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Visualization of the Distribution of Mixing Enthalpy and
Entropy

Mixing enthalpy and entropy can be calculated by using the X-ray nanoprobe to understand the thermodynamic stability,
solubility, and miscibility of the materials.
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It is well known that high-entropy alloys (HEAs) can be studied by enthalpy and entropy, but have you ever thought

about using them to analyze luminescent materials? E-Wen Huang (National Yang Ming Chiao Tung University) and

his collaborators present a new approach to mapping thermodynamic parameters through the use of the spatially resolved
synchrotron X-ray methods (TPS 23A and TPS 21A). It demonstrates how the distribution of mixing enthalpy and entropy
correlates with the local optical properties of the activator Eu ions in the BaAl,O, host lattice. The study clearly demonstrates
the use of synchrotron radiation for the combinatorial approach, including X-ray nano-diffraction, X-ray fluorescence (XRF),
X-ray absorption spectroscopy (XAS), and X-ray excited optical luminescence (XEOL), to map the valence states and spatial
distributions of Eu®* and Eu®* ions. To understand the mechanisms by which the substitution of Eu ions in the host lattice
affects the crystal structure and related properties, they quantify mixing enthalpy and entropy to explain the interactions
between Eu ions and host elements, particularly Al and Ba. XRF maps (Fig. 1) not only provide the elemental distributions,
such as those for Ba, Al, and Eu, but they also visualize the valence state distributions of Eu** and Eu** ions.

This study provides critical insights into the
thermodynamic and structural stability of Eu ions, offering
guidance for designing and optimizing phosphor materials
with enhanced performance and stability (Fig. 2). The
results reveal that Eu** ions aggregate within a specific
region, while Eu?* ions occupy the surrounding areas,
highlighting distinct distribution patterns. Thermodynamic
calculations show that Eu** ions exhibit favorable
interactions with Al, which are characterized by a negative
mixing enthalpy (AH < 0) and a positive mixing entropy
(AS > 0), indicating high solubility and increased disorder.
Conversely, the mixing behavior of Eu** ions with Ba is less Fig. 1: XRF maps of (2) Ba, (b) Al () Eu, (d) Eu*’, and (e) Eu*" in the
‘ bl o di ab tive A dA 1 hich Eu-doped BaALOs. (f) The enlarged map of the red square area
avorable, as indicated by positive AH and AS values, whic marked in (e). [Reproduced from Ref. 1]
suggest repulsive interactions and greater disorder within
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Fig. 2: (a) Distribution of Eu?* and Eu® ions at X-ray energy of 6.983 keV. (b) Mixing enthalpy and (c) mixing entropy of Eu** ions and Al elements,
respectively. (d) Mixing enthalpy and (e) mixing entropy of Eu’* ions and Ba elements, respectively. (f) Distribution of Eu with 11 selected
points for X-ray Laue diffraction. (g) Distribution of Al (h) Distribution of Ba. (i) Concentration variation of constituent elements at different
positions. (j) Gibbs free energy of mixing, mixing enthalpy, and mixing entropy at 11 different positions. [Reproduced from Ref. 1]
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the system. The study further confirms that the crystal structure remains stable despite variations in composition, with no
significant impact from Eu doping. Furthermore, Eu®* ions display a stronger affinity for Al than Ba, leading to the observed
aggregation of Eu’* ions. These findings provide valuable insights into the thermodynamic behavior and structural stability of
Eu ions, offering important guidance for the design and optimization of advanced phosphor materials.

The study investigates the effects of X-ray irradiation on BaAl,O, doped with Eu?* and Eu** ions, focusing on emission
intensity and color changes (Fig. 3). In the XEOL spectrum, the peak at 500 nm corresponds to the Eu?* 4{5d->4f transition,
and the peaks at 588, 612, 650, and 698 nm are attributable to Eu’* °Dy>’F; transitions. Under X-ray exposure, a significant
decrease in Eu?* emission intensity and a minor decrease in Eu** emission, which are likely due to thermal accumulation that
increases non-radiative coupling, are observed. The ratio of Eu** to Eu®* gradually increases with irradiation time, while X-ray
absorption spectra indicate no significant changes in the electronic structure. The CIE chromaticity coordinates shift from
(0.032, 0.524) to (0.043, 0.520), indicating a transition from green to white. This change is attributed to an increased presence
of electrons in the conduction band, which is facilitated by X-ray-induced electron-electron scattering and phonon-assisted
processes. The findings highlight the potential for X-ray dosimetry applications and tunable emission color strategies through
defect state engineering in wide-bandgap semiconductors.

In summary, the behavior of Eu ions demonstrates that their aggregation is influenced by their different valence states and
thermodynamic factors, providing insights into how rare-earth elements distribute and dissolve. Understanding how Eu ions
interact with Al and Ba is important for designing and improving phosphor materials. The study further shows that even
when doping is not uniform, the crystal structure maintains its stability, which helps improve the reliability of the doped
materials. The assessment of thermodynamic parameters provides key data for understanding how rare-earth materials
interact, supporting the development of efficient luminescent materials. This result demonstrates that the photoluminescence
of the Eu-doped BaAl,O, phosphor can be effectively modulated through the precise control of X-ray irradiation levels.
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Fig. 3: (a) The XEOL spectrum of Eu**/Eu’* co-activated ions in BaAL O, phosphor; (b) the intensity variation of Eu** and Eu*" emission peaks; (c) the
intensity ratio of Eu** and Eu** emission peaks under X-ray irradiation from 0 to 12 h. (d) The variation of fluorescence yield characterized by
X-ray absorption near edge structure before and after X-ray irradiation. [Reproduced from Ref. 1]
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Opverall, this study offers a theoretical foundation for designing and using rare-earth phosphor materials, focusing on
thermodynamics and structural stability and supporting the ongoing development of high-performance white-light LED
technologies. (Reported by Bi-Hsuan Lin)

This report features the work of E-Wen Huang and his collaborators published in Appl. Phys. Lett. 124, 094105 (2024).

TPS 21A X-ray Nanodiffraction

TPS 23A X-ray Nanoprobe
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Exploring Quantum Materials by Using Synchrotron X-rays
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Superconducting qubits composed of aluminum (Al) and aluminum oxide (Al,05) play a pivotal role in advancing quantum
information science.
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This article will introduce how
synchrotron X-rays can be used for
quantum technology. Minghwei Hong
(National Taiwan University) and his
collaborators investigates the structural
and superconducting properties of
nanometer-thick aluminum (Al) films
grown on sapphire substrates using
molecular beam epitaxy (MBE), with
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an emphasis on the use of an in situ 0 o
deposited aluminum oxide (AL,Os) Fig. 1: (a) Radial scans along the surface normal of 3 and 20 nm Al film. (b) Lattice constants
capping layer to maintain the pristine derived from inter-planar spacing along surface normal as a function of film thickness. (c)

0-rocking curves of 3 and 20 nm-thick Al films. (d) Azimuthal ¢-scans across off-normal

condition of the ultrathin films. Al{11T and sapphire{1014 reflections. [Reproduced from Ref. 1]

This paper aims to describe the key
challenges in developing materials for

superconducting quantum circuits, where high crystallinity Figure 1 demonstrates the high structural quality,

and minimized dielectric losses are essential for enhancing crystallographic orientation, and stability of lattice properties
the coherence times. By carefully controlling the growth in the nanometer-scale Al films. The radial scans along the
parameters and implementing the AL,O; capping layer, they surface normal, 0-rocking curves, and azimuthal ¢ scans
achieved high-quality Al films with remarkable crystallinity, exhibit the structure, crystallographic quality, and the

abrupt interfaces with adjacent layers, and superconducting epitaxial alignment of the nanometer-thick Al films. X-ray
properties, which demonstrate potential for applications in diffraction (XRD) using synchrotron X-ray (TLS 17B1 and
quantum information technologies. TLS 13A1) can provide the capability for measuring the

nanometer-thick Al films.




