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Abstract

Rare earth luminescent materials have attracted significant attention due to
their wide-ranging applications in the field of optoelectronics. This study
aims to delve into the electronic structure and optical properties of rare earth
luminescent materials, with the goal of uncovering their importance in lumi-
nescence mechanisms and applications. Through theoretical calculations and
experimental methods, we conducted in-depth analyses on materials com-
posed of various rare earth elements. Regarding electronic structure, we uti-
lized computational techniques such as density functional theory to investi-
gate the band structure, valence state distribution, and electronic density of
states of rare earth luminescent materials. The results indicate that the elec-
tronic structural differences among different rare earth elements notably in-
fluence their luminescence performance, providing crucial clues for explain-
ing the luminescence mechanism. In terms of optical properties, we syste-
matically examined the material’s optical behaviors through fluorescence
spectroscopy, absorption spectroscopy, and other experimental approaches.
We found that rare earth luminescent materials exhibit distinct absorption
and emission characteristics at different wavelengths, closely related to the
transition processes of their electronic energy levels. Furthermore, we studied
the influence of varying doping concentrations and impurities on the materi-
al’s optical properties. Experimental outcomes reveal that appropriate doping
can effectively regulate the emission intensity and wavelength, offering great-
er possibilities for material applications. In summary, this study comprehen-
sively analyzed the electronic structure and optical properties of rare earth
luminescent materials, providing deep insights into understanding their lu-
minescence mechanisms and potential value in optoelectronic applications.
In the future, these research findings will serve as crucial references for the
technological advancement in fields such as LEDs, lasers, and bioimaging.
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Luminescence Mechanism, Prospects for Applications

1. Introduction

Rare earth luminescent materials hold a crucial position and find extensive ap-
plications in the field of optoelectronics. Comprised of rare earth elements such
as gadolinium, terbium, and lanthanum, these materials exhibit unique lumi-
nescent properties that showcase significant potential across various domains
[1]. They play an indispensable role in display technology, illumination engi-
neering, laser devices, biological fluorescence labeling, solar cells, and more. By
modulating the composition of elements and the lattice structure, rare earth lu-
minescent materials enable precise control over emission wavelength, intensity,
and lifetime, offering highly customized solutions for diverse applications [2].

For this reason, our research aims to delve deep into the electronic structure
and optical properties of rare earth luminescent materials, seeking to uncover
the underlying luminescence mechanisms and potential applications [3]. Through
in-depth analysis of their atomic-level structure and band characteristics, we as-
pire to achieve a comprehensive understanding of their behaviors in stimulated
transitions, energy transfer, and beyond [4]. Through systematic experimenta-
tion and theoretical exploration, our objective is to reveal the distribution of
electronic energy levels within rare earth luminescent materials, as well as the
transition pathways between different energy levels, thereby establishing a solid
foundation for elucidating their luminescence mechanisms [5].

This research not only contributes to unveiling the intrinsic principles of rare
earth luminescent materials as optoelectronic substances but also holds the po-
tential to provide crucial guidance for the design and development of novel lu-
minescent materials. Ultimately, we envision that through a thorough explora-
tion of the properties of rare earth luminescent materials, we can drive technol-
ogical innovation in the field of optoelectronics, making contributions to effi-
cient energy conversion, information processing, display technology, and vari-

ous other domains in the future [6].

2. Theory and Method

In our research, we utilized various theoretical calculations and experimental
methods to deeply explore the characteristics of rare earth luminescent materials
[7]. In terms of theoretical calculations, we have adopted density functional theory
(DFT), which is a powerful computational tool that can reveal the structure and
properties of materials at the atomic and electronic levels. Through DFT, we can
simulate the electronic structure, band structure, and response properties of ma-
terials, thereby better understanding their luminescence mechanism and energy
level distribution [8].

At the same time, we also rely on experimental methods such as fluorescence
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spectroscopy and absorption spectroscopy, which provide us with direct means
to observe and measure the optical properties of materials [9]. Fluorescence
spectroscopy can help us study the spectral characteristics emitted by materials
during stimulated luminescence, obtaining information about energy level tran-
sitions and fluorescence efficiency [10]. The absorption spectrum reveals the ex-
tent to which the material absorbs light of different wavelengths, revealing im-
portant clues to energy level distribution and electron transfer processes [11].
These methods play a crucial role in the study of rare earth luminescent mate-
rials and have many advantages [12]. Theoretical calculation methods such as
DEFT can provide highly accurate predictions, provide guidance for experimental
design, and deeply explore the micro mechanisms of materials [13]. Experimen-
tal methods such as fluorescence spectroscopy and absorption spectroscopy pro-
vide validation for theoretical results, and can directly observe and measure opt-
ical behavior in actual samples, providing a practical basis for theoretical re-
search [14]. By comprehensively applying these methods, we can gain a more
comprehensive understanding of the properties and potential applications of
rare earth luminescent materials, and promote progress in the field of materials

science [15].

3. Electronic Structure Analysis

When delving into the field of materials science, the calculation and analysis of
electronic structures are crucial steps in deciphering material properties. In this
context, this study investigates the electronic structure of Ba,Mg(PO,), material
doped with Eu®* ions, revealing the material’s band structure, band gap, and the
influence of pressure on these properties.

Firstly, it’s important to grasp the significance of the band structure. A band
structure diagram is a representation that showcases the distribution of electrons
in a material at different energy levels. In Ba,Mg(PO,),, the highest energy level
of the valence band and the lowest energy level of the conduction band both oc-
cur at the material’s G point. This indicates that the material has a direct band
gap, meaning that electron transitions from the valence band to the conduction
band don’t require passing through intermediate energy levels. However, through
calculations, we find that the calculated band gap value (4.66 eV) is slightly low-
er than the experimental value. This discrepancy can be attributed to limitations
in the chosen computational method (GGAPBE functional), which often unde-
restimates band gap values.

Next, we investigate the impact of Eu** ion doping on the material. After in-
troducing Eu?* ions, the band gap transitions from a direct band gap to an indi-
rect one, signifying that electron transitions now require an intermediate energy
level. This is because the introduction of Eu** ions creates impurity energy levels
within the band structure. The introduction of such impurity levels can alter the
material’s light absorption and emission characteristics as the electron transition

pathways change. This holds significance for optoelectronic applications of the
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material, as band gap size directly affects the material’s photoresponse.

Furthermore, we explore the modulation of the band gap under pressure. With
applied pressure, the band gap gradually increases. This phenomenon is depicted
in Figure 1(d). From 0 GPa to 40 GPa, the increase in the band gap is steep,
while from 40 GPa to 100 GPa, the change in the band gap stabilizes. This im-
plies that pressure significantly affects the increase in the band gap within a cer-
tain range, but as pressure continues to rise, the change in the band gap satu-
rates. This holds importance in understanding the material’s photoelectric beha-
vior under high-pressure conditions and its application in high-pressure optoe-
lectronic devices.

By introducing Eu®* ions into the Ba,Mg(PO,), material and studying its elec-
tronic structure under various pressures, not only can experimental phenomena
be explained, but also a theoretical foundation for controlling the material’s
photoelectric properties can be established. This study reveals the diversity of the
material’s band structure under doping and pressure, offering new insights and
directions for research in the field of materials science. Ultimately, a deep un-
derstanding of these changes in electronic structures enables us to better design
and optimize materials to meet the requirements of different application areas.

Finally, complete content and organizational editing before formatting. Please
take note of the following items when proofreading spelling and grammar.

Based on the content above, the process of calculating DTF (Dielectric Func-

tion) can be summarized briefly as follows:
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Figure 1. (a) Band structure of Ba;Mg(PO4).. (b) Band structure of Bai7sEu02sMg(POa)a.
The band structure of BaizsEuo2sMg(PO4). at 100 GPa. (c) The band structure of
Bai75Eu02sMg(PO4)2 at 100 GPa. (d) Curve plot of BaissEuo2sMg(POs): band structure
with pressure variation.

DOI: 10.4236/msce.2023.1110002

11 Journal of Materials Science and Chemical Engineering


https://doi.org/10.4236/msce.2023.1110002

C. X. Zhang

e Analysis of Static Dielectric Constant: Firstly, the study focuses on analyzing
the static dielectric constant, which is a key parameter determining the ma-
terial’s optical properties. As the Eu®" doping concentration increases, the
static dielectric constant gradually rises, indicating that Eu?** doping enhances
the material’s polarization ability, thereby affecting its optical properties.

e Study of Real and Imaginary Parts of the Dielectric Function: The research
involves the study of the real and imaginary parts of the dielectric function,
which reflects the material’s interaction and response in electromagnetic
fields. Changes in the real part exhibit complex trends within different energy
ranges, revealing the material’s band structure and electron state density dis-
tribution. The imaginary part reflects the formation energy of excited state
electrons in the material and the intensity of light transitions, aiding in un-
derstanding the material’s optical properties.

e Investigation of Refractive Index and Reflectance: The refractive index de-
termines the speed of light propagation within the material, while reflectance
describes the intensity of light reflection at material interfaces. Studying re-
fractive index and reflectance allows for a deeper understanding of the ma-
terial’s response to light. Research results indicate variations in refractive in-
dex within different energy ranges, corresponding to features in the reflec-
tance spectrum.

e Analysis of Absorption Coefficient: The absorption coefficient is a critical
parameter describing the material’s ability to absorb light. Research results
show that in the visible light range, pure Ba,Mg(PO,), exhibits no absorption
coefficient, responding only to ultraviolet light. However, with an increase in
Eu** doping concentration, the material’s ability to absorb light within the

visible light range is enhanced.

4. Research on Optical Properties

The Optical Properties of Materials and their study play a crucial role in the
fields of science and engineering, and the dielectric function is one of the key
factors that reveals the underlying properties. By analyzing the real and imagi-
nary parts of the dielectric function, a deeper understanding of the interaction
and response of materials in electromagnetic fields can be achieved, thereby un-
veiling the microscopic mechanisms of their optical characteristics. In the study
of optical properties, the material Ba, (EuxMg(POy), has garnered attention, par-
ticularly for investigating its optical characteristics through the modulation of
Eu** doping concentration (x value).

Firstly, we focus on the static dielectric constant, a key parameter determining
the material’s optical properties. The value of the static dielectric constant re-
flects the material’s polarization ability in an electric field and is closely related
to the propagation and reflection of light. Research results indicate that as the
Eu** doping concentration increases, the static dielectric constant of the

Ba,Mg(PO,):Eu** structure gradually increases, reaching its maximum value at
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an Eu** doping concentration of 16.6 mol%. This implies that Eu** doping en-
hances the material’s polarization ability, thereby affecting its optical properties.

Simultaneously, the real and imaginary parts of the dielectric function exhibit
complex trends with energy variations. Changes in the real part within different
energy ranges reveal the material’s band structure and electron state density dis-
tribution. Within the energy range of 1.55 - 6.48 eV, the real part of the dielectric
function gradually increases, while it decreases in the 6.48 - 17.37 eV energy
range. This changing trend reaches its maximum value at an energy of 6.48 eV
and its minimum value at 17.37 eV. Additionally, within the energy range of
25.69 - 27.46 eV, the real part of the dielectric function becomes negative, indi-
cating a shielding effect of the material against optical waves within this energy
range.

The imaginary part reflects the formation energy of excited state electrons in
the material and the intensity of light transitions. Analyzing the imaginary part
allows us to understand how the band structure and electron state density dis-
tribution of the material influence its optical properties. Research results show
that with an increase in Eu** doping concentration, the imaginary part of the di-
electric function gradually increases, particularly within the energy range of 0 - 5
eV, reaching its maximum value at an Eu®* doping concentration of 16.6 mol%.
This indicates that doping enhances the number of excited state electrons in the
material, thus increasing the probability of inter-band transitions and the inten-
sity of light transitions.

Refractive index and reflectance are critical parameters when light propagates
and reflects in a material. The refractive index determines the speed of light
propagation within the material, while reflectance describes the intensity of light
reflection at material interfaces. Studying refractive index and reflectance allows
for a deeper understanding of the material’s response to light. Research results
indicate that the refractive index reaches its maximum value at 6.7 eV and its
minimum value at 27.15 eV. Correspondingly, the features of the reflectance
spectrum correspond to those of the refractive index spectrum. Within the
energy range of 40 - 50 eV, reflectance is zero, while the refractive index is close
to 1 in the same energy range, indicating glass-like reflective characteristics of
the material within that energy range.

The absorption coefficient is a key parameter describing a material’s ability to
absorb light. Studying the absorption coefficient reveals the material’s response
to light of different energies. Research results show that pure Ba,Mg(PO,), exhi-
bits no absorption coefficient in the visible light range, responding only to ultra-
violet light. However, with an increase in Eu®* doping concentration, the materi-
al’s absorption within the visible light range is enhanced, particularly reaching
its maximum value at an Eu** doping concentration of 25 mol%. This implies
that doping can alter the material’s light absorption characteristics and enhance
its ability to absorb light within the visible light range. Furthermore, at energies

greater than 35 eV, the absorption coefficient changes minimally, indicating a
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strong light absorption response in the low-energy region.

In conclusion, our findings reveal that Eu** doping significantly alters the opti-
cal properties of the Ba,Mg(PO,), structure. Doping can regulate the static di-
electric constant, refractive index, reflectance, and absorption coefficient, there-
by impacting the material’s optical performance and photoelectric response.
This holds importance for applications in optoelectronics, materials science, la-
ser technology, and more. Through a deep understanding of a material’s optical
properties, we can better design and optimize materials to meet the require-
ments of various applications.

Furthermore, our research demonstrates the variation in optical properties
with different doping concentrations. With an increase in Eu** doping concen-
tration, the optical characteristics of the material significantly improve, indicat-
ing that doping is an effective method to control a material’s electronic structure
to a certain extent, thus affecting its optical properties. In practical applications,
this implies that we can tailor a material’s optical performance by adjusting the
doping concentration to meet the needs of specific optical devices. For example,
in the fields of optical communication and storage, we can utilize doping mod-
ulation to design optical devices with specific wavelength responses.

Moreover, we observe that the influence of doping on optical properties is not
limited to static dielectric constant, refractive index, reflectance, and absorption
coefficient; it also extends to light transition intensity and energy ranges. Partic-
ularly within specific energy ranges, we observe that doping can enhance the
material’s light absorption and response capabilities. This provides the possibili-
ty of achieving efficient light absorption and conversion within specific wave-
length ranges. Therefore, doping modulation offers new avenues for applications
in photovoltaics, lasers, fluorescence, and related fields.

Furthermore, our research highlights variations in optical properties within
different energy ranges, such as trends in the real and imaginary parts. This de-
tailed analysis of optical characteristics can reveal critical information about the
material’s band structure, electron state density distribution, and electronic in-
teractions. This not only aids in gaining a deeper understanding of the material’s
optical behavior but also provides guidance for material design, synthesis, and
applications. Particularly in the development of novel optical materials, this in-
formation can be used to predict and optimize material performance, accelerat-
ing the research and application of new materials.

In summary, by analyzing dielectric function, refractive index, reflectance,
and absorption coefficient, our research reveals the significant influence of Eu**
doping on the optical properties of the Ba,Mg(PO4), material. This holds valua-
ble importance for applications in optical devices, photovoltaic technology, laser
technology, and more. Future research can further explore the effects of different
doping elements, doping concentrations, and crystal structures on optical prop-
erties, to better achieve customization and optimization of optical performance.

Through a deep understanding of material optical behavior, we can develop
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more efficient and functional optical materials, driving the advancement of opt-

ical science and technology.

Furthermore, DFT and similar theoretical computational methods can pro-
vide highly accurate predictions, offering valuable guidance for experimental de-
sign:

e Highly Accurate Predictions: Utilizing DFT and similar theoretical computa-
tional methods, researchers can simulate and calculate important properties
of materials such as electronic structures and optical characteristics. These
computational methods have been widely validated and, therefore, can yield
highly accurate predictive results. This is crucial for understanding material
behavior and for designing and synthesizing materials in the laboratory.

e Reduction in Experimental Costs and Time: By conducting theoretical calcu-
lations first, researchers can gain critical insights into material properties be-
fore actual experimentation. This helps reduce experimental costs and time
since researchers can design experiments more strategically, thereby enhanc-
ing experimental efficiency.

e Guidance for Experimental Design: Theoretical computational methods not
only provide predictions but also offer robust guidance for experimental de-
sign. Researchers can select the most promising experimental conditions and
parameters based on computational results, ensuring the success of experi-
ments. This helps avoid unnecessary trials and resource wastage.

e In-Depth Understanding of Material Behavior: Through theoretical calcula-
tions, researchers can gain an in-depth understanding of a material’s micro-
scopic characteristics, such as electronic structures and optical properties.
This profound understanding helps reveal the working principles of mate-
rials, aiding in better material optimization to meet the demands of various
application domains.

In conclusion, the accuracy and guiding role of theoretical computational
methods like DFT make them indispensable tools in materials science and expe-
rimental research. They assist researchers in designing experiments more effec-
tively, reducing costs, expediting material research processes, and providing

profound insights into material behavior.

5. Discussion and Outlook

This research paper delves into the electronic and optical properties of Ba,Mg(PO,),
material doped with Eu** ions and explores the influence of pressure on these
properties. It provides valuable insights into the field of materials science, par-
ticularly regarding the use of rare earth luminescent materials. Let’s summarize
and comment on the general advantages of rare earth luminescent materials hig-
hlighted in this paper.
e Tunable Optical Properties: One of the key advantages of rare earth lumines-
cent materials is their ability to tune optical properties through doping with

rare earth ions. In this study, Eu** doping is shown to significantly alter the
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material’s optical properties, including static dielectric constant, refractive
index, reflectance, and absorption coefficient. This tunability is crucial for
tailoring materials for specific applications in optoelectronics, lasers, and
more.

e Enhanced Light Absorption: The introduction of Eu®" ions is found to en-
hance the material’s ability to absorb light, particularly in the visible light
range. This property is advantageous for applications in photovoltaics, where
efficient light absorption is essential for energy conversion.

e Controlled Electronic Structure: Rare earth doping allows for control over
the material’s electronic structure. In this study, Eu** doping transitions the
material from a direct band gap to an indirect one, showcasing the ability to
modify electron transition pathways. This control is vital for optimizing a
material’s photoelectric response.

e Pressure Sensitivity: The research also demonstrates how pressure can be used
to modulate the band gap of rare earth luminescent materials. This sensitivity
to pressure provides insights into the material’s behavior under high-pressure
conditions, which can be useful for applications in high-pressure optoelec-
tronic devices.

e Customizable Optical Performance: The paper emphasizes that doping con-
centration can be adjusted to tailor a material’s optical performance. This
customization is valuable in designing optical devices with specific wave-
length responses, which is crucial in various fields like optical communica-
tion and storage.

e Detailed Analysis of Optical Characteristics: The study conducts a detailed
analysis of various optical characteristics, including the real and imaginary
parts of the dielectric function. This level of analysis provides critical infor-
mation about the material’s band structure and electron state density distri-
bution, aiding in a deeper understanding of optical behavior and material de-
sign.

e Versatility and Potential Applications: The versatility of rare earth lumines-
cent materials in modulating optical properties opens up a wide range of po-
tential applications, such as in photovoltaics, lasers, fluorescence, and more.
These materials can find applications in cutting-edge technologies and scien-
tific advancements.

Based on this foundation, we conducted a comprehensive discussion of the
results obtained from the aforementioned electronic structure analysis and opti-
cal property studies, thereby providing a deeper explanation of the luminescence
mechanism of rare-earth luminescent materials. By delving into the atomic-level
structure and band characteristics of rare-earth luminescent materials, we re-
vealed their behavior during processes such as stimulated transitions and energy
transfer. These behaviors are not only closely related to the material’s electronic
energy level distribution but also involve transition pathways between different
energy levels, which form a solid foundation for our in-depth understanding of

their luminescence mechanism.

DOI: 10.4236/msce.2023.1110002

16 Journal of Materials Science and Chemical Engineering


https://doi.org/10.4236/msce.2023.1110002

C. X. Zhang

In terms of applications, rare-earth luminescent materials demonstrate re-
markable potential, especially in the field of optoelectronics. By tuning the
composition of rare-earth elements and crystal lattice structures, we can pre-
cisely control the material’s emission wavelength, intensity, and lifetime, pro-
viding highly customized solutions for various application scenarios. In LED
technology, these materials can serve as efficient luminescent conversion mate-
rials, enhancing the utilization efficiency of light energy. In laser technology,
they can act as high-quality excitation sources, generating monochromatic or
multi-color laser outputs and finding widespread use in laser devices. In the field
of biological imaging, the properties of rare-earth luminescent materials can be
utilized to label biomolecules, achieving high-resolution imaging of cells and
tissues, greatly aiding biomedical research and clinical diagnostics.

Most importantly, we must emphasize the significance of the research results
for the advancement of optoelectronic technology. Through in-depth studies of
the electronic structure and optical properties of rare-earth luminescent mate-
rials, we can not only uncover their luminescence mechanisms but also provide
crucial guidance for designing and developing novel luminescent materials.
These research achievements will contribute to driving technological innova-
tions in areas such as LED technology, laser technology, and bioimaging, bring-
ing positive impacts to fields like energy conversion, information processing,
and medical diagnostics.

As scientific technology continues to advance, we recognize that there are still
many future research directions worth exploring. For instance, we can further
investigate the nanoparticle structure control of rare-earth luminescent mate-
rials, exploring how to achieve finer luminescence control at smaller scales. Ad-
ditionally, we can explore the effects of interactions between different rare-earth
elements and how to utilize these interactions to optimize the material’s lumi-
nescent performance. Overall, through continuous and in-depth research, we
can continually expand the application domains of rare-earth luminescent mate-
rials in the field of optoelectronics, opening up broader prospects for technolo-

gical innovation.
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