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Polar molecules and Rydberg atoms interact via strong, anisotropic and long-range dipole-dipole 

intraspecies and charge-dipole interspecies interactions. Both systems have long-lived internal states, 

which can encode qubits and effective spins, such as low-energy rotational states of the ground electronic 

and vibrational state of molecules and long-lived high principle quantum number  states of Rydberg 

atoms. The combination of long-lived qubit/effective spin states and strong long-range interactions, 

allowing to couple them, makes both systems highly attractive for quantum computation and quantum 

simulation. When placed in periodic trap arrays, atomic systems have an additional advantage of 

scalability to qubit numbers allowing to simulate problems intractable for classical computers. Quantum 

magnetism is particularly amenable for simulation with ultracold atoms and molecules because various 

types of spin-spin interactions can be modelled by manipulating atomic interactions. In particular, KRb 

polar molecules in a 3D optical lattice have been used to model XX spin-exchange interaction [1]. On the 

Rydberg atoms side, there is also a growing number of proposals on quantum simulation of magnetism 

phenomena, starting from realization of an Ising model by dynamical creation of Rydberg crystals [2], 

and extending to simulation of exotic frustrated magnetic states. 

One particularly interesting class of magnetic interactions are indirect spin-spin interactions. Examples 

include superexchange interaction in transition metal oxides and fluorides and in quantum dots [3], 

electron-spin mediated interaction between nuclear spins in molecules (J-coupling) [4], and Ruderman-

Kittel-Kasuya-Yosida (RKKY) interaction [5] between localized magnetic impurities in metals and 

semiconductors, mediated by their coupling to spins of conduction electrons. 

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 Rydberg atoms. The effective spins 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 interactions between effective spins can be realized via their 

coupling to a mediator Rydberg atom(s), placed in a parallel shallow optical lattice with a large tunneling 

rate. In the case of spin encoding in polar molecule states the effective indirect interactions will be 

realized via direct charge-dipole interaction between the spins and a mediator Rydberg atom(s), and in the 

case of Rydberg atom spin encoding via the dipole-dipole spin-mediator interaction. Choosing specific 

spin-encoding and mediator atom states, including states dressed by MW fields, will allow to realize XX, 

Ising and XXZ spin-spin interaction types, with the 
J  and 

zzJ interaction coefficients changing sign 

with interspin distance in analogy to the RKKY interaction. 
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Mossbauer nuclei have resonances with narrow widths and form the basis of Mossbauer spectroscopy [1], 

which is a well-established technique allowing to measure magnetic, structural, dynamic, etc. properties 

of materials and perform tests of fundamental physical laws [2]. Its further development is hindered, 

however, by modern X-ray sources, radiating pulses with spectral bandwidths orders of magnitude wider 

than the Mossbauer resonances, at most providing one resonant X-ray photon per pulse. The most 

advanced X-ray source to date - the recently opened European XFEL, has a spectral flux of  ~ 10
-4

 

photons/Hz/pulse [3] at energies < 30 keV, and the more advanced self-seeded XFELs are expected to 

produce ~ 10
-2

 photons/Hz/pulse [4]. This will give > 10
2
 resonant photons for the most popular 

Mossbauer 
57

Fe nucleus having the transition with the width of 1.1 MHz (excited state lifetime 141 ns), 

but for nuclei with transition widths smaller than 10 kHz still about one photon per pulse will be resonant. 

We propose an approach to enhance the spectral intensity of X-ray radiation in a desired narrow 

frequency range by sending it through a resonant Mossbauer absorber. The spectral intensity enhancement 

can be realized by placing the absorber in a longitudinal (along the incident field propagation direction) 

magnetic field gradient, which produces a spatial gradient of the transition frequency of Mossbauer 

nuclei. The part of the incident field spectrum within the gradient width, which can be significantly larger 

than the width of the Mossbauer nuclei transition, will be absorbed and stored as a nuclear excitation. By 

reversing the sign of the frequency gradient at a later time the stored excitation can be converted back into 

radiation and re-emitted by the nuclear ensemble, similar to gradient echo memory technique [5]. The 

spectral width and intensity of the re-emitted field can be manipulated by tuning the magnitude of the 

reversed gradient. In particular, the width can be made of the order of the Mossbauer resonance one, and 

the maximal spectral intensity at nuclear resonance can significantly exceed the intensity of the incident 

field. 

Numerical estimates for Mossbauer absorbers ZnO enriched to 90% in 
67

Zn and Sc2O3 with 100% natural 

abundance of 
45

Sc show that the spectral intensity of the re-emitted radiation can be enhanced ~ 50 and ~ 

100 times at the 
67

Zn and 
45

Sc resonances, respectively. The spectral enhancement method will allow to 

make the 
67

Zn and 
45

Sc isotopes with nuclear transitions two and six orders of magnitude narrower 

compared to 
57

Fe more available for Mossbauer spectroscopy and metrology, e.g.
45

Sc will allow to 

measure the gravitational red shift by detecting the angle of defection of the direction of single-photon 

nuclear superradiance in the Earth's gravitational field [6]. 
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