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We show that indirect spin-spin interactions between effective spin-1/2 systems can be realized in
two parallel 1D optical lattices loaded with polar molecules and/or Rydberg atoms. The effective
spin can be encoded into low-energy rotational states of polar molecules or long-lived states of
Rydberg atoms, tightly trapped in a deep optical lattice. The spin-spin interactions can be mediated
by Rydberg atoms, placed in a parallel shallow optical lattice, interacting with the effective spins
by charge-dipole (for polar molecules) or dipole-dipole (for Rydberg atoms) interaction. Indirect
XX, Ising and XXZ interactions with interaction coefficients J= and J** sign varying with interspin
distance can be realized, in particular, the J; — Jo XXZ model with frustrated ferro-(antiferro-
)magnetic nearest (next-nearest) neighbor interactions.

I. INTRODUCTION

Polar molecules and Rydberg atoms interact via
strong, anisotropic and long-range dipole-dipole in-
traspecies and charge-dipole interspecies interactions.
Both systems have long-lived internal states, which can
encode qubits and effective spins, such as low-energy ro-
tational states of the ground electronic and vibrational
state of molecules and long-lived high-n states of Ryd-
berg atoms. The long-lived qubit/effective spin states
and strong long-range interactions make for highly at-
tractive quantum computation and quantum simulation
platforms [Il [2]. In periodic trap arrays, these systems
offer the additional advantage of scalability to qubit num-
bers sufficient for large-scale simulations [3 [4].

Quantum magnetism is particularly amenable to simu-
lations with ultracold atomic and molecular systems be-
cause various types of magnetism models can be mod-
elled due to exquisite control over atomic interactions. In
particular, polar molecules can efficiently simulate vari-
ous quantum magnetism models [5], e.g. effective XX
spin-exchange has been realized in a 3D lattice of KRb
molecules [6]. Rydberg atoms have also been proposed
for quantum simulation of magnetism phenomena [7],
starting with the seminal work on realization of an Ising
model with Rydberg crystals [§], recently demonstrated
in [9], and extending to simulation of exotic frustrated
magnetic states such as quantum spin-ice [10].

One particularly interesting class of magnetic interac-
tions are indirect, i.e. mediated, spin-spin interactions.
Examples include superexchange [11l [12], electron-spin
mediated interaction between nuclear spins in molecules
(J-coupling) [13], and Ruderman-Kittel-Kasuya-Yosida

(RKKY) interaction between localized magnetic impuri-
ties in metals and semiconductors, mediated by coupling
to conduction electron spins [T4HI7]. The RKKY inter-
action is of special interest in that it has a sign period-
ically varying with the distance between the impurities,
which can lead to frustration and random magnetization,
producing non-trivial magnetic phases such as spin glass
[18]. Frustrated magnetic systems with sign-changing in-
teractions, in particular, with competing ferromagnetic
nearest and antiferromagnetic next nearest neighbor in-
teractions, such as copper oxide spin chains [I9-23], have
attracted active interest in recent years [24-26] due to un-
usual magnetic properties of the corresponding materials
stemming from large degeneracies of their ground states
induced by frustration.

In the present work we consider indirect interaction in
a setup comprised of effective spin-1/2 systems, encoded
in either rotational molecular or atomic Rydberg states,
mediated by their respective interactions with auxiliary
spin-1/2 systems, encoded in Rydberg atom states. The
effective and mediator spins can be trapped in two 1D
parallel optical lattices or trap arrays such that the ef-
fective spins are tightly trapped in their sites, while the
mediator spins are loosely trapped and because of spatial
delocalization of their motional wavefunction can simul-
taneously interact with several effective spins.

Drawing an analogy with the RKKY interaction the
tightly trapped polar molecules/Rydberg atoms act as
localized magnetic impurities, and the weakly trapped
mediator Rydberg atoms play the role of conduction
electrons. We show that this indirect interaction can
change sign depending on interspin distance analogous
to the one of RKKY. The resulting interaction extends



beyond nearest neighbors, e.g. nearest and next-nearest
neighbors can interact with comparable strengths, allow-
ing to realize the J; — Jo XXZ model [25]. By making
the next-nearest neighbor interaction antiferromagnetic,
frustrated interactions in the .J; — J> model similar to
those in 1D copper oxide spin chains, can be realized.

Indirect magnetic interactions such as superexchange
have been previously simulated with ultracold atoms in
an optical lattice [27]. Past proposals also include simula-
tion of phonon-mediated electron interactions in a hybrid
system of trapped ions and ground state atoms [28] and in
a bilayer of Rydberg atoms [29]. Spin-spin interactions
with distance dependent tunable interaction strengths,
giving rise to frustration, were simulated in a linear chain
of three ions [30], where the spin-spin interactions were
mediated by phonons in the ion chain [3I]. A similar
approach to realize phonon-mediated spin-spin interac-
tions with distance-dependent interaction strength was
considered in Ref.[32] for polar molecules arranged in a
dipolar crystal. Spin-spin interactions can also be medi-
ated via interaction with electromagnetic modes of a cav-
ity [33]. Nuclear spins of ultracold atoms of two internal
electronic states, tightly and weakly trapped in an opti-
cal lattice, were proposed to simulate the RKKY interac-
tion [34]. The atoms interact via short-range s-wave po-
tential, making the corresponding interaction strengths
much smaller compared to the long-range dipole-dipole
or charge-dipole interactions considered here.

The systems envisioned in this work offer the possibil-
ity that a large realizable atomic and molecular param-
eter set can be exploited to simulate a range of many-
body interactions. The paper is organized as follows. In
Section II we describe the system and derive the effec-
tive Hamiltonian for indirect interaction between effec-
tive spins encoded in polar molecules or Rydberg atoms.
In Section III two examples of simulation of indirect in-
teraction are discussed: i) XX interaction by encoding
spins into low-energy rotational states of polar molecules,
interacting via mediator Rydberg atoms; ii) XXZ inter-
action by spin encoding into states of Rydberg atoms,
mediated by a Rydberg atom in a different state. Fi-
nally, we conclude in Section IV.

II. MODEL DESCRIPTION

In this section, we will introduce the physical system
(cf, Fig. , derive its Hamiltonian, and simplify it into
the effective Hamiltonian by tracing out and averaging
over the degrees of freedom of the mediating Rydberg
atoms. It will then be obvious that, like in the RKKY
case, this system leads to interspin distance-dependent
sign-changing interaction, which constitutes the main re-
sult of this article.

A. Effective interaction Hamiltonian

We consider a setup with two parallel 1D optical lat-
tices or trap arrays, one filled with polar molecules or Ry-
dberg atoms representing effective spin-1/2 systems, and
another filled with auxiliary Rydberg atoms, mediating
the interaction between the effective spins, as illustrated
in Fig[lh. The effective spins are assumed to be tightly
trapped in their optical lattice such that tunneling be-
tween sites is strongly suppressed. They interact with
Rydberg atoms trapped in a parallel shallow optical lat-
tice, in which tunneling is significant. In the setup, where
the effective spins are comprised of polar molecules, e. g.
Fig. b)7 the interaction is charge-dipole

ey B o+ (R=7)
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Here, e is the electron charge, J;pin is the molecule electric

dipole moment, R is the distance between the mediator
Rydberg atom ionic core and the spin-encoding system,
and 7 is the distance between the Rydberg electron and
the ionic core. In the scheme, where the effective spins
are Rydberg atoms, the mediator atoms interact with the
spin-encoding species via dipole-dipole interaction

dapin - diya _ 3 (Jsl’i“ ' é) (JRyd ' é)
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where d}wd is the electric dipole moment of the media-
tor Rydberg atom. For distances ~ ym between the
spin and mediator arrays we will consider in the
next section the charge-dipole interaction can be
approximated by the dipole-dipole one, and in the
following we will assume the interaction is dipole-
dipole. More details on the charge-dipole inter-
action mediating the effective interaction can be
found in Appendix A.

The effective spins are assumed to occupy the lowest
energy band of the deep optical lattice in both |}), |1)
spin states, such that the spin-mediator interaction does
not excite the spins to higher-energy bands. The media-
tor atoms, on the other hand, are assumed to be initially
prepared in one of the low-energy bands in their lattice in
the |ns,m;) Rydberg state, such that they can be trans-
ferred to |npj/7 m;,>, ’(n —1)pjr, m;,> internal and differ-
ent motional states by the interaction with the spins. In
the following we actually will need to consider only the
coupling to np;: states. The mediator states are denoted
as n,ky), = &(Xq kv g) [nlj, m;),, describing the mo-
tional ¢(Xg, ky ) and internal [nl;,m;)  states of the q™®
mediator atom, and n = {n,[, j,m;} is a short-hand no-
tation for its internal quantum numbers. Here we assume
for simplicity that the trapping potentials and therefore
the motional states for |ns,m;) and |npj/,m’-> internal

J
states are the same, which is not a principal requirement,
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FIG. 1: Setup schematic. (a) Hlustration of the bilayer setup,
in which spin-encoding polar molecules or Rydberg atoms are
trapped in a deep optical lattice or trap array, and the me-
diating Rydberg atom(s) is placed in a shallow optical lattice
such that its spatial wave function is delocalized over several
sites, and it can simultaneously interact with several spins;
(b) Geometry of the setup: an effective m*™® spin with a dipole
moment d,,, interacts with a mediator atom via charge-dipole
interaction Eq.(la)) in case of the polar molecule spin encoding
or dipole-dipole 1nteract10n Eq.(1b) in the case of the Rydberg
atom spin encoding. The dlstance between the two parallel
lattices is |7], ﬁqm is the vector connecting the ionic core of
the ¢ mediator atom to the spin, Xgm = Xq — X is the
distance between the mediator atom and the spin along the X
axis, 7 is the vector connecting the mediator Rydberg electron
and the ionic core.

and will be only used to simplify numerical analysis in
the next section.

Rydberg atoms can be trapped in intensity minima in
a ponderomotive [35] or a blue-detuned [36] optical lat-
tice. The latter also can also trap atoms in their ground
state, which can be used if a superatom or a dressed Ry-
dberg mediator state is used, as will be discussed later.
The motional wavefunction of the q*" mediator atom is
then given by the Bloch function of a v*" Bloch band,
corresponding to the quasimomentum k:

H(Xg, Ky g) = ul(cu) (Xq)eikxqa (2)

where X, is the coordinate of the atom along the lattice,
u,(:)(Xq +Lat) = u,(C )(Xq) is periodic with the period L.
of the mediator atom’s lattice. We also assume periodic
boundary conditions Natt atkLat = 27N, Where Niatg at
is the number of sites in the mediator lattice and n,, is
the periodicity integer.

The Hamiltonian without the spin-mediator interac-
tion has the form:

HO = ZEspln |T T' + Z Z EM |M |

=1 M=m,m’

where [m), = [ns,k,), with ns = {ns,j = 1/2,m; =
+1/2}, [m’), = |np,k;,), with np = {np,j =
3/2,1/2,m; = +3/2,41/2}; Egpin = By — By is the
spin transition energy and Exq = Eng(np) (kv (k) is the
energy of the mediator atom, including both internal
FErs(np) and motional energy of the corresponding Bloch
states. The summation is over ¢ = 1, ..., N effective spins
and ¢ = 1,.., N, mediator atoms in the first and sec-
ond optical lattices, respectively; over nl; = ns,npy /2 3/2;
mj = +1/2,+3/2 internal states of the mediator atoms,
and their quasimomenta k in the first Brillouin zone of
v =1,...,00 Bloch bands.

The spin-mediator interaction Hamiltonian can be
written in the combined basis of spin and mediator states:

N N,
V=33 S ), fa) (8] ], ¢
i=1¢=1 mm’
a,f=1,1
< (ai| (m|, V'|m) [8;) + He.,  (3)

where V = Vdd~

Next we show how the spin-mediator interaction Eq.
gives rise to indirect interaction between the effective
spins. The interaction Hamiltonian in the basis of two-
spin states |a;5,,) is:

2)

2
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+V ,B,m’ 56 u’n) <’Yi6m| <m/|q + H.C.:| .
(4)

lq

The interaction matrix element between the mt?
spin and the ¢'' mediator atom is V' Zm , =

<m\q <§m|f/|nm> |m’>q7 which describes the process in
which the ¢** mediator atom is transferred from the |m) p
to the [m’) state, and the m*"
the |n) state.

The interaction Hamiltonian in the limit of weak in-
teraction |V| < Egpin, \Enpj, —FEnsl, \Enpj/ — Eps £ Egpin|
induces energy shifts and couplings among many-body
spin states |ajas...an), corresponding to the same medi-
ator state |m) _, which have a form of interaction between
the effective spins. This can be shown by allpying the
Schrieffer-Wolff transformation to the total Hamiltonian

spin goes from the |£) to

eSHe™S = [+ [5, 0] + [sl5.4] {i’ﬁﬂ +0(15271),
(5)

in which terms of the first order in V are eliminated by
setting [S’, PAIO} = —V, where the corresponding genera-

tor S is given in Appendix A. The transformed Hamilto-



nian has the form:

e“He ™ = Hy + [S V}

+o (V7). (6)

in which the effective interaction Vog = [S , V] /2 terms

are now of the second order in V.

Assuming for concreteness that the mediator atoms
are initially prepared in a single or a superposition of
ns, k), states, we are interested in the projection of the
effective interaction on these states:

N
‘@?fs = PpsVe Prs :Z Z |ns7kl/>q <IlS,k}V|q><
q= k,v

’ITLj:’:l:l/Q

N
q,ky
X Z Z K i BmsYiOm

i,m=1a,B,7,6=14

aiﬁm> <’Yi5m| )

(7)

where
N,
P, = Z |ns,k:l,>q (ns, k,,|q = (8)
q=1 k,v
mj==£1/2
N
= Z ‘n81/27mj,ky>q <n81/27mj7ky’q
g=1 k,v
mj::i:l/2

is the projection operator on the ns state and the Kg’ﬂ 6
coefficients are given in Appendix B.

Replacing |aiBm) (Yi6m| by S575E7 spin-1/2 opera-
tors as shown in Appendix B, we can rewrite Eq. (7] . in
the following way:

eﬁfz Z lns, k), (ns, k|, x
ql

i1/2
N
7kV Q Q - 1kU & o—
x« 3 [J;,;q S7Sz, + Jf S g 4
i,m=1

n <J;;n,7 qk) S8t 4 ek GG

(J**qk) [ R S L et

2

m

+( Z”’“) S8 + 05, 0 ST+

Ozmn’bnm ’ (9)

+bF PP, ST+ (bjmq’ ) M Sy + b
where n;(n,,) is the number of spins at site i(m), and
the interaction coefficients J;~ @k g2z @kv - g4+ @k
JZE R and the coefficients b ¢
given in Appendix C.

If the effective interaction is weak such that |J;,| <

Eqpins |Enpj, —Ensl, |Enp],, —E, st Eqpin, the non-resonant

)

i .
, b PR and b3* are

k)T Go g e ke g g
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terms J+Jr @ "S+S+

(i ke ) S8 :Z“"S+ and (b " ) S, coupling

m> i
collective spin states with energies differing by the spin
transition energy or twice this energy, can be neglected.
As a result, we are left with the effective interaction
Hamiltonian:

ZZ Z ns, k),

zmlql

(ns, ky|

11/2
o J.L Gk .
X <anj ERICE A —— (Sjsnz + S;S,tb) +
+hi ), (10)

*
q,kv _ gt—qk L q k,

and a unity filling of the spin lattice with n; = n,,, = 1
and omitted constant terms ~ bg’ﬁ%

The Hamiltonian, acting only on effective spins can be
obtained by taking the expectation value of Eq. with
respect to an unperturbed initial state of the mediator
atoms. We consider two examples:

1) the mediator atoms prepared in a Rydberg super-
atom state:

sat Z Z H V”ko - ¢gq ( q’)

q= 1k’k q'#q
IJVO

X (I)nsq (Xqv kO Vo q) ‘917

where we assumed (J;n_

nsy,....gn,), (11)

in which the ¢** mediator atom is in the |ns, ko ,,0>q Ry-
dberg state and ¢’ # ¢ atoms are in the ground state

/
|ga ku’>q’7
or
2) the Rydberg dressed state:

dress = H Z Cr! ! ko vy <09¢9q (XQ’ k;/’ q) |g>q +

q=1k" ko

’
v',vg

+Cnsq)nsq (Xq7 ko v q) |ns>q > )

(12)
created when all mediator atoms interact with
a dressing laser field of Rabi frequency €

and detuning A from the Rydberg state, and

VAT 4 A/2/[VE (824 + 02)1),

eun =\ VAT O - Af2)[VE (A4 + 02) Y,
In both cases ¢g,, (Xq, K,
tion of a ¢’'t®

Cg ==

q,) is the spatial wave func-
atom in the ground state; ®,s, (Xg, ko1, ¢)

is the spatial wave function of the q** atom in the |ns) .
Rydberg state. In the general case the atoms in the



ground and Rydberg states are assumed to be prepared in
a wave packet of Bloch states with quasimomenta k], and
ko v, , respectively, weighted by the coeflicients ¢ ko vy
The spin Hamiltonian averaged over the mediator states
takes the form:

ot spin = sat (WIVE [U) sat = (13)

(dress) (dress)

m=

N Ji o o
= (JZZSZS; 12"1(5;5,;+S;5;)+

i,m=1
+bfm5f>

As shown in Appendix D, using the assumption that
initially the mediator atoms are prepared in a superposi-
tion of Bloch states the averaged interaction coeflicients
(same for bZ, ) can be written in the following form for
the superatom initial mediator state:

Na
z2(L) _ 1 S 9 r22(L) akowy
Jim = N ‘Ck,',/,ko u0| Jim -
a
g=1 k/,klo

’
v',vo

1 ZZ
*Z > lewg o P Tim (D akow (1)

q=1 ko,vo

and the dressed initial state:

N,
1 2z(L) a,ko »
Jzznzz( ) = |Cns‘2 Z Z |Ck,//,-,k0 v ‘2Jim oo

g=1 k}/,k}O
V/ =)

ko v
|C’ﬂ8| Z Z |Ck0 uo zm q ’ 07 (15)

q=1 ko,vo

= 2w O o 1
mediator atoms initially prepared in a stationary BEC
with kg = 0, vy = 1 [37] the averaged interaction co-

efficients are JZZ(J') = 1\} EN“ JZZ(J') @Ro=00=1 for the

superatom and JZZ = |cns|? Z Jako=Ov=1 for
the dressed inltlal states. In a more general case the
initial mediator state is a superposition of Bloch states
with quasimomenta kg in Bloch bands vy determined by
the distribution |ck,, |*. Assuming for simplicity that

the only dependence of the J;Z(J‘) @R coefficients on

the initial quasimomentum kg is given by the prefactor

1 v _ S . .
Ji akovy | =iko(Xi=Xm)  the averaged interaction
coefficients for the superatom initial state (similar for

the dressed state) have the form:

zz(i 1 S zz(1) q
PP

a
ko,vo

26*2k0(Xi*Xm). (16)

where |c, V0|2 In particular, for

|ck0 v |

. e k22
A Gaussian distribution |[cg, 2~ e ko/mo will give

Zko,yo |Ck0 vg |26_ik0(Xi_Xm) ~ e_(Xj_X
row wave packet with kg < 7/Lag, resulting in an addi-
tional factor of decay of interaction coefficients with an
interspin distance, controlled by the wave packet distri-
bution width xg. The kg therefore can allow to control
the relative strengths of e.g. nearest neighbor to next
nearest neighbor and more distant interactions.

The total effective Hamiltonian will thus take the form:

2 2
m) ro/4 for a nar-

Heff = HO spin + eff spin —
al LAl ala
> (Jf,iSfS; + i (558 + SiS;;)> +
i,m=1 2
N
+ Z (Espin + bzz) Szza (17)

i=1

where the effective magnetic field b7 = 3" # blm at site ¢
was introduced. The effective Hamiltonian with av-
eraged interaction coefficients from Egs. (14)), and is
the main result of our work. In the case b7 do not depend
on 7, the Hamiltonian couples collective spin states with
the same z component of the total spin 7 = Zf\;l S'f,
and describes the XXZ model of magnetism in the pres-
ence of a longitudinal magnetic field. As will be shown
below, due to mediator atoms being spatially delocalized
in their lattice, both the magnitude and the sign of the
interaction coefﬁc1ents JZ2, Ji- can depend on the dis-
tance between the spins.

We note that smce in the XXZ model the to-
tal magnetization ZZ 1 SZ is conserved, the effec-
tive Zeeman energy (last) term in the Hamilto-
nian (17)) is needed to neglect the magnetization
non-conserving terms S'j'gf, 5'7_5';, 5';"5'?, S’L_Sf,
etc. in Eq. It dominates over interactions
since Egpin > [J4 |, |JZZ |, and the ground state cor-
responds to all u) spins. However, if the effective
spins are initially prepared in a superposition of
states, corresponding to zero total magnetization
(setting the Zeeman term to zero), the system
can have non-trivial non-magnetic ground states
[26]. Any zero magnetization state, i.e. a state
with an equal number of spins in the |f) and |/)
states can be prepared e.g. by individually ma-
nipulating the spins and setting each spin in the
[1) or ||) state with MW or radiofrequency fields.
Next, this state can be coupled to other zero mag-
netization states by e.g. adiabatic passages using
chirped or STTIRAP microwave or radiofrequency
pulse sequencies via states with +1 magnetiza-
tion, differing from the zero magnetization ones
by one flip of a spin. In order to selectively couple
particular zero magnetization states by the adia-
batic passage pulses the transition frequencies of
the spins can be individually controlled using e.g.
electric or magnetic field induced gradients of the
spin frequency along the spin chain.



The XXZ model in the presence of the Zee-
man term can also be used to study the dynamics
of out-of-equilibrium systems, when the spin sys-
tem is initially prepared in a superposition of its
eigenstates, which can be considered as an analog
of a quantum quench. Its evolution will involve
growth and spread of quantum correlations and
entanglement between spins, which is known to
lead to an equlibrium state, closely resembling a
thermal one on a local scale [38]. It was theoreti-
cally predicted [39] and experimentally shown in
a BEC of magnetic Cr atoms [40] and a trapped
ions system [41I] (XX model in the presence of
a large longitudinal magnetic field similar to the
one of Section ITIa below was simulated), that the
system dynamics strongly depends on the initial
averaged magnetization ($7) = (Zfil S7). In par-
ticular, it was shown that the closer the total av-
eraged magnetization to zero, the more important
role quantum correlations play and the faster the
entanglement between the spins grows.

B. Sign varying interactions

Below we show that the interaction coefficients J=

m)

JiZZ can change sign depending on the distance between
the spins. From Eq. one can see that the coeflicients
depend on the interaction matrix elements, given by the
expression:

Vr?llo({a;m’,a’ = /quq);sq (an kO 12 q)X

x (08| (| V(Bgm) o) [0D') 6(Xq. ko ), (18)

where the initial mediator state is denoted as [mo), =

Ins, ko .,),- Let us approximate the Bloch functions
of the mediator motional state by plane waves as
¢(Xq7k1/ q) = eiqu/VNlatt at Lat, (I)nsq (Xq,kO uo) =
e™*0Xa /\/Niatt at Lat- The matrix elements then have the
form:

1 )
i(k—ko)Xm
——e¢ X 19
Nlatt atLat ( )

) / dX g (08| {m| V (Rym) |a),) [p) e/ =Ro) X,

v

mo,a;m’a’ T

where the z coordinate X,,, of the m™ spin and the sep-
aration between the ¢'" mediator atom and the m!" spin
along the = axis Xy = X, — X, are introduced (see
Fig). The integral in the above expression no longer
depends on X, for sufficiently long spin and mediator
atom arrays. As a result, the matrix element can be

written as
mq . .mq i(k—kO)X
Vmo,a;m',a’ - cmo,a;m’a’e . (20)
with ¢ | . independent of X,,. The interaction co-

efficients will be proportional to a sum over quasimo-
menta k of the first Brillouin zone of the product of the

matrix elements corresponding to the interaction of the
q'" atom with i*" and m*® spins:

. *
iq mq
L 3 Vino.aim? o (Vmo,ﬁ;m/,ﬁ’)
J. ~

m 5 - ((:
kv m mgo
iq mq *
S O p——
~> x
~ Ex — Emo

x 37 itk (Xi=X),
k

where it is assumed for simplicity that the ¢ terms
and the total energies of the mediator states weakly de-
pend on the quasimomentum k. For high v Bloch bands
the motional energy will eventually become comparable
to the internal energies, but for these bands the over-
lap integral between the interaction potential and Bloch
functions in Eq. will already be negligible. The sum-
mation over the quasimomenta of the first Brillouin zone
will give the factor

(X —Xm)(1+Matt at)
Nlatt atLat
W(Xi_Xm)]
Niatt at Lat

sin [

= (-1

Z GR(Xi=Xpm) _
k

for a spin lattice having the same period as the me-
diator lattice with X; — X,,, = pL.;. In addition to
varying the sign the interaction coefficients also fall off
with the distance between the spins. The ¢?™ factors

have approximate dependence ~ 1/R3 . resulting in

J#ZZ) "~ 1/(RYR3,,) ~ 1/|X; — X,,|® for distant spins.

This simplified derivation qualitatively shows that the
interaction coefficients can change sign with an interspin
distance, analogous to the RKKY effect. In the next sec-
tion two examples of spin encoding in polar molecules and
Rydberg atoms will be considered and the corresponding
. . . 1(z2)
interaction coeflicients J,
lated.

sin|

will be numerically calcu-

III. MODELLING XX, ISING, XXZ
INTERACTIONS

In this section effective spin-spin interactions that can
be realized in the bilayer system are discussed by ana-
lyzing the interaction coefficients J%, and JZZ, given in
Appendix C. Examples of i) XX interaction using spin
encoding in polar molecule states and ii) XXZ interac-
tion using Rydberg atom spin encoding are considered.

A. XX interaction with NaCs effective spins and
Rb Rydberg mediator atoms

. . N AL A A A
The XX interaction Y=, _, Jiy, (SjSm +5; Sg) /2+
Zfil(ESpin + b7)S7 can be realized if the spin states



<\I/| (fspin H/> =0,
non-zero spin transition dipole moment (1 d;pin 4y # 0,
and spin |1) < ||) and mediator |ns) <+ |np;/) transi-
tions are close in energy such that their energy difference
AE = E,,, — Ep £ Espin i [AE| < Expin, |Enp,, — Ens|
(but E| >> [V]) (see Figl b). In this case from
Eqs. one can see that |JL @Ry bz @R £,
|J= ”| = 07 i.e. only the spin flipping terms JﬁnSZiSjF
will be present in the effective interaction.

have zero dipole moments (1| dupin |1) =

In the polar molecules setup the spin-exchange inter-
action between a polar molecule and a mediator Ry-
dberg atom can be realized if a rotational molecular
transition is close in energy to a Rydberg transition
(atom-molecule Forster resonance). The Forster reso-
nances between rotational states of a polar molecule
and atomic Rydberg states have been studied recently
in [42], where the resonant exchange between a NHj
molecule and a He atom has been experimentally ob-
served. For effective spins, encoded in Rydberg states,
atom-atom Forster resonances can be used to realize
the spin-mediator interaction. In this case e.g. dif-
ferent atomic species can be used to encode the spin
and mediate the interaction, such as Rb and Cs. For
this atomic pair there are several interspecies Forster
resonances available such as ’Rb5951/2,Cs5751/2> &~
’Rb58p1/2, CS57p1/2> with an energy defect AE = —16.6

|Rb8181/2, CS7881/2> |Rb80p1/2, CS78p1/2>
with AE = 6.31 MHz, |Rb82si/s,Cs79s1/2) <>
|Rb81p1 /2, CsT9p1/2) with AE = —6.41 MHz,
|[Rb84s1 /9, Cs89s1/2) >  |Rb84p; o, Cs88py2) with
AFE = —2.43 MHz [43]. In fact, recently signs of indi-
rect interaction between two Rydberg atoms, mediated
by a third one, have been observed in [44]. An advantage
of using different species for spin encoding and mediating
the interaction is that they can be spectrally addressed
using laser fields of different frequencies, allowing to sep-
arately initialize, control and read out their states. Fi-
nally, a spin can be encoded in two ground state sublevels
of neutral atoms, which can be coupled to two Rydberg
states such as |ns) and |np;) to form Rydberg dressed
states. In this case two dressed atoms encoding spins
can indirectly interact via spin-exchange with a media-
tor Rydberg atom.

As an example of how indirect XX interaction can
be modelled we consider a system of spin-encoding po-
lar molecules and mediator Rydberg atoms in a super-
atom state Eq.. In the case interactions between a
Rydberg atom and ground state atoms are present in
the superatom state [45], a single mediator atom can be
used. Each molecule is assumed to be in the ground elec-
tronic and vibrational state; two low-energy rotational
states are used to encode the spin states, e.g. |1) =
|[J=1,m;=0),|{)=|J=0, mJ—O> We consider the
case shown in Flg' where the spin [1) < ||} and media-
tor |ns) < |npjx, m!; /> transitions are close in energy such
that |AE = Enp,, — Ens — Espin| < Espin, |Enp],, — Ens|

and the states |ns, m;)|1) and |npjr7m;-,> [{) are almost
degenerate. In this case the atomic and molecular basis
sets can be limited to only the |ns, mj }npj/, m;»,> and

L), [1) states. The coefficients J- %" and b7 “*0 o
will have the form (see Egs.(C.3 . *
*
iq mq
shakon & 3 2V tim L (Vmo fym ¢)
o o 5m’ - gmo - Espin ’
2|V ‘
shm |
bz q7k50 ) mo 21
! ’WZ# gm’ - gmo Espm ( )
m/

As a concrete example, we consider a 1D ar-
ray of spin-encoding NaCs molecules and medi-
ator Rb(99s,/3) Rydberg atoms in a superatom
state (or a single mediator atom in the Rydberg
state), placed in two parallel 1D optical lattices
(see Fig). NaCs has the permanent dipole mo-
ment d = 4.607 D [46] and the rotational constant
B =0.06047 cm~! = 1.813 GHz [47], and is actively
studied for formation of ground state ultracold
molecules [48]. The molecular rotational transi-
tion with Eg,,/h = 2B ~ 3.62569 GHz is nearly
resonant with the Rb(99p3/2 — 99s;/5) transition,
(Eggps/z Eogs, ,,) /h =~ 3.62745 GHz, where E,;; =

W (in au.) and ps, = 3.1311804, pp,, =

2.6548849 [49], with a frequency defect of only
(AE = E99p3/2 — E9931/2 — Espin)/h ~ 1.76 MHz. The
frequency defect between the Rb(99p;/2 — 9951 /2)
and the molecule spin transition is ~ —95.4 MHz,
and spin flips involving this transition can be ne-
glected. Other examples of near resonant molec-
ular rotational J =1+ J = 0 and Rydberg tran-
sitions are listed in Table [l

Details of the calculations of the matrix elements of
the spin-mediator charge-dipole interaction and the co-
efficients Eqs. are given in Appendix E. Figl 3| shows

the numerically calculated J = Z L Tim L ko=0vo=1 /py

z q,ko=0,,=1 th
and bf = Zq b °=" /N, coefficients for an m

spin at the center (m = 0) of the array interacting with an
i*" spin depending on their spatial separation assuming
that initially the mediator atoms are prepared in a BEC
state kg = 0, 9 = 1 and in the |99$1/2,mj = 1/2> inter-
nal state. The following parameters were used in the cal-
culations: the spin-mediator arrays distance p = 1.5 pum;
the spin and mediator lattices periods Lgpin = Loy = 1.5
pm; number of spins and mediator atoms N = N, = 100;
the mediator atoms lattice depth Vy = —F,cc, where
Eree = K2 (m/Lat)? /2mpp is the recoil energy of medi-
ator atoms, mpp is the mass of Rb atom; and v =1,...,5
Bloch bands of the mediator lattice were taken into ac-
count. One can see that i) the J;- changes sign with an
interspin distance. The nearest neighbor and the next
nearest neighbor interactions can be ferro- and antiferro-
magnetic, respectively; ii) the interaction extends beyond
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FIG. 2: Schemes of different types of spin encoding into low-energy rotational states of polar molecules (left side) or long-lived
states of Rydberg atoms (right side), allowing to model indirect interactions in a 1D effective spin chain: (a) spin encoding
into low-energy rotational states of a polar molecule and near resonant interaction between molecular rotational and mediator
Rydberg atomic states, allowing to model XX type of interaction; (b) example of spin encoding into long-lived states of a
Rydberg atom; (c) polar molecule rotational states not connected by a dipole-allowed transition can be used as spin states
to realize effective Ising-type spin-spin interaction. Spin state dipole moments can be induced by near-resonant coupling to
opposite parity rotational states by MW fields; (d) the same as in (c¢) for spins encoded in Rydberg states; (e) spin encoding
in nearly degenerate rotational sublevels of a polar molecule such that |FEspin| < |5npj, — &ns| is satisfied allows to realize
an effective XXZ interaction; (f) the same as (e) for Rydberg atom spin encoding. The Rydberg encoded spin states can be
nitiallv additionallv split bv an external macnetic field.



TABLE I: Examples of Forster resonances between J = 1 <» J = 0 rotational transitions of alkali dimer polar molecules and
Rydberg transitions of alkali atoms

Species B,cm™ ! nlj, — nl; (AE =E,;, — En; — Espin)/h, MHz
J
(Espin/h = 2B, GHZ)
LiCs+Na 0.218 64ps/2(1/2) — 6451/2 —26.4 (—42.7)
(13.071)
LiCs+Rb 0.218 65p1 /2 — 65512 11
(13.071)
(15.229)
(25.482)
LiK+Rb 0.293 99p1/2 — 59512 176
(17.568)
J"im (kH2) b*; (MHz)
10 oF
0 li-m| -5f
~10 -10¢
20 —15¢
30 =20
R A [
2 4 6 8 10

(a) (b)

FIG. 3:  Spin encoding in low-energy rotational states of polar molecules near resonantly interacting with a mediator atom
Rydberg transition allows to model XX interaction. Numerically calculated from Eqs.: (a) Interaction coefficient Ji& and
(b) effective magnetic field b7 for spins encoded in rotational states of NaCs |}) = |J = 0,my; = 0), |1) = |J = 1,m; = 0), near
resonant with the Rb transition ‘99p3/2, m; = +1/2, 3/2> - !9931/2, mj = 1/2). The mediator atoms are assumed to be initially
prepared in the superatom state Eq. in the ’9951/2,mj = 1/2> internal and in a BEC motional state with ko = 0, 1o = 1.
In Eqs., summation over quasimomenta in the first Brillouin zone for v = 1, ..., 5 lowest Bloch bands of the mediator lattice
with the depth Vo = —E,ec was performed. The red (circles) and blue (squares) curves in (a) correspond to By = 0 G and
By = 0.92 G, respectively; in (b) the effective magnetic field was calculated for By; = 0 G. Setup dimensions: p = 1.5 um,
spin and mediator lattice periods Lgspin = Lat = 1.5 pm, N = N, = 100. The calculations were done for a spin in the center
of the array m = 0.

nearest neighbors and falls off at about |i —m| ~ 5; iii)
the interaction strengths ~ ten kHz can be realized; iv)
b7 do not depend on ¢ and only change the initial spin
transition frequency. Two consequencies follow: first, the
term Z?Ll(ESpin +b?)S? corresponds to a Zeeman inter-
action with a homogeneous effective magnetic field; ce-
cond, the effective spin-spin interaction strength ~ ten
kHz is more than an order of magnitude larger than the
strength of the direct dipole-dipole interaction between
NaCs molecules Vyg ~ d2. /L3 . ~ 300 Hz.

spin z spin

From Fig[3h one can see that if the mediator atoms
are initially prepared in a BEC state the interaction is
significant between spins separated by up to five lat-
tice sites. The interaction strength between the next-
nearest and more distant neighbors Eq. can be con-
trolled by preparing the initial mediator superatom state
as a superposition of Bloch states Eqs.. For ex-
ample, if the mediator atoms are initially prepared in

a superposition of Bloch states in the second Bloch
band vy = 2 with a Gaussian distribution of quasi-
momenta |cg, V0:2\2 ~ e’kg/"‘g, the ratio of the next-
nearest and more distant to the nearest neighbor in-
teraction strengths can be controlled by the quasimo-
menta distribution width ko, as shown in Figlh. At
ko/(m/Lat) ~ 0.2, the ratios Ji /|Jm, ;| < 0.4 and
Jim! Trnvom < 0.3 for |m —i| > 3 and the interac-
tion can be approximated as the J; —J; XX model

=12 (Sfé’fH + 5’?5’:’“) . The phase diagram for

ferromagnetic nearest neighbour J; = ,J;H_Lm <0
and antiferromagnetic next-nearest neighbor J; =
J#LJFQ’m > ( interactions were analyzed in [26],
where it was found that for J5/|J;| ~ 1/1.4 = 0.71
realized at xo/(m/La) ~ 0.2 in our case, the sys-
tem is in a vector chiral phase [50]. Another
way to control the strength of the interaction be-



JJ'im/lJ*m+l,m
14r

»
0.2f

110 KO/(”/LM)

0.2 0.4 0.6 0.8
(@

JLim/IJ‘Lm+1,m
2 -

— L

i o
- 1n+l.m-“] m+lm

J i I lm |

* I s I mm

FIG. 4:
teraction strengths relative to the nearest neighbor interaction
strength can be controlled by (a) the width of the quasimo-
menta distribution of the initial superposition of Bloch states
of mediator atoms in Eq.; (b) external DC magnetic field.
(a) Assuming a Gaussian initial distribution of the quasi-
e—kg/;«%}

In the XX model next-nearest and more distant in-

momenta in the second Bloch band |cg, V0:2|2 ~
the ratios of interaction coefficients Jﬁn/|JTﬁ+1ym| can be
controlled by the distribution width xo: Jyﬁ_,_g’m/\Jf,;_,_l’M
(red solid curve), Jmis.m/|Jmi1.m| (green dashed curve),
Jﬁ+4,m/|J7i+1,m\ (blue dotted curve),
(pink dashed-dotted curve). (b) the external magnetic field
can tune the energies of the initial |nsi/2,m; = +1/2) and
virtually excited |nps/2,m; ==+1/2,3/2) mediator states,
which can be used to tune the ratios of interaction coefficients
Jz#n/'“ht-&-l,m‘

J7Jr;+5,m/“]7jﬁ+l,m|

tween distant neighbors is to tune the energies of
|nsl/27m]— = j:1/2> and |np3/2,mj = :|:1/2,3/2> states
with a magnetic field B);. In particular, for
upBy /AE =~ O 77, corresponding to By, ~ 0.92 G,
the J- < |JL int1,m|s @ shown by the blue squares
curve in Fig[3h, resulting in the exactly solvable
XX model with only nearest neighbor interac-
tions [51]. Fig. shows how the sign of inter-
action coefficients between distant neighbors and
their strengths relative to the nearest neighbor

10

one can be controlled more extensively by tuning
the magnetic field.

The mediator atoms have to stay in the ns state long
enough for the indirect interaction to take place, i.e.
the effective interaction strength should be larger than
the mediator Rydberg state decay rate. For Rb(99s,2),
the lifetimes, including contributions from spontaneous
emission and interaction with black-body radiation, are
T99sy )3 = 1.168 ms at T' = 4.2 K and T99sy )3 = 330 us

at T = 300 K [52]. The Ji, ~ 10 kHz corresponds to
interactions times ~ 10 us, which are two orders of mag-
nitude shorter than the mediator Rydberg state decay
times at cryogenic temperatures, making the interaction
observable.

Finally, we note that in order to selectively ad-
dress the spin transition the degeneracy between the
[ty = |[J=1,m; =0) state and the |[J =1,m; = +1)
rotational states should be lifted such that their en-
ergy difference exceeds the effective interaction strength.
The degeneracy can be lifted by a DC electric field
or by MW fields, coupling the |J =1,m;=0,%1) to
|J =2,m; = 0,41, +2) states. For example, for a o po-
larized MW field the ratio of the dipole moments for the
transitions |1, —1) < [2,0), |1,0) < [2,1) and |1,1) «
12,2) is |d1,—12,01/|dvoi2,11/|d112,2] = (1/V6)/(v2)/(2)
and the states will be shifted differently by the MW
field. For a MW field with detuning A ~ 10 MHz
and Rabi frequency Q ~ 3 MHz shifts |Q?/A ~ 1
MHz will be induced, exceeding the effective interaction
strength by more than an order of magnitude. There
is a subtle point, however, that the coupling of |1) to
the |J =2,my; =1) state will induce the state dipole
moment <T|cf5pin 1) ~ depinQ/A. Tn turn, the non-
zero dipole moment of the |1) states will give rise to
non-zero matrix elements of the charge-dipole interac-

tion Vil o v = Ve g o ims. e 1 which in turn will give
*
rise to terms ~ Vrr?o,T, (Vr;"()m ,T> /(Em — Em,) and

Em,) in the coefficients J;,. @ ko vo
and b, @-ko "0, respectively, where m = |ns k) and Em —
Emo ~ h2(2m)%/2mrp (Nat 1att Lat)? = 4Ere0/ at latt >
0.87 Hz for a Rb mediator atom. It shows that 1) the

é?o,T,lh 4 matrix elements should be much smaller than

the latter energy difference for the Schrieffer-Wolff ex-

22 ko vy

N‘ moT,mT’ /

and
i a,ko Y0 in

pansion to be valid and 2) the resulting J; -

b, ©*° "0 terms should be much smaller than J;-
order to be neglected. Both of these requlrements are in-
deed satisfied due to small values of the V!fo fon,p MALTIX

elements, as discussed in Appendix E, end of part A.

B. Ising interaction

Ising interaction can be realized in the bilayer system
if the spin states |1), |{) are not coupled by a dipole-

allowed transition, ie. (|dspin|l) = 0, but at the



same time have non-zero dipole moments (1| dupin [1) #
0, (Hd:in [4) # 0 (see Fig,d). One can see from
Eqs.— that in this case J- 9" 0 and
JZEGR £ bR £ 0, which describes the Ising
interaction in the presence of a longitudinal magnetic
field. FigPk shows an example of spin encoding in
the polar molecule case, where ||} = |J =1,m; =0),
[1) = |J =2,m; = 2) spin states are not coupled by a
dipole-allowed transition. The dipole moments in the
states |1), ||) can be induced by MW fields, e.g. by cou-
pling the |}) = [J =1,m; =0) to |J =0,m; =0) and
[ty = |J =2,my; =2) to |J =3,m; = 3) state by near-
resonant MW fields (Fig.2c). An additional advantage
of the MW dressing is that it shifts the energies of the
dressed states with respect to near energy states, allow-
ing for the |1) +> |{) transition to be addressed spectro-
scopically. In the Rydberg atom spin encoding case the
MW dressing can also induce non-zero spin state dipole
moments, which can be done in the way, shown in Fig[2{d.

C. XXZ interaction with Rb (72 = 50) effective spins
and Rb (n = 100) mediator atoms

There is a growing number of theoretical proposals
and experimental demonstrations on simulation of many-
body interacting systems using Rydberg atoms [7]. Be-
low we discuss how the XXZ interaction can be real-
ized in the case of effective spins encoded into long-
lived states of Rydberg atoms, which interact indirectly
via mediator Rydberg atoms. The XXZ interaction, in
which both J; and JZZ are non-zero, can be realized if
both transitional (1| dapin | 1) and state (1] dapin 1) and/or
{ d;pin [4) dipole moments are non-zero and of compara-
ble strength and the spin transition frequency is smaller
or comparable to the mediator transition frequencies
Eepin S |5np]_, —&ns|. It can be seen then from Eqgs.(C.2))-

that in this case J;‘nq’k" ~ J “kv " These re-
quirements can be met by choosing the spin states to
be nearly degenerate such as e.g. |1) = |J =1,m; = 1),
) = |J=1,m;=0) in the polar molecule case and
It = ’nsl/g,mj =1/2), [}) = ’nsl/g,mj = —1/2) in the
Rydberg atom case, where the latter can be additionally
split by a DC magnetic field (see Fig,f). The spin
states can acquire dipole moments if dressed with MW
fields, nearly resonantly coupling them to states of oppo-
site parity, e.g. in the way, shown in Fig[h:

- 1
n51/27mj = 2> )

- 1
ns1/2,Mj = _2> ’

_ +
£y = a3

. 1
npl/Q,mj = 2> + b#:

|+)

) 1
L = af |prya,my = —2> + b}
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with

)

A )? 2 Arq)
2 ) Ty F

R 5 1/4
V2 ((sz> + Q?u))

where Q4(;) and A4}y are the MW dressing fields Rabi
frequencies and detunings. The [+), and [+), or [—),
and |—), dressed states can be chosen as spin states. This
encoding makes both the spin transition and spin states
dipole moments to be non-zero and, by tuning the aTi, x

bTi’ | coefficients, of comparable strength: (T|J;pin [ty =
—203 b Exdip s /3, (U depin [1) = 20707 diip 7s€./3 and
(N depin [1) = —(ai’b] + bFa])(€r — i€,)drp ns/3. Here
diip is = € fooo Rip(r)Ris(r)r3dr is the radial part of the
dipole moment between the np and ns states. We also
assume that the ns; /o, m; = £1/2 states are split by
a DC magnetic field such that their splitting is much
larger than the energy differences between the [+£),,
&), dressed states. Additionally, the effective interac-
tion strength should exceed the decoherence rate of the
system, given mainly by the lifetimes of the Rydberg
states. The interaction can be made ~ hundred kHz
and faster than the decay, if the mediator atom tran-
sition frequency (|8n/p]_, — Ens| ~ Egpin)/h < hundreds
MHz. These requirements can be met by using dressed
mediator states instead of bare ones in the way shown
in Figlop. One can initially prepare the mediator atom
in the |nsy/o,m; = —1/2> state and then the closest in
energy virtual states, to which it can be transferred from
the initial state by the dipole-dipole interaction with a
spin will be

1

|+>medzc+ np1/27m] :_2>7

1
TLS]_/Q,mj = 5 +d+

1 1
nsy/2, Mj = > +d_ |npij2, my = —2>.

|_>med =C- 9
Other possible virtually excited mediator states are sep-
arated by ~ 3.5 GHz and can be therefore neglected.

The J#ZZ) RO coefficients and the effective mag-
netic field bf @Rovo i this case will be given by the fol-
lowing expressions:
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FIG. 5: Spin encoding in MW dressed states of a Ryd-

berg atom interacting with a MW dressed mediator Rydberg
atom allows to realize the XXZ interaction. (a) Spin-1/2 sys-
tem can be encoded in long-lived ‘ﬁsl/z,mj = :t1/2> Ryd-
berg states dressed by MW fields near resonantly coupling
them to ‘ﬁpl/z,mj = :|:1/2> states. The sublevels of the
np1/2 and NSy, states can be additionally split by a DC
magnetic field to make the spin transition frequency differ-
ent from frequencies between other dressed states; (b) The
Ji and J7Z interaction coefficients can be made ~ hundred
kHz by using mediator virtual transitions between the initial
|nsi/2,m; = —1/2) and dressed by a MW field states |+)
which can be separated by < hundreds MHz.
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where [med), = [med, k;,), and |med) = [+£).

For spins encoded in Rydberg states an additional com-
plication arises from the fact that the direct dipole-dipole
interaction will be larger than the effective one, even for
not high n, and should be canceled. The direct interac-
tion between the i*" and m*® spins placed in the x-z plane

+ c.c.

has the form:

>
|
|

_l’_
+ 75 sinfcos (deW — iy + dindyy — dizdm,)

=3 w20 (did + czi_czm_)) ,



where 6 is the angle between the vector ﬁim connect-
ing the two dipoles and their quantization axis Z, d;+ =
F(d; » F id;,)/V/2. This expression shows that the res-

onant interaction terms dH_dm , dl_dm+, dlzdmz, con-
necting states with the same energies, can be cancelled
by tilting the dipoles such that cos?§ = 1/3, which cor-
responds to 6 = 54.73°. The dipoles quantization axis
can be set by applying a magnetic field along the Z axis,
as shown in Figlf]

As a concrete example we consider a 1D bi-layer setup
shown in Fig[l] in which the effective spins are en-
coded in the dressed [f) = [+);, [}) = [+) states of
7 = 50 of Rb, and a Rb superatom mediator state (or
a single mediator Rb atom if interaction between Ry-
dberg and ground state atoms is to be avoided [45])
initially prepared in the state Eq.(L1) with the Ry—
dberg atoms in the |nsl/2,m3 = 71/2> state of n =
100. Assuming also that initially the mediator atoms
are prepared in a BEC state with kg = 0, vg =

ki v
1, the Jp** = SN g2 0T N and by =

Zév:“l b, q’kozo”":l/Na coefficients were calculated from
Eqs. using the Vgﬁmmed’ 5 matrix elements given in
Appendix E, part B. The b7 coeflicients can be mini-
mized and the J?Z coefficients can be maximized at the
same time by setting aTi = b =cy =dy = 1/V2,
which can be realized by using dressmg microwave fields

resonant to the corresponding transitions. In this case
yma —yma and only the second and

mo,T;med,T — mo,i,med L
q,ko
third terms in bi “O are non-zero.

The numerically calculated Jj‘m(zz) and b7 coeflicients

are shown in Figll One can see that similar to the
case of XX interaction considered in the previous sub-
section, the XXZ interaction i) changes sign with the
interspin distance. The nearest neighbor interaction is
ferro- and the next nearest neighbor and more distant
ones are antiferromagnetic; ii) extends beyond nearest
neighbors and falls off at the distances |i — m| ~ 5; (iii)
interaction strengths |J: |,|JZ%| ~ hundred kHz can be
realized; iv) b7 do not depend on spin position 7. In
the general case the interaction is of XXZ type, but tun-
ing the spin and mediator transition frequencies by ad-
justing the corresponding MW dressing fields Rabi fre-
quencies it can be made of symmetric Heisenberg type
with Ji5 = JZ2 for chosen im spin neighbors. In par-
ticular, in Figl7 the nearest neighbor interaction with
|i —m| = 1 is of the Heisenberg type, and the next-
nearest-neighbor and more distant interaction terms are
of XXZ type. This case can be realized with the follow-
ing parameters: spin and mediator lattice periods Lepin =
Loy =7 pm, p =7 pm, Ensl/27mj:1/2

_Ensl/27mj:71/2 =

Eﬁsl/Q,mjzl/Z - Eﬁsl/z,mj=—1/2 = 148.5 MHz, Espin =
E; — E, = 150 MHz, the energy splittings of the
mediator states E — Epg, , m;=—1/2 = 151.155 MHz,

E_—Eps, ,m;=-1/2 = 145.845 MHz, the spin and medi-
ator states dressing fields Rabi frequencies and detunings
are {04 = 2.5 MHz, Q| = 1 MHz, Qyeq = 2.655 MHz, and
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Ay = A = Apeq = 0, respectively.

The contribution of the next-nearest and more dis-
tant neighbors can be controlled by preparing initial mo-
tional state of the mediator atoms as a superposition of
Bloch states Eq.. Assuming the atoms prepared in
a Gaussian distribution of quasimomenta of initial Bloch
states in the lowest Bloch band with |y, _, [* ~ e=ka/R5,
the strength of the next-nearest and more distant rela-
tive to the nearest neighbor interaction one can be con-
trolled by the quasimomenta distribution width kg, as
shown in Figl In particular, for ko/(7/La) = 0.65
the J*% < | lffm| for 2 < |i —m| < 5, result-
ing in the Heisenberg model with nearest neighbor in-
teractions. In the range 0.3 < Ho/(ﬂ'/Lat) < 0.65
theJ-i—?)m/ +2m§02and Jm+2m/| +1m| S 1
and the interaction can be approxnnated as the J; —

Jo XXZ model 3, 12Jl (s 5o SYSY, + ASESE)
with Jp JE , Jo = m+2m>0 A =1

- Ym41m

and Ay ~ 0. 2-7‘_ The J1 — Jo XXZ model with both
A; = Ay and A; # Ay attracts significant interest due
to its relevance for description of spin-1/2 frustrated an-
tiferromagnetic copper oxide spin chain compounds such
as LICUQOQ [19}7 NaCu202 [20}7 PbCuSO4(OH)2 [21],
LiCuSbOy4 [22], etc. Numerical analysis of the phase
diagram of this model has shown [26] that in the case
Ay = Ay for Jy/J2 < —4 the system is in the ferromag-
netic state, for —4 < Jy/Jo < —2.5 it is in the vector
chiral phase, and for —2.5 < J;/Js < —0.5 in the Hal-
dane dimer state, i.e. there are two critical points denot-
ing the transitions between the phases. In the 1D copper
oxide spin chains the ratios Jy/Jo are fixed at certain
values, while in our setup the ratio Ji/J2 can be set be-
tween ~ —1 to —oo (keeping the J5 and Jy small) by ini-
tially preparing the mediator atoms in the superposition
of Bloch states with a certain width ¢ of the quasimo-
menta distribution. The J; — Jo XXZ model does not
have an exact solution yet, and the bi-layer setup could
potentially allow to study its phases, in particular, near
quantum critical points.

The effective spins encoded into Rydberg states have
finite lifetimes due to decay by spontaneous emission and
interaction with black-body radiation. For the effective
interactions to be observable their magnitude should ex-
ceed the spin states decay rates. The 50s;/, state of
Rb has lifetimes 750s,,, = 141.3 ps at T' = 4.2 K and
65.2 pus at T'= 300 K, and the 50p; /o state has lifetimes
T50p,,, = 2074 ps at T'= 4.2 K and 86.5 ps at T' = 300 K
[52]. Since the spin states are equal superpositions of the
5051 /2 and 50py /7 states their decay rates will be an aver-
age of the s and p decay rates: (1/750s,,, +1/Ts50p,,,)/2,
giving the averaged spin states lifetimes ~ 182.4 us at
T =42 K and ~ 74.4 us at room temperature. The
effective XXZ interaction strengths ~ 50 kHz correspond
to the interaction times ~ 2 ps, which is more than an
order of magnitude smaller than the averaged spin state
decay times, making the effective interaction observable.

Higher-order truncated terms in the expansion



Eq. will result in an error of the phase accu-
mulated by the effective interaction, which needs
to be estimated. The nearest higher-order inter-
action which will bring the mediator atom back
to the initial ns state is ~ O(S3V) ~ |V|*/|AE}3
because as shown in Eq. S| ~ [V|/|AE].
The effective interaction coefficients ,

are J.°* ~ |V|%/|AE|, which gives the order of

m
~ O(JL**|V2/|AEJ?) for the truncated terms. As
was discussed in the previous paragraph, the fi-
nite lifetimes of ~ 100 us of the mediator Ryd-
berg states will allow to realize ~ 102 effective
interaction cycles. It means that the decoher-
ence rate due to the higher-order truncated terms
will be smaller than the one due to mediator
decay if |V|/|AE| < 0.1. This condition is satis-
fied in the examples analyzed above. In partic-
ular, for the NaCs+Rb(99s,/;) system the inter-

action matrix elements |Vrifma:m,’ﬁ| ~ 10 kHz, and

the ratio |V|/|AE| ~ 1072 for the energy defect
AE = 1.76 MHz; for the spin encoding in Ryd-
berg states considered in this section the inter-
action matrix elements [V.! ;s ~ 100 kHz,
giving |V|/|AE| ~ 0.1 for |AE| ~ 1 MHz. The fi-
nite |V|/|AE| will also result in the readout error,
when the state of the combined system will be
measured at the end of the simulation. The read-
out will be assuming that the mediator is in the
initial ns state, but there will be small popula-
tion on the order of ~ |V|?/|AE|? in the virtually
excited np state. Both the Hamiltonian trunca-
tion induced decoherence rate and the readout
error can be reduced by increasing the energy de-
fect |AE| or reducing the spin-mediator interac-
tion strength |V| by using a larger spin-mediator
array distance p.

Finally, we come back to the direct dipole-dipole in-
teraction between spin states. Tilting of the spin dipoles
allows one to cancel the resonant direct dipole-dipole in-
teraction which, for the case of # = 0, when the quantiza-
tion axis is perpendicular to ﬁim, would be of the order
Vaa ~ 2d%p7ﬁs/9R?m ~ 11.5 MHz, which is three orders
of magnitude larger than the effective interaction with
strengths ~ hundred kHz. The non-resonant parts of the
direct dipole-dipole interaction ~ d;+d,.,d;.dyn+ and
~ d;+dy+ are, however, not cancelled and are of the or-
der of d%pﬁs/9ﬁR§m ~41MHz and &2, ;. /9RS, ~ 5.7
MHz, respectively, but they are more than an order of
magnitude smaller compared to the spin transition fre-
quency Egpin/h = 100 MHz, leading to the probability of
the spin changing its state due to the direct dipole-dipole
interaction being < 1072,
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FIG. 6:  Tilting the effective spins with respect to the axis
of the spin array allows to cancel direct dipole-dipole interac-
tion in the case Rydberg atom spin encoding. In the case of
spin encoding into long-lived Rydberg states the direct dipole-
dipole interaction between the effective spins can be canceled
by tilting the spin quantization axis Z with respect to the
line, connecting the spins. For the angle § = arccos(1/+/3)
between the —Z and X’ axes the resonant part of the direct
dipole-dipole interaction is zero.

IV. CONCLUSIONS

We propose a platform for simulating indirect spin-spin
interactions based on polar molecules and/or Rydberg
atoms trapped in two parallel 1D optical lattices. The ef-
fective spin-1/2 systems are encoded in rotational states
of polar molecules or long-lived Rydberg states of ultra-
cold atoms, which are tightly trapped. The interaction
between effective spins is mediated by Rydberg atoms
in a parallel shallow lattice to allow for mediator atom
motional state to be delocalized and interact simultane-
ously with several effective spins. The effective interac-
tion is therefore realized via direct charge-dipole (dipole-
dipole) spin-mediator interactions with polar molecule
(Rydberg atom) spin encoding. By a particular choice of
spin-encoding states XX, Ising and XXZ spin-spin inter-
action types are realized, with J+, J*# interaction coeffi-
cients sign changing with interspin distance analogous to
the RKKY interaction. The interactions extend beyond
nearest neighbors and can reach magnitudes ~ 100’s kHz,
limited by the trapping frequency of the spins optical lat-
tice.

The bi-layer setup allows to control the strengths of
the next nearest and more distant neighbor relative to
the nearest neighbor interaction by initially preparing
the mediator atoms in a superposition of motional Bloch
states with a specific distribution (e.g. a Gaussian) of
quasimomenta. Additionally, the Rabi frequencies and
detuning of spin and mediator MW dressing fields, can
be tuned to engineer symmetric Heisenberg interactions
for selected pairs of neighbors, e.g. for nearest neigh-
bors. In the XX model with spin encoding into rota-
tional states of polar molecules an external DC magnetic
field can be used to control the relative strengths of in-
teraction between distant neighbors with respect to the



15

J ¢im:J ZZim (kHZ) b:i (MH2)

-601

li—-m| —89
~100F
~120¢

FIG. 7:  Interaction coefficients in the case of spin encoding into long-lived Rydberg states, allowing to realize XXZ interaction:
(a) Jim, (circles, red curve), JZZ (squares, blue curve) and (b) effective magnetic field b7 for spins encoded in |[1) = [4+), =

(|p1j2,mj = 1/2) + |fis1/2,my = 1/2))/V2, [1) = |[4), = (|p1j2, mj = —1/2) + |fis1/2,m; = —1/2))/V/2 states of Rb with

7 = 50. The mediator atoms are initially prepared in a superatom state in the |10051/27mj = —1/2> internal state and

a BEC motional state with kg = 0, o = 1. In calculations of Jifr;zz, b7 of Eqs. quasimomenta in the first Brillouin zone

were summed for v = 1,...,5 lowest Bloch bands of the mediator atom lattice. Setup dimensions: inter-layer distance p = 7
pm, spin and mediator lattice periods Lepin = Lat = 7 pm. The calculations were done for a spin in the center of the array
m = 0. Other parameters were as follows: Ensl/%mjzl/g — Ensl/2,mj:_1/2 = Eﬁsl/Q,mjzl/Q — Eﬁsl/2’mj=_1/2 = 148.5 MHzgz,
Q4 =2.5 MHz, Q) =1 MHz, Qmeq = 2.655 MHz, Ay = Ap = Aped = 0, resulting in B4 mea — Ensl/Q,mj:_l/g = 151.155 MHz,
E_ med — Ensl/z,mj:71/2 = 145.845 MHz.

AV nearest neighbor one.
2.0 T wera| T wtm The bi-layer system can be extended to 2D geometries
to simulate not only the Heisenberg/XXZ models, but
1.5 also the indirect Dzyaloshinskii-Moriya (DM) anisotropic
" CTERIEN NPT spin-spin interaction, which can also be mediated by con-

duction electrons [53] 54], provided spin-orbit interaction

Lo == sl T ne between internal and motional states of mediator atoms
can be incorporated. In this case the DM vector D has
0.5+ both the magnitude and the orientation oscillating with

an interspin distance, which can produce chiral magnetic
02 : 014 - 016 \9%\1‘0 Ko/(z/L,) states with Spfitially (.)scillating chirality.

We note an interesting analogy between the XX model,

considered in Section I1I, with the interaction coefficients

FIG. 8:  In the XXZ model with interaction coefficients  given by Eqs.(21]), with the Cook model [55], which is the

Egs.(14)), (29) the strengths of newt-nearest and more distant  generalized Hopfield model of associative memory [56],

neighbors relative to the nearest neighbor interaction can be describing a system of N interacting neurons, encoding

controlled by the width of the quasimomenta distribution of p different patterns. The Cook model is predicted to

the initial superposition of Bloch states of mediator atoms. have a phase transition at a certain storage capacity p/N

Assumln.g the atoms lmtla.n}./ .prepa.req - .the lowest BZIOCh between a self-organized phase, when the stored patterns
band with the Gaussian initial distribution |cg,, _, | ~ . . .
0 can be reliably retrieved, and a spin glass.

.....
e,
~u
.,

2 2
e~*0/%0 of quasimomenta, the ratios of interaction coefficients
Jim/|Jm41.m| can be controlled by the distribution width
Kot Jf,‘L+2,m/|J,J;L+17m| (red solid curve), Jf,;_,_37m/\Jf,;+1,m|

(green dashed curve), J7J,‘L+4,m/|JTJ,;+17m| (blue dotted curve), V. ACKNOWLEDGMENTS
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Appendix A

Effective spins encoded in rotational states of polar
molecules will interact with the mediator Rydberg atoms
via charge-dipole interaction [57]. The spin-mediator in-
teraction Hamiltonian in this case can be written in the
combined basis of spin and mediator states:

V=YY ), fa) (B (',
% {a (anl, V7 oot} |5:) +
o+ m), o) (1] {a], x
x (o] (mnl, V7 1), |5:) +
o), o) (6] n"], %

x (o] (m'| V' im"), |8;) + He., (A1)
where V. = V.4, and lm), = |nsk,),, [m), =
ns, k), and [m’), = |np’, k) , lm") = [np” k7.,

and the sums over the index vectors are restricted to
ns = {ns,j = 1/27mj = +1/2}, np’ = {np,j/ =
3/2,1/2,m/, = +£3/2,+1/2}and np” = {np,j" =
3/2,1/2,mf, = £3/2,£1/2} for a fixed radial quan-
tum number n. The summation is over j,m;, j',m} and
3", quantum numbers, and over k, £/, k" quasimo-
menta of v, v/ and v" Bloch bands. At spin-mediator
distances comparable to the mediator Rydberg electron
orbit radius the charge-dipole interaction can couple elec-
tronic states of the same parity, i.e. the interaction ma-
trix elements (m[, V' [m), and (m’[, V' [m") k can be non-
Zero.

In order to show how the spin-mediator interaction
Eq. gives rise to indirect interaction between the ef-
fective spins, the interaction Hamiltonian can be written
in the basis of two-spin states |a;5,,) as follows:

N N,
V=22 X
im=1g=1 a,8,7,6
m,m’ ,rh,m’’

(1), la:) (A.2)

x (Vrig,a;m/,'y(sﬁmﬁm
Vit 00 ) (i (0| + He] +
+ |:|m> |Oézﬁm> ( mam775ﬁm Som —+

+V B m, 65 L,’Yz:> <’Yi6m| <1'h|q + H.C.] —+

e 1 e (/i P

16

Terms in the first square bracket involve the interaction
matrix elements between the m*™® spin and the q** me-
diator atom V't ., = (m|, ({m|V |nm) [m'),, which
describes the process in which the ¢ mediator atom is
transferred from the |m) to the |m’) state, and the m'"
spin goes from the |€) to the |n) state, i.e. it describes
the interaction in which a mediator atom changes parity
of its electronic state |ns, m;) < |npjr,m;-,>. The terms
in the second and third square brackets involve the inter-
action matrix elements V' = (m|, §n|V [7m) M),

m, &5, n
and Vil = (m’|, (&ml V [0m) |m” )q a.nd describe
the mediator being transferred to electronic states of
the same parity |ns,m;) <> |ns,m;) and |np;,m;) <
|npj~ m; ,/> respectively, which is allowed by the charge-
dipole mteractlon The parity conserving interaction
terms are present only in the polar molecule spin en-
coding setup and can be neglected for sufficiently large
spin-mediator distances, allowing for the charge-dipole
interaction to be approximated by the dipole-dipole one,
because at these distances the matrix elements of the
charge-dipole and dipole-dipole interactions differ by a
very small amount, as is discussed in Appendix E, end of
part A.

The V terms can give rise to second order energy shifts,
having a form of an indirect interaction between the ef-
fective spins. This can be shown via the Schrieffer-Wolff
transformation of the total Hamiltonian H = Ho +V:

in such a way that [5’, H’O} =V, giving as a result the
transformed Hamiltonian

where the generator S has the form:
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TABLE II: Notations for
states

v’ — Eu + By — B

internal and motional mediator

gmu — Sm/ + E5 — Eﬁ
(A.5)

Below we list notations for all internal and motional
states of the mediator atoms used in the paper:

], = Tns. ),
>q |ns7 kx,/’>q
'), = [ap’ kL,
lm”) = [np”, k), )
|med), = |med, k), Appendix B
'~ n :‘{nslj/z: 31//22 ' — ::ttll//22}i3/2}
np’ = {np,7’ = mlf , . . . a.ky .
"o _ {np7 — 1/2 3/2 m /= :|:1/2,:|:3/2} In this section we give the Ka Bosyisdm coefficients of
Eq.:
Ve (an >* ‘Vﬁq ‘
M T m M m, M, |
KL% i = L + , B.1
1, TT im . ;mM_zﬁ;m/ (c:M _ gm 5./\/1 _ gm Espin ( )
_ngw\/t . (anw\/t J/) * ‘VﬁqilM T‘
K@k _ | TmM, m,|; M, m,|; M, 7 B.9
Ll im gng;mM:zﬁ;m/ gM . gm gM — gm + Espin ( )
Kq’ v _ Z ( 1)l ‘quTMT+Vm¢M1,‘ ‘VlizT;M,J,‘ ‘VnT,(JI,M,T (B 3)
thtvim = Em — Em Em —Em— Espin  Epmt — Em + Espin | '
mq iq
kit~ Sy ’ i T Vi o, T’ ’meM,¢ ’Vm,wm‘ (B.4)
s =~ Em—E& Em—Em — Bspin  Em— Em + Bspin | '
iq mq * mgq iq *
| Vet (me/\/w) Vin,lim (Vmwm)
+ , (B.5)

Kq’ = —].
At im Z (=1) Em — Em — Espin Em — Em + Espin
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(B.6)

(B.8)

(B.9)

(B.10)

(B.11)



where [ is the orbital quantum number of the M state.
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Appendix C

The |a;Bm) (7:0m| can be expressed via the two spin-1/2 variables vazﬁfg’z using relations

[titm) (Titm| = (; + S) @ + m> = i + % ( + Sm) + 8782
sk skl = (5= 82 ) (5 -85 ) = = 5 (8¢ + 85) + 8252,
it Witnl = (5= 87) (5 +85) = - 5 (8 - 85) - 8180,
tebd ekl = (5 +87) (5 -85 ) = 1 +5 (8 - 82) - 8155,

[tidm) (Litm| = 57 S,

[titm) (itml| = 57 (; + sm) ,
sk ekl =57 (5= 83,
ek hitl = (5 = 55 ) 35

[titm) (bidm| = S S,

and other states can be obtained using |7v;0m) (@i Bm| = (|aifm) (’yi6m|)T.

The interaction coefficients are given by the following expressions:

2z kv _ 7ok q,kv _ 179k _ 179k _
Jim ™ = K3 Sy im T BT i — B3 im — B im =

iq iq mq * mq *
. (Vm,T;M,T o Vm,i;M#) ((Vm,T;M,T> o (Vm,J,;M,J )
= Z (-1) z 5 + c.c.,
M T Cm

iq mq * mq iq *
Jr— ek _ praky _ Z Vm’T;m’yi (meT;m’,i) n Vm,i;m’ﬁ (Vm&;m’,T)
im Tt im gm’ - 5m - Espin 5m’ - gm + Espin

’
m

(C.1)

(C.2)
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where [ is the orbital quantum number of the M state.

Appendix D

The Hamiltonian, acting only on effective spins can
be obtained by taking the expectation value of Eq.
with respect to an unperturbed initial state of the medi-
ator atoms. As a first example we consider the mediator
atoms prepared in a Rydberg |ns, kg ,,) superatom state:

k /1k0 vQ

W>sat:za:ZH F¢9q(q’vq)

q=1k' ko 4'#q
l// »Vo
X(pnsq (ankOuoq |gl,-~ -3 9N, a>

(D.1)

ns1/2, my

where gi)gq, (Xq kL ¢
g™ atom in the ground state; @, (Xgq, ko, 4) is the
spatial wave function of the ' atom in the |ns) state;
in the general case the atoms in the ground and Rydberg
states are assumed to be prepared in a wave packet of
Bloch states with quasimomenta k!, and kg ,,, respec-
tively, weighted by the coefficients CR | ko vy In this case

the spin Hamiltonian takes the form:

) is the spatial wave function of a

rns _
eff spin —

< sat| ﬁ" |\Ijsat> -

N
(JZZ 578z, +

(D.2)

m

€L
(88 + 5750) +

I
(]

1,m=1

0%, mm SE + by imnmm>,

with the averaged interaction coefficients:

*
E: > g (R o 1y )X

¢ g=1px ko,k'
v,V vo,uo

zz(L)

XJzzvi(l) @k /qu(I);:sq(XqukO Vo q)¢(Xqka q)x
x/quq)nsq(Xq,k:g v ) (Xg k), (D.3)

where ¢(X,
wave function in the P, s projector Eq.. The averaged
effective magnetic field b7, and bg ;», satisfy the same
relation.

Next, we use the assumption that initially the media-
tor atoms are prepared in a superposition of Bloch states
and write explicitly Bloch functions as the spatial parts
of the mediator atom wavefunction ®,, (X, k0, ¢) =
;;;D) iko Xy O( Xy kyq) = uI(CV)eiqu.
f<I> (X¢: ko v q)u,(cy)eZqu = Ok koOv,uy, glving the av-

eraged interaction coefficients (same for bZ,, by im):

k, ) is the spatial part of the mediator atom

u In this case

zz(L) ZZ(L) ko vy _
|Ck?, ko vy |~ Sim =
@ q=1k' ko
l// s Vo
zz(L) g,ko vg
E : E :‘Cka/O' Jim ) (D4)
@ q=1ko,vo

where ek, 2 = Yo low |2. In particular, for
mediator atoms 1n1t1ally prepared in a stationary BEC
ko = 0, 1/0 = 1 the averaged interaction coefficients are
JZZ:L(J_) = N Zq 1 Z(L) a:ho=0vo=1 [37]. In a more gen-
eral case the initial superatom state is a superposition of
Bloch states with quasimomenta ky and Bloch bands v,

determined by the distribution [cg, 2

/7k0 vQ
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Another possible initial mediator state is the Rydberg and Rydberg state atoms are prepared in a superposition
dressed state of Bloch states determined by the weights |cy/ |2

/7k0 vo
Plugging the Bloch functions for the Rydberg and ground
tates motional wavefunctions, their averages will be
= X k S 3
) dress (;1_[1 k%: Ck!, ko vy <cq¢gq( @ " q) lg > given by the following expression:
V/,l/(())
.- (L) g,k
€L zz ko v
+Cnsq)nsq(ankO 120 q)|ns>q>a ani( ) = |Cns|22 Z |Ck;,,k0 u0|2Jim PR
g=1 k)/7k}0
(D.5) I//,l/o
Nq
. . . 1) a,ko v
created when all mediator atoms interact with = |cns|? Z Z |Chy v |2J_zz( ) @ko vy (D.7)

a dressing laser field of Rabi frequency €2
and detuning A from the Rydberg state, and

_ / 2 2\ 1/4
€ o \/ A?/4+ Q7+ A/2/[V2 (A /440 ) I In particular, for the case of an initial BEC with kg = 0,
= VAT 2 - Af2/[VE (A4 + 02) | Here  *0= 1 we have

qbgq (X4, k) is the spatial wave function of a q'"' atom
in the ground state; ®,,5, (X, ko v, ¢) is the spatial wave 7o) ako=0,
function of the ' atom in the Rydberg ns state. |C"S| Z
In this case the spin Hamiltonian takes the same form
as Eq.(D.2) with the averaged interaction coefficients

q=1 ko,vo

(the same for b7,,, bo im): The expressions (D.3]), are also valid in the case of
a single mediator atom corresponding to N, = 1.
Appendix E
1
T2 = Jenl? Z Z Ol Ky (Ch? , ko vy )™ X
a=1k,k’ koK,
y,y/7yo71/6 A. Calculation of Vr;"qa /B matrix elements for

charge-dlpole interaction

) J2 (D ks / AX, 8%, (X ko v )6(Xyo ko o) X

, . The interaction matrix elements for the charge-dipole
X /qu(I)nSq (Xq: ko v q)d) (Xg, k0 q), (D.6) interaction between an m' spin, encoded in polar
molecule rotational states, and a ¢* mediator Rydberg

where we again consider a case when initially the ground atom have the form

J

Vgoqxa ym’,3 T <n$1/27 mj, ko Vo ’q <a‘m ‘A/Cd |6>m ’npj/7 m_/j’a kl/>q =
- . Ry — T
= —e(al,, dspin |ﬁ>m/dX énsq(X(PkO vo q) (s, mj| q = ’npj/,m;,>¢(Xq,kl, q) =
[ =11
o v Rym — 7 y Cn
= €< | Spln |6> (k=Fo)Xm /qumugcoD (Xm + qu) <”57mj| _’qm 3 |npj’7m/j’> ui )(Xm + qu)e (k=ko)Xqm —
(Rom =7
= 2?}7& m,Be_l(k_kO)Xm.
(E.1)
Assuming for concreteness that the mediator atom is ini- only to the m} = +1/2,3/2 sublevels of the np; = 99p3 /5

tially excited to the ’nsl/z, m; = 1/2> state, the matrix state, which can be expanded in terms of the [, m; states
elements Eq.(E.1]) will be non-zero for v1rtual excitations  as follows:



nps/2, M = 3/2> =

1 2 1
np3/27m]:§ - § n’l:17ml:O;S:§7ms
1 1 1
which can be used to calculate an;r;,a;m” 5 coefficients.

The interaction  coefficient  corresponding to
the resonance between the 99p3/2,mj:1/2> “

99s1/2,m; = 1/2) transition of the g™
th

atom and the
spin transition of the m'™ molecule are given by the
expression

mq

®mo,;m

—

_ 6\/§ <T| (jspin |\L>
V3

(vo)*
Xuk

(E.3)

J

Rym — T
m /qum (ns| tam T |np, m; = 0) x
|Bgm — 71°

(X + Xgm) 0l (X + Xgm) ¢~ 000 Xam

—
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1 1
n,lzl,mlzl;s:i,mszi

1 +f Ity s Lo L
_2 3”,—,ml—78—2,m5— 9 )

1 2 1 1
2>+\/;n,ll,m10;52,m52>, (E.2)
[

where the Bloch functions are normalized as
" (Xg. ky o) 0(Xg, KL, DXy = vk Let us

T

first analyze the
coordinates:

integral over Rydberg electron’s

Rym

Ry,

mq
Ina ;np,0

—e (1 d_:;pin 1) (1258] 3 |np, my = 0).

|J=0,m;=0) and
|J =1,my = 0) the spin dipole moment has only

For the effective spin states |]) =
M =

» the z component (1 J;pin 1) = &, (1| dz spin [{). One then

can use the following expression [58]:

—

—-T

(o =7).
<T| dz spin H/> 5" =dme <T‘ dz spin |\I/>m COS 77><
o~
1" 4+1 1" 1 .
y Z;)/C/J:O T—:l R:‘//+2 Zm”:7l” }/lW (9, (b))/lm (77, X) for r < qu
I R _1 " m!’ "
D=0 ST T Yo=Y (0,0)Y *(n,x) for 7> Ry
sinn
—4me <T| dz spin H’>m
Rym
o0 1 - I z vy * (nx)
Zl”:o W% Zm//ffl// }/ZW (97 ¢)l37’l7 for r<< qu (E 4)
" m” oY *(m.x) ’ '
Zl” =0 21//+1 rl”+1 Z m! =—1" l” (9,¢) L an for r > qu
[
where 6 and ¢ are the Rydberg electron’s angular coor- which are non-zero only for " = 1,m" = 0,
dinates with respect to the ionic core, n and x are the with  the  corresponding  integral given by

angular coordinates of the core-molecule vector ﬁqm with
respect to the quantization axis, chosen to be perpendic-
ular to the spin and mediator lattices and parallel to g
(see Fig@. When calculating the matrix element 1,27
between the |ns) and |np,m; = 0) states, there will be
integrals over three spherical harmonics, expressed via

3j-symbols
27 T
/ do / sin 0dOYY * Y v =
0 0

BrOEE).

0! 1
0m” 0

011”1
000

321" +1)
47

2T de [T sin 0dOYL *YLYL = 1/V/4.

As a result,



Ins np,0 = 4me <T| dZ spin |\J/>m Ccos 77Y10 *(77’ X) <_

—4me <T| dz spin |\l/>
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anL
3
N I a RnsRn d?’-l— / RnsRn d’l"
3\/A§Rgm/0 ’ W ’ )

q m

sinn oYL *
m qu an

ayl) 5
where o
n

= 3 (VR0 e vE() ) =

—%\/gsinn, and Y = %\/gcosn, YljEl =
:F%« / % sinnet™. After rearrangement,

Imq <T| dz spin |»J/>

ns; np,O - \/g

. 9 2 R >
) _2 . qm
. (W |t RnsRnpdr)’
. 0 Rym

(E.6)

J

qm o 6\/§ </H dz spin |\I/>m
C m’ | =
mo 1’| 3

Rgm

For the distances between spin and mediator arrays p ~
1.5 pm, which we consider, the @%foqu 73 Rpys Rppdr
term will be much larger than the f ;j N R, s Ry pdr term,
such that the latter can be neglected At these dis-
tances one can also approximate f an 3RnsRnpdr ~
fo r RmRnpdr As a result, the dependence on the me-

J

ds in
cﬂl(] — <T| P |‘L /qum n8|

mo,fym’,| —

xu,(:‘))* (X + Xgm) u

4 dy spin m
When averaging the — ail %M q|( am =),
am
tion over |ns), |np,m; = —1) states the integral over
three spherical harmonlcs Eq - ) will have the form

dgbf sm 0doYy *Yl,, Y1 , which is non-zero only for
l” =1,m" =1. Following the same steps as above one

func-

3v 477R3m

Rgm
4 3 q'm,
7° Ry s Rypdr +

5vir e RmRnpdr> ,

(

2, Xqm)?
where cos?n = 22—, sin’n = Xgm)®

qm

This gives the following expression for the ¢4 coef-
ficient for the |99ps/2,m; = 1/2) 4> [99s1/2,m; = 1/2)
transition

2 2 R
_ 2 qm
[ % (W [ i
qm 0

+/ RnsRnpdT) (VO)* (X + qu) U](g ) (X + X ) 7i(k*k0)qu'

diator position of the ¢ coefficients will be given by the
factor (sin®n — 2cos®n)/R3,,, which shows that at such
distances the charge-dipole interaction can be approxi-
mated by the dipole-dipole one.

Next, we calculate the ¢?™ coefficients for the spin-
mediator interaction involving the []) — |1) and the
199p3 /2, m; = —1/2) 4> |995; /2, m; = 1/2) transitions

|np, my = —1) x
o 77
@) (Xm + Xy ) €k k0) Xam, (E.8)
[
obtains
(Fam —7)
I —1 = =€ (M dsspin 1), (N8| ————5" [np,my = —1) =

=e —)

1 \/g /qu .
— r° Ry s Rypdr,
Rém 2 0 P

(E.9)

cosnsinne X

—€ <T| dz spin |~lx>m
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4z, resulting in

FIG. 9: Angles of the vectors ﬁqm and 7 in the case of a
general orientation of the Rydberg atom with respect to the
molecule.

cmq o, _ _6 </H dz spin |~L>m ~
mo,T;m’, ] \/i

i 1 Ram Vo) * v i
X /qum <sinncos ne” X 7B /0 r?’RnsRnpdr) u,(COO) (Xm + Xgm) u,(c ) (X + Xgm) e k—ko) Xgm (E.10)
qm

for the ‘99p3/2,mj = —1/2> > ’9981/2,mj = 1/2> tran-  the spin ||) —[1) and the mediator |99ps /2, m; = 3/2> >

sition. |99sl/2, m; = 1/2> transitions will have the form:
Similarly, the coefficients for the interaction involving

J

- Roym — 7
emd :ersinim/dens_,qminnml:lx
ot = € (T dspin [1) gm ||qu—f13| )

<l 0" (X 4 Xgm) 4 (X + Xgm) e~ H0) Xam (E.11)

with the corresponding Ame(tldy spinld) n (Rgm —7)

where in the average of the — R = fac-
qm =T
(é’ o F’) tor over |ns) and |np,m; = 1) states the integral over
I::;?np,l = —e (1] dy spin |¢>m (ns| - Sz Inp,my = 1) = thre(le/ spherlcz/%ll harmonlc§ Eq (E.5) will be non-zero only
‘qu _ 7:»‘ for I” = 1, m"” = —1. This gives the coefficient:

= e (1| d, spin |4),, cosmsinne’

1 \/? /qu 5
- r° Ry s Rypdr,
Rgm 2 0 P

(E.12)



1
X /qum (sinr]cos ne'x B
qm

In the 1D case y = 0 and cns 1/2,1 Ko g inpa2.3/ 2Ky

_\/gcns@/zmko voinPas2,=1/2. k"

Here again one can approximate foqu r?’RnsRnpdr ~
fooo T3RnsRnpd7‘, which will give the dependence on the
mediator position under the integral in the form of
sinncosn/R3,,

Finally, we discuss the interaction matrix ele-
ments for transition in which the mediator does not
change its internal state, allowed by the change-

. . . mq mq _
dipole interaction, V" ot ns.ko vy Tims kT
cnd —i(k—ko)Xm matrix elements, where

Cns ko vy, Tins,ky Te

mq

Cns ko vy, Tins k,,,T
- Rym  BRyn —7
= e (| dspin [1),, /qum (ns| Rg _}q 3 [ns) x
qm R
Xugcuo)* (Xm + qu) (u) (Xm + qu) e~ ilk—ko)Xqm
(E.14)

The integral over Rydberg electron’s coordinates

. - Rym  BRyn — T
Insqns =e <T| dspin |T> <TLS| RS - Aq 3 |77,S>
Rym —
(E.15)

can be calculated using the expansion (E.4) since

<T|J;pin 1) = €, (T dyspin |T) also has only the z com-
ponent. As a result,
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6\/3 <T| dz spin |J/>m
V2

mq

®mo,tsm’, | =

Rym
/ r3RmRnpdr> U (X + Xgm) ul) (X + Xgm) e " F R Xam — (E.13)
0

(

We can estimate the term fOR"m R2 (r)r?dr >
fO 2 (r)ridr ~ 0.999999999 for 99s of Rb and p = 1.5
pm, resultmg in 174, ~ 107"%p (M dy spin 1) /RS,

This shows that the effective dipole moment of the
ns state is ep(1— [} R2,(r)r?dr) =~ 107'%p =~
3-107% au. If the |1) state is coupled to a
|J =2,m;) state by a detuned MW field with a
Rabi frequency Q and detuning A, the dipole mo-
ment of the [1) state induced by the MW field is
<ﬂdzspin |T> ~ (Q/A) dapin

cients can then be estimated as ¢
1070ep (T dy spin [1) /p° ~ 107 P0ep (Q/A) dspin/p® ~
1073 Hz for Q/A ~ 0.1. It shows that the
|Vns ,1/2,ko,Tims,1/2,k, T‘ = |cns ,1/2, ko vy Tins,1/2, k,,,T| <
(Ens(ky) — Ens(ko vo=1)) ~ 4Erec/N2 1.t ~ 0.87 Hz and
|J;;Q7k0 u0| |V7nq 10 8

ns,ko vy ,T508,ky T‘ /(4Eec /N7 at latt) ™~
b; | terms in

Hz, which is much less than the |J;- |, |

Eq..

The interaction coeffi-

ns, 1/2<k0 ,,(L’an ,1/2,ky 1 S

e (1 ds spin [1) o
Lt = % 1— / RZ (r)yridr | . B. ¢l imeas coefficients for the Rydberg spin
qu 0 encoding

(E.16)
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arby + bray Xgmp ik X g
CﬁZ,T;med,¢ = 3 dnp,nsdip,nsd+ qumugcl;O)* (Xom + Xgm) Rq5m ugcy) (Xom + Xgm) €77,

qm
ma — ma

mo,};med,T " “mo,t;med,]’

QCLTbT *
m?),T,med,T dnp,ﬂsdnp nsdi/qumuk 2 (Xm+qu)

cnd
mo,|;med,| —

2a,b v
%dnl)msdﬁpﬁsdi/dxqmué g

1- 3p2/qu (v)

T“k
- 3p°/R2,,
R3,

(Xon + Xy ) FXam,

(X +qu) Wl (X + Xgm) €FXam,



with the corresponding dipole moments between the
’nsl/%mj = 1/2> and the |+) 4 states:

1 - I
<n81/2’mj = 2‘ dRydb |+>med = —w

3 b
1] » d_d e,
<n81/2,mj =3 dRydb | =) med = — ng’ns =, (B.17)

C. Averaging over atomic motional states

In order to calculate the cp? | sand e |4 5 co-
efficients energies and wavefunctions of mediator atoms
Bloch states are needed. In this section we numerically
calculate the Bloch functions by analyzing atomic mo-
tion in a 1D optical lattice described by the trapping
potential V(X,) = Vpcos? Ka X, with the lattice mo-
mentum Koy = 7/La and Vo = —Epe, where Froe =
h2(Ka)?/2M,; is the atomic recoil energy in the lattice,
M4 is the atomic mass, L, is the mediator atom lattice
period. The Bloch states and energies can be found by
solving the Schrodinger equation for atomic motion in
the 1D lattice:

LR Pe(Xg k)
2M,,  dX2

+ Vo cos? (Kau Xg)0(Xg, b ) =

= E(”)(k)¢(Xqka a);
(E.18)
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where the wavefunction corresponding to the v** Bloch
band and the quasimomentum k is ¢(Xg,kq) =
u,(:)(Xq)elkXQ. The periodic function uj can be ex-
panded in terms of the harmonics of the lattice momen-
tums: ug/)(Xq) = 3 Omax cgy)(k)e%SK“Xq with the ex-

pansion truncated a%gofﬁxgxsmax. The periodic boundary
conditions ¢(Xy, ky q) = (X4 + Natt at Lat, kv ¢) Tequire
k = 2mk/LatNatt at and £ = —Niagt at/2, -+, Natt at/2,
where N4 2t is the number of unitary cells in the me-
diator atoms lattice. The coefficients csu)(k) and Bloch

energies E(*) can be calculated by numerically solving

Ea (19

2
K v Vo v v E®) — [0/2 v
(Nat + S) Cg )+ 1B (0231 +ci+)1) = 70g ).

rec rec

(E.19)

Fig[T0]shows energies of the five lowest Bloch bands in the
case V) = —FE,ec assuming that the lattice has Nyt ot =
100 unitary cells. The expansion of uy was truncated at
Sinax = 10.

We numerically calculated the ug') (X4) functions for
five lowest Bloch bands and used them for obtaining the
c™? coefficients discussed in the subsections A, B.
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