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Abstract. Perovskite materials are known to have unique optoelectronic and quantum proper-
ties. These make them good candidates for the next generation of quantum technologies. This
article reviews the properties of perovskites that make them good candidates for bridging ma-
terials science with cutting-edge quantum applications. These applications include but are not
limited to quantum computing, quantum dots, spin qubits, communication, superconducting sys-
tems, and sensing. The first part focuses on the structural properties of perovskites and the
second part focuses on fundamental properties such as quantum spin liquid and photolumines-
cence that make them ideal candidates for quantum-enabled devices. Next, the review highlights
the challenges and future prospects for the development of perovskite materials from a quantum
perspective. Finally, a preliminary investigation of the new perovskite YbInO3 is made based on
Monte-carlo simulation method.

1 Introduction
Getting affordable and clean energy is the 7th UN Sustainable Development Goal. One way of achieving this goal
is to ensure that renewable energy sources like solar, wind, and thermal energy are accessible at reasonable prices to
everyone. Solar energy is recognized as an effective way to deal with environmental pollution and global warming
and, most importantly, make electricity accessible to everyone. Most of the photovoltaic cells were silicium based.
Discovered in the 1830’s, the existence of perovskites revolutionized the world of science 180 years later. Indeed,
it was only in 2010 that Tsutomu Miyasaka highlighted its potential in the photovoltaic industry. They serve as
a good example for bridging quantum technologies and materials science. Due to their characteristics, perovskite
materials have significant technical significance across various real-world applications such as solar cells with
their exceptional optoelectronic properties, photocatalysts, light-emitting devices, energy conversion and storage,
sprintronic devices, gas sensing, etc... [1, 2, 3, 4]. This article aims to illuminate the path toward perovskite-driven
quantum technologies, which are potentially important materials for technological applications, especially in solar
cells, offering insights for researchers across materials science, physics, and engineering. Specifically, we will
explore how perovskites materials serve as a bridge in material science and subdomains such as quantum light
sources, spin-based quantum technologies.

2 Crystal structure and phase formation
The perovskites of interest here are materials with general chemical formula ABO3 where A is a rare-earth, B
is a transition metal, and form within the Pm-3m space group (no. 221). In this group, the A cation is assigned
the coordinates (0, 0, 0), the B cation is positioned at (1/2, 1/2, 1/2), and the O anions are situated at (1/2, 1/2,
0), (1/2, 0, 1/2), and (0, 1/2, 1/2) locations. Figure 1 gives a schematic representation of the perovskite crystal
structure. The rare-earth atoms occupy the center of the cube. The B atoms occupy the corners of the cube and



Figure 1: General crystal structure representation of perovskites with general chemical formula ABO3.

the O atoms occupy the faces of the cube. The corner-sharing BX6 octahedra form a 3D network as seen on the
picture. It is possible to customize the properties of perovskites by substituting atoms in different sites (A, B, and
O). For instance, substituting Pb2+ ions with Sn2+ on the B site in halide perovskites [5] reduces the toxicity of
the material while affecting the band structure.

One of the earliest report on the series is in 1950’s with the crystal structure study of GdFeO3 by Geller [6] and
its magnetic property studies by Gilleo [7]. The first and most comprehensive study on the series ABO3 was con-
ducted by V. M. Goldschmidt and his colleagues, who synthesized a substantial quantity of ABO3 compounds and
then identified their overall structural characteristics [8]. Among others, Goldschmidt examined the components
that determine the kind of structure and provided clear evidence of the significant effect of ionic radius and ionic
polarizability as variables. He derived the so-called "tolerance factor t" given by equation (1), which determine the
type of structure expected depending on the ionic radii.

t =
RA +RO√
2(RB +RO)

, (1)

where RA and RB are the ionic radius of the A and B cations respectively, RO is the ionic radius of oxygen. For
t = [0.77 − 1.00], a perovskite structure is obtained. Specifically, a cubic perovskite structure is obtained for
t = [0.8−1.0]. It also indicates whether ferroelectricity is present in a material or not. In 2014, S. C. TIDROW [9]
developed a new model based on some physical constraints and compared it with the Goldschmidt formalism.
First, he found that for low-symmetry crystals, there is a structural volume instability which is consistent with
the Goldschmidt’s tolerance in the interval 0.77 < T < 1.00. Second, he found that, that structural instability
increases in the region close to the upper limit of the Goldschmidt tolerance interval t = 1.00. Third, he found that
the cubic phase can form in perovskite even for tolerance factor value far from 1.00 and outside the tolerance factor
range 0.77 < T < 1.05.

3 Quantum Phenomena in Perovskites and Applications in Quantum Technologies
There are several quantum phenomena that are likely to arise in perovkistes due to several factors such as electron
structure and correlations, spin-orbit entanglement, lattice dynamics, and spin-orbit coupling (SOC). The latter
leads to several quantum mechanical phenomena which plays a key role in condensed matter physics by influenc-
ing the electronic, magnetic and optical properties of materials. For instance, quantum spin liquids can arise in
rare-earth perovskites because of the SOC which hybridize the spin and orbital degrees of freedom and sometimes
prevent a magnetic order to happen at even lower temperatures. That is the case in YbAlO3 which is a quasi-1D
quantum magnet [10] exhibiting a quantum spin liquid state due to the SOC splitting the Yb3+ Kramers doublet,
leading to fractionalized spinon excitations. This material has potential in quantum information science, optoelec-
tronics and spintronics [11, 12]. A disorder-induced spin liquid state has also been found in TbInO3 [13, 14].

Topological quantum states were also found to occur in rare-earth perovskites due to SOC. That is the case
of NdNiO3, a perovskite quantum material which under strain shows SOC-induced Dirac crossings in its elec-
tronic structure [15]. This is an example of SOC-Driven Band Inversions. SOC introduces the Dzyaloshinskii-



Figure 2: Left panel:Change in the transition temperature and possible quantum spin liquid state in NdNiO3. Right
panel: Phase diagram of YbAlO3 highlighting the crossovers between Luttinger liquid and quantum critical (QCP).

Moriya Interaction (DMI), stabilizing quantum skyrmions as it is the case in GdFeO3 which hosts nanometer-scale
skyrmions under magnetic fields [16]. In the field of quantum coherence and qubits, long coherence quantum bits
can be formed from the SOC-split energy levels of rare-earth ions such as Er3+ and Nd3+. In the presence of quan-
tum fluctuations, long-range ordering can be suppressed in rare-earth perovskites, giving rise to paraelectricity. It’s
the case of SrTiO3 which is a non-rare earth material quantum paraelectric and is often doped with rare-earth
element such as La. Furthermore, features such as zero dielectric loss confirm the quantum paraelectric state at
low temperatures in EuTiO3 [17]. In materials such as YAlO3 , the single-photon emission for quantum commu-
nication is enabled when doped with rare-earth ions such as Eu3+ and Yb3+ [18]. These rare-earth perovskites
demonstrate how quantum effects can be used to create quantum networks and non-volatile memory, among other
next generation technologies.
The unique mix of spin, optical, and electrical features of rare earth perovskites has made them a viable platform
for quantum technologies. Long coherence periods and strong SOC are made possible by these materials’ use of
rare earth ion shielded 4f electrons, which is an essential combination for quantum applications. A number of
material systems have demonstrated exceptional potential. CsPbBr3 is an all-inorganic halide perovskite mate-
rial. With its orthorhombic perovskite structure, it is proned to photoluminescence quantum yields, long carrier
diffusion lengths, and narrow emission bandwidths. These properties open the door to several applications in op-
toelectronics, photovoltaics, photodetectors and quantum technologies. It was demonstrated that doping CsPbBr3
with rare-earth elements greatly enhance his properties. For instance, Eu3+ with its hyperfine structure permits
microwave control for quantum information storage [19]. When used as a dopant in CsPbBr3, the obtained ma-
terial has great potential to be used as quantum memory with optically addressable 4f-4f transitions exhibiting
millisecond-scale coherence times at cryogenic temperatures. When doped with Nd3+ or Yb3+, the quantum co-
herence and near-infrared emission in CsPbBr3 is enhanced [20]. These properties make it a good candidate for
spintronic devices and quantum light sources.

4 Challenges and Limitations
Perovskite materials confront numerous obstacles that prevent their widespread use, despite their exceptional op-
toelectronic qualities and potential for quantum technology. Performance gradually deteriorates due to stability
problems in the presence of external elements like oxygen, heat, and moisture. For instance, when doped with
rare-earth such as Yb3+ and Er3+, halide perovskites such as CsPbCl3 can degrade quickly due to moisture and
thermal stress encountered due to lattice distortions or when the ion migrates within the structure [21]. Perovskites
such as LaCoO3 and NdAlO3 can segregate under prolonged excitation. This can reduce their photoluminescence
properties [22].

Inconsistencies in defect densities and film homogeneity further complicate the scalability of high-quality
perovskite synthesis for industrial applications. Lead-based perovskites’ toxicity creates health and environmental
issues, necessitating the development of safer substitutes without sacrificing performance. Deeper theoretical and
experimental understanding is also needed because the basic knowledge of charge-carrier dynamics and quantum
behaviour in perovskites is still developing. To completely close the gap between perovskite invention and useful
quantum technologies, these issues must be resolved.

5 Case study: Monte Carlo simulation of the new material YbInO3

The preliminary investigation of the new perovskite material YbInO3 was carried out. The Goldschmidt param-
eter introduced earlier was calculated to determine the crystal structure of the compound. A tolerance factor of
0.8 suggests an orthorhombic structure, according to B. Philipp et al. [25]. The database of quantum materi-
als (OQMD) [26], which is a database of DFT-calculated thermodynamic and structural properties of materials,



Figure 3: Perovskite materials confront numerous obstacles that prevent their widespread use, despite their excep-
tional optoelectronic qualities and potential for quantum technology [23, 24].

was used to estimate the lattice constants in the absence of experimental data in the YbInO3 system. These are
a = 5.973 Å, b = 7.488 Å, and c = 5.696 Å. The starting point for our analysis is the hamiltonian H where only the
first nearest neighbor was considered:

H = −
∑
⟨ij⟩

JijSiSj (2)

where Jij is the exchange coupling parameter; ⟨ij⟩ denotes the first nearest neighbors; and Si and Sj are spins
at site i and j, respectively. The energy of the system E = -5.74 eV used was obtained from the OQMD. Monte
Carlo simulation combined with Metropolis algorithm has been performed in the frame of Ising model ti simulate
the energy of the system; magnetization; magnetic susceptibility (χ); and specific heat (Cv) using the following
formula:

E =
< H >

N
, (3)

M =
|
∑Yb

i −
∑In

i |
N

, (4)

χ =
(⟨M2⟩ − ⟨M⟩2)

kBT
, (5)

C =
(⟨E2⟩ − ⟨E⟩2)

kBT 2
, (6)

where kB is the Boltzmann constant, T the temperature, and N the number of spins in the system. The physical
quantities were simulated as function of the lattice size ranging from L = 8 to L = 24. The transition temperature TC

has been found by this simulation around 65 K for small lattice sizes. The sharp drop in the energy curve at 65 K
is a sign of a magnetic phase transition in the material. This phase transition is consistent with the peak observed
in the magnetic susceptibility and specific heat curve. The gradual increase in the energy curve is a sign of thermal
population of excited states. This increase is followed by a plateau which is a sign of energy saturation. The sample
therefore enters a paramagnetic state. The increase in lattice size stabilizes the ordered phase as observed in all
four graphs.



Figure 4: (a): Internal energy as a function of temperature for different lattice sizes. (b): Total magnetization as
a function of temperature for different lattice sizes. (c): Specific heat as a function of temperature for different
lattice sizes. (d): Magnetic susceptibility as a function of temperature for different lattice sizes.

6 Conclusion
Rare-earth perovskites offer a unique interplay of electron correlations, strong spin-orbit coupling, and structural
versatility. These make them stand at the forefront of the quantum materials revolution. They offer a platform to
discover and study materials such as quantum spin liquids and qubit hosts. By combining theory, computational
and experimental work, rare-earth perovskites will open up new possibilities in fields such as spintronics and
quantum computing. Preliminary structural and DFT results of YbInO3 suggest a magnetic ordering in the material.
Knowing that this material is prone to frustration due to the geometry of the lattice, it is worth investigating the
experimental physical properties to get an insight into the features of the material.
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