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 A B S T R A C T

In 1988, McCarthy and Güdel published the seminal review Optical Spectroscopy of Exchange-Coupled Transition 
Metal Complexes, which not only compiled key spectroscopic results but also provided a deep insight into 
the theoretical foundations of the field, originally developed by Tanabe in the 1960s, which is undoubtedly 
the most insightful review in this topic to date. The work presented here aims to pay a modest tribute to 
Prof. Hans U. Güdel for his outstanding contributions and career — a scientist who was a guiding figure for 
many of us entering the field of spectroscopy. This review provides an updated overview of key experimental 
findings where exchange-coupled systems play a fundamental role, many of which involved direct contributions 
from Prof. Güdel himself. We begin by discussing homonuclear transition-metal systems, such as Mn2+–Mn2+
and Mn3+–Mn3+ pairs, highlighting the unique features of their absorption and emission spectra, as well 
as their lifetimes — phenomena that are not observed in isolated ions. The discussion then extends to 
heteronuclear mixed-metal systems, specifically transition-metal/rare-earth ion pairs, such as Mn2+–Yb3+. In 
these systems, a novel upconversion luminescence mechanism was proposed, based on exchange interaction 
via the Tanabe mechanism between Yb3+ and Mn2+. Significant enhancement of optical absorption and its 
temperature dependence was attributed to Mn2+–Cu2+ exchange interaction units. Finally, we compare results 
from two Ni2+-doped isostructural materials — Rb2CdCl4 and Rb2MnCl4 — emphasizing the potential of 
exchange coupling mechanism to enhance luminescence efficiency.
1. Introduction

Hans U. Güdel, an outstanding spectroscopist, has made signifi-
cant contributions to the understanding and development of exchange-
coupled systems. His work provided profound insights into the mag-
netic and electronic properties of transition metal and rare earth com-
plexes. This article aims to honor Prof. Güdel’s legacy by expanding his 
review, mainly focusing on his work with exchange-coupled systems 
and their influence on spectroscopic measurements.

Exchange interactions, fundamental to the field of magnetism and 
spectroscopy, arise from the quantum mechanical principles governing 
the interaction between orbitals and spins of electrons. In a exchange-
coupled system, unpaired electrons in distinct paramagnetic centers 
interact, leading to different configurations of magnetic moments. This 
interaction is a result of the Pauli exclusion principle and Coulomb 
repulsion, both determining the energy states of the system.

The spectroscopy of exchange-coupled systems has been a topic 
of interest since the pioneering works of Schawlow [1], McClure [2], 
Tanabe [3], and Ferguson [4]. In 1988, McCarthy and Güdel [5] 
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conducted the first review on the advances in the spectroscopy of 
exchange-coupled transition metal ions.

When two or more paramagnetic centers with an incomplete 𝑑-
orbital occupancy are close enough to experience a significant exchange 
interaction, the resulting coordination complex can behave as a new 
optical center, acquiring unique spectroscopic properties that differ 
from those of the individual centers [6]. Exchange interactions are 
classified based on their nature and strength:

• Direct exchange: This occurs when there is a direct overlap be-
tween the wavefunctions of unpaired electrons in adjacent atoms 
or ions. This type of exchange is typically observed in systems 
with close-packed structures and dimeric species of close faced 
ions.

• Indirect exchange (superexchange): When the magnetic centers 
are not directly bonded but interact through a non-magnetic 
anion.
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• Double exchange: Relevant in mixed-valence compounds, double 
exchange involves the transfer of an electron between ions of 
different oxidation states, mediated by a bridging ligand. This 
mechanism is essential in explaining the magnetism in materials 
like manganites.

• Anisotropic exchange (Dzyaloshinskii–Moriya interaction): This 
type of interaction arises in systems lacking inversion symmetry 
and involves spin–orbit coupling.

This review focuses on the optical spectroscopy (absorption and 
luminescence) of exchange-coupled homonuclear pairs of Mn2+ and 
Mn3+, as well as heteronuclear systems of Mn2+ with other transition 
metal ions (Ni2+ or Cu2+) and rare-earth ions (Yb3+).

Exchange interactions have been observed in both 3𝑑𝑛 transition 
metal ion pairs and 4𝑓 𝑛 ion pairs. However, because the 4𝑓 𝑛 electrons 
of lanthanides are shielded from surrounding ions by 5𝑠 and 5𝑝 elec-
trons, this interaction is significantly weaker in the case of lanthanide 
ion pairs [7]. Depending on the atomic orbitals involved and the 
symmetry of the system, the exchange coupling can be ferromagnetic 
or antiferromagnetic in nature.

The spectra of dimers where the two ions are coupled via ex-
change interactions provide a tool for investigating fundamental mag-
netic interactions at a basic level, focusing on just two coupled ions 
rather than the collective behavior of the entire material [6]. Since 
this phenomenon is related to the pairing of electron spins, common 
experimental methods include magnetic susceptibility measurements, 
electron spin resonance spectroscopy, and inelastic neutron scatter-
ing [5]. While optical techniques such as emission and absorption 
spectroscopy are often considered complementary, in many cases they 
can provide information that cannot be obtained using the aforemen-
tioned methods. Furthermore, optical spectroscopy, at variance with 
commonly used methods, provides information on the exchange inter-
actions related, not only to the ground state but also to excited states. 
This characteristic makes it unique for exploring magnetism of excited 
states.

The first observation of the effects of exchange-coupled ions in 
optical spectroscopy was performed by Schawlow et al. [1] in ruby with 
high Cr3+ concentrations. The appearance of new absorption and emis-
sion lines, which were absent in samples with lower concentrations, 
was attributed to the formation of Cr3+ pairs (Fig.  1). The two emissions 
in the 6900–6940 Å range correspond to the well-known R1 and R2
lines of ruby (2E →4A2 transition). As the ion concentration increases, 
new emission lines appear, revealing an additional fine structure at 
larger wavelengths in the emission spectrum. Interestingly, these new 
emissions (associated with Cr3+ pairs formed due to the increased 
concentration) grow in intensity while the intensity of the single-ion 
R1 and R2 lines decreases.

Following this discovery, other systems were investigated [8–12] 
including both pure and doped materials. These studies encompassed 
homonuclear pairs (e.g., Cr3+ [11] or Mn2+ [10]) and heteronuclear 
pairs (e.g., Mn2+-Ni2+ [9]), with the latter exhibiting more pronounced 
exchange-coupling effects. Shortly thereafter, the first studies on mixed 
systems emerged, involving lanthanide and transition metal ions. Van 
Der Ziel and Van Uitert [13] provided the first experimental spec-
troscopic evidence of exchange coupling between Cr3+ and Eu3+ in 
EuAlO3:Cr3+.

Vial and Buisson [14] were the first to observe exchange interaction 
between lanthanide ions, specifically between Pr3+ pairs in LaF3:Pr3+. 
In this case, the transitions in exchange-coupled dimers are very similar 
to those of single ions, as the exchange interactions between rare earth 
ions are much weaker than those between transition metal ions [6]. 
These findings prompted theoretical interest [3,4,15] aimed at un-
derstanding the effects of magnetic (exchange) interactions between 
paramagnetic ions on spectroscopic properties.

The main phenomena observed in optical spectroscopy associated 
with the effects of exchange coupling between transition metal ions can 
be classify depending on whether the 𝑑-𝑑 transitions are spin-allowed 
or spin-forbidden [5]:
2 
Fig. 1. Luminescence spectrum of ruby at 77 K as a function of Cr3+ concentration. 
This represents the first experimental evidence of optical spectroscopy of exchange-
coupled ion pairs. The observed effect is the appearance of an additional fine structure 
as the Cr3+ concentration increases. Reprinted with permission from Schawlow et al. 
[1]. Copyright (1959) by the American Physical Society.

1. Spin-allowed d-d transitions are practically unaffected by ex-
change coupling. A clear example is the mixed Mn2+-Ti2+ pairs 
in MnCl2 [16].

2. Spin-forbidden d-d transitions, on the other hand, are signifi-
cantly influenced by exchange coupling. Although their spectral 
positions are scarcely affected, they exhibit the following effects:

a. A remarkable increase in band intensity. For instance, Mc-
Carthy and Güdel [17] reported an intensity increase of 
up to two orders of magnitude for Mn2+ transitions in 
CsMgBr3:Mn2+, attributed to the formation of exchange-
coupled dimers. This effect is explained by what was later 
termed the Tanabe mechanism [3,4,15], which will be 
discussed later.

b. The appearance of additional fine structure. As observed in 
Fig.  1, this is explained by the splitting of the electronic 
states in the exchange-coupled dimer (see below).

c. Strong temperature dependence. The presence of hot bands is 
due to the splitting of electronic levels in the ground or 
excited state (absorption or emission, respectively) caused 
by exchange coupling effects and the spin selection rules 
for the dimer. An example, to be discussed in detail, is the
hot bands observed in KZnF3:Mn2+ dimers [4].

d. New absorption states at energies approximately twice those 
of single excitations [18], referred to as pair excitations or 
double excitations.

e. Additionally, it is important to note that the intensity also 
shows significant dependence on the polarization of the 
electric field of the incident light [17,19–21]. When ab-
sorption spectra are measured on single crystals, the spec-
tra recorded with �⃗� ∥ 𝑐 (𝜋) or �⃗� ⟂ 𝑐 (𝜎 or 𝛼) exhibit 
differences that can be explained by the Tanabe intensity 
mechanism [3,4,15] and superexchange pathways.
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It is worth adding to this list some effects observed in heteronuclear 
pairs of transition-metal ions (TM/TM′), such as the exchange enhance-
ment of Ni2+ absorption and luminescence in Mn2+–Ni2+ dimers [22], 
or in mixed pairs of transition metal and lanthanide ions (TM/Ln), 
such as the dependence of upconversion emission efficiency on the 
superexchange pathway geometry observed in Mn2+–Yb3+ dimers [23].

1.1. The splitting of electronic states in exchange-coupled ion pairs

When the electronic charge clouds of two ions overlap, either 
directly or indirectly through the ligands, the exchange interaction 
occurs. The interaction in the latter case is known as superexchange, 
and its magnitude depends on the overlap between the metal and ligand 
orbitals, and therefore on the bond angle.

Consider two ions with unpaired electrons, labeled A and B. Let 𝐬𝑎𝑖
and 𝐬𝑏𝑗  be the spin operators of the 𝑖th electron in the partially occupied 
orbital 𝑎 of ion A and the 𝑗th electron in the partially occupied orbital 
𝑏 of ion B. The effective interaction Hamiltonian between the spins of 
both ions can be written as [4]: 
𝐻ex = −2

∑

𝑖,𝑗
𝐽𝑎𝑖𝑏𝑗

(

𝐬𝑎𝑖 ⋅ 𝐬𝑏𝑗
)

(1)

The strength of the Coulomb interaction between these electrons 
is quantified by the so-called orbital exchange parameters 𝐽𝑎𝑖𝑏𝑗  (off-
diagonal components in the exchange-interaction matrix between the 
ground and the excited pair state) [5]. These have two different con-
tributions: (i) the potential exchange, resulting from actual exchange 
interactions between the two electrons, and (ii) the kinetic exchange, 
originating from a one-electron-transfer process [24]. The former is 
always ferromagnetic, while the latter typically dominates in insulat-
ing systems of transition metal ions [24,25]. The kinetic exchange 
contribution is given by [26]: 

𝐽𝑎𝑖𝑏𝑗 =
2

𝑛A𝑛B

|

|

|

⟨𝑏𝑗 |ℎ̂|𝑎𝑖⟩
|

|

|

2

𝑈
(2)

where 𝑛A and 𝑛B are the number of unpaired electrons in each ion. 
The electronic transfer integral ⟨𝑏𝑗 |ℎ̂|𝑎𝑖⟩ in the numerator can be cal-
culated [27] and is equivalent to the resonance integral in molecular 
orbital theory, with ℎ̂ being the one-electron Hamiltonian [24]. 𝑈 is 
the energy, as defined in the Hubbard model [28], corresponding to the 
energy difference between the ground configuration and the electronic 
transfer configuration, when an electron transits from 𝑎 to 𝑏, or vice 
versa. It can be assumed that the transfer integral is proportional to the 
overlap integral [29], ⟨𝑏𝑗 |ℎ̂|𝑎𝑖⟩ ∝ ⟨𝑏𝑗 |𝑎𝑖⟩, which qualitatively indicates 
the effects of the bridging geometry between the ions (specifically the 
superexchange angle), as it directly affects the overlap integral and, 
consequently, the value of the orbital exchange parameters.

Under certain conditions [2,30], such as when both ions are in their 
ground state (GS) and this state is not orbitally degenerate (although 
spin degeneracy is allowed), the interaction can be described [4,5] 
using the Heisenberg–Dirac–van Vleck Hamiltonian [31–33]: 
𝐻gs = −2𝐽 (𝐒A ⋅ 𝐒B) (3)

where 𝐒A and 𝐒B are the total spin of each ion. Both the factor 2 and the 
sign vary depending on the convention adopted by different authors. 
Furthermore, 

𝐽 = 1
4𝑆𝐴𝑆𝐵

∑

𝑖,𝑗
𝐽𝑎𝑖𝑏𝑗 (4)

is an effective value of the orbital exchange parameters, also known 
as the exchange coupling strength parameter [5]. The sign of 𝐽 is 
determined by the type of interaction between the spins: 𝐽 > 0
for ferromagnetic interaction and 𝐽 < 0 for antiferromagnetic in-
teraction [6]. Eq. (3) has been successfully used since the 1930s to 
describe properties of some magnetically ordered solids [34,35], as well 
as low-dimensional magnetic materials [36] and clusters of magnetic 
ions [37].
3 
Theoretical models with more than one parameter are necessary 
when the orbital moment is not completely quenched [5]. Even in 
such cases, Eq. (3) is used as a first approximation and can reasonable 
describe the energy levels. The original form, Eq. (1), must be applied 
when characterizing transitions between different states of coupled 
ions [6]. The energy values (eigenvalues) associated with Eq. (3) are: 
𝐸(𝑆) = −𝐽

[

𝑆(𝑆 + 1) − 𝑆A(𝑆A + 1) − 𝑆B(𝑆B + 1)
]

(5)

which depend on the total spin of the ion pair, 𝑆 = {𝑆A + 𝑆B,… ,
|𝑆A − 𝑆B|}, on the spins of each ion, and on the exchange coupling 
strength parameter, 𝐽 . For each value of 𝑆, the ion pair system has an 
associated energy level, meaning that an energy splitting occurs due to 
the strength of the exchange coupling, which, in the case of the ground 
state, satisfies Landé’s interval rule. Experimentally, deviations from 
Landé’s pattern for the splitting have been observed [38], for which the 
Owen and Harris model [39] with a quadratic exchange Hamiltonian 
has been proposed, as a correction to Eq. (3): 
𝐻gs = −2𝐽 (𝐒𝐴 ⋅ 𝐒𝐵) − 𝑗(𝐒𝐴 ⋅ 𝐒𝐵)2 (6)

In most cases this term involves values of 𝑗 two orders of magnitude 
smaller than 𝐽 [5].

The effect of the splitting of states in exchange-coupled dimers is 
typically exemplified in the literature with the Mn2+ ion pair [4,5,7,12]. 
Mn2+ has an open-shell 3𝑑5, with five unpaired electrons in the usual 
high-spin configuration. When the ion occupies a site in a crystal with 
Oh or Td symmetry, the electronic terms of the free ion split as shown 
in the Tanabe–Sugano diagram for a 3𝑑5 ion (Fig.  2a) [40].

When both ions are in their ground state, 6A1, the operator in Eq. (3) 
can be applied. Since 𝑆𝐴 = 𝑆𝐵 = 5∕2, the total spin values of the ion 
pair are 𝑆 = {5, 4, 3, 2, 1, 0}. The levels into which the ground state of 
the pair, defined as the product function 𝜓 = |

6A1, 6A1⟩ (notation for 
the states of a dimer that will be used hereafter), splits are given by the 
collection of eigenvalues of Eq. (5): 
𝐸(𝑆) = −𝐽

[

𝑆(𝑆 + 1) − 35∕2
]

(7)

Fig.  2b reproduces the first experimental manifestation of the split-
ting in Mn2+ pairs, observed by McClure [12]. It can be seen how 
the energy levels of the dimer ground state are separated in energy 
proportionally to the total spin value, 𝑆, as indicated by Eq. (7) (Landé’s 
interval rule).

When one of the ions is in an excited state, if this state is orbitally 
non-degenerate, such as 4A1, the splittings in the dimer excited state 
|

4A1, 6A1⟩ can also be obtained using Eq. (5). Fig.  2c exemplifies this, 
further showing the possible transitions between the dimer states, |6A1, 
6A1⟩ → |

4A1,6A1⟩, whose selection rules will be discussed in the next 
section. However, for orbitally degenerate states, such as 4E, the system 
|

4E, 6A1⟩ is better treated using the original Hamiltonian from Eq. (1).

1.2. The intensity mechanism for transitions between the electronic states of 
exchange-coupled ion pairs

Among all the spectroscopic effects mentioned above, the increase 
in the intensity of spin-forbidden bands, which also depends on the 
polarization of the electric field vector of the incident light [5], as well 
as the enhanced efficiency in upconversion processes in mixed TM/RE 
systems, find their theoretical framework in the works by Tanabe and 
collaborators [3,4,15].

Before introducing the Tanabe mechanism, it is worth recalling the 
selection rules and the mechanism by which spin-forbidden transitions 
can gain intensity in an individual ion that is not exchange-coupled. 
In this case, for 𝑑-𝑑 transitions to be allowed by the electric dipole 
mechanism, an odd-parity operator is required. Besides coupling with 
odd-parity phonons or the presence of a static odd crystal field created 
by the ligands, the exchange interaction relaxes the parity forbidden-
ness [5]. Although the single ion has a centrosymmetric coordination, 
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Fig. 2. (a) Tanabe–Sugano diagram for Mn2+ with 3d5 electronic configuration. (b) Diagram of experimental and calculated energy levels using the Heisenberg Hamiltonian for 
the individual ion (Mn2+) and exchange-coupled pairs in ZnS:Mn2+. Note that the levels of the dimer ground state follow Landé’s interval rule (5:4:3:2:1:0) according to the value 
of 𝑆. (c) Temperature dependence of the transitions between the ground state |6A1 ,6 A1⟩ and the singly excited state |4A1, 6A1⟩ of Mn2+ pairs (via the superexchange pathway 
Mn2+-F−-Mn2+) in the spectrum of KZnF3:Mn2+, along with the resulting split energy-level diagram. Note that the allowed transitions are those where the total spin of the dimer 
does not change, 𝛥𝑆dimer = 0. The four lines are hot bands, as their intensity decreases with temperature until disappearing. Figures (a) and (c) reprinted from [4] ©1966 The 
Physical Society of Japan. Figure (b) reprinted from [12], with the permission of AIP Publishing.
this center of symmetry is broken within the pair by the presence of 
the neighboring ion. Additionally, spin–orbit coupling can be used to 
bypass the 𝛥𝑆 = 0 restriction for spin-forbidden bands. In the case of 
dimers, they always experience an odd field created by the ligands, 
as they cannot occupy a center of symmetry like an individual ion 
might. Therefore, even in an exchange-coupled pair, the individual 
ion mechanism can allow a 𝛥𝑆 ≠ 0 transition, although it will not 
cause a significant difference compared to an individual ion under 
the influence of a similar field. Noting that the single-ion mechanism 
could not explain the effects observed on intensity, Ferguson et al. [4] 
questioned what specific mechanism the experimental data suggested, 
following Tanabe’s formulation. The proposed mechanism starts from 
the interaction between the radiation field (𝐄, 𝐇) and the pair of 
paramagnetic ions (A and B) as follows [4]:
(𝜫 ⋅ 𝐄)(Scalar product of spin operators of ion A and B),
where 𝜫 = (𝛱𝑥,𝛱𝑦,𝛱𝑧) is a coupling constant (vector).

This means that a pair of ions can couple through the interaction 
with the electric field vector 𝐄 of the incident light. The resulting 
interaction Hamiltonian, for a pair whose electrons are in the partially 
occupied orbitals 𝑎𝑖 and 𝑏𝑗 , is expressed as [4,5,41]: 

𝐻 =
∑

𝑖𝑗
(𝜫𝑎𝑖𝑏𝑗 ⋅ 𝐄)(𝐬𝑎𝑖 ⋅ 𝐬𝑏𝑗 ) (8)

The key property of the Tanabe mechanism is the spin-dependent 
nature of the transition dipole moment [42]: 
𝐏𝐵ex =

∑

𝑖,𝑗
(𝜫𝑎𝑖𝑏𝑗 )(𝐬𝑎𝑖 ⋅ 𝐬𝑏𝑗 ) (9)

where 𝐵 refers to the polarization of the light, and the components 
of the tensor 𝛱𝑎𝑖𝑏𝑗  are given by the derivative of the orbital exchange 
parameters, Eq. (2), with respect to each component of the electric 
field [4]: 

𝛱𝜇
𝑎𝑖𝑏𝑗

=

(

𝜕𝐽𝑎𝑖𝑏𝑗
𝜕𝐸𝜇

)

𝐸𝜇→0

(10)

where 𝜇 = {𝑥, 𝑦, 𝑧}. In other words, accounting for the transition pro-
cesses in dimers requires reconsidering the superexchange mechanism 
4 
when an electric field is involved [43]. This indicates that wherever 
effective exchange pathways exist, the Tanabe mechanism operates 
effectively. The spin selection rules for the dimer in this mechanism 
are 𝛥𝑆dimer = 0 and 𝛥𝑀𝑆 = 0. Indeed, the orbital components of the 
dimer wavefunctions provide additional selection rules. For spin–flip 
transitions, such as the 4A2 → 2E transition of Cr3+ or the 6A1→

4A1,4E
transitions of Mn2+, this mechanism proves to be the most efficient, 
rather than the individual ion mechanism previously discussed [5].

These selection rules are verified in the aforementioned Fig.  2c. 
Since the singly excited state |4A1,6A1⟩ has total spin values 𝑆∗ =
{1, 2, 3, 4}, the selection rule 𝛥𝑆dimer = 0 predicts that four lines will 
be observed. When the temperature is reduced, the population of the 
dimer ground state shifts to the lowest energy level, in this case with 
𝑆(|6A1,6A1⟩) = 0. As there is no analogous excited state with 𝑆∗ = 0, 
at sufficiently low temperatures, the four lines will disappear. For this 
reason, these transitions are referred to as hot bands and are a key 
feature in the spectroscopy of exchange-coupled pairs. It is possible to 
determine Boltzmann populations for different values of 𝐽 and compare 
them with the band areas at different temperatures. The effective 𝐽
value, both for the ground and excited state, is known from the energy 
difference of the spectral lines [17].

2. Homonuclear transition-metal systems

2.1. Mn2+–Mn2+

Experimental results on the optical spectroscopy of
exchange-coupled Mn2+ ions are collected in this section. Regarding op-
tical absorption, most studies have already been compiled by McCarthy 
and Güdel [5]. They observed, as a function of temperature and applied 
external magnetic field, the excitation of Mn2+ pairs in the 4A1(G), 
4T2(D), and 4E(D) regions of the absorption spectrum of CsMg1−𝑥Mn𝑥X3
(X = Cl, Br; 𝑥 = 0.04 − 0.20). The ground-state exchange parameters 
for Mn-Br-Mn and Mn-Cl-Mn superexchange pathways were established 
at 14.2 cm−1 and 19.6 cm−1, respectively. The values for the singly 
excited 4A1 pair state were determined to be 18.6 and 26.8 cm−1 [17]. 
Fig.  3 reproduces a paradigmatic experiment on the 13 K absorption 
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Fig. 3. 13 K polarized optical absorption spectrum of the CsMg0.80Mn0.20Br3 single 
crystal. All the observed transitions are spin-forbidden; however, the exchange coupling 
mechanism in Mn2+ pairs enhanced them by one to two orders of magnitude compared 
to the isolated ion. Reprinted with permission from McCarthy and Güdel [17]. 
Copyright (1984) by the American Chemical Society.

spectrum of the CsMgBr3 single crystal doped with 20% Mn2+. The 
absorptions due to electronic transitions in Mn2+ pairs are between one 
and two orders of magnitude greater than those of the individual ion, 
and moreover, the intensity of some of the transitions (e.g., to 4T1(G) or 
4T2(D)) strongly depends on the polarization of the electric field (𝜋 and 
𝜎 correspond to 𝐄 parallel and perpendicular to the Mn-X-Mn pathway, 
respectively).

2.1.1. Exchange coupling effects on the emission spectrum (exchange-
induced luminescence)

The luminescence of slightly Mn2+-doped samples originates from 
the spin-forbidden transition 4T1 → 6A1, resulting in a long lumines-
cent lifetime, typically in the 10–100 ms range in centrosymmetric 
monomers [44,45].

The luminescent properties of ion pairs differ significantly from 
those of individual ions due to processes such as energy transfer within 
the pair [46] or interactions that cause shifts in energy levels [47]. 
These differences are of both theoretical and practical interest, partic-
ularly in applications involving interactions between optically active 
ions [7]. However, the long emission lifetime of Mn2+ can present 
challenges for some applications [48].

Regarding the luminescence of Mn2+ pairs, the studies conducted 
range from time-resolved emission spectroscopy in ZnS:Mn2+ [49] 
to time-resolved magnetophotoluminescence of colloidal ZnSe:Mn2+
quantum dots [50]. Passing through the studies [7,42,51] in which two 
of the most relevant results observed in the emission of Mn2+ coupled 
pairs are shown and explained: (i) the redshift in the emission, and (ii) 
the shortening of the luminescent lifetime due to the exchange coupling 
relaxing the spin selection rule, both when increasing the concentration 
of Mn2+ in different lattices [42,51,52]. These two aspects are shown 
separately below.

Recently, several authors have reported near-infrared (NIR) lumi-
nescence in pure Mn2+ or heavily Mn2+-doped host lattices, attributing 
it to Mn2+-Mn2+ pair emission, in addition to the well-known green–red 
emission from isolated Mn2+ ions, depending on coordination symme-
try [53–56]. However, Meijerink and co-workers [57] have proposed 
a different and more compelling explanation based on experimental 
observations, including the dependence of luminescence on concen-
tration and temperature, and also supported by archival literature. 
For instance, the exceptionally large redshifts — up to 7,000 cm−1

— reported for exchange-coupled Mn2+-Mn2+ pairs in 𝛼-MnS [53] 
significantly exceed what would be expected for typical Mn2+ pairs. 
Moreover, the excitation spectra for both the visible and NIR emissions 
exhibit the same excitation profile, indicating a Stokes shift greater than 
5 
8,200 cm−1, from approximately 640 nm (the maximum of the lower 
absorption band) to 1360 nm (the maximum of the NIR emission). 
This evidence strongly contradicts the assignment of the NIR emission 
to Mn2+ dimers. Instead, a more plausible origin for this emission 
is a thermally activated energy transfer from excited Mn2+ ions to 
unidentified NIR-emitting defect or impurity centers, as was proposed 
by Meijerink and co-workers [57]. 

It is essential to evaluate the presence of impurities in the starting 
materials and throughout any stage of the synthesis process. If these po-
tential sources of contamination are ruled out, luminescent impurities 
may still arise from different oxidation states of Mn, which are often 
influenced by the synthesis method and processing temperatures.
(i) Redshift luminescence upon increases in the Mn2+ concentration. Bartho
et al. [51] explored the optical properties of Zn2SiO4:Mn2+ using 
selective pulsed photon excitation. Their study identifies a correlation 
between the luminescence associated with the 4T1 → 6A1 transition 
and the relative concentration of isolated Mn2+ ions versus pairs of 
Mn2+ ions within the material structure. In the Zn2SiO4 (willemite, 
space group R3) lattice, Mn2+ ions replace Zn2+ at two distinct sites, 
both surrounded by oxygen ions in a slightly distorted tetrahedral (Td) 
arrangement. At low temperatures and concentrations, the zero-phonon 
lines associated with these two inequivalent crystallographic sites are 
separated by 410 cm−1 [58]. Fig.  4a reproduces the luminescence 
spectra of Zn2SiO4:Mn2+ as a function of concentration. It revealed 
two bands centered at 519 nm and 526 nm. As the concentration of 
Mn2+ increases, a redshift in the Mn2+ emission band was observed. 
This behavior was attributed to the formation of Mn2+ pairs as the 
concentration increases, a phenomenon also reported in CaS:Mn2+ and 
SrS:Mn2+ [59]. Another evidence for this redshift comes from Vink 
et al. [7], who investigated the luminescence spectra of Mn2+-doped 
MgAl2O4 at different concentrations (0.2, 2, and 5 mol%). The observed 
spectra revealed a redshift in the emission wavelength, shifting from 
518.8 nm at lower Mn2+ concentrations to 528.3 nm at 10% Mn2+ (Fig. 
4b). This shift corresponds to an energy change of 350 cm−1, which is 
slightly greater than the redshift of 250 cm−1 previously observed for 
Mn2+ in Zn2SiO4 [51].

Ronda and Amrein [42] revisited the Mn2+ luminescence redshift 
phenomenon. While Barthou et al. [51] associated the shift with the 
formation of Mn2+ ion pairs without a fundamental explanation, Ronda 
and Amrein [42] attributed this redshift to the exchange interactions 
between the Mn2+ ions, showing that the observed redshift is linked 
to variations in the exchange coupling when both Mn2+ ions are in the 
ground state (with 𝐽 being the effective exchange parameter) compared 
to when one ion is excited (with 𝐽 ∗ being the effective exchange pa-
rameter of this singly excited state). Fig.  4c reproduces the calculation 
of the luminescence redshift at different total spin values in the excited 
state, 𝑆∗, as a function of the 𝐽 ∗∕𝐽 ratio [42]. The antiferromagnetic 
nature of the exchange interaction of Mn2+ (𝐽 < 0) generally leads 
to a blueshift when forming ion pairs. However, Ferguson et al. [4] 
pointed out that if the exchange interaction is stronger in the excited 
state than in the ground state, the energy splitting is larger and the 
emission from the low lying dimer levels induces a redshift in the 
emission spectrum. According to calculations by Ronda and Amrein 
[42], whenever 𝐽 ∗∕𝐽 > 1.56, the redshift effect will occur. They also 
noted that for significant exchange coupling (large values of 𝐽 ), the 
magnitude and direction of the shift could depend on the temperature 
by thermal population of dimer levels. If the exchange interactions in 
the ground state and the excited state were equal (𝐽 ∗ = 𝐽 ), the emission 
energy remained unchanged by temperature or the concentration of 
Mn2+.

(ii) Shortening of the luminescent lifetime with the increase in Mn2+ con-
centration. Stevels and Vink [52] determined that in Zn2SiO4 doped 
with Mn2+, decay times of around 12 ms and 15 ms at 1.6 K are linked 
to two distinct Mn sites. As Mn2+ concentration increases, additional 
zero-phonon lines appear. Their intensity scales with the Mn content, 
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Fig. 4. Emission spectra of (a) Zn2SiO4:Mn2+ and (b) MgAlO4:Mn2+, as a function 
of Mn2+ concentration. (c) Calculation of the exchange-induced shift in the emission 
bands of Mn2+ pairs, from the singly excited state with spin 𝑆∗, as a function of the 
ratio between the exchange parameter of the singly excited state (𝐽 ∗) and that of the 
pair ground state (𝐽 ). Figure (a) reprinted from Barthou et al. [51] and (b) from Vink 
et al. [7]. Copyright The Electrochemical Society. Reproduced by permission of IOP 
Publishing Ltd. All rights reserved. Figure (c) reprinted from Ronda and Amrein [42]. 
Copyright (1996), with permission from Elsevier.

indicating ion pair formation at higher concentrations. Barthou et al. 
[51] further investigated this behavior by recording normalized decay 
curves under pulsed excitation, between 519 and 526 nm (Fig.  5a). 
They identified non-exponential decays and a rapid component outside 
the scope of the 4T1 → 6A1 transition, suggesting complex relaxation 
pathways. These findings were explained by distinguishing between 
original centers (isolated Mn2+) and new centers (forming at higher 
Mn content), with the latter showing oscillator strengths roughly nine 
times larger. Since lifetime is inversely proportional to the oscillator 
strength in pure radiative transitions, an increase in oscillator strength 
with increased Mn2+ content yields shorter lifetimes in dimers in 
comparison to monomers. The shortening of the lifetime at higher 
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concentrations can also be attributed to concentration quenching; how-
ever, in this case, the luminescence intensity should decreases with Mn 
concentration.

Subsequent work by Vink et al. [7] showed that in Mn2+-doped 
MgAl2O4 at low doping levels, Mn2+ luminescence follows a single 
exponential decay (Fig.  5b). With increasing Mn concentration, faster 
and non-exponential decays set in, caused by Mn2+ pairs that display 
shorter lifetimes. In Mn2+-doped MgAl2O4, the lifetime decreases from 
7.2 ms to 4.5 ms, which is notably less drastic than the drop from 
15 ms to 1.8 ms in other lattices like Zn2SiO4:Mn2+. The difference 
stems from reduced exchange coupling, given that the spinel phases 
MgAl2O4 and ZnGa2O4 exhibit larger Mn–Mn spacings than Zn2SiO4, 
resulting in gentler decreases in lifetime [7]. Exchange interactions, 
also responsible for the redshift of Zn2SiO4:Mn2+ emission at elevated 
Mn contents, need to be examined with more sophisticated treatments 
— incorporating higher-order exchange terms or spin–orbit coupling — 
to achieve a deeper quantitative picture [42]. Besides exchange inter-
actions, the spinel can accommodate the Mn2+ in two sites: tetrahedral 
(Mg) and octahedral (Al), the latter requiring charge compensation. 
This rich variety of centers and superexchange pathways among them 
makes it a complex system, still deserving a thoroughly structural 
characterization.

2.1.2. The luminescent |4T1, 6A1⟩ singly excited state: a longstanding 
question

The photoswitchable magnetic behavior observed by Bradshaw 
et al. [50] in ZnSe:Mn2+ quantum dots — where Mn2+-Mn2+ dimers 
transition from an antiferromagnetic ground state (𝑆 = 0) to a fer-
romagnetic excited state (𝑆 = 4) — highlights the potential for 
optically controlling spin in doped semiconductor systems. In II–VI 
and III–V semiconductors, nearest-neighbor Mn2+-Mn2+ pairs typically 
adopt an 𝑆 = 0 ground-state configuration, reducing both the overall 
magnetization [60,61] and the fraction of Mn2+ centers available to 
interact with free carriers [61]. These effects limit the range of possible 
magneto-optical and spintronic applications.

Moreover, work by Viswanatha et al. [62] revealed that, at higher 
dopant concentrations, the circular polarization of Mn2+ 𝑑-𝑑 emission 
intensity diminishes, indicating that isolated monomeric Mn2+ ions are 
the primary contributors to magnetically polarized photoluminescence. 
Despite the importance of understanding dimer excited states for inter-
preting how doping affects magnetoluminescence, direct experimental 
evidence is still deserving.

Earlier findings from McClure [12] on Zn1−𝑥Mn𝑥S associated sharp 
zero-phonon absorption features in heavily doped samples with ferro-
magnetic exchange coupling in the excited state (|6A1,6A1⟩→ |

4E,6A1⟩). 
However, Langer and Ibuki [63] questioned this interpretation, suggest-
ing that phonon interactions might be responsible. Subsequently, Busse 
et al. [49] used time-gated photoluminescence to identify short-lived 
emission lines originating in Mn2+-Mn2+ dimers, which appeared to 
preserve an antiferromagnetic arrangement in their excited state.

Using time-resolved magnetophotoluminescence spectroscopy,
Bradshaw et al. [50] showed that Mn2+-Mn2+ dimers in colloidal 
Zn1−𝑥Mn𝑥Se nanocrystals can be isolated from their monomer coun-
terparts. This distinction hinges on the Tanabe mechanism, which 
leads to shorter luminescence decay times for dimers, thereby en-
abling a separate examination of their magneto-optical response. Such 
measurements further revealed that the magnetic circular polarized 
luminescence (MCPL) from these dimers reaches saturation at magnetic 
fields lower than those required for monomers, consistent with a 
high-spin (𝑆 = 4) ferromagnetic configuration in the excited state.

In addition, the dimer luminescence under full magnetic saturation 
exhibited nearly complete (∼ 100%) circular polarization, in contrast to 
approximately 40% for Mn2+ monomers [50]. This discrepancy arises 
from the distinct 𝛥𝑚𝑠 = ±1 transitions available to the dimer excited 
state compared to the monomer. Theoretical insights from perturbation 
theory and density functional theory (DFT) suggest that ferromagnetic 
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Fig. 5. Normalized decay curves of the emission in (a) Zn2SiO4:Mn2+ and (b) MgAl2O4:Mn2+ measured at room temperature and as a function of the concentration of the Mn2+
dopant ion. Both show a decrease in the lifetime as the concentration increases (i.e., the formation of Mn2+-Mn2+ pairs). Figure (a) reprinted from Barthou et al. [51]. Copyright 
(1994) The Electrochemical Society. Figure (b) reprinted from Vink et al. [7]. Copyright (2001) The Electrochemical Society. Reproduced by permission of IOP Publishing Ltd. All 
rights reserved.
exchange in the |4T1, 6A1⟩ excited state results from a dominant single 
orbital superexchange pathway. These findings [50] settle a longstand-
ing question regarding the exchange coupling mechanism in excited 
Mn2+-Mn2+ dimers and propose novel routes for manipulating spin 
optically in semiconductor systems of practical importance.
(i) The sign and purity of the Mn2+–Mn2+ dimer magnetic circularly 
polarized luminescence. Fig.  6 provides a schematic overview of how 
a purely 𝜎+ polarized response emerges [50]. In a simplified cubic, 
spin-only framework, Mn2+ monomers at low temperature emit photons 
primarily from the 𝑚𝑠 = −3∕2 Zeeman sublevel of the excited 4T1
state. Within the Faraday geometry, selection rules allow only 𝛥𝑚𝑠 =
±1, producing right (𝜎+) and left (𝜎−) circularly polarized emissions. 
Therefore, the MCPL ratio for monomers depends on the competing 
probabilities of the 𝑚𝑠 = −3∕2 → −5∕2 (𝜎−) and 𝑚𝑠 = −3∕2 → −1∕2 (𝜎+) 
transitions, which are unequal for deeper physical reasons [50,64].

In contrast, in Mn2+–Mn2+ exchange-coupled pairs, the total lumi-
nescence is primarily governed by spin-allowed (𝛥𝑆 = 0) steps within 
the spin-ladder of the dimer, consistent with the Tanabe mechanism [3,
4,15]. As shown in Fig.  6 [50], ferromagnetically coupled dimers (𝑆 =
4) emit mainly through transitions between the 𝑆 = 4 excited state and 
the 𝑆 = 4 ground state. Because the fully magnetized dimer excited 
state corresponds to 𝑚𝑠 = −4, and there is no 𝑚𝑠 = −5 sublevel 
available, only a 𝛥𝑚𝑠 = +1 process can occur, producing exclusive 
𝜎+ circularly polarized light. Hence, the dominance of 𝛥𝑆 = 0 dimer 
transitions leads to a purely 𝜎+ MCPL for the coupled Mn2+–Mn2+ pair.

Although the real luminescent excited states in both monomers and 
dimers are more intricate due to Jahn–Teller distortions and spin–
orbit coupling, these spin-only diagrams capture the essential physics 
revealed by the experimental measurements [50].
(ii) The sign of Mn2+–Mn2+ dimer excited-state superexchange coupling. 
Bradshaw et al. [50] argue that the photoexcitation-induced inversion 
of the Mn2+-Mn2+ dimer exchange coupling can be explained by as-
sessing the distinct superexchange pathways in both the ground and 
excited states. Fig.  7a [50] offers a schematic of two tetrahedrally 
coordinated Mn2+ ions, each initially in the 6A1 ground state (|6A1, 
6A1⟩) where all five d orbitals on each ion are singly occupied. Under 
these conditions, spin transfer between the ions depends on having 
opposite spins, thus giving rise only to antiferromagnetic interactions. 
In contrast, the luminescent dimer excited state (|4T1, 6A1⟩) is char-
acterized by one Mn2+ center adopting an e3t22 arrangement, leaving 
a vacant t  orbital and a doubly filled e orbital. Spin transfer from a 
2
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Fig. 6. In a simplified spin-only framework, schematic diagrams highlight how MCPL 
is established for both monomers and dimers in Zn1-xMnxSe and analogous systems. 
On the monomer side (left), the circular polarization depends on the balance between 
the transition moment strengths for 𝛥𝑚𝑠 = −1 (𝜎−, indicated by a blue arrow) and 
𝛥𝑚𝑠 = +1 (𝜎+, shown with a red arrow). In contrast, the dimer (right) features an 
antiferromagnetically coupled ground state paired with a ferromagnetically coupled 
excited state. Luminescence is then dominated by spin-allowed (𝛥𝑆 = 0) transitions, 
within which only the 𝛥𝑚𝑠 = +1 (𝜎+) pathway conserves angular momentum. As a 
result, the dimer exhibits a fully 𝜎+-polarized emission whose overall sign is reversed 
relative to the monomer behavior. The energy separations displayed in the figure are 
not to scale. Reprinted with permission from Bradshaw et al. [50]. Copyright (2014) 
by the American Physical Society.

half-occupied d orbital into this unoccupied t2 orbital stabilizes parallel 
(ferromagnetic) spin alignment, depicted by the thick blue arrow in 
Fig.  7a [50]. A similar effect arises from the transfer of spin from the 
doubly populated e orbital to a half-filled orbital on the other Mn2+ ion 
(indicated by the thin blue arrow), reinforcing ferromagnetic behavior. 
Meanwhile, additional antiferromagnetic routes akin to the ground 
state remain possible (dashed arrows). Because both ferromagnetic and 
antiferromagnetic channels exist in the excited state, the overall sign 
of the exchange coupling depends on their relative magnitudes and 
on the degree of d-orbital overlap with the bridging Se2− anion. The 
observation that the net exchange coupling becomes ferromagnetic in 
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Fig. 7. Diagram summary of spin-transfer pathways that underlie both ground- and 
excited-state magnetic exchange coupling in ZnSe dimers containing Mn2+ ions. The 
dashed red arrows stand for antiferromagnetic contributions, while the solid blue arrows 
indicate ferromagnetic interactions. Reprinted with permission from Bradshaw et al. 
[50]. Copyright (2014) by the American Physical Society.

the luminescent excited state has led to the conclusion that the vacant 
t2 orbital must exhibit strong overlap with Se2−, the mediator of these 
superexchange processes [50].

2.1.3. Exchange effects on the absorption and exciton dynamics in the 1D 
[(CH3)4N]MnCl3

In most concentrated transition-metal (TM) halides and oxides, 
visible-near-infrared photoluminescence (PL) at ambient conditions is 
typically quenched due to energy transfer between TM ions (migra-
tion). This excitation migration and its subsequent trapping at non-PL 
impurities or intrinsic defects is a phenomenon commonly referred to 
as concentration quenching [6].

In these TM compounds, the ground-state to excited-state transition 
mechanism and energy transfer between TM ions are mediated by 
exchange coupling. An increase in the exchange interaction enhances 
both the transition probability for exciton creation (Mn2+ excited state) 
and transfer probability. Exciton creation in this scenario refers to the 
excitation of Mn2+ from the 6A1(S) ground state to the 4T1(G) excited 
state. Within a single ion, the excited state forms a localized excitation 
in the lattice. Depending on the system dimensionality (1D, 2D or 
3D), this exciton can migrate via energy transfer to neighboring Mn2+
ions, favoring the excitation transport. Understanding which process is 
most sensitive to the exchange interaction is crucial for determining 
whether an increase in this interaction favors PL efficiency or trapping 
at non-PL centers. This knowledge is critical for developing strategies to 
design highly efficient PL TM-concentrated compounds. Interestingly, 
for a given concentration of non-radiative impurities or defects (𝑁), 
the probability of exciton trapping exhibits a strong dependence on 
the crystal dimensionality. The number of steps (Mn–Mn hopping pro-
cesses) required for the exciton to reach a non-PL center (killer) is 
proportional to 𝑁1∕𝑛, with 𝑛 = 1, 2, or 3, being the crystal dimension-
ality. This holds true regardless of whether the energy-transfer process 
is a random walk or an exciton-driven motion. Consequently, the time 
to reach a non-PL center decreases drastically when passing from 1D to 
2D and 3D systems. Therefore, the probability of reaching an impurity 
via either process is lowest in 1D systems, making room-temperature 
PL in 1D TM-concentrated compounds more likely.

Based on these conditions, the 1D (CH3)4NMnCl3 (TMMC) crystal 
emerges as a highly efficient PL material at ambient conditions. Its 
linear chain crystal structure, shown in Fig.  8a, consists of face-sharing 
[MnCl6]4− octahedra with D3d symmetry. These chains are intercon-
nected by (CH3)4N+ cations, resulting in a 𝑃63∕m crystal structure [65,
66], and establishing it as an ideal 1D system of exchange-coupled 
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Mn2+ ions. The intra-chain Mn–Mn exchange interaction is an order 
of magnitude greater than the inter-chain Mn–Mn interaction [66].

Extensive research has focused on modifying the TMMC structure 
to enhance its PL efficiency [66–70]. Exciton migration within these 
systems is well described by an exchange-assisted Mn–Mn hopping 
mechanism, akin to a random walk process. The presence of non-PL 
exciton traps or barriers for exciton migration significantly impacts 
the PL, either quenching it entirely or enhancing it, as demonstrated 
by Knochenmuss and Güdel [69] through Cu2+ and Cd2+ doping in 
TMMC, respectively.

Correlation studies examining structural, magnetic and optical prop-
erties in TMMC under high-pressure conditions [66] reveal that crystal 
compression is anisotropic, with the MnCl6 center experienced increas-
ing axial distortion along the chain (hexagonal c axis) with hydrostatic 
pressure. This structural variation promotes an increase in the crystal-
field strength at Mn2+ and a splitting of the 4T1 emitting state, leading 
to large PL pressure shifts. This makes TMMC a promising candidate 
for highly sensitive low-pressure sensor with significant interest in 
bioscience and biotechnology [71].

Herein, how the increase of Mn–Mn exchange interaction by ap-
plying hydrostatic pressure can enhance or reduce the PL of TMMC 
was investigated. The effects of exchange interaction on the optical 
properties has been studied by optical absorption and time-dependence 
PL [72]. Fig.  8b illustrates the pressure dependence of the optical 
absorption spectrum of TMMC. The spectrum exhibits five crystal-
field bands attributed to intraconfigurational transitions within the 3𝑑5
configuration of Mn2+ in a nearly octahedral symmetry (𝐷3𝑑). These 
bands exhibit a redshift with increasing pressure, consistent with an 
increase of 10𝐷𝑞 and a reduction of the 𝐵 and 𝐶 Racah parameters 
due to enhanced covalency under pressure [72]. Notably, the band in-
tensity (oscillator strength, 𝑓 ∼ 10−5) increases with pressure, reaching 
three times the ambient pressure intensity at 10 GPa (Figs.  8b,c). The 
oscillator strength, 𝑓 (𝑃 ), shows a linear dependence on pressure, with 
a relative variation being 0.20 GPa−1. Interestingly, the measured pres-
sure coefficient aligns well with the variation of the exchange coupling, 
𝐽 , determined by magnetic measurements under pressure [66,72]. This 
concurrence suggests that the spin-forbidden crystal-field transitions, 
6A1 → 4𝛤𝑖 (𝛤𝑖 = T1,T2,E and A1), are activated via exchange interac-
tions. This behavior of the oscillator strength with pressure contrasts 
with that observed for Mn2+ impurities in centrosymmetric sites. In 
these systems, the oscillator strength of d-d transitions decreases with 
pressure due to increase in the odd-parity vibration frequency and an 
increased separation of the feeding charge-transfer states, both of which 
diminish the vibronic mechanism [73].

The pressure-induced exchange enhancement has significant conse-
quences for the PL lifetime. The increase in oscillator strength and Mn–
Mn hopping rate, both yield shorter lifetimes. The increase in oscillator 
strength and Mn–Mn hopping rate both contribute to shorter lifetimes. 
While hopping primarily affects the exciton trapping time, which de-
creases with the non-radiative impurity concentration (e.g., [Cu2+]), 
the increase in oscillator strength enhances radiative probability, also 
reducing the PL lifetime.

Fig.  9a shows the PL time dependence, 𝐼(𝑡), for TMMC correspond-
ing to the red emission band at 633 nm. The semilogarithmic plot of 
𝐼(𝑡) versus 𝑡 clearly demonstrates the lifetime decrease with pressure. 
This decreases further evident in Fig.  9b where the average lifetime, 
calculated using the equation 

𝜏 =
∫ ∞
0 𝑡𝐼(𝑡)𝑑𝑡

∫ ∞
0 𝐼(𝑡)𝑑𝑡

(11)

is plotted as a function of pressure.
The 𝜏(𝑃 ) behavior can be described using a random walk model for 

the Mn–Mn hopping with the equation [72]: 

𝜏−1(𝑃 ) = 𝜏−1 (𝑃 ) + (2𝑥)2𝜏−1 (𝑃 ) (12)
rad Mn−Mn
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Fig. 8. (a) Crystal structure of N(CH3)4MnCl3 (TMMC), showing the inorganic linear chains of face-sharing sixfold coordinated Mn2+ (D3d). (b) Pressure dependences of the TMMC 
absorption spectra. (c) 4T1(G) oscillator strength derived from the absorption band area. Data are normalized to sample dimensions through the TMMC equation of state [66]. 
Note the oscillator strength enhancement of all transitions with pressure consistently with an increase of the exchange interaction induced by pressure.
Fig. 9. (a) (b) Pressure dependencies of the TMMC PL lifetime. The decrease in lifetime with pressure is due to the increase in energy transfer probability caused by the increase 
of exchange interaction with pressure.
Here, 𝑥 represents the molar concentration of Cu2+, which is 2 × 10−5, 
𝜏rad(0) = 0.8 ms (derived from pure TMMC), and 

𝜏−1rad(𝑃 ) = 𝜏−1rad(0)
𝑓
𝑓0

(13)

with 𝑓𝑓0 = 1+0.2𝑃  [72]. The theoretical 𝜏(𝑃 ) curve was obtained using 
a hopping time at ambient pressure 𝜏Mn−Mn(0) = 40 ps.

This analysis of the excited-state dynamics suggests that applying 
pressure, and thus increasing the Mn–Mn exchange coupling along the 
chain, leads to an increase in the PL quantum yield. However, for 
samples containing non-radiative impurities (Cu2+), the PL intensity 
decreases above a critical pressure that decreases with the impurity 
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concentration (𝑥) [72]. For 𝑥 > 10−3 the PL is practically quenched 
and any remaining PL decreases with pressure due to dominance of 
trapping to non-radiative impurities.

2.2. Mn3+–Mn3+

2.2.1. Exchange effects on the spin–flip electronic transitions in Jahn–Teller 
Mn3+ fluorides. Structural correlations

Mn3+ fluorides with the general formula 𝐴𝑛MnF𝑚 (where 𝐴 is a 
monovalent cation, 𝑛 = 1, 2, 3, and 𝑚 = 𝑛 + 3) exhibit a diverse range 
of perovskite-type crystal structures. These structures are significantly 
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Fig. 10. Variation of the optical absorption spectrum of single crystal of Mn3+ fluorides with different dimensionality: (a) K3MnF6 (0D); (b) Tl2MnF5⋅H2O (1D); and (c) NaMnF4
(2D). A schematic view of the crystal structure and associated parameters for MnF6 are given on the top side [74,80]. The 1D Tl2MnF5⋅H2O crystal habit allows us to measure 
the polarized spectra with the light electric vector parallel (𝜋) and perpendicular (𝜎) to the edge-sharing MnF4F2 chains, respectively. The spectra consist of three broad bands 
associated with one electron spin-allowed transitions within the nearly D4h MnF6 complex (transition energies are in eV), while the narrow peaks around 2.4 and 2.9 eV correspond 
to spin–flip transitions within the 3d4 electron configuration. Note that the broad band energies and the associated 3𝑑-orbital splitting strongly depend on the D4h distortion 
described by the normal coordinate 𝑄𝜃 . The spin–flip peak intensity strongly depends on the exchange interaction, being maximum in 2D, weaker in 1D, arationalizend not 
observed in 0D. These transitions are polarized along the Mn-F-Mn superexchange direction (along the chain), consistent with selection rules for exchange-induced transitions [79].
influenced by the Jahn–Teller (JT) effect of the Mn3+ ion (3𝑑4) [74–
81].

Depending on the ligand sharing between [MnF6]3− units, the crys-
tal structure shows different dimensional arrangements. As shown in 
Fig.  10, isolated [MnF6]3− units (as in K3MnF6) result in a 0D structure. 
Sharing two axial ligands leads to 1D linear chains (e.g., Tl2MnF5⋅H2O)
[82], while sharing four ligands within a plane results in 2D layers
(e.g., NaMnF4) [83]. In all these compounds, the local structure of the 
[MnF6]3− units adopts an elongated, nearly tetragonal (D4h) geometry 
due to the combined effect of the JT effect and crystal anisotropy.

While the Mn-F bond lengths are similar, the tetragonal distortion 
increases with the crystal dimensionality. This distortion can be quanti-
fied by measuring the tetragonal normal coordinate 𝑄𝜃 = 2

√

3
(𝑅ax−𝑅eq), 

where 𝑅ax and 𝑅eq are the long Mn-F distance and the average short 
Mn-F distances, respectively. This tetragonal distortion splits the parent 
octahedral eg(3𝑧2 − 𝑟2, 𝑥2 − 𝑦2) and t2g(𝑥𝑦, 𝑦𝑧, 𝑥𝑧) orbitals into b1g + a1g
and b2g + eg sets, respectively. This can be observed spectroscopically 
as three broad spin-allowed bands in the absorption spectra, assigned 
to transitions 5B1g → 5𝛤𝑖 (𝛤𝑖 = A1g,B2g,Eg) in order of increasing 
energy (Figs.  10 and 11). Notably, the transition energies provide direct 
information on 10𝐷𝑞, 𝛥e, and 𝛥t (see orbital level diagram in Fig. 
11), allowing for the determination of the electron–lattice couplings 
associated with the JT effect [74,80].

Additionally, spin-forbidden transitions (5B1g → 3B1g) can be ob-
served in the absorption spectra. These are spin–flip transitions within 
the 3𝑑4 configuration keeping the orbital occupancy, thus resulting 
in narrow peaks. Fig.  10 shows that two of these transitions can be 
observed even at room temperature in absorption spectra. Interestingly, 
the intensity of these spin-forbidden transitions is highly sensitive to 
the crystal dimensionality and the exchange interaction pathways. In 
0D K3MnF6 where [MnF6]3− units share no common ligands (and 
therefore lack Mn-F-Mn superexchange pathway) these peaks are not 
observed, while they exhibit maximum intensity in 2D compounds 
(i.e., NaMnF4) [80,86].

Single-crystal studies on 1D Tl2MnF5⋅H2O by polarized optical ab-
sorption allowed us for the measurement of spin–flip peak absorption 
along the chain (i.e., along the long Mn-F bond) and perpendicular to 
it (isotropic spectra along the short Mn-F bonds) [79]. The observation 
that spin–flip peaks are exclusively polarized along the chain direction, 
i.e., along the Mn-F-Mn superexchange direction, and their temperature 
dependence unequivocally indicates that they are activated by the 
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exchange mechanism [79], unlike the broad absorption bands which 
are activated by odd-parity vibrations.

In 2D 𝐴𝑛MnF4 layered perovskites, the higher oscillator strength 
of the spin–flip peaks can be attributed to the presence of multiple 
in-plane superexchange pathways (four per Mn), enhancing their in-
tensity. Furthermore, the 𝐴𝑛 MnF4 fluorides have attracted significant 
interest due to their in-plane antiferrodistortive structure. In this ar-
rangement, each F- ligand acts as a short Mn-F bond for one Mn3+
ion and a long Mn-F bond for its in-plane nearest neighbor (Fig.  11). 
In this situation, the Mn-F-Mn tilt angle, when close to 180◦, favors 
ferromagnetic superexchange within the layer, as evidenced by the 
occurrence of ferromagnetism below 𝑇𝐶 = 19 K in CsMnF4 [78,86–89]. 
A comprehensive review on the magnetic properties of Mn3+ fluorides 
can be found elsewhere [78].

Regarding the spin–flip transitions, an important structural correla-
tion has been established. The exchange-induced oscillator strength of 
spin–flip transitions in the 𝐴𝑛MnF4 series exhibits a strong dependence 
on the tilting angle of [MnF6]3− connecting octahedra, which directly 
reflects the strength of the exchange interaction [78,86]. Moreover, 
the integrated spin–flip peak intensity shows a linear relationship with 
cos2 𝜑, mirroring the trend observed in exchange interaction deter-
mined through magnetic measurements. This correlation is particularly 
significant as it allows for the extraction of structural information 
related to the tilting of the octahedra under high pressure.

Fig.  12 illustrates the evolution of the NaMnF4 absorption spectrum 
under varying pressures. The spin–flip peak intensity exhibits a clear 
decrease with increasing pressure. This observation suggests that pres-
sure induces a decrease in the tilting angle of MnF63− octahedra. A 
decrease in tilting angle leads to a weaker superexchange interaction, 
consequently diminishing the intensity of the spin–flip peak. This find-
ing aligns well with the structural trends observed across the 𝐴nMnF4
series. A reduction in the unit cell volume results in larger tilting and 
a concomitant weakening of spin–flip peak intensity [86,89].

It is important to note that the d-orbital splitting associated with 
the broad bands undergoes only minor change under pressure. This 
observation indicates that the JT distortion remains stable under pres-
sure. Therefore, the primary structural modifications under pressure are 
associated with tilts of the [MnF ]3− units.
6
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Fig. 11. (a) Optical absorption spectra of NaMnF4, TlMnF4, and CsMnF4 single crystals. Mn-F distances 𝑅ax and 𝑅eq are 2.15, 1.82 Å for TlMnF4, and 2.17, 1.84 Å for NaMnF4
and CsMnF4. The Mn-F-Mn bond angle is indicated on the right [84]. The three spin-allowed crystal-field transitions, 𝐸1, 𝐸2, and 𝐸3, and the spin–flip peaks, 𝐸SP1 and 𝐸SP2, are 
indicated by vertical green and horizontal red arrows, respectively. (b) The spin–flip integrated peak intensity decreases with the tilting angle, 𝜑. Its variation is linear with cos2 𝜑, 
showing the exchange-induced electric-dipole mechanism of the spin–flip transitions [77,81,85]. The errors are 0.05 and 0.005 for the relative intensity and cos2 𝜑, respectively.
 

Fig. 12. Variation of the optical absorption spectrum of single crystal of NaMnF4
with pressure in the 0–6 GPa range at room temperature (upstroke). Broken lines 
illustrate the pressure-induced shift for the three broadbands. Note the spin–flip 
transition oscillator strengths decrease with pressure, while the absorbance of the 
three broad bands reflecting the low symmetry Jahn–Teller D4h splitting varies slightly 
with pressure. This variation is interpreted in terms of pressure-induced MnF6 tilting, 
decreasing the in-plane Mn-F-Mn exchange interaction.

3. Heteronuclear and mixed transition-metal/rare-earth systems

3.1. Mn2+–Yb3+

A pioneer and paradigmatic example of a highly efficient Tanabe 
mechanism in a hybrid transition metal/lanthanide material comes 
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from Cr3+-doped EuAlO3 [13]. In this compound, cooperative absorp-
tion and emission transitions overshadow the usual R-lines of Cr3+, 
which correspond to 4A2 ↔

2E. While these standard R-line transitions 
are relatively weak, the sidebands associated with simultaneous excita-
tion of a neighboring Eu3+ ion from 7F0 to 7F1 are markedly stronger. 
Consequently, the Tanabe mechanism induces a large transition dipole 
moment connecting the 7F1 excited state of Eu3+ and the 2E excited 
state of Cr3+ within the same ion pair. Building on this mechanism, ref. 
[90] showed how the Tanabe mechanism accounts for the upconversion 
processes in Yb3+-doped CsMnCl3 and RbMnCl3.

Photon upconversion (UC) describes a process in which infrared 
radiation is converted into shorter-wavelength ultraviolet or visible 
light [91]. In the past twenty years, interest in UC has grown because of 
its relevance to bioimaging [92], display technologies, laser materials, 
and the potential to boost the performance of bifacial solar cells [93–
95].

A material exhibiting photon UC must feature at least two metastable
excited states. Lanthanide ions readily provide these states because 
their shielded f -electron configuration weakens electron–phonon cou-
pling. By contrast, transition-metal ions typically undergo strong mul-
tiphonon relaxation, making multiple metastable levels comparatively 
rare [96]. However, when transition-metal ions are combined with 
lanthanide ions, new mechanisms for upconversion can emerge. In co-
doped crystals such as YAG:Nd3+,Cr3+, the transition metal ion can 
serve as a sensitizer, channeling excitation energy into the lanthanide 
activator [97]. This synergy enables broader tuning of UC luminescence 
by manipulating both energy resonance conditions and the energies of 
the emitting states.

3.1.1. Upconversion mechanism based on exchange interactions
Among the most significant mechanisms for photon UC are ground-

state absorption/excited-state absorption (GSA/ESA), energy-transfer 
upconversion (GSA/ETU), cooperative luminescence, cooperative sen-
sitization, and photon avalanche processes [91,98]. Additionally, Va-
liente et al. [90] suggested that exchange interactions between Yb3+
and adjacent Mn2+ ions can drive an alternative route for UC.

Fig.  13 provides an overview of known UC mechanisms [96]:
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Fig. 13. Schematic depiction of photon upconversion (UC) systems. GSA refers to ground-state absorption, while ESA signifies excited-state absorption. The solid arrow lines denote 
radiative transitions, while the dotted lines indicate nonradiative processes. Reprinted from Valiente et al. [96]. Copyright (2001), with permission from Elsevier.
• (Fig.  13a) Ground-state absorption/excited-state absorption
(GSA/ESA), sometimes called two-step absorption, involves a 
single ion absorbing a first photon from the ground state and 
a second photon that raises it to a higher-lying excited state. 
Because both absorption processes happen during the laser pulse, 
the UC emission appears just after the pulse is applied.

• (Fig.  13b) Energy-transfer upconversion (GSA/ETU) [91] pro-
ceeds when two ions at an intermediate energy level undergo a 
non-radiative energy transfer between interacting ions. One ion 
returns to the ground state, while the other is pushed up to a 
higher excited level. Since this energy transfer does not emit a 
photon, it can occur after the laser pulse ends, giving rise to a 
delayed increase in the UC emission.

• (Fig.  13c) Cooperative sensitization requires two excited donor 
ions to deliver their energy in tandem to an acceptor ion, which 
otherwise has no level close to the donor excited state [98]. This 
three-ion mechanism can be significant if donor ions form pairs or 
if the donor excitation migrates between ions. Like GSA/ETU, it 
exhibits a slower temporal evolution due to the required energy-
transfer step.

• (Fig.  13d) Cooperative energy transfer plus photon absorption 
involves an excited donor transferring energy to an acceptor that 
simultaneously absorbs an additional photon [99]. The UC signal 
from this process arises immediately following the laser pulse.

• (Fig.  13e) Exchange interaction route was suggested by Valiente 
et al. [90] for systems with Yb3+ adjacent to Mn2+, where a 
GSA/ESA due to direct exchange interaction in the Mn2+–Yb3+
pair is responsible for the UC process.

Valiente et al. [96] detailed a GSA/ESA (ground-state absorption
/excited-state absorption) scheme for UC. While this process typically 
involves only a single ion, in their investigation, both Yb3+ and Mn2+
participate. The relevant intermediate level corresponds to the 2F5∕2
state of Yb3+, whereas Mn2+ emits from its 4T1 level. Because Mn2+
lacks an excited state near 10,000 cm−1, the excited Yb3+ must itself 
drive the UC mechanism, necessitating a reinterpretation of standard 
approaches (Figs.  13a–13d).

Fig.  14a shows the 10 K upconversion emission of CsMnCl3:Yb3+
and RbMnCl3:Yb3+ under Yb3+ excitation. Although Yb3+ commonly 
serves as a sensitizer for various rare-earth ions such as Tm3+, Er3+, 
Ho3+, and Pr3+ [91,100,101], the absence of a suitable Mn2+ state 
around 10,000 cm−1 makes the Yb3+ role in these chloride hosts 
uniquely direct. A similar effect can appear in co-doped systems con-
taining Yb3+ and Tb3+ (CaF2, SrF2, YF3), which exhibit visible Tb3+
emission upon Yb3+ excitation below 1 μm; however, in this case, 
cooperative sensitization is usually the observed mechanism [100].
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Valiente et al. [96] primarily assessed two possible explanations 
for the upconversion findings: (i) a process in which two excited Yb3+
ions simultaneously hand over energy to a single Mn2+ ion [100], 
and (ii) a combined photon absorption plus Yb3+ → Mn2+ energy 
transfer mediated by multipole–multipole interactions [99]. However, 
they dismissed the first mechanism based on the transient behavior 
following a short excitation pulse—no delayed rise was observed (Fig. 
14b), which argues against a non-instantaneous energy-transfer step. 
They also ruled out the multipole–multipole model [99] because of 
the exceptionally high efficiency and clear site selectivity seen in 
CsMnCl3:Yb3+ and RbMnCl3:Yb3+.

All these observations pointed to an exchange interaction mecha-
nism. To interpret this efficiency, a simplified dimer model of Mn2+–Yb3+
was proposed [96]. Though it omitted many nuances of the real 
material, it correctly includes the dominant nearest-neighbor inter-
actions in an insulating magnet. Thus, in this framework, nearest-
neighbor Mn2+–Yb3+ pairs serve as the fundamental chromophoric 
units responsible for the UC process.

Fig.  15 presents the Mn2+–Yb3+ dimer model, outlining its energy 
states. The ground state is identified as |2F7/2,6A1⟩, while the inter-
mediate near-infrared (NIR) excited state is referred to as |2F5/2,6A1⟩. 
Higher excited states include |2F7/2,4T1⟩ and |2F7/2,4T2⟩.

The transition from the ground state to the intermediate state, 
known as the ground-state absorption (GSA) step, benefits from ex-
change interactions, which enhance its efficiency compared to that of 
an isolated Yb3+ ion. Furthermore, the excited-state absorption (ESA) 
transitions, such as those from |2F5/2,6A1⟩ to |2F7/2,4T1⟩ or |2F7/2,4T2⟩, 
are made possible and gain strength through the Tanabe exchange 
mechanism. Although the intermediate state is predominantly localized 
on the Yb3+ ion, there is some mixing of wavefunctions. Similarly, 
the emitting state is mainly localized on the Mn2+ ion but is not 
exclusively [96].

3.1.2. Influence of bridging geometry of the superexchange pathway on 
upconversion efficiency

Exchange interactions between ions in insulating materials are in-
fluenced not only by the distance separating the ions but also by the 
bridging geometry that connects them. This insight led to a systematic 
investigation of Yb3+-doped Mn2+ halides, examining specific bridging 
geometries between Yb3+ and Mn2+ ions. Substitution of Mn2+ by Yb3+
occurs in all studied halides and requires charge compensation. The 
bridging geometries explored include corner-sharing, edge-sharing, and 
face-sharing configurations [23].

Among the studied systems, RbMnCl3:Yb3+ [96] features corner-
sharing and face-sharing geometries, while CsMnCl :Yb3+ [102] and 
3
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Fig. 14. (a) 10 K upconversion luminescence spectra of CsMnCl3:Yb3+ and RbMnCl3:Yb3+ excited at 10,680 cm−1 and 10,688 cm−1 (2F7/2 →2F5/2 absorption from Yb3+), respectively. 
This represents the first observation of Mn2+ upconversion emission, driven by exchange coupling. (b) Time evolution at 10 K of the upconverted luminescence intensity of 
RbMnCl3:Yb3+ (observed at 15,750 cm−1) after a 10 ns pulsed excitation at 10,688 cm−1. The inset shows the same data in a semilog representation. The lack of a rise contribution 
at short times in the transient signal suggests the absence of an energy transfer step. Reprinted from Valiente et al. [90]. Copyright (2000), with permission from Elsevier.
Fig. 15. Schematic upconversion mechanism in a Mn2+–Yb3+ dimer. Solid arrows 
represent the radiative processes of GSA, ESA, and luminescence, whereas the wavy 
arrow denotes a multiphonon relaxation process. The states are designated using dimer 
notation. Reprinted from Gerner et al. [23]. Copyright (2004), with permission from 
John Wiley & Sons.

Rb2MnCl4:Yb3+ [103] involve corner-sharing connections. Face-sharing 
geometries are observed in RbMnBr3:Yb3+ and CsMnBr3:Yb3+ [104]. 
Additionally, MnCl2:Yb3+ and MnBr2:Yb3+ were the first examples of 
edge-sharing geometries to be investigated [23]. Fig.  16 shows some 
of these structures. It had been established that UC luminescence in 
these materials was only observable at low temperatures [23,105].

Once the emission spectra have been corrected for the instrumen-
tal response at different wavelengths according to the Ejder proce-
dure [106], they can be expressed as photon flux (photons/s). The 
integrated intensity of the different spectral bands allows for determi-
nation of UC efficiency. By comparing how many visible (𝑉 𝐼𝑆) photons 
emitted corresponding to the |2F7∕2, 4T1g⟩ transition to the number of 
near-infrared (𝑁𝐼𝑅) photons emitted from the |2F5∕2, 6A1g⟩ state, the 
UC efficiency can be quantified, assuming that non-radiative relaxation 
is negligible due to the large energy gap of Mn2+ and Yb3+. The UC 
efficiency is defined as the number of visible emitted photons (𝑉 𝐼𝑆em) 
to the total number of IR absorbed photons (𝑁𝐼𝑅abs): 

𝜂UC =
𝑉 𝐼𝑆em
𝑁𝐼𝑅abs

(14)

and the number of NIR absorbed photons can be approximated by 

𝑁𝐼𝑅 ≊ 𝑁𝐼𝑅 + 2 × 𝑉 𝐼𝑆 (15)
abs em em
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where the factor 2 accounts for the two NIR photons required to 
generate a single VIS photon, leading to: 

𝜂UC ≊
𝑉 𝐼𝑆em

𝑁𝐼𝑅em + 2 × 𝑉 𝐼𝑆em
(16)

This approach has been applied to Mn2+–Yb3+ systems at temperatures 
below 100 K.

Based on Eq. (16), the theoretical maximum for 𝜂UC is 0.5 (50%), 
meaning that in the ideal case, every absorbed NIR photon is turned 
into a VIS photon. In Rb2MnCl4:Yb3+ at 35 K, 56% of the absorbed 
NIR photons become VIS photons under the specified excitation condi-
tions [23,103] —an impressively high rate for upconversion. Because 
UC processes are inherently nonlinear, these efficiencies depend on the 
specific experimental setup [107]. Moreover, data collected by Gerner 
et al. [23] highlight the pivotal role of how Yb3+ and Mn2+ octahedra 
link together. Moving from corner-sharing (Rb2MnCl4:Yb3+) through 
edge-sharing (MnCl2:Yb3+ or MnBr2:Yb3+) to face-sharing
(CsMnBr3:Yb3+) reduces the UC efficiency drastically, from 28% down 
to 0.05% (Fig.  16). This stresses the importance of the bridging geom-
etry in dictating upconversion performance.

In Fig.  17a, the key Mn2+–Yb3+ dimer structures are shown with 
their corresponding nearest-neighbor separations. These Mn–Cl–Yb dis-
tances contract from roughly 5.05 Å under corner-sharing coordination 
down to 3.71 Å for edge-sharing and 3.26 Å for face-sharing [23]. 
For MnCl2:Yb3+ and MnBr2:Yb3+, only edge-sharing configurations are 
possible, and the data collected [23] reveal that the UC efficiencies in 
these systems differ by a factor of three — substantially less than the 
large variations among the distinct bridging geometries. This observa-
tion indicates that the type of halide ion does not fundamentally govern 
the UC performance.

Furthermore, the overall UC efficiency decreases with decreas-
ing Mn2+–Yb3+ spacing, making it unlikely that electrical multipole–
multipole interactions control the upconversion process. Instead, the 
strong dependence on geometry points to superexchange interactions 
as the main driving mechanism for UC in these systems.

In Mn2+–Yb3+ pair, Yb3+ contributes one unpaired electron while 
Mn2+ carries five. This setup leads to five exchange terms, Eqs. (8) and 
(10), whose magnitudes depend on the ligand bridging geometry that 
connects the two metal ions. In the particular case of a corner-sharing 
arrangement at 𝜑 = 180◦ (Fig.  17b), high UC efficiencies can be under-
stood by the strong orbital overlaps that come into play [23]. One key 
pathway involves the Yb3+ 𝑓 (𝑧3) orbital, which is assumed to be ori-
ented toward the intervening ligand 𝑝𝑧 orbital, thus transferring some 
spin density onto the bridging ligand. From there, spin density interacts 
with the singly occupied Mn2+ 3d orbitals, the strongest contribution 
being the 𝐽  exchange. This interaction is antiferromagnetic and 
𝑓 (𝑧3)𝑑(𝑧2)
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Fig. 16. Examples of different bridging geometries (i.e. super-exchange pathways) in the various pure Mn-based host lattices that have been studied by introducing Yb3+ ions. Rb 
and Cs atoms have been omitted.
gains strength from multiple overlap channels, making it a main factor 
in the overall exchange-induced optical intensity, Eq. (10). For angles 
smaller than 180◦, these orbital overlaps shrink, and the associated 
integrals become weaker, which can account qualitatively for the drop 
in UC efficiency under non-linear bridging [23]. Yet, although this 
orbital model offers a helpful conceptual framework, it does not pre-
cisely match every quantitative detail. Separately, Atanasov et al. [43] 
proposed a calculation strategy for the necessary transfer integrals and 
𝐽 parameters in rare-earth/transition-metal dimers, showing that, at 
certain geometries, other exchange pathways might also be relevant.

Therefore, systematic investigations of Mn2+–Yb3+ halides have 
revealed that the upconversion efficiency was governed primarily by 
the bridging angle (Yb3+–L–Mn2+, where L = Cl or Br). A suitable 
geometry enabling robust exchange interactions has a greater impact 
than either the metal–metal spacing or the nature of the bridging 
halogen. In Rb2MnCl4:Yb3+, for instance, such exchange pathways drive 
a remarkably efficient cooperative UC process at low temperatures.

Unfortunately, all Yb3+-doped Mn2+ halides tabulated by Gerner 
et al. [23] lose their UC luminescence above 150 K. This intrinsic 
quenching of pure Mn2+ compounds arises partly because ‘‘killer traps’’ 
(e.g., Mn3+) sequester the excitation at elevated temperatures, and 
partly because a nonradiative decay route depletes the 4𝑇1 level, as 
indicated by the light curly arrow in Fig.  15. This latter mechanism 
seems to be even more important in Mn2+–Yb3+ systems and is thus 
not easily bypassed through new material design. As a result, none of 
the compounds depicted in Fig.  16 are viable upconversion phosphors 
at room temperature [108].

3.1.3. Upconversion emission of Mn2+–Yb3+ systems at room temperature
A more promising strategy for high-temperature applications places 

Mn2+ in doubly doped Mn2+ and Yb3+ lattice with available tetrahe-
dral coordination. Researchers have observed room-temperature Mn2+-
based UC in Yb3+/Mn2+ co-doped Zn2SiO4 [108], CaZnF4 and SrZnCl4
[109], and LaMgAl11O19:Mn2+,Yb3+ [105,110].

Zn2SiO4:Yb3+,Mn2+ represents the first Mn2+–Yb3+ UC material 
shown to produce visible Mn2+ luminescence at room temperature, 
making it readily observable to the human eye [108]. One goal of devel-
oping such systems is to enlarge the separation between the |2F7∕2, 4T1⟩

and |2F5∕2, 6A1⟩ transitions, thereby minimizing any associated losses. 
This motivates the use of Yb3+ in combination with Mn2+ in a tetrahe-
dral environment rather than an octahedral one. In Zn2SiO4:Yb3+,Mn2+, 
the Mn2+–Yb3+ dimer model remains a good conceptual tool, and the 
14 
relevant energy diagram and excitation sequence are illustrated in Fig. 
18.

Fig.  18a provides a schematic comparison of the 4T1 and 4T2
excited-state energy levels for Mn2+ in octahedral (Oh) coordination 
(as in MnCl2:Yb3+) versus tetrahedral (Td) coordination (as in Zn2SiO4:
Yb3+,Mn2+). Notably, shifting Mn2+ from an Oh site to a Td site moves 
its emission band from red/orange toward green (Fig.  18b), which 
presents a practical advantage in certain UC applications.

Fig.  19a shows the 12 K excitation spectrum for MnCl2:0.1% Yb3+, 
focusing on the Yb3+ 2F5∕2 → 2F7∕2 emission. Three distinct Yb3+
2F7∕2 → 2F5∕2 peaks appear, the first two as sharp lines and the 
third as a broader band. Meanwhile, the 12 K absorption spectrum 
of MnCl2:0.1% Yb3+ in Fig.  19b reveals Mn2+ 6A1g → 4T1g, 4T2g, and 
4A1g/4Eg transitions [108].

Figs.  19c and 19d focus on Zn2SiO4:6% Yb3+,8% Mn2+. In Fig.  19c, 
the 12 K excitation spectrum displays a structured band corresponding 
to Yb3+ 2F7∕2 → 2F5∕2. At room temperature (Fig.  19d), Mn2+ 4T1 → 6A1
emission is monitored with excitation peaks corresponding to Mn2+ 6A1
→ 4T1, 4T2, and 4A1/4E transitions [108].

Comparing Mn2+ absorption in MnCl2:Yb3+ ( Fig.  19b) and Zn2SiO4:
Yb3+,Mn2+ (Figs.  19c,d) shows that the 4T1 and 4T2 levels shift to 
higher energies by about 2000 and 800 cm−1, respectively, in the 
silicate host due to the lower crystal field 10𝐷𝑞 attained in tetrahedral 
coordination. In contrast, the Yb3+ transition energies remain nearly 
unchanged across these environments — differing by only ∼10 cm−1. 
For MnCl2:Yb3+, the 2F5∕2 level splits into two clear lines in an oc-
tahedral field, whereas Zn2SiO4:Yb3+,Mn2+ exhibits broader peaks, 
inhomogeneous Yb3+ features, pointing to multiple Yb3+ sites.

Fig.  20, presents 12 K emission spectra under near-infrared (NIR) 
excitation for two different Mn2+–Yb3+ systems [108]. Fig.  20a shows 
the MnCl2:0.1% Yb3+ emission excited at 10,765 cm−1, yielding a sharp 
Yb3+ NIR emission feature near 10,000 cm−1 along with a broad red 
UC band around 15,240 cm−1, corresponding to the Mn2+ 4T1g → 6A1g
transition in an octahedral environment. By contrast, Fig.  20b depicts 
Zn2SiO4:6% Yb3+,8% Mn2+ excited at 10,891 cm−1, also producing 
Yb3+ emission at ∼10,000 cm−1 but featuring a green UC band around 
19,000 cm−1, assigned to Mn2+ 4T1 → 6A1 in tetrahedral coordination. 
Fig.  20c shows a schematic of the Tanabe–Sugano diagram highlighting 
the change in emission energy as the Mn2+ coordination changes (a 
tetrahedral coordination produces a lower crystal-field strength).

Quantitatively, at 12 K MnCl2:0.1% Yb3+ produces red UC ac-
counting for 2.65% of all emitted photons, whereas in Zn2SiO4:6% 
Yb3+,8% Mn2+ under similar conditions, the green UC makes up only 
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Fig. 17. (a) Bridging geometries in Mn2+ halide compounds doped with Yb3+ between 
neighboring octahedra. (b) The most significant sigma overlaps between completely 
occupied ligand orbitals and singly occupied metal orbitals are shown schematically 
for a bridge angle 𝜙 of 180◦. Reprinted from Gerner et al. [23]. Copyright (2004), 
with permission from John Wiley & Sons.

0.03% [108]. While both systems confirm that NIR pumping of Yb3+
leads to visible Mn2+ luminescence, the Mn2+ emission in Zn2SiO4
shifts by about 4,000 cm−1 toward the green compared to MnCl2. The 
presence of Mn2+ UC emission in Zn2SiO4 implies a close Mn2+–Yb3+
interaction within the willemite lattice. However, a factor-of −100 
difference in the VIS/NIR photon ratio emerges between the two ma-
terials, presumably linked to an unfavorable bridging geometry of the 
Mn2+–Yb3+ pairs in Zn2SiO4 relative to MnCl2 [108].

3.2. Mn2+–Cu2+

3.2.1. Band intensity, energy levels, and thermal dependence in Mn2+-Cu2+
dimers and trimers

The Tanabe mechanism used to explain the intensity of the 4A1/4E
Mn2+ transitions in Mn2+–Mn2+ pair also provides a good framework 
for understanding Mn2+–Cu2+ systems [111–117].

Exchange-coupled clusters — ranging from Mn2+–Cu2+ dimers to 
Cu2+–Mn2+–Cu2+ trimers — have been extensively studied in fluo-
ride crystals like KZnF :Mn2+,Cu2+ [111,112] and K CuF :Mn2+ [117], 
3 2 4
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as well as in organometallic complexes [113–117]. Insights into the 
associated exchange interactions typically come from analyzing the 
fine structure in the 6A1 → 4E, 4A1 spin–flip transition of Mn2+ and 
monitoring its thermal behavior. By examining these optical features, 
one can determine exchange constants for both ground and excited 
states.

Some Mn-F-Cu networks exhibit notably large 𝐽 values. For in-
stance, K2CuF4:Mn2+ has 𝐽 = 25 cm−1 [117], while KZnF3:Mn2+,Cu2+
measures 𝐽 = 65 cm−1 [111], based on an exchange Hamiltonian, 
Eq. (3). These coupling strengths surpass by an order of magnitude the 
antiferromagnetic 𝐽 = −3.4 cm−1 reported for RbMnF3 [118] or the 
ferromagnetic 𝐽 = 8.8 cm−1 of K2CuF4 [119]. Moreover, when Mn2+ is 
in its 4A1 excited state, the ferromagnetic coupling to Cu2+ (J*) rises 
by 20%–50% compared to the ground-state value (𝐽 ) [111,112,117].

Nevertheless, while the exchange mechanism boosts the transition 
intensities compared to isolated [MnF6]4− centers, it does not push 
oscillator strengths beyond ∼ 10−4–10−3. This is noticeably smaller than 
the ∼ 3 × 10−2 observed for the 25,000 cm−1 band in 𝐴2MnCl4:Cu2+
(𝐴: methylammonium ion), underscoring that even strong exchange 
interactions cannot entirely account for such a high oscillator strength.

Valiente and Rodríguez [120] attributed the stronger absorption 
features and the appearance of new bands in the optical spectra of 
𝐴2Cd1−𝑥Mn𝑥Cl4:Cu2+ crystals to Mn2+–Cu2+ exchange coupling rather 
than to isolated [CuCl4]6− complexes (). Their work sought to clarify 
how substituting Mn2+ into the 𝐴2CdCl4 host influences the Cu2+-
related absorption bands, focusing particularly on temperature-dependen
behaviors and charge-transfer (CT) spectra, which themselves depend 
strongly on the tetragonal distortion around [CuCl4]6−.

Increased Mn2+ content enhances the intensity of the Cu2+
-associated absorption bands, an effect explained by an exchange 
interaction between Mn2+ and Cu2+. The same interaction yields a 
broad band near 21,000 cm−1 and a more narrowly defined band at 
25,000 cm−1, causing the crystal color to shift from pale yellow to 
deep red as Mn content, 𝑥, grows from 0 to 1 in 𝐴2Cd1−𝑥Mn𝑥Cl4:Cu2+. 
The temperature dependence of these new bands through a spin-
dependent transition mechanism operative within Mn2+–Cu2+ pairs 
[120]. Consequently, the two distinct peaks at 21,000 and 25,000 cm−1

in 𝐴2MnCl4:Cu2+ are firmly ascribed to exchange-coupled Mn2+–Cu2+
units.

Unlike the situation in fluorides, the 4A1-4E excitation of Mn2+ in 
the Mn2+–Cl−–Cu2+ arrangement here resonates with the 25,000 cm−1

Cl−(eq) → Cu2+ CT transition. This resonance implies that Mn2+ tran-
sitions can display higher oscillator strengths than those observed 
in corresponding Mn2+–F−–Cu2+ compounds, especially if the main 
route for enhancing Mn2+ transition intensity involves mixing with 
CT states via configuration interaction in the exchange-coupled lat-
tice. Consequently, the two strong absorption features detected in 
𝐴2MnCl4:Cu2+ and 𝐴2Cd0.7Mn0.3Cl4:Cu2+ arise from electronic tran-
sitions in Mn2+–Cu2+ pairs, moving from the ground state to excited 
states whose wavefunctions incorporate both the odd-symmetry Cl− →
Cu2+ CT states of the [CuCl6]4− complex and the spin–flip excitations 
of Mn2+ [120].

The optical absorption spectra of 𝐴2Cd1−𝑥Mn𝑥Cl4:Cu2+ (Fig.  21) 
can be rationalized by recognizing that Mn2+–Cu2+ dimers predomi-
nate at x = 0.3, whereas Mn2+–Cu2+–Mn2+ trimers become the main 
species when x = 1 [120]. Under the assumption of a random re-
placement of Cd by Mn, 𝐴2Cd0.7Mn0.3Cl4:Cu2+ contains about 19% 
isolated [CuCl6]4− monomers, 66% Mn–Cl–Cu dimers, and 15% Mn–
Cl–Cu–Cl–Mn trimers [120]. Only trimers with 180◦ bond angles are 
considered in this analysis.

Fig.  21 reveals two absorption bands at 25,000 and 21,000 cm−1, 
each linked to distinct Mn2+–Cu2+ exchange pathways [120]. Their 
relative intensities shift with the Mn concentration, consistent with this 
interpretation. The strong 25,000 cm−1 band at x = 0.3 indicates a 
greater prevalence of Mn2+–Cu2+ pairs bridged via the equatorial Cu–Cl 
bond, rather than the axial one. Moving from x = 0.3 to x = 1 alters 
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Fig. 18. (a) Mn2+–Yb3+ dimer states and transitions are shown schematically for the octahedral case (Oℎ) of MnCl2:Yb3+ and the tetrahedral (Td) example of Zn2SiO4:Yb3+,Mn2+. 
Radiative and nonradiative processes are denoted by straight and curly arrows, respectively. (b) Energy level diagrams for the first two excited states of octahedral (MnCl2) and 
tetrahedral (Zn2SiO4:Mn2+) Mn2+ coordination, highlighting the variation in the emission band. Reprinted from Gerner et al. [108]. Copyright (2004), with permission from Elsevier.
Fig. 19. (a) 12 K excitation spectra of Yb3+, monitoring the 2F5∕2 emission at 
9,820 cm−1. (b) 6 K absorption spectra of MnCl2:Yb3+. (c) 12 K excitation spectra 
of Yb3+ for the 2F5∕2 emission at 10,100 cm−1. (d) 300 K excitation spectra of 
Mn2+ monitoring the Mn2+ emission at 17,390 cm−1 in Zn2SiO4:Yb3+,Mn2+. Reprinted 
from Gerner et al. [108]. Copyright (2004), with permission from Elsevier.

these intensities, suggesting that more Mn2+–Cu2+ pairs form when the 
crystal is fully substituted, though the total number of pairs remains 
constant at x = 1.

The authors proposed a simplified spin-based framework to inter-
pret the energy levels of Mn2+–Cu2+ dimers and Mn2+–Cu2+–Mn2+
trimers, illustrated in Fig.  22 [120]. Their model uses the effective 
exchange Hamiltonian, Eq. (3), capturing the coupling for both the 
ground (𝐽 ) and excited (J*) states. In the dimer, Mn2+ has spin SMn
= 5/2, and Cu2+ has spin 1/2; in trimers, two Mn2+ ions can generate
SMn values of 5, 4, 3, 2, 1, or 0 when combined, again paired with Cu2+
(SCu = 1/2).

Although this approximate method may shift the energies of indi-
vidual sublevels, the resulting state labels and the transition selection 
rules mirror those obtained via a more detailed exchange operator, 
Eq. (1). Assuming D2h symmetry for the Mn2+–Cu2+–Mn2+ trimer [120] 
matches the crystal structure, the ground state is written as |6A1(a), 
2A , 6A (b)⟩, which corresponds to a combination of A  and B  irreps. 
1 1 1g 1u
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Fig. 20. (a) Emission spectra of MnCl2:Yb3+ under laser stimulation at 10,765 cm−1

at 12 K. (b) 12 K emission spectra of Zn2SiO4:Yb3+,Mn2+ during laser excitation at 
10,891 cm−1. The asterisk (*) indicates a peak resulting from stray light of the 532 nm 
pump source. Note the varying scaling factors for VIS emissions. (c) Tanabe–Sugano 
diagram for a d5 configuration. The arrows depict the transition of Mn2+ luminescence 
from red to green as it shifts from octahedral (Oh) to tetrahedral (Td) coordination. 
Reprinted from Gerner et al. [108]. Copyright (2004), with permission from Elsevier.

Meanwhile, the unpaired Cu2+ d orbital (primarily 𝑑𝑥2−𝑦2 ) transforms 
as a1g in that same symmetry. Coupling three spins (two Mn2+ sites plus 
one Cu2+) results in 11 spin configurations.

Two specific Mn-related excited states, |4A1(a), 2A1, 4A1(b)⟩ and 
|

6A1(a), 2A1, 4A1(b)⟩, generate excited trimer states labeled 9B1g, 9B1u, 
and so on (Fig.  22). These excited states may become degenerate if the 
exchange interaction between them satisfies:
⟨

4A1(a), 2A1,
6A1(b)| 𝐻ex |

6A1(a), 2A1,
4A1(b)⟩ = 0,

meaning no splitting arises for states having the same total spin [120].
Although the diagram anticipates two possible transitions for the 

dimer and 19 for trimers, they cannot be individually observed in 
practice, so extracting the excited-state exchange J* directly from 
absorption data proves difficult. However, measuring how the total 
oscillator strength f (T ) varies with temperature, along with knowledge 
of each trimer sublevel intensity, can reveal the ground-state exchange 
constant 𝐽 .

By examining how 𝑓 (𝑇 ) changes with temperature, one can differen-
tiate between dimers and trimers, since each displays a unique thermal 
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Fig. 21. Polarized optical absorption spectra were recorded at 𝑇 = 9.5 K for the 
𝐴2Cd1−𝑥Mn𝑥Cl4:Cu2+ (𝐴 =CH3NH3) crystal series, with 𝑥 values of 0, 0.3, and 1. The 
measurements were polarized along the a and b crystallographic directions. For 𝑥 = 0, 
the inset displays the corresponding spectra along all three orthorhombic directions, 
providing a complete view of the optical behavior in these orientations. Copyright 
(1996), with permission from Elsevier.
Source: Adapted from Valiente and Rodríguez [120].

pattern. For dimers and trimers, the relevant 𝑓 (𝑇 ) dependencies are 
given by [120]: 

𝑓 (𝑇 ) =
𝑓 (0)

1 +
(

7
5

)

exp
(

−3𝐽
𝑘𝑇

) (17)

𝑓 (𝑇 ) = 11 × 𝑓 (0) ×

∑

𝑖 𝐼𝑖 exp
(

−𝐸𝑖
𝑘𝑇

)

𝑍
(18)

In the trimer case, the partition function is labeled as 

𝑍 =
∑

𝑖
𝑔𝑖 exp

(

−𝐸𝑖
𝑘𝑇

)

, (19)

and each ground-state sublevel has a normalized intensity 𝐼𝑖, an energy 
𝐸𝑖, and a spin degeneracy 𝑔𝑖.

In the case of Mn2+–Cu2+ dimers, the oscillator strength f (T ) can be 
determined exactly, since only the 5A1 ground sublevel contributes to 
the transitions. However, Mn2+–Cu2+–Mn2+ trimers introduce multiple 
sublevels for the ground state, so f (T ) hinges on various intensity fac-
tors, 𝐼𝑖. These quantities were computed [113] for the 6A1 → 4A1 spin–
flip transition of Mn2+ in trimeric systems. Following the framework 
of ref. [113], the values of 𝐼𝑖 can be obtained from a spin-dependent 
transition-moment operator 𝐏𝐵ex, Eq. (9), which governs the exchange 
interaction in Mn2+–Cu2+ pairs [4,121].

Experimental measurements of the temperature dependence of the 
oscillator strength, f (T ), for the two prominent absorption bands in 
𝐴2MnCl4:Cu2+ (25, 000 cm−1 and 21, 000 cm−1) align well with a trimer 
model that uses the intensity values computed from an analogous 
relation [113]. Although the moment operator 𝐏𝐵ex strictly applies only 
to spin–flip excitations without any orbital reconfiguration, this agree-
ment implies a comparable spin-dependent mechanism operates in the 
trimer excitations of 𝐴2MnCl4:Cu2+.

Notably, a dimer-based approach, Eq. (17), cannot reproduce the 
observed f(T) behavior, confirming that these transitions must be un-
derstood in terms of trimers (or larger aggregates). In principle, x = 1 
yields a Cu2+-centered pentamer (one Cu2+ surrounded by four Mn2+), 
yet the band-intensity data still obey Eq. (18), consistent with trimer-
like thermal dependence. The two bands at 25,000 and 21, 000 cm−1 ap-
parently correspond to Mn2+–Cu2+ transitions through equatorial and 
axial Cu–Cl links of the [CuCl6]4- Jahn–Teller units, respectively [120].

Fig.  23 illustrates how a least-squares fit to Eq. (18) gives ground-
exchange constants 𝐽 (eq) = 85 cm−1 (for the 25,000 cm−1 band) and 
𝐽 (ax) = 65 cm−1 (for the 21,000 cm−1 band). These distinct values 
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of 𝐽 (eq) and 𝐽 (ax) reinforce that the two bands spring from separate 
Mn2+–Cu2+ interaction pathways, confirming the present assignment of 
their origins.

3.3. Mn2+–Ni2+

Exchange effects due to the Mn2+–Ni2+ interaction were first ob-
served in KMn𝑥Ni1−𝑥F3 crystals [9,122,123]. Among transition-metal 
ions, Ni2+ is one of the few that exhibits luminescence from two excited 
states — an exception to Kasha’s rule [124], which establishes that any 
observable luminescence arises solely from the lowest excited state — 
(Fig.  24a). The existence of at least two metastable states is a funda-
mental requirement for photon-upconversion processes to occur (see 
Section 3.1). The first of these excited states acts as a temporary energy 
reservoir. From that level, population of higher-energy states becomes 
feasible, leading to emission at shorter wavelengths after excitation 
at longer wavelengths [125,126]. Fig.  24b [127] illustrates a sim-
plified energy-level diagram for Ni2+, emphasizing the luminescence 
transitions.

Nonetheless, the overall efficiency of Ni2+ upconversion (UC) is lim-
ited by low ground-state-absorption (GSA) and excited-state-absorption 
(ESA) cross sections, especially in chloride matrices. The reason for this 
limitation is that these transitions are spin forbidden. As it has been 
shown in the Introduction, exchange interactions between neighboring 
transition-metal ions in insulating solids can dramatically enhance the 
intensities of spin-forbidden 𝑑 − 𝑑 transitions [5,128]. In Ni2+-doped 
RbMnCl3, for example, the UC rate is notably higher than in the anal-
ogous CsCdCl3:Ni2+ [22,129]. Later on, these authors focused on how 
Mn2+-Ni2+ exchange interactions influence Ni2+ optical properties and 
UC luminescence behavior. Their research involved the comparison of 
two isostructural layered perovskite host lattices for Ni2+, Rb2CdCl4 and 
Rb2MnCl4 [130,131]. These layers consist of corner-sharing [𝑀Cl6]4−
octahedra, separated by Rb+ ions, and are slightly compressed along the 
𝑐-axis, yielding a D4h site symmetry. This structural anisotropy is crucial 
for studying exchange effects because the exchange interactions occur 
only within the layers and can be selectively activated or deactivated 
with polarized light.

In Rb2MnCl4:Ni2+ specifically, the nearly linear Ni2+-Cl−-Mn2+ bridg
ing geometry facilitates strong antiferromagnetic superexchange, sig-
nificantly impacting the optical-spectroscopic features of Ni2+. When 
measured perpendicular to the perovskite planes, Ni2+ behaves like the 
standard diamagnetic Ni2+-doped crystal (Rb2CdCl4). However, with 
in-plane (𝜎) polarized light, i.e., the electric field of light perpendicular 
to the layer or, in other words, parallel to the Ni2+-Cl−-Mn2+ direction, 
the cross sections for the Ni2+ 3A2g → 1Eg GSA and 3T2g → 1T2g ESA 
transitions are boosted by factors of 10 and 6, respectively, compared 
to 𝜋 polarization. Consequently, the UC emission intensifies by about a 
factor of 60 for 𝜎 compared to 𝜋 excitation.

3.3.1. Exchange enhancement of Mn2+–Ni2+ absorption in Ni2+-doped 
manganese chlorides

In diamagnetic crystals like Rb2CdCl4, spin–orbit coupling to nearby 
spin-allowed transitions allows Ni2+ to circumvent spin-selection rules. 
Accordingly, the 3A2g → 1Eg transition of Ni2+ in Rb2CdCl4 shows an 
almost polarization-independent oscillator strength [127]. When the 
same transition is examined in 𝜎-polarized light for Rb2MnCl4: 5% Ni2+, 
the oscillator strength increases an order of magnitude. In contrast, 
no equivalent gain is observed under 𝜋 polarization. This polarization 
behavior was attributed to the role of Mn2+-Ni2+ exchange interactions 
confined to the perovskite layers. This phenomenon bears resemblance 
to the boost in otherwise spin-forbidden 𝑑 − 𝑑 transitions seen in 
Mn2+ systems such as MnF2 and RbMnF3, originally investigated in 
detail by Ferguson, Guggenheim, and Tanabe. Whereas Mn2+ features 
one unpaired electron in each 𝑑 orbital, Ni2+ only has its unpaired 
electron density in the eg orbitals, implying that Mn2+-Ni2+ exchange 
follows a 𝜎-type coupling, as illustrated in Fig.  25a (scheme I). In 
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Fig. 22. Schematic energy level diagrams for a Mn2+–Cu2+ dimer and a Mn2+–Cu2+–Mn2+ trimer. The resonant Cl− to Cu2+ charge transfer states have been incorporated in every 
instance. Arrows denote the electric dipole transitions permitted by symmetry. In both instances, transitions are polarized along the Mn2+–Cu2+ axis. To ensure clarity, exclusively 
the sublevels and electronic transitions associated with the greatest spin values of the trimer are presented. The (+) and (−) symbols indicate the even and odd parity of the 
sublevel, respectively. Reprinted from Valiente and Rodríguez [120]. Copyright (1996), with permission from Elsevier.
Rb2MnCl4:Ni2+, the Ni2+-Cl−-Mn2+ bridge runs in a linear arrangement, 
establishing a robust superexchange path through Cl− 3s and 3p𝑧
orbitals [27].

Because this variety of exchange interaction arises solely within the 
perovskite layers, the spin-forbidden 3A2g → 1Eg transition of Ni2+ is 
enhanced only for 𝜎 polarization [127]. In Rb2MnCl4: Ni2+, most Ni2+
ions have four Mn2+ neighbors in the same layer, indicating that an 
actual spin cluster might be a Ni2+(Mn2+)4 pentamer [16,132,133]. 
Still, the simplified Mn2+-Ni2+ pair description was adequate to illus-
trate the exchange effect and its influence on Ni2+ optical spectra. 
According to the Kanamori–Goodenough rules [26,134], the Ni2+-Cl−-
Mn2+ superexchange route (Fig.  25a, scheme I) pointed to a dominant 
antiferromagnetic interaction between Ni2+ and Mn2+. In that scenario, 
the |Ni2+(3A2g), Mn2+(6A1g)⟩ ground state splits into 𝑆 = 3∕2, 5∕2, 
and 7∕2 pair spin levels, as sketched in Fig.  25b [9]. The key excited 
pair state mainly from Ni2+, |Ni2+(1Eg), Mn2+(6A1g)⟩, holds 𝑆 = 5∕2, 
enabling a formally spin-allowed transition within 𝑆 = 5∕2 states 
(depicted by the arrow in Fig.  25b). Therefore, this pair transition 
acquires oscillator strength through the Tanabe mechanism, requiring 
thermal activation since the low-energy spin state corresponds to the 
𝑆 = 3∕2 according to the antiferromagnetic coupling. The experi-
mental observations by Wenger et al. [127] confirmed this: for 5% 
Ni2+:Rb2MnCl4, the 𝜎-polarized 1Eg absorption grows by about a factor 
of two up to 200 K (relative to its value at 15 K), after which it 
diminishes slightly.

The pronounced enhancement of Ni2+ spin–flip transitions is influ-
enced by the geometry of the Ni2+-Cl−-Mn2+ connection. As shown in 
Fig.  26, the 15 K absorption spectra of Ni2+ 3A2g → 3T2g, 3T1g(3F), and 
1Eg in four different Mn2+ host crystals are depicted, where the axial 
and 𝜎 polarizations are equivalent in this case, both corresponding to 
spectra obtained with the electric field of light perpendicular to the 
layer. Once a Ni2+ ion substitutes a Mn2+ ion, the Mn2+-Ni2+ linkage 
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geometries vary substantially between host lattices. Exchange-related 
intensity increases in the 1Eg band occur in Ni2+-doped RbMnCl3 (c) 
and Rb2MnCl4 (d), but not in CsMnCl3 (a) or MnCl2 (b).

A direct comparison with their bridging geometries confirms that 
this strong intensity enhancement only emerges when the Ni2+-Cl−-
Mn2+ bond is nearly 180◦. This observation aligns with the orbital 
models of Fig.  25a, where scheme I illustrates a robust 𝜎-type superex-
change route that yields strong antiferromagnetic coupling, thereby 
amplifying spin–flip transitions by the Tanabe mechanism. Such a lin-
ear arrangement appears in RbMnCl3: Ni2+ and Rb2MnCl4: Ni2+ [130,
135], explaining the marked effect on spin–flip transitions. In contrast, 
MnCl2: Ni2+ and CsMnCl3: Ni2+ show edge- or face-sharing octahedra 
linking Ni2+ and Mn2+, consistent with scheme II in Fig.  25a. In that 
configuration, the magnetic orbitals are orthogonal, eliminating an 
antiferromagnetic superexchange pathway and thus preventing any 
Tanabe-mediated enhancement.

3.3.2. Exchange enhancement of luminescence transitions in Mn2+–Ni2+
systems

The 15 K emission spectrum of a Rb2CdCl4: 5% Ni2+ crystal (Fig. 
27a) exemplifies the typical Ni2+ luminescence features found in dia-
magnetic halides. As depicted schematically in Fig.  24b, emission arises 
from 1T2g and extends to all lower-energy levels in the Ni2+ manifold. 
At 15 K, Rb2MnCl4: 5% Ni2+ (Fig.  27b) shows Ni2+ luminescence again 
[127]; however, no Mn2+ emission is observed. Moreover, the relative 
intensity of the 1T2g → 3A2g transition and the 𝜎-polarized 1T2g → 3T2g
luminescence in Rb2MnCl4: Ni2+ is enhanced by roughly a factor of 
five compared to Rb2CdCl4: Ni2+ [127]. Notably, this boost is seen 
most prominently in the electronic-origin region, signifying increased 
allowed character in the magnetically active host.
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Fig. 23. Temperature dependence of the oscillator strength for bands at 25,000 and 
21,000 cm−1 (inset) was measured in (a) 𝐴2MnCl4:Cu2+ and the two bands in (b)
𝐴2Cd0.7Mn0.3Cl4:Cu2+ (𝐴 = CH3NH3). The solid lines depict the least-squares fitting 
of the experimental f (T ) data to Eq. (18) for 𝐴2MnCl4:Cu2+ and to Eq. (17) for 
𝐴2Cd0.7Mn0.3Cl4:Cu2+. Copyright (1996), with permission from Elsevier.
Source: Adapted from Valiente and Rodríguez [120].

Fig. 24. (a) A Tanabe–Sugano plot for Ni2+ (d8) under octahedral coordination. The 
dashed line indicates the crystal field strength of the Rb2𝑀Cl4 (𝑀 = Mn, Cd) com-
pounds. (b) A simplified energy-level scheme for Ni2+ with the luminescence transitions 
(solid arrows) and the nonradiative relaxation through multiphonon processes (wavy 
arrows). Reprinted with permission from Wenger et al. [127]. Copyright (2001) by the 
American Physical Society.
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Fig. 25. (a) Molecular-orbital sketches that depict the Ni2+-Cl−-Mn2+ exchange path-
ways, forming (I) a 180 ◦ and (II) a 90 ◦ configuration. (b) Simplified energy levels 
for a Mn2+-Ni2+ pair, highlighting the Ni2+ 3A2g → 1Eg thermally activated transition 
associated with the spin-allowed transition. Reprinted with permission from Wenger 
et al. [127]. Copyright (2001) by the American Physical Society.

Fig. 26. 15 K axial absorption spectra of (a) CsMnCl3: 10% Ni2+ (axial), (b) MnCl2: 5% 
Ni2+ (axial), (c) RbMnCl3: 10% Ni2+ (axial), and the 𝜎-polarized (d) Rb2MnCl4: 5% Ni2+. 
The featured range covers the Ni2+ 3A2g → 3T2g, 3T1g(3F), and 1Eg transitions. Relevant 
connections between octahedra of each crystal structure are depicted, illustrating 
how Ni2+ and Mn2+ are connected in these four systems. Reprinted with permission 
from Wenger et al. [127]. Copyright (2001) by the American Physical Society.

This intensified 1T2g → 3T2g emission was interpreted according 
to the Tanabe mechanism, which accounts for exchange-induced en-
hancements. Since 3T2g and 1T2g originate from the same electronic 
configuration in the strong-field regime, the 1T2g →3T2g transition 
qualifies as a spin–flip event, involving parallel states in the Tanabe–
Sugano diagram (see Fig.  3(a)). In contrast, the 1T2g → 3A2g and 
1T2g → 3T1g(3F) transitions are not purely spin–flip transitions and are 
therefore less affected by exchange interactions [127]. This outcome 
has two important implications. First, the inverse transition, 3T2g →
1T2g, becomes relevant to Ni2+ UC processes. Second, the augmented 
probability for the 1T2g → 3T2g emission transition will modify the 1T2g
state lifetime [127].
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Fig. 27. 15 K polarized luminescence spectra of (a) Rb2CdCl4: 5% Ni2+ and (b) 
Rb2MnCl4: 5% Ni2+. The thick lines represent the 𝜎-polarized spectra, whereas the 
thin lines show the 𝜋-polarized signals. Note the scale-down applied in every emission 
spectrum of the 3T2g → 3A2g transition. Reprinted with permission from Wenger et al. 
[127]. Copyright (2001) by the American Physical Society.

4. Concluding remarks

This review examines the influence of exchange interactions be-
tween transition-metal (TM) and rare-earth (RE) ions on absorption and 
luminescence phenomena. These interactions play a fundamental role 
in modulating optical properties, often giving rise to spectral features 
that differ significantly from those observed in isolated ions. As a 
result, spectroscopy serves as a powerful local probe for investigating 
magnetism, particularly in exchange-coupled systems and concentrated 
materials. By analyzing spectral features in relation to exchange in-
teractions, valuable insights are gained into both local and long-range 
magnetic order, not only in the ground state but also in excited states. 
This establishes spectroscopy a unique tool for exploring excited-state 
magnetism and exciton dynamics in these materials.

The review focuses on TM/RE-doped halide and oxide materials, 
including concentrated systems. The role of exchange pathways is 
examined by studying materials of different dimensionality, featuring 
either well-defined sites or multiple sites capable of accommodating 
optically active ions. The results highlight the critical influence of 
TM/RE bonding in defining distinct superexchange pathways, each 
exerting unique influence on the energy-level scheme of the exchange-
coupled system. Particular attention is given to Cr3+, Mn2+, Mn3+, and 
Cu2+ systems, which exhibit spin-forbidden transitions activated by 
exchange interactions or highly distorted coordination environments 
due to the Jahn–Teller effect. These distortions create a rich electronic 
structure, allowing for establishing structural correlations and acting 
as non-radiative traps for excitons. In doubly or triply TM/RE-doped 
materials, exchange interactions play a crucial role in enabling new 
pathways for upconversion absorption or luminescence.

In conclusion, exchange interactions are pivotal in shaping the 
absorption and luminescence properties of materials. The findings high-
light the impact of these interactions, suggesting that precise control 
over the host matrix or the application of external perturbations, such 
as pressure, can be strategically leveraged to engineer novel optical 
phenomena and enhance luminescence in concentrated materials.
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