculated curve after crossing the res-
onance is due to the slightly lower detection efficiency for
atoms in e, which is is included in the calculations.

Finally, we briefly mention that there are small deviations
from adiabatic behavior in Fig. 4a, namely large fluctuations
of the observables near the resonance, as well as a small resid-
ual g population for large and negative detunings o¢. In the
Supplementary Material [51], we argue that these deviations
are caused by frequency fluctuations of the driving laser, and
unrelated to the non-Hermitian dynamics of doubly-occupied
sites that is the focus of this paper.

VI. CONCLUSION AND DISCUSSION

In conclusion, we have studied the non-Hermitian dynam-
ics of atoms pairs tightly confined in an optical lattice. With
strong two-body losses, we observe lifetimes much longer
than the natural lifetime set by the inverse two-body loss rate
I',. by at least two orders of magnitude. We discussed how this
feature can be understood from the quantum Zeno effect, and
demonstrated quasi-adiabatic preparation of the longest-lived
eigenstate of the non-Hermitian Hamiltonian.

The non-Hermitian dressed state prepared after a quasi-
adiabatic ramp is of the form

[¥) = algg) + Bige). (18)

Paskauskas and You [55] have discussed criterions to decide
whether a two-particle bosonic state shows quantum correla-
tions, or, equivalently, is not separable. The state (18) exhibits
quantum correlations in the sense of Paskauskas and You un-
less either « or B vanishes. It is instructive to consider how the
initially “polarized” (and separable) state |gg) can be mapped
to the state (18) using Landau-Zener ramps. Let us for a mo-
ment neglect interactions and dissipation. The three-state sys-
tem Hamiltonian Hy+ W then reduces to a spin-1 Hamiltonian
involving only generators of SU(2). Consequently, the asso-
ciated evolution operator exp(—i fot HA(7)dt /1) is a rotation R
transforming each spin—1/2 particle as |g) — |Rg). The final
two-particle state retains a product form |Rg) ®|Rg), and there
are no quantum correlations [55]. The same conclusion holds
for an interacting system with U,, + Ugy = 2U, ie. ¢ = 0
with our notations.

For non-symmetric interactions leading to ¢ # 0, the evo-
lution operator is no longer a mere rotation and can create
correlations. For instance, if Uy, > U,g, Ug,, an adiabatic
frequency ramp that stops well after crossing the gg — eg res-
onance but well before crossing any other would generate a
state of the form (18). Entanglement results in this situation
from an interaction blockade phenomenon.

It is remarkable that a purely dissipative evolution can ac-
complish the same thing. One may speak of “dissipative
blockade” to highlight the analogy with the unitary evolu-
tion described above. The ideal case would correspond to
an interaction-symmetric situation with ¢ = 0 but I',, # O,
a situation close to the experimental one where Al',, > |g|.
In that sense, one can consider the experiments reported here



as a minimal instance demonstrating dissipation-assisted en-
gineering of non-trivial quantum states, a topic of farther-
reaching significance when applied to more complex many-
body systems [12, 13, 56, 57]. A related theoretical study on
a related system of lossy fermions predicts, for instance, the
possibility to create Dicke-like states [58]. An extension of
the present work to a Hubbard-regime quantum gas, with non-
negligible tunneling between neighboring wells, would bring
further progress in this direction.

To conclude this discussion, let us stress that the final state
is actually an incoherent mixture of the two-particle entan-
gled state (18) and of the vacuum state (as in [58]). In
the present work, we only perform ensemble measurements,

and therefore only probe statistical mixtures. The entan-
glement could however be revealed in quantum gas micro-
scope experiments [59], where the spin-resolved population of
each site is accessible, and where post-selecting the doubly-
occupied sites could make the entangled state experimentally
detectable.
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