crystals WVI\D\Py

Article

Alkaline-Earth-Site Confinement Enables 98% Quantum Yield
Orange Emission in Mn-Doped Cadmium Halide

Dan Luo, Tao Huang ", Shuaigang Ge, Yongqiang Zhao and Bingsuo Zou *

State Key Laboratory of Featured Metal Materials and Life-Cycle Safety for Composite Structures, School of
Resources, Environments and Materials, Guangxi University, Nanning 530004, China; 1dan20621@163.com (D.L.);
htao1201@163.com (T.H.); gesg2018@163.com (S.G.); zhaoyonggiangmn@163.com (Y.Z.)

* Correspondence: zoubs@gxu.edu.cn

Abstract

The luminescence efficiency of Mn?*-doped metal halides is often limited by concentration
quenching caused by Mn-Mn interactions. In this work, the alkaline-earth cadmium
chloride BaCd,Clg-6H,O:Mn?* was synthesized via a mechanical grinding method. The
three-dimensional network framework of this compound effectively isolates Mn?* ions
with a Mn-Mn separation of 4.87 A, thereby suppressing concentration quenching. Under
254 nm ultraviolet excitation, the sample exhibits efficient orange emission centered at
588 nm with a photoluminescence quantum yield (PLQY) as high as 98%. Temperature-
dependent photoluminescence studies reveal that the optimal emission temperature of this
system is 320 K, demonstrating good thermal stability. This work achieves, for the first
time, near-unity Mn?* luminescence efficiency in a Ba-site alkaline-earth cadmium halide
system, demonstrating that alkaline-earth-site confinement provides an effective strategy
for achieving highly efficient Mn-doped halide luminescence.
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1. Introduction

All-inorganic halide perovskites have attracted sustained attention in the fields of
luminescence and optoelectronics due to their high defect tolerance, tunable electronic
structures, and excellent optical responses [1-3]. In these materials, different metal ions
and halide coordination units together determine the crystal structure, local coordination
environment, and electronic-band characteristics. The coexistence of ionic and partial
covalent bonding endows the lattice with considerable structural flexibility. This flexibility

favors lattice occupation and functional doping by transition-metal ions.
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In Cd-based halides such as CsCdX3, Mn?* luminescence is influenced not only by
the local crystal field, but also by octahedral connectivity, Mn-Mn separation, and energy-
coupling processes involving self-trapped excitons [11-14]. Recent studies have further
shown that spin arrangement and energy migration can significantly affect the PLQY
of Mn?* halides. In one-dimensional halides, local structural changes induced by Mn2*
doping can directly regulate the emission process [15,16]. These findings indicate that the
luminescence of Mn?* is governed by the combined effects of local coordination, lattice ge-
ometry, and intersite interactions, rather than by a single crystal-field effect alone. Although
Mn?*-doped halides have made significant progress, most studies focus on frameworks
built from alkali-metal ions such as Cs* and Rb*. In contrast, reports on Mn?*-doped
alkaline-earth-containing Cd-based halides remain scarce. Consequently, the influence of
alkaline-earth-site frameworks on the local coordination environment and luminescence
behavior of Mn?* ions has not yet been systematically investigated. Table 1 summarizes
the structural characteristics and luminescence performance of representative Mn-doped
Cd-based halides reported to date. It can be seen that although high photoluminescence
efficiencies have been achieved in several Cd-based halides with different structural di-
mensionalities, studies on three-dimensional alkaline-earth-containing Cd-based halides
remain very limited.

Table 1. Comparison of the structural and luminescence properties of representative Mn?*-doped
Cd-based halides.

Host Composition ~Dimensionality 8;’;‘;;;‘ Mn o m(m) Lifetime PLQY (%) Thermal Stability Ref.
CsCdBr3:Mn 1D 10% ~605 ~18 ms — — [11]
. 2+
CsCdCl;:Mn 3D 15% 595 448ms  98.4% — [13]
single crystal
o Anti-thermal

CsCdCl3:Mn 1D 10% 590 ~13 ms ~51 quenching (300-440 K) [16]
emission maintained

Rb,CdClg:Mn2* 0D 20% 608 ~24 ms 88.96% over a wide [17]
temperature range

Cs3CdyClyMn2t 2D 5% 595 168ms  91.4% ;783512 PLretainedat ;o)

BaCd,Clg-6H,O:Mn 3D 15% 588 50.08 ms 98.58 320K 3;211«81(

Motivated by this knowledge gap, we selected Ba?* as a structure-regulating ion to
construct a Mn2+-doped three-dimensional Cd-based halide, BaCd,Clg-6H,O. Powder
samples of BaCd,Clg-6H,O:Mn?* were successfully prepared via a mechanical grinding
method. Structural analysis reveals that the compound features a three-dimensional net-
work framework in which CdClg octahedra are interconnected in all three dimensions. The
relatively large nearest-neighbor Cd-Cd distance (~4.87 A) provides a spatially separated
substitution environment for Mn?* ions, thereby suppressing Mn-Mn interactions and con-
centration quenching. As a result, the material exhibits efficient orange emission centered
at 588 nm with a PLQY as high as 98%. Furthermore, temperature-dependent photolumi-
nescence and magnetic measurements were systematically performed to investigate the
electron—-phonon coupling characteristics and local magnetic interactions of this system.
This work demonstrates the potential of three-dimensional alkaline-earth metal halides for
achieving highly efficient Mn?* luminescence and provides new insights into the design of
high-performance luminescent materials.
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2. Materials and Methods
2.1. Materials

Manganese chloride (MnCly, 99.9%) and barium chloride dihydrate (BaCl,-2H,0O,
99.9%) were purchased from Shanghai Aladdin Biochemical Technology Co. (Shanghai
and China) Cadmium chloride hemihydrate (CdCl,-5/2H,0, 98%) was purchased from
Macklin Biochemical Co., Ltd. (Shanghai, China). All chemicals were used as received
without further purification.

2.2. Synthesis

The preparation of the BaCd;_Mny,Cls-6H,O (x = 0.01-0.2) series samples employed
a solid-state mechanical grinding method. Powder samples of BaCd;_,,Mny,Cls-6H,O
were prepared by reacting anhydrous BaCl,-2H,0O (99.9%), CdCl,-5/2H,0 (98%), and
MnCl; (99.9%) in appropriate stoichiometric ratios. The weighed precursor mixture was
subjected to continuous, thorough mechanical grinding within an agate mortar housed in a
nitrogen glove box. The grinding process lasted a total of 40 min. Upon completion, a uni-
form white powder was obtained, representing the target product BaCdy_»¢MnyCls-6H,O.
This was sealed and stored within the glove box for subsequent characterization and testing.

3. Results
3.1. Structure and Composition

Figure 1a shows a schematic atomic diagram of the crystal structure of BaCd,_»y
Mny,Clg-6HpO. The compound features a three-dimensional network framework: Cd*
ions coordinate with six CI~ ions to form CdClg octahedra, which are interconnected
through corner-sharing in all three dimensions, constructing a spatially extended three-
dimensional skeleton. Ba?" ions are located in the channels or voids of the three-
dimensional skeleton and stabilize the overall structure through coordination with C1™
ions and O atoms. The formation of this three-dimensional structure is mainly attributed to
the large ionic radius of Ba?* (~1.49 A) and its flexible coordination geometry requirements,
allowing CdCls octahedra to connect freely in the X, y, and z directions. The distance
between adjacent Cd sites is approximately 4.87 A, providing a relatively separated substi-
tution environment for Mn?* ions. To more intuitively illustrate the geometric arrangement
of Mn-related sites, a simplified structural diagram containing only the Cd/Mn sites is
presented in Figure S1. As shown in Figure 51, the Mn (Cd) sites in the Ba-based lattice are
uniformly distributed in three-dimensional space, with an equal spacing of 4.87 A between
adjacent Cd sites. Such a structural arrangement is expected to favor the spatial separation
of Mn?* ions after substitution, thereby reducing the probability of Mn-Mn pair formation
and suppressing energy migration as well as concentration quenching.

Figure 1b shows the XRD patterns and magnified diffraction profiles of undoped
BaCd,Clg-6H,O and samples with different MnZ* doping concentrations (x = 0.01, 0.05, 0.1,
0.15, 0.2). For BaCd,Cls-6H,O, the experimental diffraction peaks of the undoped sample
agree well with the pattern simulated based on the structural model, indicating high purity
and successful formation of the target phase. After Mn?* doping, the main diffraction peaks
of all doped samples remain essentially unchanged compared to the undoped sample, with
no appearance of new diffraction peaks or peak splitting, indicating that the introduction
of Mn?* does not alter the basic crystal structure and that Mn?* substitutes for Cd?* sites.
A closer inspection of the magnified patterns reveals that the diffraction peaks shift slightly
toward higher angles with increasing Mn?* concentration. According to Bragg’s law, an
increase in diffraction angle 8 corresponds to a decrease in interplanar spacing d, so this
peak shift indicates lattice contraction. Considering that Mn?* and Cd?* have the same
divalent charge state, both readily form chloride-coordinated octahedra, and the ionic
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radius of Mn2* (0.80 A) is smaller than that of Cd?* (0.95 A), the gradual substitution of
Cd?* by Mn?* leads to a decrease in unit cell parameters, thereby causing the observed
high-angle shift of diffraction peaks [19,20]. The diffraction patterns of the precursor
materials are clearly different from those of the final products, further confirming the
successful formation of the target phase. To further verify the successful incorporation of
Mn?2* into the BaCd,Clg-6H,O lattice, ICP-OES and XPS measurements were performed.
As summarized in Table S1, the actual Mn contents determined by ICP-OES agree well with
the nominal doping concentrations over the entire composition range, indicating efficient
Mn incorporation during the mechanical grinding process. Figure 52 shows the Mn 2p
XPS spectrum, which confirms that Mn is predominantly present in the +2 oxidation state,
supporting the substitution of Cd** by Mn?* in the host lattice.
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Figure 1. (a) Crystal structure of BaCd;_,,Mn;,Cls-6H,O; (b) XRD and magnified diffractograms of
BaCd2C16~6H20 and BaCdz_ZXMHZXC16-6H20 (X = 0.01, 0.05, 0.1, 0.15, 0.2).

To further examine the elemental distribution and microstructure of the sample, SEM-
EDS characterization was performed on the x = 0.15 sample. Figure S3 shows the SEM image
and elemental mapping of the sample. The SEM image reveals that the sample exhibits
irregular crystal morphology with relatively smooth particle surfaces and clear edges,
indicating good crystallinity. The EDS elemental mapping results show that barium (Ba),
cadmium (Cd), chlorine (Cl), and manganese (Mn) are uniformly distributed within the
selected region, without any local enrichment or segregation of any element. This indicates
that Mn?* ions are homogeneously dispersed throughout the crystal grains rather than
aggregating on particle surfaces or forming Mn-rich secondary phases, further confirming
that Mn?* has successfully entered the Cd sites of the host lattice. The EDS results further
confirm the elemental composition and the homogeneous distribution of Mn throughout
the sample. The results show that the atomic ratio of Ba:(Cd+Mn):Cl is approximately 1:2:6,
consistent with the theoretical stoichiometry of BaCd,Clg-6H;O.

3.2. Optical Properties

To investigate the luminescence behavior of BaCd,Clg-6H,O:Mn?*, the photolumines-
cence spectrum of the undoped host was first measured. Figure S4 shows the PL result of
undoped BaCd,Clg-6H,O. It can be seen that the undoped host exhibits nearly negligible
luminescence at room temperature, indicating that its intrinsic visible emission is extremely
weak. Therefore, the strong visible emission observed after Mn?* doping is mainly as-
sociated with the introduction of Mn-related luminescence centers rather than from an
enhancement of the intrinsic host emission. To further exclude possible contributions from
precursor materials, the photoluminescence spectra of BaCl,-2H,0O and CdCl,-2.5H,0 were
measured under identical excitation conditions. Figure 54 shows that no emission bands
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are observed in the orange-red region (around 588 nm), indicating that the characteristic
Mn-related emission does not originate from the precursor components. A weak and broad
emission band around 400 nm is observed for all precursor samples. Considering the
nearly identical peak positions and spectral profiles, this emission is attributed to defect-
related states or background responses under ultraviolet excitation rather than intrinsic

luminescence of the precursor materials.

Figure 2a presents the room-temperature PL spectra of BaCd,Clg-6H,O:x%Mn2* sam-
ples under 254 nm excitation with different Mn?* doping concentrations. After Mn doping,
the system displays markedly enhanced broadband emission, indicating that the intro-
duction of Mn?* enables efficient radiative emission channels. The main emission of the
Ba-based host is centered at 588 nm. Under different Mn doping concentrations, the emis-
sion peak position remains essentially unchanged and does not show any obvious shift
with increasing Mn content. As shown in Figure 2a, the PL intensity first increases and
then decreases with increasing Mn?* concentration, reaching its maximum at 15% Mn.
The PLQY values shown in Figure 2b exhibit the same trend and reach a maximum at a
Mn concentration of 15%. Specifically, an absolute PLQY of 98.58% was obtained for the
Ba-based system using an integrating sphere, as detailed in Figure S6. These results indicate
that the system exhibits pronounced concentration-dependent luminescence behavior. In
the low-to-intermediate Mn concentration range, increasing Mn?* content increases the
number of Mn-related emissive centers and is accompanied by enhanced emission intensity,
suggesting more efficient population of the Mn?* emitting states. At higher doping levels,
the decrease in PL intensity is consistent with concentration quenching. Considering the
reduced average Mn-Mn separation at higher Mn concentrations, enhanced Mn-related
interactions are expected to increase the probability of nonradiative relaxation. Further
consideration of the peak position and intensity evolution shows that, although the emis-
sion intensity varies significantly with Mn content, the emission peak position remains
essentially unchanged under different Mn doping concentrations. This suggests that the
Mn-related emissive centers formed in the system are located in relatively well-defined and
stable local environments. Therefore, variation in Mn concentration mainly affects the num-
ber of emissive centers and the interactions among Mn?* ions, while the local coordination

environment of the emissive centers remains essentially unchanged [10,12,15,21].
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are more likely to remain as relatively isolated Mn ions in the lattice, and the lumines-
cence is mainly dominated by isolated Mn?* centers [15,22]. This is consistent with recent
studies showing that the luminescence behavior of Mn-based halides is strongly gov-
erned by the local coordination environment, Mn-Mn distance, and magnetic coupling
interactions [1,9,10,12,23]. For the Ba-based system, because its luminescence is mainly
dominated by isolated Mn?* centers, the emission energy is mainly determined by the
local environment of a single [MnClg]*~ octahedron, so the main emission peak remains
near 588 nm and does not change significantly with doping concentration. In addition, the
luminescence enhancement in this system is also related to the ionic confinement effect
arising from localized structural units. For halide systems composed of localized struc-
tural units, excited states are more easily confined within a limited space, which is more
favorable for the generation of broadband visible emission. After Mn doping, localized
Mn luminescence centers, local magnetic environments, and the finite-scale structural
confinement jointly reinforce this localization process, facilitating energy transfer from
Cd-Cl1 charge-transfer states to Mn-related emissive centers and increasing the probability
of radiative recombination [7,16,17,20,22,24].

Figure 2c shows the absorption spectra of the corresponding samples. All sam-
ples exhibit strong broadband absorption in the ultraviolet region (approximately
230-350 nm), which is mainly attributed to Cd-Cl charge-transfer transitions. With in-
creasing Mn?* doping concentration, the absorption edge shifts slightly toward longer
wavelengths. No obvious Mn?* d-d transition absorption peaks are observed in the visible
region (400-700 nm), indicating that under 254 nm excitation, the dominant excitation pro-
cess is not direct d-d excitation of Mn2*, but rather excitation of Cd-Cl charge-transfer states,
followed by energy transfer from these excited states to the 4T! level of Mn?*, ultimately
producing d-d emission [6,8,16].

Figure S7 shows the PL excitation (PLE) spectrum profiles of the Ba-based system. It
can be seen that the effective excitation is mainly concentrated in the ultraviolet region,
and the overall shape and variation trend of the excitation spectrum remain essentially
similar under different Mn doping concentrations. Combined with the absorption spectra
in Figure 2c, the strong absorption is also mainly located near the ultraviolet band edge.
These results suggest that the dominant excitation process in the Mn-doped system is
largely associated with the charge-transfer band near the band edge, rather than being
dominated by individual Mn?* d-d transitions. In the undoped sample, this absorption
mainly arises from Cd-Cl charge transfer. After Mn doping, the original Cd-Cl charge-
transfer excitation process may be modified, with possible involvement of Mn-Cl-related
states. Therefore, although this high-absorption region may contain some contribution from
Mn?* d-d transitions, their contribution appears to be relatively weak under the present
excitation conditions. The excitation process is mainly governed by high-energy absorption
processes, whereas the final visible emission can be attributed to energy transfer from these
excited states to Mn-related emissive centers [7,20].

Figure 3a shows the time-resolved photoluminescence decay curves of BaCd,Cl-6HyO:
x%Mn?* recorded by monitoring the dominant Mn?* emission at 588 nm under 254 nm
excitation. All decay profiles can be well fitted by a biexponential function I(t) = Aje ™"/ ™1 +
Aze™/ ™2, indicating that at least two major relaxation channels contribute to the monitored
588 nm emission. For the Ba-based system, the lifetimes reach their maxima at 15% Mn?+,
with 17 = 12.04 ms and 1, = 50.08 ms. This evolution is consistent with the concentration
dependence of the PL intensity and PLQY, both of which also reach their maxima at 15%
Mn, indicating that the radiative process is most favorable near this doping level. In the
low-to-intermediate Mn concentration range, the initial increase in lifetimes indicates that
Mn incorporation progressively establishes more effective emissive centers and favors radia-
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tive relaxation. Once the Mn concentration exceeds 15%, both lifetime components begin
to decrease, indicating the onset of concentration-dependent quenching [10,12,15,25]. Since
undoped BaCd;,Clg-6H,O shows nearly negligible room-temperature luminescence, the ob-
served millisecond-scale decay is mainly associated with Mn-related emitting states rather
than with intrinsic host emission. The overall lifetime evolution of the Ba-based system is
directly correlated with the PL and PLQY maxima at 15% Mn, which is consistent with the
picture that the Ba lattice is mainly dominated by single-Mn-ion emission. Although a certain
Mn-Mn magnetic interaction cannot be completely excluded, the large Mn-Mn separation
(4.87 A) makes strongly coupled Mn-pair emission unlikely to dominate. Therefore, the
dominant millisecond-scale decay is reasonably attributed to single-Mn-related emission,
while the second decay component may reflect an additional, weaker relaxation channel in
the lattice [3,4,16,26]. The decrease in lifetime at higher Mn concentration can be understood
together with the reduction in PL intensity and PLQY. When the Mn content exceeds 15%, the
density of Mn-related centers in the lattice increases significantly, and the interaction among
Mn centers becomes stronger. Although the dominant emission is mainly associated with iso-
lated Min?* centers, higher Mn concentration still introduces stronger Mn-related interaction,
lattice distortion, and more evident phonon scattering, which together reduce both lifetime
and emission intensity. This synchronous decrease is consistent with concentration-dependent
quenching behavior.
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Figure 3. (a) TRPL spectra of BaCd,Cls-6HyO:x% Mn?*; (b) Gaussian deconvolution of the room-
temperature PL spectrum of BaCd,Clg-6H,O:x% Mn?2* performed in the energy scale. The emission
band can be resolved into two Gaussian components centered at 2.13 and 1.98 eV.

Further insight into the emitting states can be obtained from the Gaussian decon-
volution performed in the energy scale shown in Figure 3b. The emission spectrum of
BaCd,Cls-6H,0:15%Mn?* can be well resolved into two symmetric components centered at
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2.13 and 1.98 eV, corresponding to approximately 583 and 627 nm, respectively, indicating
that the observed broadband luminescence contains at least two overlapping emission
contributions [27,28]. The dominant component at 2.13 eV (/=583 nm) agrees well with
the overall PL. maximum and can therefore be attributed to the 4T' — 6A! d-d radiative
transition of isolated Mn2* ions in [MnClg]*~ octahedra, which is consistent with the con-
clusion that Mn?* ions mainly exist as isolated centers in the Ba lattice. For the weaker
low-energy component at 1.98 eV (=627 nm), considering that although the Ba-based
three-dimensional structure has a relatively large Mn-Mn separation, a small number of
adjacent Mn?* pairs may still exist (as will be discussed in the magnetic section later, local
ferromagnetic interactions are suggested to exist in this system), and the undoped host
shows negligible luminescence at room temperature, this component is more likely to
originate from emission of a small number of Mn-Mn pairs rather than from self-trapped
excitons of the pure host [18,29,30].

To further investigate the luminescence mechanism of BaCd,Cls-6H,O:Mn?*, temperature-
dependent PL spectra of the 15% Mn?*-doped sample were measured, as shown in Figure 4a.
Over the entire measured temperature range, no temperature-induced new major emission
band appears, and the PL spectra always retain one dominant broadband emission at different
temperatures, indicating that the system possesses strong thermal structural stability. However,
the emission peak position, intensity, and bandwidth all show clear temperature dependence.
As shown in Figure 4a, the emission maximum monotonically blue-shifts with increasing tem-
perature, while the emission bandwidth continuously increases. This behavior is different from
the band-edge luminescence redshift caused by band-gap contraction in ordinary semiconduc-
tors and is instead more similar to the blue-shift behavior observed in metal halide systems,
which is generally attributed to the rising electron-phonon coupling due to lattice expansion,
including the contributions of both acoustic phonons and optical longitudinal phonons [31-33].
As temperature increases, lattice vibrations are progressively strengthened, and the coupling
between the local emissive centers and lattice vibrations also increases, thus correlating with a
shift of the emission band toward higher energy and simultaneous broadening.
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Figure 4. (a) Temperature-dependent PL spectra of BaCd,Cls-6H,0:15% Mn?2+; (b) Fitting results
of the relationship between the photoluminescence intensity of BaCd,Clg-6H,0:15% Mn?* and
temperature, FWHM with temperature; (c) PL peak position and PL Intensity of BaCd,Clg-6H,0:15%
Mn?* emission.

The temperature dependence of the full width at half maximum can be fitted using

the equation FWHM = 2.36\/§hwphonon\ / cothhuz)l}’(%, where S is the electron—-phonon

coupling parameter, iwphonon is the phonon frequency, and K, is the Boltzmann con-
stant. The fitting results in Figure 4b show that for the Ba-based system, S = 7.798 and
hwphonon = 27.5 meV. The emission intensity of this system does not simply decrease
with increasing temperature as in ordinary covalent compounds, but instead shows a
clear increase—decrease profile, as shown in Figure 4c. This behavior is consistent with a
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thermally activated emission process followed by temperature quenching [34]. For the Ba
system, the PL intensity gradually increases from low temperature and reaches a maxi-
mum at about 320 K. This observation suggests that, within a certain temperature range,
increasing temperature may facilitate phonon-assisted processes associated with localized
emissive states while simultaneously enhancing nonradiative relaxation. With increasing
temperature, enhanced electron-phonon coupling is expected to influence the relaxation
dynamics of the emissive states, which may contribute to the observed increase in PL
intensity. When the temperature reaches 320 K, the emission intensity reaches a maximum,
which may correspond to an optimal balance between radiative and nonradiative processes
in the lattice. At higher temperatures, enhanced lattice vibrations are expected to increase
the probability of nonradiative relaxation, resulting in the gradual decrease in PL intensity
characteristic of thermal quenching. The PL intensity reaches its maximum at approxi-
mately 320 K, indicating that the present system maintains efficient luminescence around
room temperature and exhibits good thermal stability [31,32].

The phonon information derived from the temperature-dependent PL fitting has a
direct correspondence with the Raman spectra. Figure S8 shows the Raman spectra of
the undoped and 15% Mn?*-doped Ba systems to analyze the effect of Mn?* substitution
on vibrational properties. The undoped sample exhibits multiple Raman modes at about
88, 119, 133, 161, 219, 321, 405, and 555 cm~1. After Mn doping, the strongest peak at
219 cm ! remains nearly unchanged, whereas the relative intensities and peak shapes of
several low-frequency modes are modified, while the high-frequency multiphonon-like
profile is still preserved. These results indicate that the introduction of Mn?* does not
significantly alter the main structural framework of the system, and especially that the
dominant vibrational modes related to the host octahedral framework remain stable; how-
ever, Mn?* substitution clearly modifies the local vibrational environment so that some
vibration modes more sensitive to local coordination undergo changes in intensity or peak

position. The strongest Raman peak at 219 cm ™!

is reasonably assigned to the dominant
Cd-Cl1 stretching vibration, while the lower-frequency vibration modes are associated
with lattice vibrations of the octahedral framework [20,35]. The fitted wphonon value
of 27.5 meV, converted into wavenumber, is about 221.8 cm 1, which is very close to the
strongest high-frequency Raman mode at 219 cm~!. This indicates that the key phonons
governing the blue shift of the emission peak, the increase in FWHM, and the evolution of
PL intensity are closely related to the dominant high-frequency octahedral vibration mode
observed in the Raman spectrum. The high-frequency characteristic peaks in the Raman
spectrum (321, 405, and 555 cm ') suggest that the system may involve multiphonon
scattering processes arising from combination modes or overtone modes [3,4,16]. These
high-frequency modes can be understood as higher-order vibrations, combination modes,
or overtones, reflecting a clear anharmonic oscillator behavior. This feature indicates strong
electronic—vibrational coupling in the local structural units and that two or more low-energy
phonon modes may combine to form higher-energy Raman modes through combination or
overtone processes. For a chloride system containing such local structural units, this multi-
phonon effect suggests that the emissive state is closely related to strong electron-phonon
coupling within localized structural units [36-38]. In the Ba system, although the strongest
Raman mode remains stable, the weakened Raman intensity and the preserved multi-
phonon features still indicate that Mn doping introduces a significant local coupling effect
into the lattice.

3.3. Magnetic Properties

The magnetic properties of BaCd,Clg-6H,0:15%Mn?* were investigated by field-
dependent magnetization and temperature-dependent magnetic susceptibility measure-
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ments, as shown in Figure 5a—c. At 2 K, the sample exhibits a nonlinear M-H curve,
indicating the presence of magnetic coupling contributions beyond a purely paramagnetic
response. The overall magnetic response remains weak, which is consistent with the dilute
magnetic character of this Mn-doped chloride. At 300 K, the M-H curve becomes nearly
linear, indicating that the paramagnetic background dominates [12].
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Figure 5. (a—c) The magnetic properties of BaCd,Cls-6H,0:15% Mn?2*; (d) Schematic showing the
arrangement of magnetic spins in the lattice of BaCd,Clg-6H,0:15% Mn?2*.The black arrows indicate
the spin orientation of Mn?* ions.

The Curie-Weiss fitting of the 1/x-T curve gives a Curie-Weiss temperature of
+39.63 K, suggesting weak ferromagnetic exchange interactions between neighboring Mn?*
ions [22,39]. Considering the relatively small magnetization, these interactions are likely
limited to local magnetic correlations rather than dominant magnetic coupling throughout
the lattice [10,12]. The spin distribution scheme in Figure 5d shows that Mn ions in the Ba-
based lattice are spatially separated and mainly exist as isolated centers. The relatively large
Mn-Mn separation effectively suppresses strong magnetic coupling and energy migration
between Mn?* ions, thereby reducing nonradiative recombination channels. This magnetic
behavior is consistent with the high PLQY of 98% and the isolated-Mn?*-center-dominated
luminescence characteristics of the Ba-based system [15,40].

4. Conclusions

In summary, the three-dimensional Mn distribution and the relatively large Mn-
Mn separation (4.87 A) in BaCd,Clg-6H,O:Mn?* effectively suppress strong interactions
between Mn ions and stabilize single-Mn-ion-dominated emission, resulting in efficient
orange emission at 588 nm with a photoluminescence quantum yield as high as 98%.
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Temperature-dependent luminescence and Raman analyses consistently indicate that the
emission process in this system is strongly influenced by electron—phonon coupling and
thermally activated relaxation dynamics, with an optimal emission temperature of about
320 K, which is above room temperature, demonstrating good thermal stability. Overall,
this work establishes a clear correlation between lattice dimensionality, Mn-Mn separation,
and emissive-center characteristics, demonstrating that alkaline-earth-site confinement
provides an effective strategy for regulating emission color and efficiency in Mn-doped
metal halides.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/cryst16070458 /s1, Figure S1: Simplified structural diagrams
of BaCd,Cly-6H,O:Mn?* containing only the Cd/Mn sites; Table S1: ICP-OES analysis of the ac-
tual Mn contents in BaCd;_»,Mny,Clg-6H,O samples with different nominal Mn concentrations;
Figure S2: XPS spectra of BaCdj_»Mny,Clg-6HO (x = 0.15); Figure S3: SEM image, elemental
mapping, and EDS spectrum of BaCd,_»xMny, Clg-6H,O (x = 0.15), demonstrating the homogeneous
distribution of Ba, Cd, Mn, and Cl elements throughout the sample; Figure S4: PL, PLE spectra of
BaCd,Clg-6H,O; Figure S5: Photoluminescence spectra of BaCl,-2H,0 and CdCl,-2.5H,0O measured
under identical excitation conditions (Aex = 254 nm). The spectra are normalized to their maximum
intensity for comparison; Figure S6: Absolute photoluminescence quantum yield (PLQY) measure-
ment of BaCdy_pxMny,Cls-6HyO (x = 0.15). (a) Spectra collected from the PTFE reference (blank)
and the sample under identical integrating-sphere measurement conditions. (b) Difference spectrum
(sample — reference); Figure S7: PLE profiles of BaCd,_,,Mny,Cls-6H,O(x = 0.01, 0.05, 0.1, 0.15, 0.2)
under Aem = 588 nm; Figure S8: The Raman spectra of undoped BaCd,Cly-6H,0O and Mn**-doped
BaCdz_zan2XC16-6H20 (X = 0.15).
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