INSTITUTE OF PHYSICS
POLISH ACADEMY OF SCIENCES

High-Pressure Spectroscopy of Selected Wide
Bandgap Lithium Metal Oxides Doped with
Transition Metal and Rare Earth Ions.

Ajeesh Kumar Somakumar

Doctoral Thesis

Principal supervisor: Dr. hab. Agata Kaminska, Prof. IPPAS
Auxiliary supervisor: Dr. hab. Hanka Przybylifiska, Prof. IPPAS

A thesis submitted to the Institute of Physics, Polish Academy of Sciences in
partial fulfilment of the requirements for the degree of doctor of physical sciences

Warsaw, 2026






ACKNOWLEDGEMENTS

My journey as a PhD scholar at the Institute of Physics, Polish Academy of Sciences
(IPPAS), has been an incredible experience filled with learning, discovery, and personal growth.
Each day at IPPAS taught me something new, and I was fortunate to receive invaluable guidance

and support from many exceptional individuals.

First and foremost, I would like to express my deepest and most sincere gratitude to my
former PhD thesis supervisor, Prof. Dr. hab. Andrzej Suchocki, for his constant support,
guidance, and encouragement throughout my PhD journey. I am especially grateful to Prof.
Suchocki for introducing me to the fascinating world of high-pressure techniques, which
profoundly shaped my scientific outlook. I will always cherish the memories of his encouragement,
help, gentle humour, and thoughtful conversations. I still remember our last day together at IPPAS,
the final discussion, and the final moments we shared. Even on his final day in the office, he came
to my desk with a smile and patiently helped me to correct one figure in this thesis, a gesture that
reflects his extraordinary dedication as a mentor and a human being. Whenever we faced
difficulties in the lab or in life, he would simply say, “It’s life”, words that continue to resonate
with me and which I still repeat silently during challenging moments. His mentorship, kindness,

and enthusiasm for researching new materials will remain with me forever.

Next, I want to thank my present supervisor, Dr. hab. Agata Kaminska, Prof. IPPAS,
for patiently reading my thesis from the beginning, for kind discussions, and for timely help with
corrections during a challenging time. I also thank my co-supervisor, Dr. hab. Hanka
Przybylinska, Prof. IPPAS, for her valuable help with corrections and ideas during experiments,
as well as for the kind discussions. I also want to thank our ON-4.1 group leader, Prof. Dr. hab.
Yaroslav Zhydachevskyy. Special thanks go to him for connecting me with Professor Suchocki
when I was looking for PhD positions, and later for his helpful support and guidance during

experiments, without hesitation throughout my PhD journey.

I also appreciate the inspiration and kind support from people like Dr. Gaston Garbarino
(ESRF), Dr. Arpita Aparajitha (IGCAR), Dr. Justyna Barzowska (Gdansk University) and all
my past and present collaborators worldwide who have contributed to shaping my current research

profile. I also acknowledge the kind help from past and present colleagues of the ON4.1 high-



pressure spectroscopy group at IPPAS, particularly Lev Ivan Bulyk, Saranya Narayanan,
Damian Wlodarczyk, Ivo Romet, Vasyl Stasiv, Piotr Drozdz and Volodymyr Tsiumra. [ am
also grateful to all my colleagues and other friends in Poland and India who have, directly and
indirectly, helped me reach my goals and shown kindness towards me. Special thanks go to Sarath
Prem and Juby Mathew for helping me with the magnetism exam, and to Yadhu Krishnan
Edathumkandy and Bestin James for other academic and non-academic helps. I would also like
to extend my special thanks to Ms Agnieszka Jedrzejewska, Ms Elzbieta Frackiewicz and Ms

Anna Senachenko of IPPAS for their kind assistance during my stay in Poland.

Additionally, I want to express my gratitude to Prof. Dr. Cyriac Joseph (SPAP, MGU)
for his motivation and assistance, particularly in introducing me to the field of luminescence
spectroscopy. I am always thankful to him for quietly associating me with his scientific work, and
I cannot forget the long-duration measurements I conducted with him, which later helped me
during day-long high-pressure measurements. His indirect support also facilitated my independent
research at MGU when I lacked a proper guide, despite opposition from many quarters. I also
acknowledge help from Prof. Dr. P. R. Biju (SPAP, MGU), Dr. Jemy James (WITec), Dr. A.
Santhosh Kumar (SPAP, MGU), Prof. Dr. Maria Gabriela Capeluto (University of Buenos
Aires), Ms Sherly Sibi (SPAP, MGU), as well as several others in SPAP and IIUCNN who helped
me during my long search for a PhD position. Additionally, I would like to thank and acknowledge
my academic mentors, Dr. K. V. Saban and Dr. K. Unnikrishnan, as well as all my other great
professors and teachers who encouraged me to fine-tune my life with physics. I respectfully
remember all of them. Moreover, I sincerely recall one of my school teachers, Kunjamma
Teacher, who first observed, predicted, and sparked my scientific interest; her casual
conversations with my mother were always a source of motivation for me, especially during times
when I faced roadblocks in my academic journey. I thank her for her inspiring and kind words. I
consider my friends to be one of my greatest strengths. It is a difficult task to mention all the names
of my close friends and well-wishers. I always cherish the good memories with them; they are

always in my mind, particularly those few special ones who supported me during difficult times.

I would like to acknowledge my family, especially my father, Somakumar, and my
mother, Maniamma. Their hard work, struggles, and understanding of the importance of

education shaped me. Additionally, my brother Anish, my sister Anju, and their daughter,



Annapoorna, have greatly influenced me. They are among my main supports in my life; they have
always been there whenever I needed advice and guidance. Next, I want to acknowledge my wife,
Surya. She entered my life as a little surprise, and I thank her for her unconditional love, care,
understanding, and support over the past few years, including during my PhD journey. Her silent
contributions are not only visible in my life but are also evident in my research work through
drawings. I cherish the trips and good times we shared together in India and Europe during this
period. Moreover, thank you for gifting me our lovely baby daughter. Lastly, I want to
acknowledge my little daughter, Dyuthi Surya Ajeesh. I apologise to her for not always being
with her, and I hope to be with her very soon as her loving father. I also extend my gratitude to my

wife’s family for their love, constant support, and for taking care of my baby.

Finally, I dedicate my thesis to my two little ones, Dyuthi and Annapoorna, hoping it
motivates their future academic pursuits. I also dedicate this work to my spiritual guide, the late
“Guru Kalam”, whose books and speeches inspired me to dream big and influenced my scientific

career and interests.



AUTHOR CONTRIBUTION

The primary responsibility of the doctoral candidate was to conduct high-pressure
luminescence measurements on a variety of materials under diverse experimental conditions. The
author independently performed all the luminescence and related experiments discussed in the
thesis, including measurements at ambient, low-temperature, and high-pressure conditions.
Additionally, he was responsible for sample preparation for high-pressure measurement, as well
as the assembly and operation of the diamond anvil cell (DAC) for high-pressure experiments,
data analysis, and results interpretation. He also actively participated in the preparation of the

publications.

For comprehensive data interpretation and manuscript preparation, high-pressure
luminescence measurements alone were insufficient; therefore, complementary characterisation
techniques were employed with the assistance of collaborators. Raman spectroscopy was
performed with the support of Damian Wiodarczyk; EPR measurements with Yadhu Krishnan
Edathumkandy and Hanka Przybylinska; SEM analysis with Anastasiia Lysak; XPS measurements
with Anna Wolska; and SIMS analysis with Rafal Jakieta, all of whom are affiliated with the
Institute of Physics, Polish Academy of Sciences (IPPAS), Poland. Furthermore, selected studies
were conducted through national and international collaborations, including powder X-ray
diffraction and mechanoluminescence measurements with Justyna Barzowska (University of
Gdansk, Poland); high-pressure XRD with Arpita Aparajitha (IGCAR, India); field-emission SEM
with Manju Mohandas (MGU, India); thermally stimulated and cathodoluminescence studies with
Ivo Romet and Eduard Feldbach (IPUT, Estonia); EXAFS measurements with Shusaku Hayama
(Diamond Light Source, UK); Mdssbauer spectroscopy with Agnieszka Grabias (Lukasiewicz—
IMiF, Poland); and antimicrobial studies with Monika Trzaskowska and Marcin Kruk (SGGW,
Poland).

Due to the technical complexity and time constraints associated with high-pressure
experiments, high-quality samples were selected through established collaborations or synthesised
at [IPPAS. The samples used for the high-pressure measurements in this thesis were sourced from
or synthesised by Puxian Xiong (HKU, China), Maja Szymczak (INTiBS PAN, Poland), and
Halyna Zhydachevska (IPPAS, Poland). The final results, data analysis, interpretation, and

preparation of the doctoral dissertation were carried out entirely by the author himself.



LIST OF PUBLICATIONS

Journal articles presented in the thesis

1.

Ajeesh Kumar Somakumar, Lev-Ivan Bulyk, Volodymyr Tsiumra, Justyna Barzowska,
Puxian Xiong, Anastasiia Lysak, Yaroslav Zhydachevskyy, and Andrzej Suchocki. "High-
Pressure Near-Infrared Luminescence Studies of Fe3'-Activated LiGaQ:." Inorganic
Chemistry 62, no. 31 (2023): 12434-12444.

doi.org/10.1021/acs.inorgchem.3c01627

Ajeesh Kumar Somakumar, Ivo Romet, Agnieszka Grabias, Marcin Kruk, Shusaku Hayama,
Damian Wlodarczyk, Justyna Barzowska, Yadhu Krishnan Edathumkandy, Eduard Feldbach,
Puxian Xiong, Yaroslav Zhydachevskyy, Monika Trzaskowska, Hanka Przybylinska, Andrzej
Suchocki. “Multisite Fe** luminescent centers in the LiGaO:2:Fe nanocrystalline

phosphor.” Molecules 30, no. 11 (2025): 2331. doi.org/10.3390/molecules30112331

. Ajeesh Kumar Somakumar, Yaroslav Zhydachevskyy, Damian Wlodarczyk, Justyna

Barzowska, K.R. Bindu, Yadhu Krishnan Edathumkandy, Tatiana Zayarniuk, Andrzej
Szewczyk, Saranya Narayanan, Anastasiia Lysak, Hanka Przybylinska, Edathottiyil Issac
Anila, Andrzej Suchocki. "Temperature and pressure dependent luminescence mechanism
of a zinc blende structured ZnS: Mn nanophosphor under UV excitation." Journal of
Materials Chemistry C,12, no. 19 (2024): 7041-7052.

doi.org/10.1039/D4TC00960F

Other publications

Journal articles

1.

Lev-Ivan Bulyk, Ajeesh Kumar Somakumar, Hanka Przybylinska, P. Ciepielewski, Yu.
Zorenko, Ya. Zhydachevskyy, I. Kudryavtseva, V. Gorbenko, A. Lushchik, G. Brik, Y.
Syrotych, S. Witkiewicz-Lukaszek, A. Fedorov, Andrzej Suchocki. “Influence of high
pressure on Ce** luminescence in LuAlO3 and YAIQOs single crystals and single crystalline
layers.” Journal of Luminescence, 252 (2022): 119276.
doi.org/10.1016/5.jlumin.2022.119276

Anjitha Biju, Ajeesh Kumar Somakumar, Cyriac Joseph, Imaddin A. Al-Omari, Francis

Boniface Fernandez, Harikrishna Varma PR, T. N. Narayanan, and M. R. Anantharaman.



Magnetic membranes based on PVA-SPION for hyperthermia and dielectric
applications. Physica Scripta 99, no. 5 (2024): 055801.
doi 10.1088/1402-4896/ad3899.

. Vishnu Sankar S, Ajeesh Kumar Somakumar, Jithu Joseph, Sohrab Nikazar, Abbas Rahdar,
and George Z. Kyzas. "Cancer theranostic applications of MXene nanomaterials: Recent
updates." Nano-Structures & Nano-Objects 22 (2020): 100457.
doi.org/10.1016/j.nan0s0.2020.100457.

. Abhishek Mukherjee, Damian Wlodarczyk, Ajeesh Kumar Somakumar, Piotr Sybilski,
Ryan Siebenaller, Rahul Rao, Michael A. Susner, Andrzej Suchocki, and Svetlana V.
Boriskina. "Synergistic Effects of Defects and Strain on Photoluminescence in Van der
Waals Layered Crystal AgScP2Se." Advanced Optical Materials 12, no. 35 (2024): 2400481.
doi.org/10.1002/adom.202400481

. Anju Elsa Tom, Ajith Thomas, Ajeesh Kumar Somakumar, Libin Kuriakose, and V. V. Ison.
"Performance enhancement of PbS quantum dot solar cells employing a hybrid solid-
state ligand exchange protocol." Thin Solid Films 787 (2023): 140138.
doi.org/10.1016/.ts.2023.140138

. Abhishek Mukherjee, V.J. Santamaria-Garcia, Damian Wlodarczyk, Ajeesh Kumar
Somakumar, Piotr Sybilski, Ryan Siebenaller, Emmanuel Rowe et al. "Thermal and
dimensional stability of photocatalytic material ZnPS3 under extreme environmental
conditions." Advanced Electronic Materials 11, no. 13 (2025): 2500093.
doi.org/10.1002/aelm.202500093

. Mikolaj Amilusik, Marcin Zajac, Tomasz Sochacki, Boleslaw Lucznik, Michal Fijalkowski,
Malgorzata Iwinska, Damian Wlodarczyk, Ajeesh Kumar Somakumar, Andrzej Suchocki,
and Michal Bockowski. "Carbon and manganese in semi-insulating bulk GaN crystals."
Materials 15, no. 7 (2022): 2379.

doi.org/10.3390/mal15072379

. Mikolaj Amilusik, Marcin Zajac, Michal Fijalkowski, Malgorzata Iwinska, Tomasz Sochacki,

Damian Wlodarczyk, Ajeesh Kumar Somakumar, Rafal Jakiela, Andrzej Suchocki, and



Michal Bockowski. "Role of carbon in n-type bulk GaN crystals." Journal of Crystal
Growth 632 (2024): 127641. doi.org/10.1016/j.jcrysgro.2024.127641

Book chapters

1.

Soumya Suresh, Ajeesh Kumar Somakumar, Anupama Viswanathan, Sheenu Thomas
“Chalcogenide Glass Incorporated Photonic Crystal Fibers: A Game-Changer in
Integrated Infrared Photonics” in: Mechanics and Physics of Porous Materials, Novel
Processing Technologies and Emerging Applications, pp. 215-236. Waretown, NJ: Apple
Academic Press, 2024. doi: 10.1201/9781003414469-12.

Jemy James, Sharin Maria Thomas, Ajeesh Kumar Somakumar, Blessy Joseph, Nandakumar
Kalarikkal, and Sabu Thomas. "Hybrid Phosphor Materials for Optoelectronic
Application" in: Hybrid Phosphor Materials, pp. 241-253. Springer, 2022. doi: 10.1007/978-
3-030-90506-4 10

Conference papers

1.

Mikolaj Amilusik, Marcin Zajac, Tomasz Sochacki, Boleslaw Lucznik, Michal Fijalkowski,
Malgorzata Iwinska, Damian Wlodarczyk, Ajeesh Kumar Somakumar, Andrzej Suchocki,
and Michal Bockowski "Carbon and manganese in semi-insulating bulk GaN crystals",
Proc. SPIE PC12001, Gallium Nitride Materials and Devices XVII, PC1200102 (5 March
2022). https://doi.org/10.1117/12.2607476

Abhishek Mukherjee, Damian Wlodarczyk, Ajeesh Kumar Somakumar, Piotr Sybilski,
Morgan Blevins, Mark Polking, Michael A. Susner, Andrzej Suchocki, and Svetlana V.
Boriskina. "Strain and Defect Contributions towards Photoluminescence in AgScP2Sq."
In CLEO: Science and Innovations, pp. SM10-4. Optica Publishing Group, 2024.
https://doi.org/10.1364/CLEO_S1.2024.SM10.4

Popular science article

1.

Ajeesh Kumar Somakumar, "Niewidzialna rewolucja lamp ledowych." Delta Science
Magazine, Poland, pp.3.2022. (https://www.deltami.edu.pl/2022/07/niewidzialna-rewolucja-
lamp-ledowych/).


http://dx.doi.org/10.1201/9781003414469-12
http://dx.doi.org/10.1007/978-3-030-90506-4_10
http://dx.doi.org/10.1007/978-3-030-90506-4_10

LIST OF ATTENDED CONFERENCES AND SCHOOLS

Conferences / Workshops

Participated in and presented a poster at the 11th International Conference on Luminescent
Detectors and Transformers of Ionising Radiation (LUMDETR 2021), 12—-17 September
2021, Bydgoszcz, Poland. "Temperature-dependent photoluminescence studies on Mn-

doped Y3Als012 single crystalline films" Ajeesh Kumar Somakumar, Andrzej Suchocki.

Participated in and presented a poster at the “7th International Workshop on Advanced
Spectroscopy and Optical Materials IWASOM 2022)” international conference,10-15 July
2022, in Gdansk, Poland, on "High-pressure studies of near-infrared luminescence of

LiGaO2:Fe**" Ajeesh Kumar Somakumar, Andrzej Suchocki.

Participated in and presented a poster at the International Conference on Excited States of
Transition Elements (ESTE 2023), 3-8 September 2023, Swieradow Zdroj, Poland. “High-
Pressure Study of LiGaO:: Fe Near Infrared Phosphor for Biological Applications”

Ajeesh Kumar Somakumar, Andrzej Suchocki.

Participated and delivered a talk at the “8th International Workshop on Advanced
Spectroscopy and Optical Materials IWASOM 2024), 7-12 July 2024, Gdansk, Poland
“Mn?" luminescence in ZnS under high pressure”, Ajeesh Kumar Somakumar, Andrzej

Suchocki.

Participated and delivered a talk at the ICIM 2024 — International Conference on Innovative
Materials 2024, 21-22/11/2024, Kerala, India, “Influence of High-pressure on Mn2*

Luminescence in Zinc Sulfide” Ajeesh Kumar Somakumar, Andrzej Suchocki (online).

Schools

Participated in ‘Summer School on scintillation, dosimetric, and phosphor materials

(LUMDETR 2021)’ on 10-11 September 2021, in Bydgoszcz, Poland.

Attended and delivered a talk on high-pressure research at the ‘European School for Young
Materials Scientists (ESYMS-2024)’ on 4-5 November 2024, at Fraunhofer IKTS, Dresden,

Germany.



Contents

ABSTRACT ...cueeeeeeeeeeeeeeeeeeeeeeeens |
STRESZICZENIE ......uiiiiirirerererereresesessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 3
LIST OF ABBREVIATIONS ... ceeeteeeteeeeeeccreeseessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 6
KEY SCIENTIFIC OBJECTIVES ACHIEVED.........otttttcceeereeeeeseeeeesssssessssssssssssssssssssssses 8
1. Introduction to Lithittm Metal OXIAES .ccceeeeeereeereeeeereeeenreeeescscesseesssssssssssssssssssssssssossssses 9
| IO 69150 Yo 10115 o ) 4 DU RTTTO TR 9

1.2, LITRIUIMN INIEEAL ..ot e e e e e e e e e e e e e e e e e e e e eeae i raaaeeeeeaenaens 10

1.3. Previous high-pressure studies on lithium metal oxides (LMO) .........cccooviriiinireneenen. 11

1.4. Lithium metal oxides presented in this WOrK............ccoevvvieriieriiiiieniiieieie e, 13
1.4.1. Lithium gallium oxide: lithium gallate (LiGaO2)........cccvevvveviieriirieerieieereesee e 13

1.4.2.  Lithium gallium oxide: lithium pentagallium octaoxide (LiGasOs)..........ccecuervrennennee. 13

1.4.3.  Lithium yttrium oXide (LY O2) ...eeiiiriirieiieeiieieeiteiteste ettt 14

1.5. General characteristics of LiGaO2, LiGasOs, and LiYO2..cccoouvveveeiiiiieieiiieeeeeeeeeeeenn, 14

2. Luminescent MaterialS & ACTIVALOLS...ccccceeeeeeeeerreereeeeereeseessecseressssssssssssssssssssssssssssssses 15
2.1. Introduction to lumineSCEeNt MALETIALS .eeevnnnneeeeeeeeeeee et e e e e e eeeeeeeeeeeeeeeeeaas 15
2.1.1. LUMINESCENCE TNECHANISITIS ...t e e e e et e e e e e e e e e e eeeeeeeeeeeeeeaaeeeeeeenaaes 16

2.1.2. LUMINESCENCE CEINIIES ...oeeeeeeiieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeesaaeeeeeeseseasneereeeeesseensaeereeeas 17

2.2, TranSition MELAL ACTIVALOLS .ovvverrneeeeee ettt e e e e e e e ettt eeeeeeeeeeeeeaeaaeaeeeeeeeeeeaaaaaeseeereenennas 19
2.2.1. Transition metals as JUMINESCENCE ACTIVALOTLS .....uueeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeaeeeeeeeeeaes 20

2.2.2.  Tanabe-Sugano diagIammS ......c..ceceereriirrierierieienieetente ettt ettt et sbe et et b et sbeeaeen 20

2.3, RATE-CaITR QCTIVATOIS ...e et eeeeeeeeeee et e e e e e et et eeeeeeeeeeeeaeaaaeseeeeeenannnaas 22

2.4. 4f-4f and 41-5d transitions of rare-€arth 10NS......coouuueueeeee et 24

2.5. Dopants studied in the theSiS .........ccoviiiiiiiieiiieeieceeeeeeee e e e 25

3. High-Pressure Methods with Diamond Anvil Cell ...........coueenerenuenseensueesnecsnensanenne 26
3.1. High-Pressure teChNIQUES ........cc.eeeiiiiiiiiiieiieeieeee ettt et 26

3.2. Introduction to d1amond ANVIL CELL......cooi e eaereaes 27

RN B € 1 1] o 0] (<) 0 1 218 10 o SR 28

3.4. Pressure Calibration METNOMAS .. ... e e e e e e e e e e e e eeeeeeeaesesesesenanenas 29

3.5. Pressure transmitting MediUM ........c.eeeviviieiiieeiiie ettt e e e e 31

3.6. Drive mechanism and OPEration ...........cccueeruierieeriieniieniie ettt eeeseeebee e 32

4. Experimental Techniques Used in the Study 33




4.1. Introduction to experimental teChNIQUES ..........ccceviieeiiiiieiiiieciie e e 33
4.2. Powder X-ray diffraction studies at ambient and high pressure............cccccceevveevriennnnne. 33
4.3. Morphological studies with scanning electron microscope (SEM).......ccccceeevvevrveennnenn. 35
4.4, RAMAN SPECITOSCOPY +eeeeuvrrrerrrrrrreeasurreeesisreeessssseeeeasssseesesssseessssssssesssssseessssssssessssssseesanns 36
4.5. PhotolumineSCence StUAIES .......co.eeruieiiriieriiiieniierieeiesit ettt 37
4.5.1.  Photoluminescence at ambient PIESSUIE.........ceerveerrerrerrreerreesieereeseesresresseeseesseensns 37
4.5.2.  Photoluminescence at high-preSSure ............coceerierieniiiiieie et 38
4.6. Photoluminescence decay and quantum yield measurements ...........c.cceeeveeeeveeereveeennnen. 40
4.6.1. LUMINESCENCE AECAY ...c.eereieiieitietieeiieeiie ettt et testte st sttt e e bt e bt e s bt e satesabesabeenbeenbeeas 40
4.6.2.  QUANtUM YICIA.....ccciiiiiiiieiieiieciecteete ettt e et eete e s reesaae et e enbeenseessaenes 41
4.7. Other TumMINESCENCE STUAIES ......eeevuireeiiiieeiiieeeiiie et eeteeeetee e s e e eeeebee e areeeareeeaseesaneas 42
4.7.1.  ThermOIUMINESCEICE ......ecueeieiiriieieeteeiertt ettt et eete e st et e st et eae et eneeseeeneeeeeneenes 42
4.7.2.  Vacuum ultraviolet (VUV) [UMINESCENCE.........eeevurierrieeiiieciiie e eeiree e evee e 42
4.7.3. CathOdOIUMINESCEIICE .....c.veeuieuiireieieeteeitete et ettt et et eete et e e et et e e et entesteeneeeeeneenes 43
4.7.4. MeChanOlUMINESCEINCE ........cccueertieriieeiieeie ettt st st te et e bt e st esaee st e steebeebeenees 44
4.8. Other SpectroSCOPIC tECANIQUES .....cc.eeevieriieiiieiieeieerte et e eee et eseeeereesseeesbeeseseeseeneseenns 45
4.8.1.  X-ray absorption SpPectroSCOPY (XAS) ..cuuierierierierierierieete et et e seesieesteeteereesseenes 45
4.8.2.  4.8.2 MOSSDAUCT SPECLIOSCOPY .vvvevrererireriariereesseesseesssesseesseesseesseesseesssesssesssesssesssesssns 46
4.8.3.  4.8.3 Electron paramagnetic resonance (EPR).........cc.ccooiiiiiiiiniiniiniiecececeee 48
4.8.4.  X-ray photoelectron spectroSCOPY (XPS).....ccvieriiriieiiiiiieieeieeieesee e 49
4.8.5.  Secondary ion mass spectroSCOPY (SIMS) ....ccvoriiiiiiiiiiiiieeeeeecee e 50
4.9. Differential scanning calorimetry (DSC).....cccoviviriiniiniiiiniiiccceeeeeeeee 51
LiGaOz2: Fe3* Phosphor Under High Pressure 53
5.1. Description of the published articles ...........ccoeeviiriiiiiiiiiiiiiceeee 53
5.2. Published ATtICIE NO. L...cocuiiiiiiiiiii ettt st 55
5.3. Published ATtICIE INO. 2..c.uiiiiiiiiiieeee ettt 67
Mn?* Luminescence Under High Pressure .86
0.1, TNITOAUCTION. .....eiiiiieiieiie ettt ettt et e st e bt e et e e seeeeseeeneeenbeeneeas 86
6.2. Vacuum-assisted synthesis of LiGaO2:Mn?* phosphor ...........c.cccoeeveveeieeeeiieeeenn. 88
6.3. Mn*" luminescence in LiGaO2...........ccovueveverueiieeeeeceeeeeceeeese e, 90
6.3.1.  Photoluminescence at ambient PrESSUIE..........cccuerrurerreerieerierrerreareeseeseeseeeseresseensens 90
6.3.2.  Pressure dependence of photolUMINESCENCe ..........coceverieriinienieneeienienieeeceeeneeee 97
6.4. Mn?" [UMINESCENCE 1N ZNS .....oovvieeeieieeeeieeeeeceeee e e e s s eneees 99
6.4.1.  Ambient and high-pressure luminescence StUdies ...........ccceevreerierienieecreenreereereene 100
6.4.2.  Pressure dependence of luminescence decay ........ccocvvvveeveenieeneeneenieeie e 104
6.5. Mn 2" [Tuminescence i GaN ............c.covruevieevereceeeeeceeseeee e, 107



10.

11.

0.6. CONCIUSION ...ttt et ettt sbt e et e bt e s bt e bt e esbeessbeeabeesneeenne 114
LiYO:2: Eu®*, Gd3" Phosphor Under High Pressure ........c.eceeeereseseeseseesasasassesenens 115
7.1 INEOAUCTION. ...ttt sttt st sb et ae et e e e e 115
7.2, SAMPIE PIEPATATION ...veeeeviieiiieeeiieeeiteeeieeeeieeesteeestteeeseaeessseeessreessseeesseeessseeessseesssseenns 116
7.3. Experimental teChNIQUES.........cocvieriiiiiieriieciieeie ettt et 116
7.4. Results 117
7.4.1.  Ambient pressure XRD and DSC ........cccoovieviiniiniiciceeeere e 117
7.4.2. High-pressure XRD.......cooioiiiiiiiiiie ettt 120
7.4.3. Luminescence at ambient PrESSUTIE........ccveveerrrerrerrerreereesseesseesnessessseesseesseessaessaeans 124
7.4.4. LUmMINESCENCE AECAY ....veeivietieiieitieiieeie et et ettt testteseteeteete e beesbeesaeesateeabeeseenseenees 127
7.4.5.  High-pressure IUMINESCENCE ......ccueviiriieiiieiieiieite ettt ettt 129
7.5. Summary and CONCIUSION..........ccuieriiieiiieriieeieeeie ettt ettt ere e aee e e sseeenseeseee e 131
Summary and Future Work ......icniicnniinnnnicnsninssnncsssniesssissssssssssssssssssssssssses 132
BiblIOZrapRhy c.ccccueiiiiiiiiiiiiiiiiininiinsnnissniissnncssssiessssncssssncssssncssssssssssssssssssssssssssssssssses 136
Copyright information 150
10.1. Copyright information for Figure 1.1 ......ccccoooiiiiiiiiniiiecce 150
10.2. Copyright information for Figure 6.13. ......cccccociiiiiiiniiiiiceeee 152
10.3. Open access information for article 1.........ccoccvveviiiiniiiiniiiineeeee 154
10.4. Open access information for article 2.........cocoveevirvieniininiininieeeee 155
10.5. Author's rights information for article 3.........cccoeviiieriiiiniiee e, 156
APPCIAIXoaeeiiueeiirrnsrenssnnsenssrecssnessaesssnesssssssasssssssssssssssssassssssssssssssssssssssssssassssssssssssassssass 157
11.1. Author Contribution Statements for Article 1:........occoeviiiiiiiiiieniiiiieieeee 157
11.2. Author Contribution Statements for Article 2:.......ccocoeveeniinieiniienieeniceeens 164






ABSTRACT

Lithium-based materials have recently attracted considerable interest because of their optical,
mechanical, and electrical properties. In this PhD dissertation, the spectroscopic properties of three
ternary lithium metal oxides (LMOs) doped with transition metal and rare-earth elements,
particularly under high pressure in the gigapascal range, have been investigated. The research
focuses on wide-bandgap lithium metal oxides doped with d°-configuration transition metals and
selected rare-earth ions. Doping these LMOs with different metal ions gives them specific
spectroscopic features, including luminescence spanning the visible to near-infrared range.
Furthermore, their luminescence properties are extensively studied under different physical
conditions, including low to room temperature, and pressure ranges from ambient to 25 GPa. The
ambient-pressure optical properties of these materials doped with different luminescent activators
have already been reported. In this thesis, we adopt an alternative approach to study these materials
using high-pressure technique with a diamond anvil cell (DAC) and analysing the results using
Tanabe-Sugano diagrams and crystal field theory. This approach allows not only the study of their
spectroscopic features but also their structural properties, including pressure-induced phase-

transition behaviours.

The main content of the PhD dissertation comprises 8 chapters, beginning with an introduction
to lithium metal oxides and concluding with a summary of the work. The first chapter presents a
brief literature review of lithium metal oxides, lists some of the lithium metal oxides studied using
various high-pressure techniques, and provides basic information on the lithium metal oxides
(L1Ga0,, LiGas0s, and LiYO,) studied in the thesis. The second chapter lists various luminescence
phenomena and describes briefly the possible mechanisms leading to luminescence in condensed
matter. It also provides a short introduction to the properties of luminescent ions discussed in the
subsequent chapters. Chapters 3 and 4 introduce the different experimental techniques used in the
research. Chapter 3 emphasises various high-pressure techniques, focusing on the high-pressure
studies in DAC. Details of the experimental methods and sample preparation procedures used in
high-pressure measurements are also described here. Chapter 4 discusses experimental techniques
other than high-pressure used in the research. Some of these experiments were performed at

synchrotrons and at foreign research institutions under collaborations.
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Chapters 5 to 7 present the results of experimental research conducted during PhD studies,
some of which have been published in peer-reviewed journals, but also incorporate unpublished
data from those studies. Chapter 5 consists of two published papers. The first one covers the
investigation of near-infrared luminescence in Fe*"-doped LiGaO at low temperatures and high
pressures. The phosphor shows strong near-infrared luminescence at low temperatures and
ambient pressure, which persists even after the phase transition from orthorhombic to the trigonal
phase above 3 GPa. The luminescence is quenched when the applied pressure increases to 14 GPa,
due to amorphisation of the material. The phosphor was also found to exhibit excellent near-
infrared mechanoluminescence at ambient conditions. The second paper reports the study
conducted as an extension to the experimental work described in the previous paper. It focuses on
the issues not addressed in the previous one, such as multisite occupation of Fe*" in LiGaO»
powder. The Fe*" luminescence centres in the LiGasOs impurity phase present in the phosphor
were also analysed. To this aim, the LiGasOg impurity phase in the sample was purposefully
increased by thermal annealing. Chapter 6 is devoted to the Mn?**-doped LiGaO, phosphor
synthesised using a vacuum-assisted method. Its luminescence was examined at low temperatures
and high pressures. The sample also exhibited behaviour associated with multiple-site occupation
of the dopant in the crystal lattice, similar to previously reported samples. Additionally, the Mn?*
luminescence in LiGaO: under pressure was compared with that observed in other materials with
tetrahedral coordination of the Mn ions, such as ZnS and GaN. A particularly interesting result
was obtained for GaN:Mn?', in which pressure-induced Mn?**-related luminescence appeared
above 15 GPa. This effect was attributed to the pressure increase of the GaN energy gap. Further
studies on related topics are ongoing. Chapter 7 provides a comprehensive overview of high-
pressure luminescence and XRD investigations of undoped, and Eu** and Gd** co-doped LiYOa.
A previously unreported pressure-induced phase transition was observed in both doped and
undoped LiYO; using high-pressure luminescence and XRD techniques. The high-pressure XRD
studies were conducted at a synchrotron facility, and the results from this research work are
currently progressing towards publication. Chapter 8 summarises the findings from the research

work and concludes with a perspective on future developments in this field.



STRESZCZENIE

Materiaty na bazie litu ciesza si¢ ostatnio duzym zainteresowaniem ze wzgledu na swoje
wlasciwos$ci optyczne, mechaniczne i elektryczne. W niniejszej pracy doktorskiej zbadano
wlasciwosci spektroskopowe roznych trojsktadnikowych tlenkéw litowo-metalowych (LMO)
domieszkowanych metalami przejsciowymi i1 pierwiastkami ziem rzadkich, szczegdlnie pod
wysokim ci$nieniem w zakresie gigapaskali. Badania koncentruja si¢ na tlenkach litowo-
metalowych o szerokiej przerwie energetycznej, domieszkowanych jonami metali przejsciowych
o konfiguracji d° i wybranymi jonami pierwiastkéw ziem rzadkich. Domieszkowanie tych LMO
réznymi jonami metali nadaje im charakterystyczne wiasciwosci spektroskopowe, m.in.
luminescencje w zakresie od $wiatlta widzialnego do bliskiej podczerwieni. Ponadto ich
wiasciwos$ci luminescencyjne zostaty doktadnie zbadane w r6znych warunkach fizycznych, w tym
w temperaturze od niskiej do pokojowej i w zakresie ci$nien od ci$nienia atmosferycznego do 25
GPa. Dotychczas opisano juz niektore wlasciwosci optyczne tych materiatow w ci$nieniu
atmosferycznym z r6znymi aktywatorami luminescencji. W niniejszej pracy przyjeto alternatywne
podejscie do badania tych materiatéw, wykorzystujac technike wysokocisnieniowg z
wykorzystaniem komory diamentowej (DAC) 1 analizujac wyniki za pomocg diagraméw Tanabe-
Sugano oraz teorii pola krystalicznego. Podejs$cie to pozwala nie tylko bada¢ ich wlasciwosci
spektroskopowe, ale takze wlasciwosci strukturalne, w tym zachowania zwigzane z przemianami

fazowymi wywotanymi ci$nieniem.

Zasadnicza tre$¢ rozprawy doktorskiej sklada si¢ z 8 rozdziatow, zaczynajacych sie od
wprowadzenia do tlenkow litowo-metalowych, a konczacych si¢ podsumowaniem pracy. W
pierwszym rozdziale przedstawiono krotki przeglad literatury dotyczacej tlenkow litowo-
metalowych, wymieniono niektore z badanych tlenkow przy uzyciu roznych technik
wysokocisnieniowych oraz przedstawiono zarys tlenkow litowo-metalowych takich jak LiGaOa,
LiGasOs 1 LiYO», badanych w pracy. Rozdziat drugi poswigcony jest zjawisku luminescencji i
omawia w skrécie mechanizmy luminescencji wystepujace w ciele statym, a takze zawiera krotkie
wprowadzenie do wihasnosci jonow luminescencyjnych omawianych w kolejnych rozdziatach.
Rozdziaty 3 i 4 skupiaja si¢ gtownie na réznych technikach eksperymentalnych wykorzystanych

w naszych badaniach. W rozdziale 3 potozono nacisk na roézne techniki wysokocisnieniowe, w



tym wyjasnienie, czym jest DAC. Opisano tu takze szczegoty dotyczace metod eksperymentalnych
1 procedur przygotowania probek stosowanych w pomiarach wysokoci§nieniowych. W rozdziale
4 omo6éwiono natomiast inne niz wysokocisnieniowe techniki eksperymentalne, wykorzystywane
w badaniach. Niektére z tych eksperymentdw przeprowadzono na synchrotronach i w

zagranicznych instytucjach badawczych w ramach wspotpracy.

Rozdziaty od 5 do 7 przedstawiaja wyniki badan eksperymentalnych przeprowadzonych
podczas studiow doktoranckich, ktore zostaly opublikowane w recenzowanych czasopismach, a
takze zawieraja niektore niepublikowane dane z tych badan. Rozdzial 5 sklada si¢ z dwodch
opublikowanych artykulow. Pierwszy z nich dotyczy badan luminescencji LiGaO2
domieszkowanego Fe** w bliskiej podczerwieni, w niskich temperaturach i wysokich ci$nieniach.
Fosfor ten wykazuje silng luminescencje w bliskiej podczerwieni zaréwno w niskich
temperaturach, jak i w temperaturze pokojowej, nawet po przejsciu z fazy ortorombowej do
trygonalnej pod ci$nieniem 3 GPa. Luminescencja ta zanika gdy przylozone ci$nienie wzrasta do
14 GPa, ze wzgledu na amorfizacj¢ materialu. Ponadto material ten wykazuje doskonala
mechanoluminescencje w bliskiej podczerwieni. Drugi artykul przedstawia wyniki badan
przeprowadzonych w ramach rozszerzenia prac eksperymentalnych opisanych w poprzednim
artykule. Koncentruje si¢ on na zagadnieniach niecoméwionych w poprzednim artykule, takich jak
zajmowanie przez jony Fe** wielu miejsc w sieci krystalicznej proszku LiGaO. Przeanalizowano
rowniez centra luminescencyjne Fe*" w fazie domieszkowej LiGasOs obecnej w luminoforze. W
celu przeprowadzenia dalszych badan celowo zwigkszono faze domieszkowa LiGasOg w probce
poprzez wygrzanie termiczne. Rozdziat 6 jest poswiecony luminoforowi LiGaO, z domieszka
Mn** otrzymanemu w prézni. Zbadano jego luminescencje w niskich temperaturach i pod
wysokim ci$nieniem. Probka wykazywata rowniez zachowanie zwigzane z obsadzaniem przez
jony domieszki wielu miejsc w sieci krystalicznej, podobne do probek opisanych wczesnie;.
Dodatkowo poréwnano luminescencje Mn** w LiGaO, pod ciénieniem z luminescencja
obserwowang w innych materiatach o tetraedrycznej koordynacji jondw manganu, takich jak ZnS
i GaN. Szczegdlnie interesujacy wynik uzyskano dla GaN:Mn?>', w ktérym zaobserwowano
wywotang ci$nieniem luminescencje zwigzang z Mn>" powyzej 15 GPa. Efekt ten przypisano
zwigkszeniu przerwy energetycznej GaN pod wplywem ci$nienia. Trwaja dalsze badania

dotyczace podobnej tematyki. Rozdzial 7 zawiera kompleksowy przeglad wysokoci$nieniowych
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badan luminescencji i XRD niedomieszkowanego LiYO, oraz LiYO2 z domieszkami Eu**i Gd*".
Za pomocg technik luminescencji wysokocisnieniowej 1 XRD zaobserwowano nieraportowane
wczesniej przejscie fazowe wywolane cisnieniem zar6wno w domieszkowanym, jak i
niedomieszkowanym LiYO,. Badania XRD pod wysokim ci$nieniem przeprowadzono przy
uzyciu promieniowania synchrotronowego, a wyniki tych badan sg obecnie przygotowywane do
publikacji. Rozdziat 8 zawiera podsumowanie wynikéw badan i1 konczy si¢ wnioskami

dotyczacymi perspektyw przysztych osiagnigé w tej dziedzinie.
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KEY SCIENTIFIC OBJECTIVES ACHIEVED

Detailed luminescence analysis of Fe**doped B-LiGaO, (lithium gallate) phosphor under
ambient and high-pressure conditions.

First experimental demonstration of pressure-induced quenching of Fe** luminescence in f-
LiGaO; above 14 GPa.

Observation of near-infrared (NIR) mechanoluminescence in B-LiGaO,:Fe** phosphor for the
first time.

Clearing of the long-standing ambiguities in the interpretation of Fe** related luminescence in
LiGaO; phosphor.

First time experimental observation of Mn?" luminescence in GaN at extreme pressures (>15
GPa).

First time experimental identification of a novel high-pressure phase of LiY O using combined

high-pressure luminescence and synchrotron X-ray diffraction techniques.



1. Introduction to Lithium Metal Oxides

1.1. Introduction

Lithium metal oxides (LMO) doped with rare-earth (RE) and transition-metal (TM) elements
have attracted considerable scientific attention due to their excellent applications in
optoelectronics, energy storage, and catalysis [1-4]. Understanding their structural, optical, and
electronic properties under different external conditions, such as low-temperature and high-
pressure, is essential for their real-world applications. High-pressure spectroscopy is a versatile
tool for examining material properties under extreme conditions, providing unique insights into
phase transition behaviour, electronic band structure, and bonding characteristics of the material
under pressure. Investigating ternary metal oxides with lithium is highly relevant, as they are
among the crucial materials to consider for next-generation portable energy sources. They are very
essential components of lithium-ion batteries found in many modern-day electronic gadgets and
the automotive industry. The general properties of LMOs, such as stability, conductivity, and
capacity retention, can be significantly controlled and enhanced by incorporating RE and TM ions
into their crystal lattice [5—8]. However, doped and undoped LMO’s under extremely harsh
conditions like high pressure and low-temperature conditions are still very much unexplored. The
present dissertation primarily focuses on the high-pressure spectroscopy of LMO materials doped

with TM and RE elements. The primary objective of this work is to elucidate the impact of high
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pressure on the structural and optical characteristics of these materials, utilising both experimental
methods and theoretical support. The studies were primarily conducted using powder X-ray
diffraction (XRD), ambient and high-pressure luminescence, Raman spectroscopy, and various

other spectroscopic techniques.
1.2. Lithium metal

Lithium (Li) is the lightest metal and the least dense solid at ambient conditions. Its atomic
number is three (Z = 3). Due to its single valence electron, it is highly reactive. Lithium is mainly
extracted  from rare minerals like  Spodumene  (LiAl(SiO3)2)[9], Lepidolite
(K(Li,Al)3(ALSi,Rb)4O10(F,OH)2y [10], Zinnwaldite (KLiFeAl(AlSi3)O10(OH,F);) and Petalite
(LiAlISi4010) [11], and it does not occur naturally in nature. It is also highly reactive with other
metal oxides and readily forms ternary lithium metal oxides. Due to its wide application in energy

storage devices, lithium attracted significant global interest.

This is due to its low atomic mass and high charge density (resulting from its small ionic
radius and single +1 charge state), making it a suitable material for contemporary energy solutions,
such as lithium-ion batteries. Additionally, lithium compounds are widely used in other areas,
including the nuclear industry. Lithium and its compounds are integral parts of both nuclear fission
and fusion technologies, and are also used as scintillating materials to detect ionising radiation.
Additionally, they have found applications in underground neutrino detectors [12]. Also, they
found applications in the ceramics, glass, medical, and aerospace industries, etc. [12—15].
Lithium's growing significance in both scientific and industrial applications underscores the need
for a better understanding of its physical properties, chemical reactivity, and interactions with other

materials, especially under extreme conditions, such as high pressure and varying temperatures.

As seen in the phase transition diagram in Figure 1.1, lithtum exhibits superconducting
properties above 20 GPa and at low temperatures. Although extrapolation suggests a transition
temperature of 0.4 mK at ambient pressure, superconductivity has not been experimentally
observed [16,17]. As a result, little is known about how lithium behaves at pressures below 20
GPa. Hence, studying lithium and its oxide compounds under extreme conditions can provide

valuable insights into their physical properties, thereby extending potential applications.
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Figure 1.1. Proposed phase transition diagram of the element lithium (Li) over a wide pressure
(GPa) and temperature (K) range. Reprinted with permission from “Cold melting and solid
structures of dense lithium”, Nature Physics 7, 211-214, DOI:10.1038/nphys1864. © Springer
Nature 2011 [17].

1.3. Previous high-pressure studies on lithium metal oxides (LMO)

Previously, high-pressure studies were conducted on a few LMO materials; some of them are
listed in Table 1.1. However, many key LMO materials were not included in the list, despite their
potential applications in various devices. The high pressure of LMO is particularly intriguing
because it provides information on structural transformations, phase transitions, electronic, optical,
and thermodynamic properties, among others. The previous studies listed here are focused on
Raman, luminescence, XRD, EXAFS, and conductivity studies under the influence of high
pressure. The list below illustrates how nearly every LMO material exhibits distinct behaviour
under pressure when the secondary metal ion (M) is changed. Some materials exhibit phase
transitions at comparatively low pressures; however, others do not show any phase transition even

at elevated pressures.
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Table 1.1. Compilation of previously reported high-pressure data of lithium metal oxide samples

using various experimental techniques.

PoT* Max.
Lithium metal Initial phase New phase . pressure
M t Ref.
oxides (LMO) (Space group) (Space group) ain Study  pressure reached ¢
(GPa)
(GPa)
Lithium
= Rh hedral
vanadate  Cubic (Fd3m) O(rgb;’ ‘;dra EXAFS ~6-12 21.7 [18]
(LiV,0) "
Lithium Monoclinic
D Raman
metavanadate pyroxene-type Triclinic (P1) /XRD 5 21.2 [19]
(LiVO:3) (C2/e)
Lithium
horhombi
tantalate Trigonal (R3¢) O™ ( ;;nz’;‘)lblc XRD 33 56.1 [20]
(LiTa0s)
Lithium Layered
cthomate rhombohedral . Raman - 410 21]
(LiCrO») (R-3m) /XRD
Layered
R AD-
lithium cobaltite ~ rhombohedral *x an;?&/) - 26 22]
(LiCo0») (R-3m)
Lithium gallate Orthorhombic Trigonal,
XRD 3 14 23
(LiGa0») (Pna2,) (R-3m) [23]
Lithium Tetraconal Tetragonal Shock
aluminate hase % P4 2Y2) high-pressure ~ compression/ 9 48 [24]
(LiAIO,) P 190 bhase (I41/amd) XRD
s . . NaCl-type high-
Lithium titanate Monoclinic
h R DFT 4 4 2
(LixTiOs) (C2e) symmetry phase aman/ 3 5 [25]
(Fm-3m)
Lithium—
manganese Cubic spinel Tetragonal
XRD 1.9 8.5 26
oxide (Fd-3m) (141/amd) [26]
(LiMn204)
Lithium Ph et Monoclinic
tungstate ig?cz);lilpe high-pressure Calorimetry 1.6 4 [27]
(LiaWOy) g phase
Lithium ferrite ~ Rocksalt cubic ** (Spin
*k HP -XRD
(LiFeOs4) (Fm-3m) crossover 82 [28]
~50)
Lithium copper ~ Orthorhombic Monoclinic
HP -XRD ~3-4 . 2
oxide (LiCuO») (Cmcm) (C2/m) 3 63 [29]
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42-54

o . Trigonal NalO3-type o
toich
L1th1u'm niobate ferroelectric high-pressure HP -XRD (stoichiome 54 [30]
(LINbO) (R3¢) hase Yy
P dependent)
Lithium yttriate Tetragonal Present
k HP-XRD A 18.5
(LiYO,) (I41/amd) Unknown > i work

*Phase-transition ** Not observed
1.4. Lithium metal oxides presented in this work

The high-pressure spectroscopy work covered in this thesis mainly focused on two materials:
LiGaO> and LiYO». Additionally, one chapter discusses the formation of the unintentional LiGasOs
impurity phase in LiGaO2 material through thermal annealing. LiGasOs is another LMO material

that has gained significant interest recently due to its unique properties.
1.4.1. Lithium gallium oxide: lithium gallate (LiGaO>)

Lithium gallium oxide (LiGaOz), also known as lithium gallate or lithium metagallate, is a
ternary metal oxide of both lithium and gallium. It exists in at least four different types of
polymorphs: a, B, vy, and 3. The phase occurring at ambient conditions, B-LiGaO2, has an
orthorhombic crystal structure with the Pna2; space group. The material shows excellent thermal
and chemical stability with a comparatively very high bandgap of ~ 5.6 eV [31-33]. Undoped
LiGaO; exhibits photoluminescence emission in the UV region, which is desirable for the
fabrication of UV emitters and detectors. The material exhibits piezoelectric properties, which are
essential for the fabrication of sensors and actuators. Additionally, LiGaO, is utilised as a lattice-

matching substrate for the commercial production of GaN crystals.
1.4.2.  Lithium gallium oxide: lithium pentagallium octaoxide (LiGasOs)

Lithium gallium oxide (LiGasOg), known as lithium pentagallate, is classified as a spinel-type
material. LiGasOg mainly crystallises in two forms: a low-temperature ordered cubic primitive
phase with space group P4332 and a high-temperature disordered phase with Fd3m space group
[34]. It exhibits potential luminescence properties when doped with TM or RE elements. Recently,
the material has been of interest to the materials science community due to its p-type conductivity
[35]. It is considered one of the highest bandgap materials that exhibit p-type conductivity. The

material is also highly stable at elevated temperatures.
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1.4.3.  Lithium yttrium oxide (LiYO>)

Lithium yttrium oxide (LiYO.) crystallises mainly in tetragonal and monoclinic phases
depending on its synthesis conditions; at high temperatures, the material is in tetragonal form and
at low temperatures, the material is monoclinic. As a result, the material exhibits excellent
thermochromic properties. The band gap of LiYO: is also comparatively high, at approximately
5.23 eV [36]. The material is also promising due to its carbon capture capabilities and, when doped
with RE elements, it can also be utilised as a phosphor material. It has also found applications in
the nuclear industry and is considered a promising material in lithium-ion batteries due to its

thermal stability and ionic conductivity.
1.5. General characteristics of LiGaO2, LiGasOs, and LiYO2

The general characteristics of LMO samples presented in the thesis are summarised in Table 1.2.

Table 1.2. General characteristics of Lithium Metal Oxide (LMO) samples presented in the thesis

Material Structure Space Group Bandgap Unique features
Pi lectri intillati
LiGaO, Orthorhombic Pna2, ~5.6eV[31] 1ez0¢iectiic, semtitiation,
and dosimetric properties
. . -type-conductivity,
LiGasOy Cubic P4:32 ~ 536 ¢V [35] priype-concuetivity
persistent luminescence
. Monoclinic P2i/c Thermochromic, negative
LiYO ~5.23eV [36 . .
T Tetragonal 14 /amd eV [36] thermal expansion behaviour
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2. Luminescent Materials & Activators

2.1. Introduction to luminescent materials

A luminescent material is a material that re-emits part of its absorbed energy as light in the
UV, visible, or IR part of the electromagnetic spectrum. German physicist E. Wiedemann
introduced the term “luminescence” in 1888 from the Latin name for light, “lumen”. Depending
on various excitation energies provided to the luminescent material, the luminescence property is
classified into many types and is usually identified by a prefix along with the word luminescence
[37]. If excitation energy is given in the form of sound or light then it is sono- or photo-
luminescence (PL), if it is excited with moderate heating then its thermoluminescence (TL), by an
electric field then it is electro luminescence (EL) or with electrons then cathodoluminescence (CL)
and by applying mechanical stress then its tribo- or mechanoluminescence (ML), by chemical
reaction its chemiluminescence, and if with some biological activity then it is called
bioluminescence [38—41].

Another main classification for luminescent materials is based on the time elapsed between
excitation and emission of light. In other words, the phosphorescence (also known as afterglow)

occurs when the emission continues for a considerable amount of time after the excitation. In

15



contrast, fluorescence occurs when the emission ceases as the excitation stops. Based on this time
classification, materials are classified into fluorescent materials and phosphorescent materials [42].
The cover image of Chapter 2 depicts a LiGaO, crystal doped with Fe** ions that exhibit NIR
emission (744 nm) when exposed to a 261 nm UV laser line in our laboratory, the phenomenon
attributed to the TM ions present in the crystal. However, the colour (wavelength) of the emitted
light by a luminescent material is influenced by several intrinsic and extrinsic factors.
e Intrinsic properties: The electronic band structure of the luminescent material and its optical
transitions determine the fundamental emission wavelengths
e Impurities and defects: Doping and structural defects can introduce new electronic states,
modifying emission characteristics (e.g. defect-related luminescence)
e External fields:
» Stress/Pressure: Alters the bandgap (e.g. blue or redshifts due to strain).
» Magnetic fields: They influence the spin states and lead to magneto-optical effects.
» Electric fields: Modify carrier recombination pathways (e.g. Stark effect)
e Temperature: Higher temperatures can broaden emission spectra due to increased electron-
phonon interactions and non-radiative recombination.
e Particle size: In nanoscale materials, quantum confinement shifts emission energy, leading to

tunable photoluminescence.
2.1.1. Luminescence mechanisms

The luminescence phenomenon of luminescent materials can occur in various ways, most
notably by electronic transitions. This electronic process that leads to luminescence is also

classified into many categories based on its unique characteristics [38,43,44].

Band-to-band emission: it occurs when an electron excited into the conduction band (CB)

recombines with a free hole in the valence band (VB), emitting a photon.

Excitonic emission: An exciton is an electron-hole pair bound by Coulomb interaction. It emits
light at a below bandgap energy and can also be excited at an energy below the bandgap; the
difference between the emission (absorption) and the bandgap energies is equal to the binding

energy. Materials with high exciton binding energies are used in optoelectronics.
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Impurity luminescence: Most materials contain trace amounts of other elements (impurities)
either intentionally introduced by doping or contained in the precursors used for synthesis, which
introduce localised energy levels into the forbidden gap. The absorption and emission energies of
such impurities are not related to the material's bandgap. The same applies to energy levels

associated with lattice defects.

Energy transfer between the energy donor (D) and energy acceptor (A): The intentional or
unintentional distribution of impurities within the sample plays a significant role. An impurity D
(the energy donor or sensitizer) transfers a part of the excitation energy (non-radiatively or
radiatively) to a neighbouring impurity A (energy acceptor or activator), which undergoes radiative
decay. The energy transfer process involving resonant D and A excited states is shown in Figure

2.1.
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Figure 2.1. An illustration of the energy transfer between the energy donor and the acceptor, also

called the sensitizer and the activator.

2.1.2. Luminescence centres

In condensed matter, when a luminescence centre substitutes a host ion, the interaction
between the electronic states and lattice vibrations (phonons), known as electron-phonon coupling
(or electron-lattice coupling), can affect the shapes of the absorption and emission bands. For
strong coupling, the emission often occurs at a lower energy (a longer wavelength) than the
excitation energy, which is known as the Stokes shift. The Frank-Condon principle explains this
energy shift as due to different equilibrium positions of the luminescent centre's ground and excited

states in the lattice, which are represented with the use of a configurational coordinate diagram.
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Figure 2.2 shows the simplest representation of a configuration coordinate diagram, with total
energy on the Y-axis and the configuration coordinate Q on the X-axis. Q is a one-dimensional
parameter depending on the ion-ligand distance. The displacement AQ of the equilibrium positions
of the nuclei is induced during photoexcitation and critically depends on the sizes and the charges

of the host and the luminescence ions.

According to the Frank-Condon principle, optical transitions happen so rapidly that the nuclei
cannot move. As a result, the transitions are effectively vertical on a configurational coordinate
diagram. Harmonic-oscillator eigenstates precisely describe the vibrational energies and

wavefunctions linked to these transitions.
1
E=(n+)mw  (n=012..). (1)

where Aw is the energy quantum of the vibrational mode. As the vibrational quantum number
increases, the corresponding wavefunctions extend farther from the equilibrium position and

exhibit increased spatial amplitude near the turning points of the potential.

The electron—phonon coupling strength in such systems is described by the Huang—Rhys
parameter S, which depends on the displacement between the equilibrium positions of the ground
and excited electronic states. Experimentally, the Huang—Rhys parameter S is calculated from the
Stokes shift between the absorption and emission spectra. Within the displaced-harmonic-

oscillator approximation, the Stokes shift is related to the vibrational mode energy through.

Estokes = (25 — hw ()
or, in a simplified form, Eg.s = 2Shw. These expressions provide a valid approximation for
estimating the electron-phonon coupling strength; however, a more precise determination of the S
parameter often requires analysing the full Franck—Condon progression or calculating the spectral
barycentres, as the exact relationship can depend on temperature, mode anharmonicity, and

whether spectral maxima or integrated intensities of the spectrum are used [45].
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Figure 2.2. Schematic representation of a configuration coordinate diagram showing the energy

shift between absorption and emission [46].

2.2. Transition metal activators

The elements in the d-block of the periodic table (groups 3 to 12) are known as transition
metals or simply transition elements; however, groups 3 (Sc, Y, La) and 12 (Zn, Cd, Hg) elements
are excluded from this classification because they do not exhibit the typical behaviours of d-block
elements. The lanthanide and actinide f-block elements are sometimes referred to as inner
transition metals, although they are distinct from the d-block elements because of the filled d shell.
When transition elements are doped into crystalline solids, these elements exhibit varying
oxidation states, typically ranging from +1 to +6. Due to their partially filled d orbitals, transition
elements exhibit specific characteristics in common that are not found in other elements. The small
energy differences between the ground states of different oxidation states allow them to form
compounds in various oxidation states, which often result in different emission energies of d-d
electronic transitions. The existence of unpaired d electrons is also responsible for the occurrence

of paramagnetism in TM compounds. It is possible to synthesise a wide range of transition metal
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complexes, as the majority of transition metals can form complexes by attaching to different
ligands, which results in interesting chemical and physical properties. The electronic

configurations of some optically active TM ions are listed in Table 2.1.

Table 2.1. Electronic configurations of some optically active TM ions.

Electronic . .
configuration Transition metal ions

3d! Ti** V4 crt Mn®'
3d? Ti?* V3t Cr* Mn’*
3d? V2t Cr’t Mn**
3d¢ Cr*t Mn?**
3d’ Cr* Mn?* Fe?*
3d¢ Mn" Fe**  Co*"
3d’ Co*" Ni®*
3d8 Co* Ni*
3d° Nit  Cu**

2.2.1. Transition metals as luminescence activators

The luminescence properties of TM ions in solids are well described in a rich literature; they
are considered suitable activator ions for creating luminescent materials in different spectral
ranges, from visible to near-infrared [6,47]. The d orbitals of TM ions are extended in space and
thus interact strongly with the surrounding ligands. The crystal field splits the degenerate terms of
the free ion into a set of different energy levels, which affects their optical properties. Allowed
transitions between these levels lead to broad absorption and emission bands with different
wavelengths. The strong electron-phonon interaction significantly affects the shift between the
equilibrium positions of the ground and excited states in the configuration coordinate diagram

[48].
2.2.2. Tanabe-Sugano diagrams

In a system with multiple d-electrons, electron-electron repulsion is described by semi-

empirical Racah parameters A, B, and C. The inter-electronic repulsion within the d-electrons is
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primarily defined by the Racah parameters B and C, while the Racah parameter A produces only
a uniform shift of all energy levels and therefore does not affect the energy separation. For most
transition metal ions, the B/C ratio is approximately 4.5 and remains nearly constant. The
separation between different electronic levels of a given ion is determined mainly by two factors:
the crystal-field strength Dq and the Racah parameter B. The relative magnitudes of these
quantities govern the positions and spacings of energy levels. In the Tanabe-Sugano (TS)
diagrams, the x-axis represents the ligand-field strength expressed as Dq/B, which reflects the
crystal-field splitting relative to electron repulsion. The y-axis represents the energy of crystal field
split states relative to electron repulsion (E/B). Different curves correspond to different levels, and
their energies vary as Dq increases. The TS diagram is typically divided into two regions
corresponding to high-spin and low-spin configurations. For small Dg/B values (weak ligand
field), the metal ion remains in a high-spin configuration determined by Hund’s rule. For large
Dq/B values (strong ligand field), the system adopts a low-spin configuration. TS diagrams are
extremely useful in identifying optical d-d transitions [49].

The splitting of electronic terms of a TM ion in a cubic crystal field depends on its
coordination number. The sequence of crystal field split levels of a d" ion in octahedral
coordination corresponds to that of a d'" ion in tetrahedral or 8-fold coordination. The splitting
of the free ion energy terms for the d° configuration in a cubic symmetry crystal field is presented
in the Tanabe-Sugano diagram shown in Figure 2.3. The ground state for the high-spin case is °Aj,

whereas a strong ligand field results in a low-spin *T> ground state.
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Figure 2.3. Tanabe-Sugano (TS) diagram for the d° configuration in octahedral/tetrahedral crystal
field.

2.3. Rare-earth activators

The RE elements are in the top row in the periodic table's f block, which includes 15 elements
with atomic numbers 57 to 71 (La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu).
They are considered RE elements according to the International Union of Pure and Applied
Chemistry (IUPAC) terminology. The rare term in its name means they are relatively less abundant
in the earth's crust, and it is difficult to extract them into pure form [50]. Despite their low
abundance, these elements have significant strategic and commercial applications. Today, they are
essential components in the manufacturing of solid-state lasers, display devices, lighting, and
scintillating devices [51]. Some of them also show significant magnetic properties due to the

presence of unpaired 4f electrons. At room temperature, they mostly exhibit paramagnetic
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behaviour; however, at low temperatures, they may show some collective magnetic order. The
electronic configurations of trivalent RE ions are listed in Table 2.2.

In contrast to transition metal ions having an outer d shell, the inner 4f shell is screened by
filled 5s® and 5p°® outer shells, which suppresses electron-phonon interactions. Moreover, optical
transitions between 4f energy levels are parity forbidden. All this leads to sharp absorption and
emission lines. An example of the excitation spectrum of Eu** in a polymer nano composite is

shown in Figure 2.4 (unpublished data).

Table 2.2. Electronic configuration of trivalent RE ions.

RE ion Atomic number Electrons in Ground state
Z) 41 shell sty

La3* 57 0 1S,
Ce** 58 1 *Fsn
Pt 59 2 3H,
Nd* 60 3 Ton
Pm® 61 4 51,
Sm?** 62 5 Hs
Eu* 63 6 7F0
Gd** 64 7 83/
Th3* 65 8 Fe
Dy** 66 9 Hisp
Ho™ 67 10 3Tg
Er’* 68 11 2 (P
Tm 69 12 3He
Yb3* 70 13 2R, ,
Lu** 71 14 'So
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Figure 2.4. Sharp excitation lines of europium (Eu’") ions in a polymer nano composite.

2.4. 4f-4f and 4f-5d transitions of rare-earth ions

The Coulomb interaction within the 4f shell electrons splits the 4f energy level into
spectroscopic terms. In the Russell-Saunders coupling the terms are described as >5*'L, where L
and S are the total orbital and the total spin momenta, respectively, and 2S+1 is the spin
multiplicity. Due to spin-orbit coupling, each term is further split into manifolds designated as
2115 where J=L+S is the total angular momentum with quantum numbers J = [L—S],..., IL+S|.
Typically, the energy separation caused by the spin-orbit interaction is of the order of 10° cm™.
Under the influence of the local crystal field, these *"!L; levels are further split into Stark
components when placed in a crystalline host [37]. Because of the screening of the electric field
exerted by the ligands, this splitting is only of the order of 10 to 100 cm™.

In a free ion, only magnetic dipole transitions between some J multiplets are allowed,
according to the selection rules: AS=0, AL=0,£1, AJ=0,%1. Transitions between multiplets with
J=0 are strictly forbidden. However, according to Jud-Ofelt theory [52,53], a low symmetry crystal
field can admix 5d into 4f wavefunctions, which relaxes the Laporte selection rules and allows the
so-called forced electric dipole transitions with AJ<6 (except restrictions related to transitions
from and to J=0 multiplets). All these transitions have low oscillator strengths, which, together
with negligible electron-phonon coupling, make intra-4f absorption and luminescence lines

extremely narrow [54-56].
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In wide band-gap materials, higher energy 4f"- 4f*!5d! transitions can occur in addition to
intra-4f transitions [52,55,56].These transitions have much more intense absorption and emission
probabilities than f-f transitions because they are parity-allowed. Moreover, due to the lack of
screening of the 5d-shell electrons, they are subject to strong electron-phonon interaction, making

the absorption and emission bands very broad.
2.5. Dopants studied in the thesis

The present thesis primarily discusses lithium metal oxide (LiGaO», LiGasOs & LiYO2) host
materials doped with iron (Fe’") and manganese (Mn?"), as well as europium (Eu®") and
gadolinium (Gd*"). Iron was generally not regarded as an efficient activator ion; however, a few
percent of iron ions in the 3+ state in LMO can produce excellent near-infrared luminescence
properties. Using Fe** as an activator reduces the need for hazardous elements such as Cr to
generate NIR light. Additionally, the thesis explores the properties of manganese-doped LiGaO»,
investigating the origin of dual-band luminescence in this material and comparing its luminescence
under high pressure with that of other Mn-doped materials, such as ZnS, GaN, and AIN. It provides
a detailed analysis of various optical, mechanical, and thermoluminescence properties of
isoelectronic Fe** and Mn?" ions within the same host. The luminescence features of Fe*" and
Mn?* in LiGaO, are explained using the d° state Tanabe-Sugano diagram. It also discusses the
formation and influence of the LiGasOs impurity phase on the main phase.

The RE dopants, Eu and Gd, are highly reactive metals with atomic numbers Z= 63 ([Xe]
417 6s%) and 64 ([Xe] 4f7 5d! 6s?), respectively, and relatively similar ionic radii. Europium is
typically trivalent (Eu**); however, in some materials it can also occur in a divalent (Eu®") valence
state due to the increased stability provided by the half-filled 4f” shell. Eu** exhibits excellent
luminescence properties when doped into a matrix, with a relatively long decay time of the order
of one millisecond. Gadolinium has strong magnetic as well as optical properties. In the present
case, Gd acts as a sensitiser, absorbing energy and then transferring it to the europium (activator)
ion present in the matrix, which enhances the light-emitting property of the material by fine-tuning

the concentration of Gd [57,58].
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3. High-Pressure Methods with Diamond Anvil Cell

3.1. High-Pressure techniques

Pressure-related experimental and theoretical studies have been ongoing for many years. The
early studies were conducted by Robert Boyle, resulting in Boyle's Law, which describes the
inverse relationship between pressure and volume of a gas. However, traction in pressure-related
research started with Prof. Percy W. Bridgeman's systematic study of solid-state materials under
high pressure in 1905. He developed a piston-cylinder device capable of generating pressures up
to 10 GPa. He conducted extensive research on the effects of pressure on the electrical, thermal,
and mechanical properties of materials, and he received the Nobel Prize in physics (1946) for his
contributions to material science [59—62], particularly for his invention of an apparatus for
obtaining extremely high pressures. The concept of using a diamond anvil cell (DAC) for high-
pressure measurement was first introduced by Alvin Van Valkenburg; however, the first DAC was
developed by Charles E. Weir, Ellis R. Lippincott, and Elmer N. Bunting at the National Bureau
of Standards (NBS), which allowed researchers to achieve pressures in the gigapascal (GPa)
regime. Later, the development of the shock-wave compression technique expanded the research

field into the terapascal (TPa) regime [60,61,63]. In recent years, these techniques have been
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applied to various fields, including the discovery of new phases of matter, the synthesis of
superhard materials, planetary science, and studies in superconductivity, etc. High-pressure
measurements employ various techniques, depending on the type of experiment, the pressure
range, and the material being studied. The following are the most common techniques used in

high-pressure studies for generating extremely high pressures [59,60].

e Diamond anvil cell: The DAC consists of two opposing diamonds used to squeeze the
samples and a gasket with a hole made of metal alloys to confine them, as well as a pressure-
transmitting medium used to achieve hydrostatic pressure. It can achieve pressure ranges
up to 400 GPa. Transparent diamonds enable their use in optical spectroscopy techniques.

e Large volume press (LVP): use multiple anvils (cubic or octahedral) to compress samples
in a large volume scale, particularly useful in synthesising novel materials with new phases.
Larger volume of sample in use compared to DAC

e Shock compression: A high-velocity impact using gas guns, explosives or lasers to
generate intense pressure waves, which produce enormous pressure in a short time scale.
The method is, however, destructive, and a short time scale limits detailed measurement of
the sample at a particular pressure.

e Gas and liquid pressure cell: This device utilises gases such as argon or helium, or liquids
such as water or alcohol as pressure-transmitting media, and generates pressure using a
pump. However, it can achieve very low pressures compared to other methods. Primarily
used for electrical superconductivity measurements, and also used for magnetic and optical

studies.
3.2. Introduction to diamond anvil cell

A diamond anvil cell consists of two diamonds with a flat or bevelled culet of a specific
diameter (typically 100-700 um) pressing against each other with externally applied pressure. The

diamond should have minimal defects to prevent breakage.
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Figure 3.1. Photograph of (a) DAC used for measurements, (b) inside DAC culets of the diamonds

pressing each other with an Inconel gasket in the middle.

The highest safe pressure that a culet of diameter d can produce in a DAC is [63]
Py (GPa) = 12.5/(d(mm))? 3)

However, the maximum pressure used in experiments should be somewhat lower, such as 0.8
Puax. This is valid for diamonds with a mass of 60 mg (0.3 carats) and a table ~3 mm in diameter
- the most commonly used size. Both diamonds are always placed on these tables and inserted into
a rigid, tube-like metal body with attached screws for aligning the diamonds parallel and axially,
as shown in Figure 3.1(a). In some diamonds, there are ports for optical and electrical
measurements. During sample preparation, a gasket made of stainless steel, rhenium, beryllium,
or Inconel is used, as shown in Figure 3.1(b). It acts as a sample holder, preventing the lateral
escape of the sample during pressure buildup, and supports uniform pressure distribution. The
small sample chamber hole is always drilled with drills of various diameters, which is an essential
parameter in reaching the maximum pressure value. There is a conical hole for optical access on
the top and bottom of the anvil cell, through which the optical experiments are carried out.
Additionally, it enables the simultaneous measurement of high-temperature, high-pressure

conditions using the laser-heating method.
3.3. Gasket preparation

In 1965, Van Valkenburg was the first to demonstrate the use of a gasket to contain a
hydrostatic medium. The gaskets in DAC serve two functions: they are punctured to create the

high-pressure chamber required for loading samples into the experiment, and to provide lateral
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support for the conical faces. Gaskets are typically made from steel, Inconel, beryllium, and
copper. Tungsten and molybdenum gaskets are also sometimes used [63,64]. Rhenium is also a
suitable material for manufacturing gaskets for extreme pressure and temperature conditions.
Usually, gaskets are made from the metal sheets mentioned earlier, initially with a thickness of
100 to 450 um, then cut into a specific shape and pre-indented to a typical value of 30-50 um to
ensure proper pressure build-up. Subsequently, the gaskets are pierced with microdrills of various
diameters; the hole diameter is related to the pressure and must be precisely centred within the
gasket. Figure 3.2 shows a gasket prepared in our laboratory for measurement using Inconel 750
alloy. The larger holes on either side of the gasket in Figure 3.2(a) are used to secure it with pins

internally, preventing movement.
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Figure 3.2. Photograph of (a) an Inconel 750 gasket for DAC, (b) enhanced image under

microscope showing an indentation, a 0.2 mm hole with a sample and a ruby pressure gauge.

A suitable pressure-transmitting medium (gas or liquid) is introduced into the central hole
(sample chamber) to fill the chamber around the sample and the pressure gauge. The selection of
the pressure-transmitting medium depends on the sample's reaction with it, maximum pressure,
and ease of access. The gasket deforms plastically and loses thickness when squeezed between the
two diamonds. This reduces the volume of the cylindrical hole, resulting in a pressure buildup

within the sample.
3.4. Pressure calibration methods

A calibrated standard is necessary to determine the pressure inside the DAC. Ruby
fluorescence is one of the most commonly used methods for calibrating pressure in DAC
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investigations. A tiny chip (~ 5 to 10 pm) of ruby (AL,03:Cr** (0.05%)) is placed in the pressure
chamber for calibrating ruby fluorescence, and an appropriate laser (Ar-ion, He-Cd, or He-Ne) is
used to stimulate the fluorescence [59]. An optical spectrometer is used to detect the fluorescence.
Two distinct peaks (R1 and R2) in the ruby fluorescence spectrum move to higher wavelengths as
pressure increases. Typically, pressure is calibrated using the shift rate of the lower energy R1 line.
Figure 3.3 shows a typical ruby fluorescence spectrum recorded from our DAC during the

experiment at [PPAS.
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Figure 3.3. Typical ruby fluorescence spectra observed from DAC when excited with 532 nm

green laser at room temperature (observed pressure value 0.35 GPa).

The pressure scale has been created by calibrating the shift of the ruby fluorescence lines

against a standard substance, using the equation:
P(GPa) = 2 [C)® ~ 1] )
A and B are constant values based on the calibration, Ao is the peak wavelength at ambient
pressure, and A is the peak wavelength at the measured pressure. Ruby's pressure shift has also
been measured at both high and low temperatures [65]. In addition to ruby, several other materials
are employed as optical pressure sensors, including SrB4O7:Sm?*, BaFCl:Sm**, SrFC1:Sm*", and
YAG:Eu*" [66-68]. Figure 3.4 (a) and (b) illustrate the sample and rubies placed into the gasket

hole before conducting high-pressure measurement with DAC.
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Figure 3.4. Photograph of (a) sample and ruby inside the sample chamber under normal white

light, (b) sample (Mn?") luminescence from gasket hole under 325 nm UV excitation.

3.5. Pressure transmitting medium

The samples are rarely placed directly between anvils; they are usually encapsulated in a
medium while being inserted into the gasket. This medium is referred to as the pressure
transmitting medium (PTM). Without a pressure transmitting medium, the applied pressure will
result in a higher shear strain due to the loss of hydrostatic equilibrium. This is not required in
most scientific experiments. In most scientific contexts, this is typically undesirable. Any material
will harden and become susceptible to anisotropic stresses above a certain pressure, but the
material surrounding the sample helps make the stress isotropic (hydrostatic), which is possible
when the pressure medium is a gas or liquid. However, some inert gases used as PTMs exhibit
non-hydrostatic behaviour at elevated pressures. Solids such as NaCl, KCI, and MgO are also used
as pressure-transmitting media [60,61,69]. These materials are typically selected due to their
transparency and low thermal conductivity. Liquids like silicone oil, alcohol, and selected alcohol
mixtures are also used. One of the most popular liquid pressure-transmitting media is a 4:1 volume
mixture of methanol and ethanol, which offers hydrostatic conditions at ambient temperature until
its glass transition at 104 kbar [70]. Up to around 200 kbar, it is only slightly non-hydrostatic above
the glass transition; at higher pressures, it becomes significantly non-hydrostatic. It has been
reported that the hydrostatic limit can be extended to approximately 140 kbar by adding a small
amount of water to the mixture (16:3:1 methanol: ethanol: water) [65]. Inert gases, such as argon

(Ar), neon (Ne), nitrogen (N2), helium (He), or xenon (Xe), are also used. A gas-loading system
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is also required to pump the gaseous pressure-transmitting media to the DACs. This technique
involves pumping and pressurising the desired gas around the sample inside the DAC gasket. A
piston is used to externally close the DAC, and screws are used to hold it in place. Also, external

cooling with liquid nitrogen condenses the gas.
3.6. Drive mechanism and operation

In a reasonably well-made DAC (as shown in Figure 3.1(a)), the piston-cylinder clearance is
typically 10-20 pm. The cell is fitted with two clamp bolts, primarily for ease of loading. The cell's
driver mechanism transmits pressure via a lightweight Bowden-cable principle-based system,
where a continuously supported wire carries tensile forces and the enclosing tube is mechanically
stabilised to prevent instability [71]. The tube-wire assembly is driven externally by a hydraulic
drive. The pressure is applied to the cell mechanically by the clockwise rotation of the drive and
released by the anticlockwise rotation. Saddles are provided at the bottom of the cell to avoid sharp

bends in the wire; these may be semicircular or relatively flat, depending on the available space.

The compact size of the DAC makes aligning and loading the cell delicate tasks; before
loading the cell with the gasket and sample, careful alignment of the diamond culets is required in
both the tilt and radial directions. In the present thesis, the following method is used for the high-
pressure measurement. Once the cell is correctly aligned, an Inconel 718 or 750 gasket is indented
to a thickness of ~40-70 pm, and a sample hole, 150-250 um in diameter, is drilled at the centre of
the indentation. The polished crystal sample of ~20-30 um or the powder sample, together with
the calibration ruby, is placed in the hole made in the gasket that is already mounted on the bottom
diamond anvil. A drop of the alcohol mixture is placed over the indentation using a needle or
syringe, and the piston and cylinder are closed. The 4:1 methanol-ethanol mixture serves as a
pressure-transmitting medium in our experiments. The absence of bubbles in the sample chamber
is also visually checked. The clamp bolts are then tightened, and some yielding is felt. At this
stage, the pressure is in the range of 5-25 kbar. The drive mechanism can now be assembled around
the cell, and, if desired, the clamp bolts can be slackened or withdrawn completely. The cell is now
ready for insertion into the cryostat. The measurements were carried out (with or without a

cryostat) using the two-lens arrangement described in Chapter 4 and shown in Figure 4.5 (a) and

(b).
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4. Experimental Techniques Used in the Study

4.1. Introduction to experimental techniques

This chapter is devoted to the experimental methods and techniques used in this thesis,
excluding the high-pressure technique. The author himself conducted most of the experiments
mentioned, with some assistance from colleagues and collaborators from other research groups.
High-pressure X-ray diffraction and X-ray absorption spectroscopy (XAS) measurements were

done at different synchrotrons in remote mode.
4.2. Powder X-ray diffraction studies at ambient and high pressure

When a solid substance is exposed to an X-ray beam, some of the X-ray waves are scattered
in different directions by the atoms. However, destructive interference prevents all diffracted
waves from being visible. According to Bragg's law, when X-rays with a specific wavelength, A,

interact with a crystal having parallel planes spaced duk apart, constructive interference occurs
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only when the angle e between the incident X-ray and the crystal plane satisfies the following

relation:

2dnxisine= nA (5)
where n is a positive integer, h, k, and I are integers known as Miller indices that indicate the

planes' orientation, and © is the angle formed by the incident beam and the diffracting planes.

For this thesis, the powder samples were analysed at ambient pressure using a BRUKER D2
PHASER with Cu Ka radiation for the XRD experiment, which was run at 30 kV and 10 mA. The
measurements were taken with a scan step of 0.02° and acquisition duration of 1 s per step was
used to capture the XRD pattern. The BRUKER and ICDD PDF-4 databases and DIFFRAC. EVA

V4.1 evaluation software was used to conduct the crystal phase analysis (2023).

Synchrotron radiation sources are among the most potent instruments for X-ray diffraction
and crystallography, and they are among the brightest light sources on the planet. Electrons and
other electrically charged particles are accelerated to almost the speed of light in synchrotrons,

which use magnetic fields to confine them in a (about) circular loop to produce X-ray beams.

High-pressure X-ray diffraction (HP XRD) experiments were conducted in a Mao-Bell-type
DAC at the synchrotron facility BL-11, Indus-2, RRCAT, Indore, India. The powdered sample
Debye-Scherrer patterns were collected on a MAR-345 image plate detector shown in Figure 4.1.
The 2D patterns were converted to intensity vs. 20 patterns using Fit2D [72]. Analysis of the XRD

patterns and Le-Bail refinement were carried out using the FullProf suite [73].
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Figure 4.1. Detector and DAC of BL-11 beamline at RRCAT, India, used for High-Pressure XRD.

4.3. Morphological studies with scanning electron microscope (SEM)

The surface morphology of the synthesised powder samples was examined using a Hitachi
SU-70 scanning electron microscope (SEM), shown in Figure 4.2. Energy Dispersive
Spectroscopy (EDS) and Field Emission Scanning Electron Microscopy (FE-SEM) were
performed on a TESCAN MAIA3 XMH system, which featured a Schottky FE gun source and

provided ultra-high-resolution imaging via a secondary electron detector.

35



)

Figure 4.2. Hitachi SU70 scanning electron microscope equipped with an additional Gatan

MonoCL cathodoluminescence attachment, the Institute of Physics, IPPAS.

4.4. Raman spectroscopy

The Raman spectroscopy technique is based on the phenomenon known as Raman scattering,
also referred to as inelastic photon scattering. The monochromatic light source is often a laser in
the visible, near-infrared, or near-ultraviolet spectrum; however, X-rays can also be employed to
excite the samples. When photons from laser light interact with phonons, molecular vibrations, or
other excitations in the system, the photons' energy can increase or decrease. This energy shift in
photons indicates the vibrational modes of the system. The system typically features a laser source
(often operating at 532 nm or 785 nm) that illuminates the sample. Most of these photons generated
by illumination scatter elastically (which is called Rayleigh scattering), while a small fraction
undergoes inelastic scattering, referred to as Raman scattering. A spectrometer is used to gather
and analyse this inelastically scattered light to produce a Raman spectrum. The spectrum provides
information about the sample's molecular vibrations by plotting intensity against Raman shift

(cm™).
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Figure 4.3. S&I GmbH Monovista Raman spectrometer used for the Raman analysis, the Institute
of Physics, IPPAS.

In this thesis, the powder samples are analysed using the S&I GmbH Monovista CRS+ Raman
spectrometer, equipped with an Acton Princeton monochromator, shown in Figure 4.3. This
instrument features a liquid nitrogen-cooled CCD detector and a holographic grating with 2400
grooves/mm, used to record Raman spectra at ambient temperature. The excitation source used for
the measurement was a 532 nm solid-state laser. Also, the spectrometer was equipped with edge

filters to suppress Rayleigh-scattered light and transmit Raman-shifted photons.
4.5. Photoluminescence studies
4.5.1. Photoluminescence at ambient pressure

A Horiba/Jobin-Yvon Fluorolog-3 spectrofluorometer, shown in Figure 4.4, was used to
analyse the photoluminescence emission and excitation spectra, as well as the luminescence decay
kinetics. A 450 W continuous xenon lamp was used as the excitation source. The xenon lamp's

excitation light is directed through a single-grating monochromator in the spectrofluorometer.
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Figure 4.4. A Horiba Fluorolog-3 spectrofluorometer coupled to a cryostat is used for both room

temperature and low-temperature photoluminescence measurements at ambient pressure; the

Institute of Physics, IPPAS.

The FluorEssence software was used to operate a fully automated computer system that
collected the sample's emission and linked it to a single-grating monochromator. To acquire
spectra, a Hamamatsu R928P photomultiplier tube (PMT) was utilised for the visible range, while
a thermoelectrically cooled NIR PMT was used for the near-infrared range. Low-temperature
measurements were conducted without altering the geometry, using a Janis continuous-flow
liquid-helium cryostat that operates over the temperature range 4.5 to 310 K. A Lake Shore 331

temperature controller was used to perform the low-temperature luminescence measurements.

4.5.2. Photoluminescence at high-pressure

The high-pressure luminescence at ambient and low temperatures was measured using
multiple setups with a similar two-lens arrangement, as shown in Figure 4.5 (a) & (b). The
measurements were performed using a Horiba Jobin-Yvon FHR 1000 monochromator, an Acton
Spectra Pro SP-2500 monochromator from Princeton Instruments for visible-UV measurements,
or a Horiba Jobin-Yvon HR 460 monochromator with an InGaAs detector (Figure 4.5(a)) for NIR

measurements.
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Figure 4.5. High-pressure photoluminescence setup used for room-temperature and low-
temperature measurements (with an additional cryostat). (a) photograph, the Institute of Physics,

IPPAS and (b) schematic representation of the experimental setup.
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Additionally, a variety of lasers as the excitation source were used, including the Coherent
Inova 200/400 Ar-ion laser, which has a wavelength range from 275.4 to 514.5 nm, and the He-
Cd laser, with a wavelength of 325 nm in the UV region and pulsed laser excitation source from
NT342/3 series tenable optical parametric oscillator (OPO) equipment with an Nd: YAG laser
from EKSPLA. All components are aligned in a parallel way to the optical axis of the system. The
DAC is also placed in the optical axis, and luminescence is collected in reflective mode and ruby
is used as a pressure gauge. For low-temperature experiments, the DAC was installed in an Oxford

Optistat CF cryostat, which was coupled to a temperature controller.
4.6. Photoluminescence decay and quantum yield measurements
4.6.1. Luminescence decay

Luminescence decay refers to the time-dependent decrease in emission intensity of a
material after it has been excited with a light source, such as a pulsed laser or an intermittent
illumination with a xenon lamp. In other words, the lifetime (7) is the average time an electron
stays in the excited state before returning to the ground state by emitting a photon. The decay is
typically monitored after pulsed excitation, and the emission intensity is plotted as a function of
time. It provides insights into electronic transitions, excited-state lifetimes, defect states, and
energy transfer mechanisms in materials. The decay curves are fitted with either a single-
exponential or a multi-exponential equation.

For single exponential decay

o= lpexp(—1)+C (6)
For multi-exponential decay
Iy = Xiljexp (—%) + C (7

where I; is the time-dependent intensity,l; is the amplitude of the i-th component,t; is the
corresponding lifetime, and C is the background constant.
The present thesis utilises the same Horiba/Jobin-Yvon Fluorolog-3 spectrofluorometer
shown in Figures 4.4 and 4.6(a), equipped with a xenon lamp, for both ambient and low-
temperature decay measurements of the sample. In addition to the standard photoluminescence

setup, a chopper is added in front of the lamp source along with time-correlated single-photon
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counting (TCSPC). The TCSPC module primarily consists of a FluoroHub photon counting
controller and a DataStation Hub for data acquisition. The system is capable of measuring decay
times from nanoseconds to milliseconds in various modes. For the high-pressure luminescence
decay experiments shown in Figure 4.6(b), a pulsed Nd:YAG OPO laser excitation source from
EKSPLA is used. The emitted photons were counted using a micro photon device (MPD), with a
PDM series photon-counting module attached to a Princeton Instruments Acton Spectra Pro SP-
2500 monochromator. The high-pressure luminescence for the decay measurements was collected

using the same two-lens arrangement as shown in Figure 4.5(b).

Figure 4.6. Luminescence decay measurements at (a) room temperature or low temperature, and

(b) high pressure, the Institute of Physics, IPPAS.

4.6.2. Quantum yield

In optical spectroscopy, the PL quantum yield (PLQY [®]) is a handy tool for determining the
quenching rate constant, lasing ability, energy transfer, and other parameters. It is used to
determine the efficiency of the PL process and to calculate the absolute rates for both radiative and
non-radiative transitions. The absolute and the relative quantum yield methods are the two main
techniques used to estimate the quantum yield of a material based on its PL emission. The relative
method compares the fluorescence intensity of an unknown sample with that of standard samples,
such as quinine sulphate dehydrate and 9,10-diphenylanthracene, and calculates the quantum yield.
An integrating sphere attachment with sphere correction software is utilised in the absolute method

to calculate the quantum yield directly from sample fluorescence. The present work determined
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the quantum yield of the powder sample using a Horiba "Quanta-¢" integrating sphere attachment
on the same Horiba/Jobin-Yvon Fluorolog-3 spectrofluorometer, with a xenon lamp for excitation.
The inner surface of the integrating sphere sample holder is made up of a high-reflectivity material
called Spectralon, the standard reference material used for the powder sample, also made up of the
same fluoropolymer and in-built software with sphere correction formula used for the accurate

measurement without errors.
4.7. Other luminescence studies
4.7.1. Thermoluminescence

Thermoluminescence is the process by which a material that has previously been exposed to
radiation emits light when heated. This phenomenon results from exposure to UV light or ionising
radiation, which releases trapped charge carriers (electrons or holes) held in defect sites. The
thermoluminescence results were measured using the same Horiba/Jobin-Yvon Fluorolog-3
spectrofluorometer used for photoluminescence studies, equipped with an additional Linkam
LNP96 heating/freezing stage and T96 Controller, which enables high-temperature
thermoluminescence measurements. This stage allows us to provide measurements in the 80 K to
600 K temperature range. The thermoluminescence was also analysed using the same
cathodoluminescence equipment described below (see Figure 4.8) from 4 K to 300 K to further

investigate its low-temperature characteristics.
4.7.2. Vacuum ultraviolet (VUV) luminescence

The vacuum ultraviolet luminescence (VUV) of the powder samples was measured using the
instrument shown in Figure 4.7. A 150-W deuterium discharge lamp (Hamamatsu L11798), and a
McPherson 234/302 vacuum monochromator were utilised for excitation in the VUV region. To
detect PL, grating monochromators Andor SR 303i-B or ARC SpectraPro 3001 with H8259— and
H6240-01 photon counting heads, respectively, were employed.

A JANIS VPF-800 or an ARS closed-cycle helium cryostat was used to mount thin pellets on
a sample holder for measurements in the UV-Vis and vacuum UV (VUV) spectral regions,
respectively. The detectors' spectral sensitivity and the monochromator's spectral efficiency were

taken into account when adjusting all emission spectra.
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Figure 4.7. The VUV luminescence setup used for studies at the Institute of Physics, University
of Tartu (IPUT), Estonia.

4.7.3. Cathodoluminescence

Cathodoluminescence (CL) is an optical and electromagnetic phenomenon in which photons
with UV-visible-IR-spectrum wavelengths are emitted when electrons strike a luminescent
substance, such as a phosphor. The CL measurements were carried out on a system shown in
Figure 4.8 with a Kimball Physics EGPS 3101E electron gun < 10 keV, < 30 pA/mm?, steady state
or pulsed (10 ns, 5 kHz) with a vacuum system ~107 mbar and a monochromator for VUV-UV-
Vis-NIR spectral range (110 — 1700 nm).

The temperature dependence was measured using an ARS Closed Cycle Vacuum Cryostat
(temperature range of 5-400 K, controlled by a Lake Shore 331) and a manipulator that allowed
for the mounting of multiple samples. Cathodoluminescence, thermally stimulated luminescence
(also spectrally detectable in the UV-C range), and decay kinetics measurements are also possible

with this setup.
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Figure 4.8. Cathodoluminescence setup used for studies at the Institute of Physics, University of

Tartu (IPUT), Estonia.

4.7.4. Mechanoluminescence

When a material responds directly to mechanical stimuli, such as compression, tension,
bending, friction, or fracture, by emitting light, it is known as mechanoluminescence (ML). ML
can be triggered by applying the mechanical stimulation mentioned above. Depending on the type

of mechanical stimulus and the process of light emission, ML can be broadly categorised.

In the present thesis, the friction-induced ML was measured using a custom-designed setup
operated within a LabVIEW environment. A schematic diagram of the ML setup is shown in
Figure 4.9. The sample was affixed to a PMMA (poly(methyl methacrylate)) plate, using carefully
selected adhesive tape to ensure secure attachment. ML was generated by a glass rod mounted on
a linear rail, which applied a controlled force to the sample. The rod executed a predefined number
of strokes at a fixed speed and force. The emitted ML signal was collected using a Shamrock 5001

spectrometer equipped with a thermoelectrically cooled IDus 420 camera from Andor Technology.
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Figure 4.9. Schematics of the equipment used in the friction-induced mechanoluminescence
studies. The experimental setup is located at the Institute of Experimental Physics, University of

Gdansk (UG), Poland.

4.8. Other spectroscopic techniques
4.8.1. X-ray absorption spectroscopy (XAS)

XAS is a general term for a group of techniques that measure how a material absorbs X-rays
as a function of energy, typically near and above the absorption edge of specific elements. It offers
element-specific details regarding the absorber's local atomic environment and electronic
structure. The XAS spectrum is broadly divided into two regions. The X-ray absorption near-edge
structure (XANES), measured in the spectral region typically extending ~50 eV around the
absorption edge, is characterized by distinct resonance peaks. It is sensitive to local electronic
structure, including oxidation states and coordination symmetry, making it a powerful tool for

probing the chemical state and environment of the absorbing atom.
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Figure 4.10. XANES and EXAFS areas are marked in the XAS spectrum. Reproduced from
Kartashov et. al. (2021), Materials, 14(24):7884, CC-BY 4.0. [74].

The extended X-ray absorption fine structure (EXAFS) region, located beyond the XANES
region and extending from about 50 eV to as much as ~1000 eV or more above the absorption
edge, is characterised by subtle oscillations in the absorption spectrum. The interference between
the outgoing photoelectron wave and those scattered by nearby atoms causes these oscillations.
EXAFS is a valuable tool for structural analysis at the atomic scale because it provides
comprehensive information about the local atomic environment, including bond lengths,
coordination numbers, and types of surrounding atoms. Figure 4.10 shows a typical XAS spectrum,

with the XANES and EXAFS regions marked.

XAS measurements at the Fe K-edge were carried out in fluorescence mode at the beamline
120-scanning of the Diamond Light Source, United Kingdom. The beamline features a high-
resolution four-bounce Si (111) monochromator and a multi-element solid-state Ge detector. The
incident beam was focused to a spot size of 400 x 300 um? at the sample position. Measurements

were taken at room temperature on a powder sample that had been pressed into a pellet for analysis.
4.8.2. Mossbauer spectroscopy

The first experimental observation of resonant absorption and recoil-free emission of nuclear
y-rays in materials was made by Rudolf Mdssbauer in 1957, and it's called the Mdssbauer effect.
The principle behind Modssbauer spectroscopy is the effect, where gamma rays are emitted and

absorbed without recoil by nuclei in a solid lattice. The energy required to absorb or emit a y-ray
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from a nucleus can be used to explain the Mossbauer effect very simply. A free nucleus must recoil

to preserve momentum when it absorbs or emits a y-ray, hence in terms of energy:

Ey—ray = E nuclear transition — E recoil d)
Since the nucleus's effective mass is so great and momentum can be preserved with tiny nucleus
movement, the recoil energy in a solid matrix is zero. Thus, for solid matrix nuclei:

Ey—ray =E nuclear transition )
This is the Mossbauer effect, which causes y-rays to be resonantly absorbed or emitted, providing

a way to examine the extremely delicate interactions between an atom's nucleus and its

environment.
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Figure 4.11. Mossbauer spectrometer scheme in the (a) transmission and the (b) backscatter mode

of measurement using a °’Co source.

Figure 4.11 shows the schematic diagram of a Mdssbauer spectrometer operation. The
components of a Mdssbauer spectrometer system include a detector, a collimator to filter the y-
rays, the sample, and a y-ray source that is oscillated toward and away from the sample by a
"Mdéssbauer drive." Room temperature Mdssbauer spectroscopy of Fe ions was performed using a

3"Fe -in-Rh source in transmission geometry. The isomer shift values are reported relative to an
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o-Fe standard. The Maossbauer spectroscopy measurements were carried out at

Lukasiewicz Research Network Institute of Microelectronics and Photonics (IMiF), Poland.
4.8.3. Electron paramagnetic resonance (EPR)

Electron paramagnetic resonance (EPR) is a powerful spectroscopic method for identifying

and characterising paramagnetic species, which contain unpaired electrons. For the simplest case
. . : 1. :
of a paramagnetic two-level system with spin § = > in the absence of an external magnetic field

(B = 0) the spin states are degenerate, with spin-up and spin-down electrons having equal energy.

When an external field B /0 is applied, this degeneracy is lifted due to the Zeeman effect. The
electron spin aligns either parallel, M = +%, or antiparallel, M = —%, to the field direction,

where M is the quantum number of the S, spin operator. The resulting energies for each spin state

are given by:

E = gusMB, (10)
where pup is the Bohr magnetron and g is the spectroscopic splitting factor.
In the presence of an oscillatory magnetic field of frequency v applied perpendicular to the
direction of B, a transition between the Zeeman split levels will occur when the following
resonance condition is satisfied:
hv = g ugB,. (11)
Here # is the Planck constant, and By is the resonant field.

This resonance condition permits a wide range of combinations of microwave frequencies and
magnetic field strengths. However, most experimental EPR measurements are performed using
microwaves in the 9-10 GHz range, which corresponds to resonance magnetic fields of
approximately 3500 gauss (0.35 T). In practice, EPR spectra are most commonly obtained by
fixing the microwave frequency and sweeping the magnetic field until the resonance condition is
satisfied. As the external magnetic field is increased, the energy gap between the spin up and spin
down states also increases. When the gap matches the energy of the incident microwaves,
resonance occurs, and unpaired electrons are promoted between spin states. According to the
Maxwell-Boltzmann distribution, electrons tend to occupy the lower energy states more
frequently. This results in a population imbalance, leading to a net absorption of microwave

radiation at resonance, which is detected and plotted as the EPR spectrum.
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A Bruker EMX plus spectrometer (shown in Figure 4.12 (a)) operating at 9.5 GHz (X band)
was used to record the room-temperature EPR spectra of the Fe-doped LiGaO; crystal and powder
samples. The spectrometer's magnetic field was applied horizontally, while the microwave RF
field was oriented vertically to the applied field. The powder samples were stored inside a quartz
tube and placed within the microwave cavity for measurement. For the crystal sample, a small
piece was carefully cut and affixed to a quartz tube as shown in Figure 4.12 (b), which is then

inserted into the cavity.

= i \ i

Figure 4.12. (a) Bruker EMX EPR spectrometer used for the study, (b) an iron (Fe**) doped

LiGaO; single crystal sample attached to a quartz tube for EPR measurement, the Institute of
Physics, IP PAS.

4.8.4. X-ray photoelectron spectroscopy (XPS)

XPS is another type of photoemission spectroscopy technique used to study materials, in
which the spectra are obtained by exposing a material to an X-ray beam. XPS relies on the
photoelectric effect to identify the elements within a material (elemental composition) or on its
surface, along with their chemical states, electronic structure, and density of electronic states. It is
an effective technique because it provides information about both the elements present and their
bonds. XPS typically probes 5-10 nm of the top of the sample surface due to the limited escape
depth of the photoelectron. The instrument generally consists of an X-ray source, an ultra-high-
vacuum chamber that maintains a pressure below 10° mbar, and a sample stage for precise

positioning. The electron energy analyser measures the kinetic energy (KE) of the emitted
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photoelectrons, and the detector records the photoelectron intensity as a function of binding energy

(BE), which is calculated using the following formula.

BE =/hv—KE -¢ (12)

Where hv represents the energy of a photon from the X-ray source and ¢ the work function of
the spectrometer.

In this thesis, the X-ray photoelectron spectra were recorded at the Institute of Physics, IP
PAS, using a Scienta R4000 hemispherical analyser (pass energy 200 eV) with monochromatic Al
Ka (1486.7 eV) excitation (Scienta MX-650) operating at 150 W. The powdered samples were
pressed onto conductive tape to create a flat surface and then mounted on a sample holder. The
XPS data were treated with Shirley-type background subtraction and fitted with a Gaussian—

Lorentzian function, and the analysis was performed using CasaXPS software.
4.8.5. Secondary ion mass spectroscopy (SIMS)

SIMS is one of the most sensitive methods for elemental surface analysis, capable of detecting
elements at levels from parts per million to parts per billion. It is used to analyse the composition
of solid samples or thin films by using a focused primary ion beam to collect and analyse the
secondary ions ejected. A mass spectrometer measures the charge-to-mass ratios of secondary ions
to identify the elemental, isotopic, or molecular composition of the surface, with a depth resolution
of 1 to 2 nm. The spectrometer comprises a primary ion gun that produces the ion beam, a primary
ion column that accelerates and focuses the beam onto the sample surface, a high-vacuum sample
chamber that holds the sample and houses the secondary-ion extraction lens, a mass analyser that

sorts the secondary ions by their mass-to-charge ratios, and a detector.

In the present thesis, depth profiles of the crystal samples were measured using SIMS with
a CAMECA IMS6F micro-analyser, shown in Figure 4.13. The detector has two primary ion
beams, O*" and Cs*. The crystals were sputtered with 100 nm-thick gold before the measurements
due to their semi-insulating nature. The measurements of Mg, Fe, Cr, and Mn ions in the crystal
were performed using an oxygen (O*") beam at 8 keV and 600 nA. The SIMS signals were detected
by the electron multiplier. The size of the ion beam raster is about 150x150 mm?, and the secondary

ions are collected from a central region of approximately 60 um diameter. The concentration of
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atmospheric elements, primarily H, C, and O, along with silicon, was measured using the SIMS

setting outlined in the Ref. [75].

Figure 4.13. The CAMECA IMS6F spectrometer used for the SIMS study, the Institute of Physics,
IPPAS.

4.9. Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) is a thermos-analytical technique in which the
difference between the heat required to raise the temperature of a sample and that of a reference is
measured as a function of temperature. Throughout the experiment, the sample and reference are
kept at nearly identical temperatures. The reference sample should exhibit a well-defined heat
capacity across the temperature range to be scanned. It must also be stable, of high purity, and
undergo minimal changes during the temperature scan. Typically, reference standards include
metals such as indium, bismuth, aluminium and tin. The fundamental principle of DSC is that
during a physical change, such as a phase transition, the sample requires a different amount of heat
than the reference to maintain the same temperature. The amount of heat required varies depending
on whether the process is endothermic or exothermic. By measuring the heat flow difference
between the sample and the reference, DSC can determine the amount of heat absorbed or released

during transitions. Generally, a DSC measurement produces a heat flow curve as a function of
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temperature or time. Based on the device and measurement standards, exothermic processes might
show as positive or negative peaks. The transition enthalpy is determined by integrating the area

beneath the relevant peak. The enthalpy of transition can be represented by the following equation.

AH=KA (13)

where AH represents the enthalpy of transition, K stands for the calorimetric constant, and A
denotes the area under the curve. DSC experiments are typically conducted in an inert atmosphere,
with gases such as nitrogen (N2) and argon (Ar) continuously purged into the instrument. This
avoids further oxidation and unwanted chemical reactions of the sample. In the present thesis,
standard DSC measurements were performed using a DSC 3 instrument from Mettler Toledo
located at the Laboratory for Soft Matter Research, Institute of Physical Chemistry, PAS, in a

temperature range of -80 to 550 °C in a nitrogen atmosphere, using an aluminium pan as the sample

holder.
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5. LiGaO;: Fe*" Phosphor Under High Pressure

5.1. Description of the published articles

Lithium gallate (LiGaO,) is a ternary oxide semiconductor in the Li-Ga-O system, widely
recognised for its wide band gap, structural stability, and versatile physicochemical properties.
Under ambient conditions, it crystallises predominantly in an orthorhombic B-phase derived from
a distorted wurtzite framework, with lithium and gallium cations tetrahedrally coordinated by
oxygen. This ordered tetrahedral network provides a stable host lattice suitable for ionic
substitution without major structural distortion. Due to its large band gap and chemical robustness,

LiGaO; has attracted attention in both electronic and optical material research.

Chapter 5 comprises two articles published by the PhD candidate during his PhD studies at
IPPAS. The first one was published in the ACS ‘Inorganic Chemistry’ journal, and the second one
in the MDPI ‘Molecules’ journal. The results presented in both papers were obtained on the same
nanocrystalline B-LiGaO> phosphor doped with 0.25% Fe** synthesised by solid state reaction, and

thus can be treated as a whole.

The first article reports the results of a comprehensive study of the near-infrared (NIR)
luminescence of Fe*", investigated under ambient, low-temperature, and high-pressure conditions.
At ambient conditions, the synthesised phosphor displays a photoluminescence band at about 746
nm, associated with the “T;—°A, transition, with a quantum efficiency of 28% under 275.4 nm
excitation. The photoluminescence excitation spectra of Fe*" allowed the determination of the
Racah and crystal-field parameters. At low temperatures, the sample shows a zero-phonon line
(ZPL) at 709 nm, together with phonon replicas superimposed on the main band. An additional,

weak ZPL line at 695 nm is also detected, the origin of which is explored in the next paper.

The high-pressure experiment was carried out at 7 K in a diamond anvil cell up to a maximum

pressure of 15 GPa. As pressure increase, a redshift of the 746 nm Fe** emission band is observed

53



up to 14 GPa, above which the luminescence is quenched. This quenching is attributed to pressure-
induced amorphisation of the host lattice. However, the rich phonon structure disappears already
around ~3 GPa, which indicates a pressure-induced phase transition from its initial structure. While
the material recrystallizes with the release of pressure, the orthorhombic to trigonal phase

transition is irreversible.

The study also explored the mechanoluminescence behaviour of the synthesised sample.
Notably, mechanoluminescence in the NIR region was observed for the first time in this system,

emphasising its potential for stress sensing and various optoelectronic applications.

The second article examines the possible presence of multiple Fe** luminescent centres in the
synthesised LiGaO,:Fe** phosphor. The idea for this research evolved from a previously unknown
low-temperature luminescence peak reported at 695 nm in the first article. It was initially believed
that this peak was related to Fe*" on octahedrally coordinated Ga sites in the 0.8% LiGasOs
impurity phase detected in XRD. Complementary characterisation techniques reported in the
second paper, including Raman, EXAFS, Mdssbauer, and EPR spectroscopy, as well as

luminescence decay measurements, support the multisite occupancy of Fe’*,

Mossbauer spectroscopy measurements revealed the presence of three different types of Fe
centres in the sample, two of which are tetrahedrally coordinated in the LiGaO> phase and one
related to octahedral coordination. EXAFS investigations have demonstrated that the majority of
Fe’" ions are incorporated into tetrahedrally coordinated Ga sites in the lattice. The results of the
EPR study also identified three distinct Fe centres with orthorhombic symmetry. However,
detailed investigations of the 695 nm line show that it has the same intra-centre excitation spectrum
and the same pressure dependence as the ZPL at 709 nm stemming from Fe*" ions occupying
tetrahedral Ga sites in LiGaO». Thus, we attribute this line to Fe*" ions in LiGaO> having some
defects in their vicinity.

As part of the study, I annealed the same sample to increase the LiGasOs impurity phase.
Powder diffraction revealed a substantial increase of the LiGasOs impurity phase after annealing.
However, no change of the emission spectrum was observed, which confirms that the
luminescence of Fe ions in octahedral Ga sites in the LiGasOg impurity phase is too weak to be
detected. Additionally, mechanoluminescence, thermo-stimulated luminescence (TSL),

cathodoluminescence, and antibacterial properties of the phosphor were examined.
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Text S1: Antimicrobial properties




The near-infrared emitting LiGaOz: Fe** phosphor has been recently shown to exhibit excellent
persistent luminescence properties which, together with the reported cytotoxicity tests on biological
tissues, indicate its potential for bio-imaging applications [1]. This inspired us to check, whether the
material shows also antibacterial properties. We found that in the as grown form it does not exhibit
any significant antibacterial action against the following gram-positive and gram-negative bacteria
investigated: Salmonella enterica ATCC 29631, Salmonella enterica ATCC 14028, Escherichia coli ATCC
15922, Escherichia coli ATCC 11775, Listeria monocytogenes ATCC 15131, Listeria monocytogenes
ATCC 7644. This may change if a suitable capping is introduced. The experimental method used for the

antimicrobial studies is described below.

The agar-based well diffusion method was used to analyse the antimicrobial properties of
nanoparticles. Initially, Salmonella enterica ATCC 29631, Salmonella enterica ATCC 14028, Escherichia
coli ATCC 15922, Escherichia coli ATCC 11775, Listeria monocytogenes ATCC 15131, Listeria
monocytogenes ATCC 7644 were activated at 80°C. Bacterial strains were activated on a Mueller
Hinton Agar plate (Oxoid, UK) and incubated aerobically for 24 h at 37°C. Then one colony was
transferred to 10 mL of Mueller-Hinton broth (Oxoid, UK) and incubated overnight at 37 °C. Then the
cultures were serially diluted in phosphate-buffered saline (Sigma-Aldrich, Poznan, Poland) to obtain
bacteria concentration between 4-5 log CFU/mL. On each 90 mm diameter Petri dish, 25 mL of the
Muller Hinton Agar was poured and solidified before culturing. Bacterial supersites were cultured in
the volume of 100 uL and spread on the surface of agar plates. Wells were cut in the agar using a 6
mm diameter knife. A solution of nanoparticles in water was poured into each well in a volume of 100
uL. Two concentrations of nanoparticles were tested: 1 g/100 mL (1%) and 0.1 g/100 mL (0.1%). The
plates were incubated for 24 hours at 37°C under aerobic conditions. The experiment was carried out

in three biologically independent repetitions.
[1] Z. Zhou, X. Yi, P. Xiong, X. Xu, Z. Ma, M. Peng, Cr**-Free near-infrared persistent luminescence

material LiGaO,:Fe**: Optical properties, afterglow mechanism and potential bioimaging, ) Mater Chem

C Mater 8 (2020) 14100-14108. https://doi.org/10.1039/d0tc03212c.

S1: FE-SEM and EDS elemental mapping




Figure S1(a). FE SEM micrograph of the as-grown Fe** doped LiGa0, sample.

Fe

Figure S1(b). EDS Elemental map of LiGaO,:Fe** sample annealed at 1450 °C: O — oxygen, Ga —gallium,

Fe —iron.

S2: Vacuum UV Luminescence and Afterglow




PL after 15 min irradiation at 160 nm PL at 9 K under 160 nm excitation
T=300 K

Py P

£ £

c | -

9 9

= £

650 700 750 800 850 650 700 750 800 850 900

Wavelength (nm)

Wavelength (nm)

Figure S2. Afterglow after exposure to 15 min irradiation at 160 nm detected at room temperature

(left) and luminescence under the same excitation at 9 K (right).
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Figure S3. Pressure dependence of the 695 nm emission line intensity.
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Figure S4. Low temperature luminescence spectra of the sample annealed at 1150 °C,
containing mainly LiGaO; phase, and the sample annealed at 1450 "C, with a large amount of
the additional LiGasOs phase.



6. Mn*" Luminescence Under High Pressure

6.1. Introduction

As discussed in previous chapters, LiGaO: is a wide-bandgap material with an orthorhombic
structure that is structurally derived from a wurtzite lattice and retains a tetrahedrally coordinated
cation sublattice, meaning it has a distorted wurtzite structure compared to that of wurtzite.
Moreover, it is an ideal host for manganese (Mn?") ions, which typically substitute for the cation
sites of tetrahedral coordination, similar to Fe*" in LiGaO», as discussed in previous chapters. The
3d° electronic configuration of Mn?" ions is susceptible to changes in the crystal field strength and
local site symmetry of the materials; fine-tuning of these factors can achieve strong, controllable
luminescence in the visible to near infrared spectral region. The distorted wurtzite-like structure
of LiGaO» provides a perfect host material for studying the structural property relations of Mn?*
activated luminescence, including the effects of site occupancy, crystal field interaction, and lattice
distortion. The spectrum locations and intensities related to the spin-forbidden “T1 — ¢A. electronic
transitions of Mn?* are highly influenced by the tetrahedral crystal field environment in the LiGaO-
host. This makes Mn-doped LiGaO: especially well-suited for solid-state lighting, optoelectronic

devices, and NIR phosphors.
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Mn?" emission in LiGaO> host crystal is made more efficient and tunable by its low phonon
energy and structural stability, which makes it a key system of interest for comprehending the
basic principles of TM luminescence in tetrahedral coordination. Moreover, structurally similar
elements are taken into consideration to put LiGaO: in a larger context. Comparative investigations
of crystal field effects in oxide hosts are made possible by a similar luminescence behaviour to
that of Mn?* in LiAlO,. Other related spinel-type materials, such as LiGasO> and LiAlsO», which
have both tetrahedral and octahedral sites, shed light on site-selective Mn?" occupation and its
effect on emission characteristics. To assess the impact of lattice symmetry and bonding on Mn?**
luminescence, classical wurtzite semiconductors such as ZnS, GaN, and AIN provide optimal

tetrahedral environments with varying degrees of covalency and crystal field splitting.

Secondary hosts give context for the main observations in LiGaO: and allow a thorough
knowledge of how changes in structure and covalency impact Mn?* electronic transitions. As has
been mentioned in Chapter 5, an undoped LiGaO; crystal is used as a lattice-matched substrate for
the crystal growth of many of these materials. Furthermore, it can also act as a gallium source for
GaN crystal growth. Therefore, understanding Mn?** luminescence in LiGaO and comparing it to
that of related hosts under pressure is important from both scientific and technological
perspectives. Mn?"-activated LiGaO: phosphors offer controllable emission for NIR LEDs,
persistent luminescence, photonic devices, and pressure-sensing applications. Together with
LiGaO:'s excellent mechanical and thermal stability, the wurtzite-derived structure facilitates
strong crystal field interactions and anisotropic bonding, making it the perfect model system for

investigating pressure-dependent luminescence and electron-lattice interactions.

The host-dependent tuning of Mn*" emission is better understood through comparative
research with LiGaO., ZnS, GaN, and literature data for AIN. These studies also contribute to the
rational design of high-performance phosphors for advanced photonic and optoelectronic
applications. To clarify structure—property correlations, crystal-field effects, and the influence of
lattice symmetry and covalency on Mn?* electronic transitions, this chapter focuses primarily on
the luminescence behaviour of Mn** in LiGaO., while systematically examining and comparing
other hosts. Spectroscopic analyses, including crystal field calculations, measurements of the
Racah parameter, and pressure-dependent investigations, provide a comprehensive understanding

of Mn?" activated luminescence in wurtzite and wurtzite-derived materials. This chapter begins
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with the spectroscopic data of in-house synthesised LiGaO>:Mn phosphor, followed by the ambient
and high-pressure characteristics of other phosphors with wurtzite structure, such as ZnS:Mn and
GaN:Mn (own studies performed as part of this doctoral thesis) and AIN: Mn (based on literature
data).

6.2. Vacuum-assisted synthesis of LiGaO2:Mn?* phosphor

The LiGaO2:xMn?" (x = 0.05%, 0.1%, 0.5%, 1.0%, 2.0%, and 3%) samples were synthesised
by high-temperature solid-state reaction in a vacuum furnace. The chemicals LiCO3, Ga2O3, and
MnCO3 were weighed and mixed according to specific stoichiometric ratios, then thoroughly
ground in a mortar. The resulting mixtures were sintered at temperatures ranging from 1000 °C to
1300 °C for 2 hours in ceramic crucibles under vacuum conditions. Finally, the prepared samples
were cooled to room temperature, ground into powder, and used for subsequent optical analysis.
An undoped sample was also prepared following the same procedure to serve as a reference for

comparison with the Mn-doped samples.

Figure 6.1 (a) presents the diffused reflectance spectra (DRS) of the undoped and doped
LiGaO; samples with different manganese percentages, which shows that the undoped LiGaO> has
an absorption peak below 350 nm. However, the samples with increasing manganese
concentrations show a gradual increase in absorption below 500 nm. Moreover, the peak width
increases with the increase of Mn content. The optical gap of the materials is calculated using the
Kubelka-Munk function. Figure 6.1(b) presents the graphs of the Kubelka-Munk functions versus
energy of the samples, which show that the undoped sample has a bandgap of 5.56 eV at ambient
conditions, and the optical gap decreases with the increase of Mn concentration. For 1%, 2%, and
3% of Mn, it shows an optical gaps of 3.40 eV, 3.29 eV, and 3.27 eV, respectively, which are
comparable with previously reported values for Mn-doped and undoped LiGaOs,.
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Figure 6.1 (a) Diffused reflectance spectra and (b) Kubelka-Munk function versus energy plots of

undoped and manganese-doped (1,2,3 % of Mn) LiGaO,.
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6.3. Mn?" luminescence in LiGaO:
6.3.1. Photoluminescence at ambient pressure

Figure 6.2 shows the room temperature luminescence spectra of the undoped and Mn-doped
samples. The undoped sample in Figure 6.2 (a) exhibits a broad emission band in the UV-blue
region when excited with 260 nm light; however, this is not as strong as the emission spectra of
the doped samples shown in Figure 6.2(b). The undoped LiGaO> sample has recently gained
interest as a scintillating material due to its emission properties in this region, with fast decay time

components [76].
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Figure 6.2 (a) Room temperature photoluminescence spectra of undoped LiGaO2 with 260 nm
excitation and (b) manganese-doped samples with 300 nm excitation; (c) intensity of peak 1 and

peak 2 versus manganese concentration in percentage.
90



Figure 6.2 (b) shows the luminescence spectra of doped LiGaO»: x Mn phosphor samples
with various percentages of manganese ions (x = 0.05%, 0.1%, 0.5%, 1%, 2%, and 3%) excited
with 300 nm light. Unlike in the case of its isostructural compound LiAlO2:Mn where only one
Mn peak is observed [77], here, the luminescence spectrum is composed of twin peaks. Moreover,
the Mn?" emission peak maximum in LiAlO; varies from 500 nm to 600 nm depending on the
synthesis procedures and conditions [77—79]. However, in this case the twin luminescence peak
one (peak 1) is observed at 540 nm and the other peak two (peak 2) at 650 nm. The latter one has
a much broader shape, and its intensity increases with the increase of Mn concentration; vice versa,
the peak one's intensity decreases with the increase of Mn concentration. Moreover, both peaks
are not observed in the undoped sample prepared under the same conditions, which means that
both peaks are evolved from the effect of manganese doping. The graph in Figure 6.2(c) shows the
normalised intensity of peak 1 and peak 2 versus manganese concentration in percentage. It shows
that, from Mn concentration 0.5% onwards, the peak 1 intensity decreases with increasing Mn

concentration.

For a more precise analysis, we select the LiGaO> sample doped with a 1 % Mn concentration,
as its peak 2 luminescence intensity is slightly higher than that of peak 1. Moreover, we initially
assume that peak 2 at room temperature is more similar to the Mn?" luminescence in other Mn-
doped wurtzite-like and wurtzite materials than peak 1{80]. Figure 6.3 shows the low-temperature
emission and excitation spectra of a 1% Mn-doped LiGaO, sample. From Figure 6.3(a), it is
evident that peak 1 exhibits a significant difference compared to peak 2 at low temperatures. At
4.5 K, peak 1 consists of zero-phonon lines and phonon sidebands, unlike peak 2, which retains its
room-temperature shape, indicating that both peaks are probably related to the Mn ions; however,
they occupy different sites [81]. The low temperature excitation spectra from both emission
maxima (527 nm and 650 nm) shown in Figure 6.3(b & c) depict that both consist of very large,
intense, and broad charge transfer bands (CTB) near 300 nm, compared to the weak d-d transition
bands at longer wavelengths. The inset images show enlarged views of the d-d transition bands in
the respective excitation spectra. This supports our conclusion that both peaks belong to Mn?* ions;

however, they are located in different sites.
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Figure 6.3 (a) Low temperature photoluminescence spectra of LiGaO2:Mn (1%) sample with 300
nm UV excitation. The inset graph shows the enlarged view of zero phonon lines and phonon
replicas. (b) & (c) Excitation spectra recorded from 527 nm and 650 nm emission peaks,

respectively. The inset shows the enlarged view of the d-d transition bands in the excitation spectra.

The multi-site occupation-tendency of dopants in the LiGaO» host was well studied
previously; however, it was with another prominent d°> ion, Fe** [82]. Figure 6.4 depicts the
temperature dependence of the luminescence spectrum of the LiGaO2: Mn 1% sample from 4.5 K
to 300 K with 300 nm excitation. It shows that as the temperature increases from 4.5 K to 300 K,
the intensity of both peak one and peak two decreases; moreover, the zero-phonon line related to
peak 1 started appearing below 100 K, which indicates that peak 1 has a weak electron-phonon

coupling compared to the Mn** ion related to the peak 2 luminescence.

93



/ Exc 300 nm |

Y 180K =
i 160K =—
3500f 140 k %’
® 3000 1120K &
2 ] 0k &
S 2500 80k =2
5 1 60 k G_E,
= 2000 50K f—
~ 1 N 40 K
1 = ]
%.. 500 ] ) ) 30 K
qc) 1000 H 20K
© 500 10K
1 4.5K
0 T T T T T T T

T T T T 1
500 550 600 650 700 750 800
Wavelength (nm)

Figure 6.4 Temperature-dependent photoluminescence spectra of LiGaO2:Mn (1%) sample from

4.5 K to 300 K with 300 nm UV excitation.

To further confirm that both luminescence peaks originate from Mn?*‘, we performed
temperature-dependent EPR analysis on the sample. In principle, when manganese ions are
incorporated in the LiGaO> host, they can exist in at least three paramagnetic oxidation states:
Mn?" (3d°, S = 5/2), Mn*" (3d*, S = 2), and Mn*" (3d%, S = 3/2), which probably exhibit
luminescence in the visible region [83]. However, it is challenging to observe Mn** in EPR spectra
due to its high spin (S=2) with large zero-field splitting. Figure 6.5(a) depicts the temperature-
dependent EPR spectra of the LiGaO> sample with 1% Mn.

The sample exhibits highly intense, symmetric, and narrow hyperfine structure between 3000
and 4000 G at 200 K, attributed to the significant Mn?" ion content in the host material. As the
temperature decreases, the broadness of this hyperfine structure increases. Moreover, a minor peak
began to appear between 0 and 1000 G (below 12 K), which is likely related to the very low
concentration of Mn*" ions in the sample; however, it was observed only at extremely low

temperatures. For improved clarity, an XPS measurement of the same sample was performed, as

94



displayed in Figure 6.5 (b). It appears that the peaks for binding energy around 640.7 eV are
associated with Mn?" ions, and a shake-up satellite is also observed at a higher binding energy of
645.2 eV, related to Mn?". Additionally, the binding energy peak at around 642.1 eV is primarily
associated with Mn>". However, this excludes the possibility of no Mn>" presence in the phosphor
sample, but the Mn?* concentration is still higher than the Mn>" concentration. Moreover, no Mn**
related binding energy peaks were observed in this sample, which confirms the EPR observation

of only a very minute percentage of Mn** charge state ions present in the sample.
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6.3.2. Pressure dependence of photoluminescence

Pressure-dependent luminescence spectra of the LiGaO2: Mn 1% sample measured at room
temperature are shown in Figure 6.6 (a). The sample was excited with a 261 nm line of continuous
laser; in this experiment, a methanol-ethanol mixture was used as the pressure-transmitting
medium, and ruby was used as the pressure gauge. The peak 2 luminescence overlapped with the

ruby luminescence, because a 261 nm laser excitation falls into the ruby absorption band

corresponding to the A, — T transition.
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Figure 6.6 (a) Pressure-dependent luminescence spectra of LiGaO2: Mn 1% sample, (b & d)

energy and (¢ & d) intensity versus pressure of peak 1 and peak 2, respectively.

So, this ruby emission slightly affected the shape of peak 2 of the emission spectra. The figure
also shows that as pressure increases from 3.7 GPa to 15.1 GPa, both luminescence peaks, peak 1
and peak 2, consistently redshift to higher wavelengths. Moreover, the intensities of both peaks
decrease gradually with increasing pressure, and peak 1 completely disappears above 12 GPa. In
comparison, peak 2 is close to disappearing at 15.1 GPa, which is comparable to previously
reported high-pressure data for LiGaO, materials. The luminescence vanished due to the pressure-
induced amorphization of the host material. Figure 6.6 (b & d) shows the PL peak energy versus
pressure dependence for peak 1 and peak 2, respectively. Both graphs show a linear decrease in
energy with an increase in pressure, indicating that both peaks are related to Mn?* rather than Mn>*.
This is consistent with the TS diagram of d° ions, such as Mn**, which exhibit a decrease in energy
of the first excited state with increasing pressure [84]. However, in the case of Mn** (TS diagram
for d* system in tetrahedral coordination), an increase in energy with respect to the rise in pressure
is expected [85,86]. The TS diagram for the d* system, like that of Mn*" in tetrahedral coordination,
also indicates an increase in energy with pressure however such systems are very rare.
Additionally, the analytical experiments didn’t show any significant trace of Mn*" ions in the
sample that can contribute to any visible luminescence. This concludes that both peaks are
associated with the Mn?" ions. Another important observation from figures 6.6 (b & d) concerns

the pressure coefficients for both peak 1 and peak 2: the pressure coefficients for peak 1,
? = (-160 £10) cm™'/GPa and peak 2, % = (-96.3 + 2.5) em’!/GPa. The significant difference
4 P
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in the pressure coefficient of peak 1 compared to peak 2 indicates that the local environment of
peak 1 is highly sensitive to pressure, compared to peak 2, and a strong crystal field variation is
observed along Mn?" ions related to peak 1 with pressure. Figures 6(c & e) present luminescence
intensity versus pressure for peak 1 and peak 2, respectively. Both intensities decrease with
increasing pressure. Above 6 GPa, the intensity drops rapidly due to the onset of the amorphization
process. However, the intensity of Peak 1 quenches at a lower pressure than that of Peak 2 due to
the collapse of the weakly coupled local environment. Moreover, no intermediate phase transition-

related changes are observed at room temperature.
6.4. Mn?" luminescence in ZnS

Zinc blende (cubic) and wurtzite (hexagonal) are the two primary crystalline forms of ZnS
phosphor materials under ambient pressure, with the former being the most widely obtainable. At
room temperature, ZnS in its cubic zinc blende form has a band gap of 3.54 eV, while the wurtzite
structure exhibits a slightly larger band gap of 3.91 eV [87]. We selected ZnS:Mn?" samples with
a zinc blende structure and extremely small particle sizes for the current study to examine the
luminescence decay behaviour as a function of pressure. Also, we did a detailed analysis of
previous high-pressure measurements of the ZnS:Mn samples with zinc blende structure reported
in our paper [84]. The phase transition to the rock-salt phase was not covered in many of these
publications on high-pressure photoluminescence investigations of ZnS:Mn quantum dots with
zinc blende and wurtzite structure [88—90]. The same chemical precipitation technique previously
described in the literature was used to prepare the manganese-doped zincblende ZnS nanophosphor
[91,92], and a conventional solid-phase synthesis procedure was used to prepare the wurtzite
ZnS:Mn (1%) sample for comparison. Chapter 6 cover image shows the Mn?" luminescence in

zinc blende and wurtzite ZnS samples used for the study under UV light excitation.

Part of the results shown in this chapter are published in the following paper: Ajeesh Kumar
Somakumar, Yaroslav = Zhydachevskyy, Damian Wlodarczyk, Justyna Barzowska,
Kodavamparambil Rajagopalan Bindu, Yadhu Krishnan Edathumkandy, Tatiana Zayarniuk,
Andrzej Szewczyk, Saranya Narayanan, Anastasiia Lysak, Hanka Przybylinska, Edathottiyil Issac
Anila, Andrzej Suchocki. "Temperature and pressure dependent luminescence mechanism of a
zinc blende structured ZnS: Mn nanophosphor under UV excitation." Journal of Materials

Chemistry C 12, no. 19 (2024): 7041-7052. https://doi.org/10.1039/D4TCO0960F.
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The doctoral candidate’s contribution to this article consisted of investigation, writing the

original draft, review & editing, and data curation.
6.4.1. Ambient and high-pressure luminescence studies

Initially, the luminescence analysis of the 2% Mn-doped cubic ZnS sample was conducted at
room temperature and pressure. Bhargava et al. claim that when ZnS nanocrystals get smaller, the
quantum confinement effect causes their bandgap energy to rise from 3.66 eV to higher energies
[92,93]. At room temperature, the sample exhibits strong photoluminescence related to Mn?" ions,
which replace Zn*" ions in ZnS host lattice. The sample's normalised photoluminescence excitation

and emission spectra are displayed in Figure 6.7 (a).

The excitation spectrum seen in Figure 6.7 is made up of numerous minor peaks associated
with various transitions and a reasonably intense broad CT band centred around 335 nm. The d-d
transitions between the energy levels of the Mn*" ion are responsible for these smaller peaks. The
magnified view of these d-d transition bands is shown in Figure 6.7 (b). Table 6.1 lists the

transitions observed experimentally at ambient conditions.

There are two distinct bands in the emission spectrum: an orange luminescence band at 605
nm and a broad blue luminescence band centred at 435 nm. The orange band is caused by the Mn**
dopant's *T1—®A transition, whereas the blue band is most likely connected to defects in the host
material. According to some earlier research, the “Ti—°A; emission-related band shifts toward
lower energies when the Mn dopant fraction in the matrices increases. Additionally, this band's
intensity increases as the concentration of Mn dopant rises [94]. Furthermore, this primary
luminescence band's location somewhat changes as the size of the nanoparticle changes [95].
Figure 6.7 (a) shows a much weaker blue luminescent band (435 nm) in contrast to the highly
intense orange emission at 605 nm. It verifies that the Mn?" ions within the ZnS host lattice are
perfectly doped. The Tanabe Sugano diagram for d’ state explains the optical characteristics of the

Mn?" ions in ZnS (cf. Fig.2.3).
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Figure 6.7. (a) Excitation spectrum recorded for the 605 nm emission peak and photoluminescence
emission spectrum with 335 nm UV excitation (b) A closer look at the excitation spectrum in the
range of d-d transition bands. Adapted from Temperature and pressure dependent luminescence

mechanism of a zinc blende structured ZnS: Mn nanophosphor under UV excitation. Journal of

Materials Chemistry C, 2024, 12(19), pp.7041-7052. DOI:10.1039/D4TCO00960F [84].
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Table 6.1: The locations of Mn?" ions' lowest quartet excited states in ZnS in relation to the A,

ground state measured at 605 nm emission

Wavelength and energy
Terminating state of the PLE peak

Tie (“G) 528 nm (18939 cm™)

Ty (G) 491 nm (20367 cm™)
$A1g+Eq (G) 465 nm (21505 cm™)
T2 (D) 430 nm (23256 cm™)

‘£, ('D) 391 nm (25575 cm™)

C.T 335nm (29851 cm™)

ZnS:Mn's pressure-dependent photoluminescence spectra at room temperature are displayed
in Figures 6.8 (a) and (b). The shift in emission spectra during compression is illustrated in Figure
6.8 (a), while the emission spectra at decreasing pressure are shown in Figure 6.8 (b). Figure 6.8
(a) demonstrates that initially, the spectra were highly similar to those observed under ambient
conditions; however, at the starting pressure, they were slightly shifted from their original position
at 605 nm to around 610 nm. Additionally, it demonstrates how the Mn?" fluorescence gradually
shifts to the near-infrared (NIR) region, approximately 800 nm, at high pressure and is completely
quenched at a pressure of 16.4 GPa. This indicates that a phase transition takes place at this
pressure. The Mn-doped ZnS nanoparticle most likely changes into the rock salt (Fm3m) phase at
this pressure, losing its zincblende structure (F43m). Previous DFT investigations have suggested
that the zinc blende structure is more compressible than the rock salt one and that the phase
transition from zinc blende to rock salt occurs between 14.7 and 17.6 GPa [96,97]. Additionally,
upon compression, the primary luminescence band redshifted to approximately 775 nm (1.6 eV),
which falls within the NIR bio-window region. The sample luminescence returns to its initial
position and regains its original luminescence intensity after decompression. Figure 6.8 (b)
demonstrates the reversibility of the zinc blende to rock salt phase transition. In contrast to ZnS
nanoparticles with a wurtzite phase, earlier synchrotron investigations of ZnS nanoparticles with
a zinc blende structure showed a reversible phase transition [98]. It is also clear that the phase

transition pressure of ZnS nanoparticles is significantly influenced by their grain size [99].
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Figure 6.8 (a) The luminescence of ZnS:Mn?* as a function of pressure and (b) pressure release
measured at room temperature. (c) A graph showing PL peak energy versus pressure, and (d) a
graph showing integrated emission intensity versus pressure. Adapted from Temperature and
pressure dependent luminescence mechanism of a zinc blende structured ZnS: Mn nanophosphor
under UV excitation. Journal of Materials Chemistry C, 2024, 12(19), pp.7041-7052.

DOI:10.1039/D4TCO00960F [84].
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The linear drop in PL peak energy with the rise in pressure is depicted in Figure 6.8 (c). The
linear fit of the data yielded a pressure coefficient of approximately -35.8 meV/GPa. It is similar
to the values found in other high-pressure investigations of ZnS nanoparticles with comparable
size and structure [84]. However, because of the larger surface-to-volume ratio, the ZnS:Mn?*
nanoparticle exhibits a slightly higher-pressure coefficient than the bulk crystal [89,90]. The
integrated emission intensity, dependent on pressure, is shown in the graph in Figure 6.8 (d). It
illustrates how the emission intensity gradually decreases as pressure rises. Moreover, the emission
intensity was totally quenched at 16.4 GPa. The luminescence gradually shifted from the bright
visible orange (2.037 eV) to the weak near-infrared (1.619 eV) region, as both graphs in Figure
6.8 (¢) and (d) clearly demonstrate. The phase change caused the light emission to disappear with

the subsequent increase in pressure.
6.4.2. Pressure dependence of luminescence decay

The sample's photoluminescence decay analysis was done as a function of pressure to gain a
better understanding of how pressure affects the Mn** luminescence band. A 335 nm pulsed laser
excitation from OPO was used to stimulate the sample, and the emission was detected at 610 nm,
corresponding to the primary luminous band associated with the “T1—°A transition. The flawless
incorporation of a bigger percentage of Mn?" ions inside the ZnS nanoparticles rather than over
their surface is confirmed by the millisecond decay time of the longer t3 component. The other
decay time component indicates the occupation of a few per cent of ions near the surface. The
pressure-dependent decay kinetics of the ZnS:Mn sample were also examined to learn more about
the high-pressure phase transition. The pressure-dependent decay kinetics of Mn** luminescence
are displayed in Figure 6.9 (a). These decays have been fitted with a triple-exponential decay
described by the Eq. (8). Figure 6.9 (b) shows the decay time versus pressure graph, indicating
that during compression, all three PL decay components 11, 12, and t3 decrease. The flawless
incorporation of a bigger percentage of Mn?" ions inside the ZnS nanoparticles rather than over
their surface is confirmed by the millisecond decay time of the longer 13 component. The other
decay time components indicate the occupation of a few per cent of ions near the surface. Ata
pressure increase from latm to 15.24 GPa, the t3 component dropped from 2.98 ms to about 1.97
ms, the 12 component from 0.99 ms to 0.44 ms, and the t1 component from 0.28 ms to 0.067 ms.

Compared to the other two components, the T3 component exhibits a greater decrease in decay time
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with compression. Due to the previously mentioned pressure-induced zinc blende to rock salt
phase transition, the Mn?" fluorescence was completely quenched at the subsequent pressure step,
reducing the signal to background noise. However, despite a remarkable decrease in luminescence
intensity with high pressure, previous pressure-dependent decay analysis of the ZnS:Mn sample
up to 12 GPa did not indicate a significant change in the primary decay component and did not

reach the phase transition point [100].
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Figure 6.9. (a) The pressure-dependent photoluminescence decay kinetics of the Mn?" emission
in ZnS and (b) graphs showing the decay times against pressure. Adapted from Temperature and
pressure dependent luminescence mechanism of a zinc blende structured ZnS: Mn nanophosphor
under UV excitation. Journal of Materials Chemistry C, 2024, 12(19), pp.7041-7052.
DOI:10.1039/D4TCO00960F [84].

The presence of Mn?" ions at various locations within the ZnS nanocrystal is indicated by the
measurement of pressure-dependent multi-exponential luminescence decay times in millisecond
time ranges. The Mn?* ions occupying the non-perturbed cation sites are marked by the long decay
component of approximately 3 ms in the trials. In contrast, the Mn*" ions occupying the lattice
sites closer to the nanocrystals' surface are likely responsible for the shorter decay component of
approximately 1 ms. Nevertheless, either the Mn?>" ions occupying the lattice sites of the
nanocrystal's surface or the blue emission that overlapped with the orange band associated with
the 4T1—%A, transition of Mn?" are responsible for the additional low-intensity decay component

that changed from milliseconds to microseconds during the high-pressure study using the pulsed
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laser [101]. Furthermore, ZnS phosphor doped with 5% Mn?*" synthesised via the reverse micelle
technique also showed a similar three-exponential decay behaviour [102] A slight size variation in

ZnS:Mn*" nanoparticles also significantly affects the decay time values [103].

Tanabe Sugano diagrams and crystal field theory are also used to analyse the Mn?" ion
luminescence in ZnS, as shown in Figure 6.7 (a), which explains the observed electronic absorption
energy levels in relation to crystal field strength affecting the Mn** dopant in the material. The size
of the nanoparticle also affects the strength of the crystal field. The TS diagram for d°
configuration, created with Racah parameters B, C, and crystal-field strength Dq, is utilised for the
calculations due to the half-filled 3d° electronic configuration of the Mn** ion. The crystal-field
theory fit and 10Dq=A =4526 cm !, B=580 cm™ !, C =3140 cm™ !, A/B = 7.8, and C/B = 5.41
yield the most likely values for this. Furthermore, the experimentally observed values in Table 6.1
are similar to the theoretically calculated levels for this crystal field: *Ti(*G) at 528 nm, *T2(*G) at
482 nm, *A1, and “E(*G) at 465 nm. To determine the Racah parameters B and C, formulas (16)
and (17) from Chapter 5 were used. Based on the excitation spectra, the experimentally determined
values for “Eg (4D) and *Aig + *Eg (*G) are 391 nm (21505 cm™) and 465 nm (21505 cm™),
respectively. The Racah parameters are B=581.5 cm™, C=3138 cm™!, and C/B = 5.4. The primary
Mn** luminescence band associated with the “T1—°A; transition shifts towards the upper crystal
field in the TS diagram as pressure rises. In other words, when the strength of the crystal field
increases, the energy of this quartet *Ti, level gradually decreases. The energy of the main
luminescence band decreases linearly with increasing pressure, as shown in Figure 6.8 (c).
However, the zinc blende to rock salt phase transition near 16.5 GPa completely quenches the
Mn** luminescence band before the TS diagram's crossing point between the quartet “Tig level
and the doublet T level. Nevertheless, the excitation spectra do not show the strongly spin-
forbidden transitions to the °T, level. The crossing between the radiative *Ti, level and the non-
radiative 2T, level was indicative of earlier pressure-induced quenching of Mn?* luminescence
belonging to the same d° system [104]. Another pressure-induced analysis of a Fe** doped oxide
sample from the same d° class of system reveals a phase transition-induced luminescence
quenching at about 14 GPa [105]. The overall decay times of the Mn?" ions in ZnS are weakly

affected by the increase in the strength of the crystal field, even though the *T;—°A; luminescence
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band is quenched (due to the previously mentioned phase transition and a decrease in the distance

between the Ty level and the non-radiative T, level with the increase of pressure).

In summary, ZnS nanophosphor doped with 2% Mn?*" underwent a detailed pressure-
dependent luminescence investigation. The bright Mn?" luminescence observed at ambient
pressure shifted from the visible orange to the near-infrared spectral region with increasing
pressure, as determined by high-pressure luminescence analysis using a DAC. Furthermore, a
reversible phase transition from zinc blende to rock salt structure near 16.4 GPa caused the Mn?*
luminescence become fully quenched. In contrast to the irreversible phase transition of ZnS:Mn?*
phosphor with a wurtzite structure, the sample maintained its original intense orange light upon
the full release of pressure [98,106]. The millisecond decay times further confirm the perfect
integration of Mn?" ions inside the host lattice, and demonstrate that the pressure affects the multi-

exponential Mn?" decays.
6.5. Mn?" luminescence in GaN

Gallium nitride (GaN) is a popular group III/V direct-bandgap semiconductor with a wide
band gap (Eg = 3.4 eV at room temperature [107]) and remarkable electronic and optical
properties. It has attracted considerable interest for its existing and potential applications in
photonics, optoelectronics, electronics, and possibly quantum technologies [108,109]. GaN is a
very stable, hard material with a wurtzite crystal structure. Doping GaN with TM ions - like Mn,
Fe, Co, Ni, Cu, etc., allows for obtaining a semi-insulating bulk GaN [110]. The electrical and
optical properties of some of these TM metals in GaN at ambient conditions are well studied and
reported earlier [111-113]. TM elements like manganese doped to GaN substitute gallium in the
crystal lattice, and show a stable nature under high-pressure [114]. The pressure studies of blue
and yellow luminescence bands of undoped GaN have been reported in several papers [115-117].
The pressure-dependent luminescence studies at gigapascal (GPa) pressure range are ideal for
investigating the pressure-dependent optical properties of the manganese ion. Therefore, the
current work focused on the Mn?* luminescence of intentionally added Mn dopants present in the
sample. For that, we chose an ammono thermally grown GaN crystal doped with Mn ions, and
examined the Mn?" luminescence properties in GaN under high-pressure and low-temperature

conditions.
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As has been mentioned in the Chapter 4.8.5 SIMS is one of the tools used to determine the
level of various impurity doping in GaN crystals. The measurements with SIMS shown in Figure
6.10 (a) highlight the presence of a very high Mn dopant concentration of more than 10'° at/cm? in
ammonothermal GaN compared to the other important elements. This demonstrates the relevant
quality of the GaN:Mn film using ammonothermal method selected for luminescence studies.
Ammonothermally grown crystal shows an overall much lower impurity level (limited to a
negligible level), particularly as concerns unintentional Fe and Cr impurities. In ammonothermal
GaN, Mn ions usually make complexes with Mn during the time of crystal growth [118,119]. The
room-temperature absorption spectrum of ammonothermal GaN: Mn is shown in Figure 6.10 (b).
A small shoulder band at 1.5 eV, and additional absorption between 2 and 3.5 eV is present along
with the fundamental absorption edge of the GaN substrate. Most probably, this small shoulder
peak at 1.5 eV is related to the >(D) — °T» (D) intraband transition of Mn>" [120-122]. When Mn
ions are incorporated into GaN, they induce some extra charge states in between the valence band
and conduction band, and this intraband transition, related to d-d transition, absorbs the Vis-NIR
light; the carrier lifetime of this shoulder band was reported earlier at around 1.7 ns [123].
Additionally, a broad absorption band is observed around 3.0 eV, which is not present in the
absorption spectra of undoped GaN. According to previous publications, the broadband at 3.0 eV
is likely due to the transition from the valence bands to the first excited state of the Mn** acceptor

[121].
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Figure 6.10 (a) SIMS profiles and (b) room temperature absorption spectra of ammonothermal

GaN:Mn sample (inset: image of the crystal used for this study).

The low-temperature luminescence spectrum of ammonothermal GaN:Mn is shown in Figure
6.11(a). It exhibits the blue emission of GaN in the visible region and other defect-related
emissions in the near-UV region. The excitation spectrum from the main blue emission band is
shown in Figure 6.11(b). However, the origin of the sharp peaks in the violet-near-UV region is
unclear, whether they are due to defects or to the UV memory effect observed in GaN crystals
under non-laser (Xenon lamp) excitation. A weakly intense, slight broadening is also observed
around the yellow region (near 600 nm), and no other luminescence peak is observed up to 800
nm. Moreover, it is important to note that we didn’t find any impurity-related luminescence peaks
in the ammonothermal GaN, which is particularly important in the case of iron (Fe**) related

impurity emission usually associated with Mn 1ons.
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Figure 6.11. (a) Low-temperature (a) emission and (b) excitation spectra of ammonothermal GaN:

Mn at ambient pressure.

At ambient conditions, the observation of the majority of the Mn-doped GaN shows Mn**
luminescence rather than Mn?* luminescence compared to the aluminium nitride AIN [124]. This
is because GaN has a narrower bandgap than AIN. Due to the wider bandgap of AIN around 6.03
eV at room temperature [125], Mn?>" energy levels are well within the range of the bandgap;
however, in the case of GaN (with the bandgap around 3.42 eV at room temperature [107]), this is
not the case. So, the most practical thing to observe Mn?* luminescence in GaN is to alter the
bandgap of the material with the high-pressure method. It is known that applying pressure to GaN
causes an increase in its energy gap with the pressure coefficient equal to about 40 meV/GPa
[126,127]. Therefore, the selected ammonothermal GaN crystal, with almost negligible iron
impurity, was polished to 20 um for the high-pressure measurement, and an alcohol (methanol-
ethanol) mixture was used as the pressure-transmitting medium. Figure 6.12. (a) shows the high-
pressure luminescence spectra of GaN: Mn sample grown via the ammonothermal method, excited
with 300 nm line of a continuous laser. However, at ambient and low pressure, the sample only

shows the typical band-to-band and defect-related UV-blue emission from the host material.
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Figure 6.12.(a) Pressure-induced emission spectra of Mn** in the ammono GaN sample at low
temperature, excited with 300 nm laser line. (b) The sample's luminescence shift under high
pressure from blue to orange-red. (image captured from DAC using an optical microscope during
the experiment).
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After the gradual increase of pressure above >15 GPa, a small peak started appearing around
650 (1.9 eV) nm when excited with a 300 nm UV laser; which is related to the *Ti(*G)-%A1(®S)
transition of the Mn?* ion. This is in the higher energy range than the Mn** absorption and emission
peaks observed earlier near 1.41 eV during GaN:Mn measurements at ambient pressure [128].
Figure 6.12.(a) shows that as the pressure increases above 15 GPa, the intensity of the Mn?>"
luminescence band gradually increases and the peak shows minor redshift with the increase of
pressure compared to the pressure-dependent luminescence spectra of Mn?" in some other wurtzite
materials; however, most of these materials are highly compressible and reveal luminescence
quenching due to a lower pressure induced wurtzite to rock salt phase transition point compared
to the GaN [84]. The pressure evolution of the shape of the newly induced luminescence band is
identical to the low-temperature luminescence band of Mn** in AIN material observed at ambient
pressure; however, the energy of the emission peak maximum is slightly lower compared to the 2
eV (620 nm) of AIN: Mn?*[80], and similar to the energy of the Mn?" peak observed in the
wurtzite-like LiGaO> material. Figure 6.12.(b) shows a photograph of luminescence observed from
the DAC at various pressures through the microscope; at ambient pressure, the sample exhibits
defect-related blue emission upon 300 nm excitation. As the pressure increased, the luminescence
gradually shifted from blue to orange-red colour as shown in Figure 6.12.(b). The intensity of GaN
host emission (blue) decreases with an increase in Mn?" peak intensity, along with a rise in
pressure. Additionally, the Mn?" luminescence band disappears upon pressure release, returning to
the blue colour of host emission. This indicates that the pressure-induced generation of Mn?"

luminescence in ammono GaN is reversible.

For comparison, the high-pressure luminescence studies on the AIN:Mn?" sample reported by
Lazarowska et al. are presented in Figure 6.13 [80]. These studies were conducted using a Merrill-
Bassett type DAC with polydimethylsiloxane (PDMS) oil as the pressure-transmitting medium,
with pressure calibrated by monitoring shifts in the ruby luminescence. The AIN:Mn?** powder
has a hexagonal wurtzite crystal structure with space group P63mc (186), contains less than 1%
secondary phase, and has high structural purity. X-ray diffraction further confirmed that the
AIN:Mn?* structure remained stable after synthesis and under applied pressure, with no

degradation or phase transitions observed under high pressure. High-pressure photoluminescence
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spectra recorded at room temperature reveal that the broadband emission associated with Mn?*

shifts linearly towards lower energy as pressure increases.
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Figure 6.13. (a) Mn?" emission in AIN as a function of pressure measured at 293 K, excited with
a 290 nm pulse laser source. (b) Mn?" emission peak energy versus pressure graph. (c) Tanabe—
Sugano diagram for tetrahedrally/octahedrally coordinated Mn?*. Reprinted with permission from
Dual role of oxygen-related defects in the luminescence kinetics of AIN:Mn**, Dalton Transactions,

DOI:10.1039/D2DT02171D. © Royal Society of Chemistry 2022 [80].

The position of the emission maximum was plotted against pressure, demonstrating that the
AIN:Mn*" emission peak decreases at a rate of -10.1 cm'/kbar, consistent with values ranging
from -11 to -9.6 cm '/kbar, attributed to crystal compression. This compression enhances the
crystal field (A), resulting in a decrease in the energy of the lowest excited state (“T1) of Mn**, as
illustrated by the Tanabe-Sugano diagram within the crystal field approximation (see Figure 6.13
(b)&(c)). The TS diagram was used to analyse the energetic structure under pressure, emphasising
the Coulomb and exchange interactions of 3d electrons and the evolution of the crystal field
strength (10Dq). Spectroscopic analysis allowed for the calculation of Racah parameters as B =
655 cm™, C=2793 cm™!, and 10Dq = 7043 cm™!, compared to the free-ion Racah parameters Bo
= 860 cm™! and Co = 3850 cm™ for Mn?*" [80]. Overall, the high-pressure optical response
demonstrates that AIN:Mn?" maintains exceptional structural stability while displaying a pressure-
induced red shift in Mn?* photoluminescence. This shift is attributed to an increase in the crystal-

field strength due to lattice compression, which modifies the energy levels of the Mn** ion, as
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interpreted through theoretical models such as the Tanabe-Sugano diagram and Racah parameter

calculations.

Moreover, the decrease in luminescence intensity in AIN:Mn is possibly due to the wurtzite
to a cubic rock salt structure with space group Fm3m at pressure above 15 GPa. This first-order
phase transition ranges from 15 GPa to 21 GPa according to various literature sources [129-131].
This phase transition is completely irreversible, as observed in the case of wurtzite ZnS. After the

pressure is released, the AIN remains in the cubic rock salt phase [131,132].
6.6. Conclusion

A high-pressure investigation of selected manganese-doped materials was conducted, with
particular emphasis on the luminescence of the Mn?" charge state under pressure. The chosen
materials include LiGaO,, ZnS, and GaN, all of which are well-connected and display unique
properties when doped with Mn. For these purposes, a Mn-doped LiGaO> material with various
concentrations was successfully synthesised in-house using a vacuum-assisted method. This
method had not been attempted previously with this material. Highly luminescent phosphor
samples emit bright orange-red luminescence with increasing Mn concentration. Various optical,
analytical, and high-pressure measurements were done. It is shown that pressure-induced
luminescence quenching occurs at approximately 15 GPa in the LiGaO2:Mn phosphor at room
temperature. Similar quenching was also observed for Mn-doped zinc-blende ZnS materials at
approximately 15 GPa, caused by a pressure-induced phase transition from the wurtzite to the
cubic rock salt structure. Furthermore, ZnS in both zinc blende and wurtzite phases exhibits this
phase transition within a comparable pressure range [133]. However, in the case of Mn-doped
GaN, Mn?" luminescence was observed only above 15 GPa, due to pressure-induced widening of
the GaN band gap, unrelated to any pressure-induced phase transition, as previous high-pressure

studies indicate that GaN remains stable up to 40 GPa.
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7. LiYO;: Eu**, Gd** Phosphor Under High Pressure
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7.1. Introduction

The ternary lithium metal oxides (LMO2) made with lanthanide ions like M = Eu, Gd, Tb
form y polymorph, M = Dy, Ho, Y form 3 polymorph, and M = Er, Tm, Yb form a polymorph of
the sample [134]. The formation of each polymorph varies with an increase in the ionic radius of
the element. One of the LMO,, LiYO, has complex structural, optical, and electrical
characteristics essential for various technological uses. According to thermometry studies
reported by Marciniak et al., the LiYO; sample has a temperature-dependent phase transition
from B polymorph (monoclinic (P2;/c)) to the a-LiYO; (tetragonal phase (/41/amd)) near room
temperature (288 K) [135]. This transition point varies slightly with various physical

properties, such as the sample's particle size, the dopant ion's ionic radius, etc.

The comprehensive temperature and high-pressure-dependent study of doped and undoped
LiYO> host material could result in improving lithium-ion battery technology, luminescence
thermometry, temperature sensors, and as an additional phosphor material for commercial

phosphors based on lanthanide-doped Y203 with a monoclinic structure, since it is usually
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produced at very high pressures [136]. Also, Eu** doped LiYO, produces better results than
commercial YVO4 phosphor under suitable excitation [8]. Furthermore, LiYO> material plays a
crucial role in the nuclear industry as it forms as a by-product when Y>0Os-based ceramic anti-
thermal coatings on the reactor surface react with liquid lithium in the lithium-cooled nuclear
reactors. Moreover, LiYO; material has been widely used in carbon dioxide capturing

technologies since it has better CO, capturing efficiency than the prominent NaY O, material [137].

Luminescence and powder XRD investigations on LiYO; samples at ambient and high
pressures are crucial to a better understanding of how these materials behave structurally and
optically under extreme conditions. The samples used for the high-pressure luminescence and X-
ray diffraction studies are undoped and doped LiYO» with dual RE ions (Eu*" and Gd**). The Eu**
and Gd** codoped samples usually exhibit strong and efficient luminescence at varied
temperatures, high colour purity, and brightness due to the energy transfer from Gd** to Eu’",
making it suitable for high-resolution displays and advanced lighting solutions, potentially leading
to more energy-efficient and high-performance optical devices, and thermochromic materials

[138].
7.2. Sample preparation

The undoped and doped LiYO, with 1% europium (Eu®") and 0.5% gadolinium (Gd*")
samples were synthesised by the modified Pechini method described in the paper of Marciniak et
al. [135]. High-purity Li2CO3, Y203, Eu203, Gd203, CsHsO7, H(OCH2CH2),OH, (PEG-200, n =
200, Alfa Aesar) were used as the precursor materials. Oxides of lanthanides were first dissolved
in HNO;3 solution and subsequently recrystallised three times to remove residual acid. A fourfold
stoichiometric excess of lithium carbonate (Li2CO3) and anhydrous citric acid (C¢HsO7) was then
added to the aqueous solution of metal nitrates. After complete dissolution, PEG-200 was
introduced, and the solution was stirred at 60 °C for 3 h. The resulting solution was dried at 90 °C
for three days until a resin was formed. Finally, the resin was calcined in porcelain crucibles at

1000 °C for 6 h in air. An undoped LiYO2 sample was also prepared for the comparisons.
7.3. Experimental techniques

The X-ray diffraction experiment at ambient pressure was performed using a BRUKER D2

PHASER with Cu-Ka radiation, operating at 30 kV and 10 mA, as described in chapter 4.2. A
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standard Differential Scanning Calorimetry (DSC) measurement (temperature range: -80 to 550
°C) of both samples was performed on a DSC 3 instrument from Mettler Toledo in a nitrogen
atmosphere using an aluminium pan as the sample holder. The ambient and low-temperature
luminescence and decay characteristics were measured using a Horiba Fluorolog-3 modular
spectrometer equipped with a450 W Xenon lamp as the excitation source. A Janis continuous flow
liquid helium cryostat was used for low-temperature measurements. High-pressure luminescence
studies were conducted using a DAC from Almax easyLab, with a diamond culet size of 0.45 pm.
A methanol-ethanol mixture with a 4:1 ratio was used as the pressure-transmitting medium, and
ruby balls served as the pressure gauge. The sample was excited with a pulsed laser excitation

from an NT342/3 series tuneable OPO instrument from EKSPLA.

High-pressure X-ray diffraction (HP XRD) experiments on undoped LiYO; were carried out
in a Mao-Bell type DAC at the synchrotron facility BL-11, Indus-2, RRCAT, Indore, India, using
a stainless-steel gasket, along with a pressure calibrant —Ag and silicone oil as a pressure-
transmitting medium. Debye-Scherrer patterns were collected on a MAR-345 image plate detector.
Analysis of the XRD patterns and Le-Bail refinement were carried out using the FullProf suite

[73].
7.4. Results

7.4.1. Ambient pressure XRD and DSC

The crystal structure of undoped LiYO> and LiYO2:Eu**, Gd*" samples was measured using
the standard powder XRD method. The results are shown in the Figure 7.1(a) & (b). The phase
composition was estimated using semi-quantitative phase analysis based on comparing reflection
intensities assigned to identified phases and I/Icor parameters from PDF standards cards for these
phases. The preliminary powder XRD studies on both undoped LiYO> and doped
LiYO2:Eu*", Gd** samples at ambient temperature reveal that the undoped powder sample contains
around 94.8 % tetragonal phase (PDF 04-008-9825) and around 3.2 % monoclinic phase (PDF 04-
010-0630). However, the doped sample is in a mixed state rather than a single phase; the powder
consists of crystalline particles of both monoclinic (P21/c) B phase of around 34.6% and tetragonal
(l41/amd ) o phase of 56.4 % percent. The  phase has point symmetry of C; in the octahedral

yttrium site, and the a phase has D4 point symmetry for the same site [139].
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Figure 7.1. Detailed comparative phase analysis of the powder XRD spectra of (a) undoped LiYO-
& (b) LiYO: doped with Eu and Gd.

The percentage of the tetragonal o phase in the doped sample is slightly higher than the
percentage of the monoclinic 8 phase. Moreover, a minor percentage of the cubic Y203 phase (PDF
04-009-8404) with space group /a3 was also observed in both samples; however, the undoped
sample contains significantly less of this phase than the doped one. The percentage of Y203 in the
undoped LiYO; is around 2 %, and in the doped sample, it is around 9 %. The Y.0Os percentage
level mainly depends on the annealing time and the presence of carbon compounds in the sample.
Table 7.1 shows the percentage of different phases observed by powder XRD in both undoped and

doped LiYO» at room temperature and ambient pressure.

Table 7.1. Percentage of different phases observed with powder XRD in both undoped and doped

LiYO> at room temperature and ambient pressure.

Sample Tetragonal Monoclinic Cubic Y»0;
LiYO; 94.8 % 32% 2%
LiYO2:Eu*, Gd** 56.4% 34.6% 9%

The DSC study of the doped sample was conducted over a wide range of temperatures and
compared with the results obtained for undoped LiYO; sample. Figure 7.2 (a) shows the DSC
curves of the materials in endo-up format on the Y-axis. The undoped LiYO: exhibits a sharp
endothermic peak at 35 °C (308.15 K). For the 1% Eu** and 0.5% Gd*" doped sample, two
connected endothermic peaks are observed at 21 °C (294.15 K) and 56 °C (329.15 K). This

indicates that the reversible phase transition from 3 to o polymorph in the undoped material occurs
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at a faster rate than in the doped sample. This finding is consistent with the ambient-temperature
XRD analysis, which showed a higher percentage of the tetragonal phase in the undoped sample.
The presence of twin peaks in the doped sample is primarily associated with the sample's
morphological nature; these phase transition peaks are broad, and the transition occurs more slowly
than in the undoped sample. This is in good agreement with results reported for Gd** doped LiYO.,
as the percentage of Gd** concentration increases in the LiYO2 matrix, and the phase transition
temperature also shifts from lower to higher temperatures [139]. The complete temperature-
assisted phase transition occurs at a slightly higher temperature, which aligns with the powder
XRD results, showing a mixed phase. The doped and undoped LiY O> also shows a phase-transition
related negative thermal expansion behaviour, like a shrinkage in volume when moving from
tetragonal, while an increase in temperature, and the addition of RE ions affects these properties

significantly by the change in ion-ion distance [140].

Figures 7.2(b) and (c) show the SEM morphology of undoped and doped LiYO> samples. Both
images show that the samples share nearly identical morphologies, despite being doped with the
heavier ions of RE elements. They also illustrate that the nano-crystallites are agglomerated in

irregular shapes with an average size of less than 20 pm.
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Figure 7.2. (a) DSC curves, (b) SEM image of undoped and (c) doped samples [a temperature-

induced reversible structural phase-transition from monoclinic to tetragonal phase with

temperature is shown in the Chapter 7 cover image].

7.4.2. High-pressure XRD

Figure 7.3 shows the high-pressure HPXRD data of an undoped LiYO. sample at room
temperature. The pressure was measured up to 18.5 GPa. Ambient pressure phase of LiYO; is
identified as tetragonal with space group I4i/amd (no. 141), where a=b=4.439(3) A,
c=10.339(7) A, and the unit cell volume V=203.74(31) A®. This is in good agreement with ICDD
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PDF No. 04-029-0215 and Ref. [141]. The pressure evolution of the XRD pattern presented in
Figure 7.3 shows that new diffraction peaks (indicated by asterisks) appear at approximately 5.1
GPa, marking the onset of a structural transition. Upon further compression, the peak emerging
near the tetragonal (101) reflection becomes comparatively more intense. Likewise, other new
peaks also gain intensity, implying an increasing contribution of the high-pressure phase. Above
11.7 GPa, the tetragonal (004) peak disappears, signifying the complete disappearance of the

ambient pressure phase.
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Figure 7.3. Selected high-pressure XRD data for undoped LiYO2 (the blue-coloured numbers

indicate the corresponding pressure values in GPa during increasing and decreasing pressure).

The pressure evolution of the lattice parameters, axial ratio (c¢/a), and unit cell volume of the
tetragonal phase is shown in Figures 7.4 (a—c). The a-lattice parameter exhibits minimal
compression, whereas the c-lattice parameter decreases steadily with increasing pressure. Near the
transition pressure (=5.1 GPa), the slope of the c/a curve changes, reflecting a modification in the
unit cell geometry. The pressure—volume data were fitted to a second-order Birch—Murnaghan
equation of state (BM2 EOS) [142], yielding a bulk modulus of 114(3) GPa. The newly formed
high-pressure phase persists up to the highest pressure achieved in this study (18.4 GPa). It remains
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stable upon decompression to ambient conditions, indicating that the structural transition in LiYO-
is irreversible. To identify the high-pressure phase of LiYO., the structural types of analogous
LiRO: compounds (R = RE element) were reviewed [140]. As has been mentioned at the beginning
of chapter 7.1, near room temperature the B-monoclinic structure transforms into the a-tetragonal
phase, indicating that higher symmetry becomes favourable with thermal expansion [143]. This
trend suggests that as the unit cell expands, the effective ionic radius appears smaller, favouring
structures corresponding to smaller R. Conversely, under compression (i.e., at high pressure), the
reduced cell volume favours structures associated with larger ionic radii, such as y-orthorhombic

or 6-monoclinic phases.
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Figure 7.4: Pressure evolution of (a) lattice parameters a and ¢, (b) axial ratio, and (c) volume of
the tetragonal phase unit cell.
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7.4.3. Luminescence at ambient pressure

Figures 7.5 (a) and (b) depict the luminescence excitation and emission spectra of the undoped
LiYO> sample at ambient temperature and pressure. The excitation spectra measured for the 405
nm emission show a broad main band centred around 332 nm and another band below 270 nm;
however, the latter extends into the VUV region, which is below the detection limit of our
spectrometer. When excited via the main band around 332 nm, the sample shows a broad emission
band in the UV-blue region, peaked at 385 nm. Furthermore, no other prominent emission peak

was observed in the visible region, except for this one.
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Figure 7.5. Photoluminescence excitation (a) and emission (b) spectra of the undoped LiYO-

sample.

The luminescence excitation and emission spectra of LiYO:Eu®", Gd** sample at ambient

temperature and pressure are shown in Figures 7.6 (a) &(b).
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Figure 7.6. Photoluminescence (a) excitation and (b) emission spectra of Eu** ions in LiYO2:Eu®*,

Gd>" sample at ambient conditions. (c) Emission spectra at 4.5 K and various excitation

wavelengths.

Figure 7.6 (c) shows the emission spectra at liquid helium temperature. At ambient
temperature, the charge transfer band (CTB) intensity visible in the excitation spectrum (Figure
7.6 (a)) was weaker compared to the direct excitation peak of Eu>" related to the ’Fo - L transition
at 394 nm [144]. When excited from both the CTB and 394 nm direct excitation peaks, the Eu**

emission spectra at 612 nm related to the °Do-'F; [8] are stronger at the low-temperature
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monoclinic phase than at the room temperature mixed phase. Also, at low temperatures, this peak

is slightly shifted to higher energies.

Figures 7.7 (a) & (b) show the Gd*" co-dopant’s luminescence excitation and emission spectra;
however, the peaks are relatively weak compared to the Eu** peak. The excitation peak was centred
around 275 nm, which is related to the 4f—4f intra-configurational transition between 8S—°I}, states
of the Gd*>" ion, and the emission peak was centred around 314 nm, related to the ®P7,—%S7»

transition of the Gd*" ion.
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Figure 7.7. (a) Excitation and (b) emission spectra of Gd** ions in LiYO2:Eu*",Gd*" sample at

ambient conditions.

After absorbing 275 nm UV excitation, the Gd** ion's S7, ground state excites to the higher
energy level ®I72. [145]. Then, this excited °I7/ state populates non-radiatively the °P7, state of the
Gd*" ions. Afterwards, part of the excitation is emitted as a result of the *P7,—8S7, transition in
the Gd*>* ion, and additionally, an energy transfer occurs from the °P7,, of Gd** to the °D; excited
state of Eu’", leading to radiative emission between the Do and ’F levels of Eu**, which results in
bright visible red emission. However, energy transfer-related luminescence is relatively weak in
the chosen matrix containing 0.5 % Gadolinium (Gd). The schematic energy level diagram of Gd**

and Eu®* ions is presented in Figure 7.8.
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Figure 7.8. Energy transfer diagram from Gd*" to Eu*" with 275nm UV excitation.

7.4.4. Luminescence decay

The results of PL decay measurements of the ambient mixed phase and the monoclinic B phase
of LiYO»: Eu**, Gd** phosphor is shown in Figure 7.9 (a) & (b). For the monoclinic phase, the PL
decay was measured at liquid helium temperature (4.5 K). At this temperature, the sample
stabilised to a single monoclinic phase without any distant influence of the trigonal phase. The PL
decay of Eu*" ions was recorded at the emission peak of 612 nm associated with the Dy —'F,
transition, and excited from both the charge transfer band at 250 nm and the direct excitation band
at 394 nm. The decays were fitted with a single exponential equation, and the decay times at room
temperature were equal to 11 = 0.990 ms, and 11 = 1.00 ms, and at low temperature 11 = 0.957 ms
and 11 = 0.962 ms, respectively, for 250 nm and 394 nm excitations, which are close to 1 ms. The
PL decay times are shorter than the reported decay time of Eu®* ions in monoclinic Y203, which
was equal to about 2.3 ms [146]. To better understand the addition of the Gd*>* in the matrix and
the effect of energy transfer between Gd** and Eu®*, the decay measurements were also executed
at the 275 nm excitation related to the 3S7,— ©I7, transition and emission set at 314 nm peak
related to the *P7,—%S7, transition of Gd*" and 612 nm of Eu** displayed in Figure 7.9 (c). Figure

7.9 (c) shows that the Gd*" emission peak at 314 nm has a single exponential decay time of
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1.9 £ 0.005 ms in the LiYO2 matrix when codoped with Eu**; however, when the emission peak is

set at °Do—'F» transition of Eu**, the decay curve is fitted with a double-exponential equation
— t t

The decay times determined in this way were 71=1.23 £ 0.035 ms, 7,=0.58 £+ 0.025m:s,
respectively. The long Eu®" decay time of the *Do-’F transition is due to energy transfer from Gd**

to Eu". Figure 7.9 (c) clearly demonstrates the double-exponential nature of the decay curve.
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Figure 7.9. (a) Ambient and (b) low-temperature luminescence decay profiles of
LiYO,:Eu®", Gd*" phosphor. (c) Luminescence decays of Eu®" emission (black line) and Gd**

emission (pink line) excited through the Gd** excitation peak.
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7.4.5. High-pressure luminescence

Figures 7.10 (a) and (b) show the high-pressure luminescence spectra of the
LiYO.:Eu®", Gd*" sample, measured at pressures ranging from 1 to 25 GPa at room temperature.
The excitation wavelength of the OPO laser was fixed at 255 nm, i.e., in the charge transfer
band. As the pressure increases, the intensity of the main Eu’* peak at 613 nm (2.023 eV), related
to the *Dy-’F transition, initially exhibits a sudden change at a few pressure values (up to 5.8 GPa)
and then gradually diminishes as pressure increases. Moreover, Figure 7.10 (c) indicates that the
main °Do-'F, peak shifts to lower energies with increasing pressure; however, this shift is relatively
small. Figure 7.10 (d) shows an enlarged view of the same °Do-'F2 peak energy dependence with
pressure. Figure 7.10 (a) also shows that, after exceeding 5.8 GPa, the main peak began to show
anomalies in its shape, and around 9-10 GPa, a new peak started to appear alongside it. The same
happened with the peak around 710 nm (1.746 eV). This hints at a possible pressure-induced phase
transition above 5.8 GPa. These dual peaks shift to lower energies very slightly with further
pressure increase. The other minor Eu*" peaks related to *Do-’F1 and *Do-'F4 transitions also shift
towards lower energies, similarly to the main peak shift shown in Figure 7.10 (c), although this
shift is relatively weak. This is a typical pressure behaviour of f-f transitions in RE ions, because
the f-shell is well screened from the crystal lattice, so the f-f transitions are not as sensitive to

crystal field changes as d-d transitions in TM ions.
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Figure 7.10. High-pressure luminescence spectra of LiYO,: Eu®*, Gd*" sample at room
temperature, and at (a) 1-11 GPa and (b) 11-25 GPa, respectively. (c) Energy versus pressure of

D to ’F; transitions of Eu** emission, and (d) enlarged image of *Dy-’F transition alone.

The newly appearing peak becomes significantly more resolved than the twin peak above 10
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GPa, and up to 25 GPa, no further significant changes in the emission spectrum related to phase
transitions are observed. The pressure-induced changes above 5.8 GPa are likely associated with
the pressure-assisted phase transition of the predominant tetragonal phase in the sample.
Additionally, there is a possibility of a minor increase in the percentage of the tetragonal phase in
the sample mounted inside the DAC compared to ambient conditions due to heating from the
pulsed laser excitation used for the measurement. The high-pressure luminescence study of Eu**

doped cubic Y203 phosphor showed a similar trend in intensity decrease and phase transition.



However, in the cubic Y»03 phosphor, the phase transition from cubic to monoclinic occurs near

11 GPa[136].
7.5. Summary and conclusion

Both temperature and pressure-assisted phase transitions in doped and undoped LiYO:
samples were investigated. Both samples exhibit a temperature-assisted reversible phase transition
from the B to the a polymorph of LiYO> near room temperature; however, doping with RE
elements significantly influences the position of this transition point. HP-XRD results of the
undoped sample indicate that the predominant tetragonal phase undergoes a pressure-assisted
phase transition above 5.1 GPa, completing near 11.7 GPa. At 14 GPa, the sample displays an
entirely new phase, likely either the y-orthorhombic or 6-monoclinic phase, which is currently
under investigation. Further identification and validation of this new phase are required. The
pressure-assisted luminescence study reveals that the LiYO2:Eu**, Gd** sample also indicates this
phase transition above 6 GPa, thereby confirming the presence of a novel high-pressure phase.
Above 10 GPa, the *Do-'F> transition peak of Eu** does not exhibit notable changes. For the low-
temperature (LT) monoclinic phase, both HP-XRD and high-pressure luminescence should be

performed at lower temperatures, representing an area for future research.
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8. Summary and Future Work

The present thesis focuses mainly on the luminescence studies of two lithium metal oxides
(LMO), specifically LiGaO; and LiYO>, doped with TM and RE under high pressure and varying
temperatures. Many of the experimental studies on these materials, described in Chapters 5, 6, and
7, are comparatively novel and promising for various applications. Most of the experiments were
conducted under extreme conditions, including varying temperatures in the range of 4-300 K and
a pressure range of up to 25 GPa. The high-pressure measurement results described in each chapter

are repeated multiple times, verified, and supported by synchrotron measurements.

Chapter 5 primarily focused on the Fe**-doped stable B-LiGaOx polymorph of LiGaO,, which
exhibits unique luminescence characteristics when doped with Fe** ions. The study included the
structural and optical behaviour of this compound under varying temperatures and pressures,
focusing on its near-infrared luminescence. The phosphor sample structure and morphology were
analysed using XRD and SEM analysis. The Fe*" ions effectively replaced the Ga®" ions in
LiGaO, resulting in a remarkable emission at 746 nm associated with the *T1—%A| transition. At
low temperatures, it also showed a sharp zero-phonon line at 709 nm associated with the same
transition. The phosphor exhibited a quantum efficiency of 28% at ambient conditions.
Temperature dependence studies indicated that as the temperature decreased down to the helium
temperature, the luminescence intensity increased. Additionally, calculations indicated a relatively
weak electron-phonon coupling in this sample, with a Huang-Rhys factor S = 3.36. The pressure-
dependent luminescence studies showed that around 3 GPa the characteristic zero phonon line of
the luminescence disappeared due to the phase transition from stable orthorhombic phase to
trigonal, and further increase of the pressure resulted in the complete disappearance of the
luminescence band at 14 GPa due to the loss of crystallinity. Moreover, the emission band also
shifted with a pressure coefficient of -74 cm™!/GPa as pressure increased. The PL decay studies

under pressure showed that it exhibited three exponential decay times, with the most significant
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component having a decay time of 13 ms; this value varied slightly with pressure. Also, the
friction-induced ML behaviour of the phosphor was examined for the first time. The results

showed that the phosphor produced significant ML in the promising NIR region.

Further studies of the same phosphor were conducted due to the observation of a few unknown
peaks during the initial measurements and to investigate the minor LiGasOg impurity phase
observed during XRD analysis. For this purpose, an additional sample was prepared by further
annealing of the original sample. Consequently, this study investigated the multiple luminescence
sites in both samples in a detailed way, and also investigated how Fe*" ions integrate into these
sites. The XRD and SEM studies showed that in the annealed sample LiGasOg phase increased to
28% from its initial 0.8 percentage, and the morphology changed from rod shape to flake-like
shape. The multiple luminescent Fe*" centres occupying distinct lattice sites were investigated
using XAS, EPR, and Mossbauer studies. The XAS study revealed that the Fe ions were
predominantly in a tetrahedral coordination, and didn’t show any hits on octahedral coordination.
However, the Mossbauer and EPR studies indicated that at least three centres were present, and
the peak at 695 nm observed during the luminescence study likely arose from tetrahedral
coordination. The studies of annealed samples showed that the Fe ions were not occupying the
tetrahedral Li sites in LiGasOs, but rather weakly luminescent octahedral sites of Ga, as evidenced
by the lack of change in the luminescence spectra despite annealing and an increase in the LiGasOs
percentage. Additionally, the sample's mechanoluminescence, thermo-stimulated luminescence,

cathodoluminescence, and VUV luminescence were explored.

In Chapter 6, the studies focused on Mn?* luminescence in LiGaO and other materials under
high pressure, with particular attention to wurtzite-like or wurtzite materials. For this purpose, we
used in-house synthesised LiGaO> samples doped with different manganese concentrations. We
prepared six samples with varying Mn concentrations using vacuum-assisted synthesis methods.
The phosphor samples exhibit excellent luminescent properties and phase purities. Of the six
samples, we selected LiGaO2:Mn 1% for detailed analysis. Ambient temperature luminescence
studies revealed at least two types of Mn?" sites. High-pressure studies revealed that Mn?"
luminescence diminished with increasing pressure, a trend consistent with previous observations.

Furthermore, the research also includes the study of the nature of Mn?>" luminescence in other

materials such as ZnS and GaN under pressure. ZnS exhibited pressure-induced luminescence
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quenching near 15 GPa due to a phase transition to the rock salt structure, and literature shows that
AIN also exhibits similar behaviour under high pressure. However, in GaN, the Mn?" luminescence
began to appear around 16 GPa, which warrants further theoretical and experimental investigation

to understand the underlying phenomenon.

In Chapter 7, the high-pressure behaviour of another lithium metal oxide, undoped LiYO-
and doped LiYO: (with RE elements such as Eu*" and Gd*"), is described using synchrotron HP-
XRD and high-pressure luminescence. The XRD and DSC studies indicate that at ambient
temperature, both samples exhibit a mixed phase rather than a single phase, comprising high-
temperature tetragonal and low-temperature monoclinic phases, along with a minute percentage of
Y20s. Both synchrotron HP-XRD and high-pressure luminescence studies show that the doped
and undoped materials undergo a pressure-induced phase transition above 5.1 GPa and up to 11
GPa. Above this pressure, a new pressure-induced LiYO> phase is observed. However, further
theoretical and experimental studies are required to predict the additional features of this new

phase.

The promising nature of the present thesis work covering LMO materials indicates that further
investigations are necessary under extreme conditions, not only in the field of phosphor-related
applications but also in understanding the phenomena related to the phase transition of this class
of materials. Some of these materials are listed in the introduction section; however, many of
lithium-based compounds remain unexplored. Further research into the structural, electrical, and
optical properties of materials from the family of lithium-based compounds is essential,
particularly in light of recent high-pressure studies on LiGaO2, LiGasOs, and LiYOz. Structurally
similar materials such as LiGaO; and LiY O, may also undergo pressure-induced phase transitions,
amorphization, and coordination changes. Additionally, the obtained results suggest that many
other uncharacterised polymorphs might exist within this class of materials, which could be
uncovered through systematic pressure and temperature-dependent studies. Such research has
broader implications beyond basic optical material research; it can have significant impacts in
fields such as optoelectronics, energy storage, and nuclear technologies. Lithium-based
compounds are also gaining renewed interest for atomic fusion/fission applications, where liquid
lithium is investigated as both a coolant and a plasma-facing material due to its advantageous

neutron and thermal absorption properties.
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In summary, the lithium metal oxides studied in this thesis provide excellent opportunities to
advance both fundamental and practical material research. Under pressure, they undergo reversible
or irreversible phase transitions, as well as modifications in luminescence and structural
reorganisation, indicating that they possess multifunctional properties applicable to various key
technological sectors, including solid-state lighting, energy storage, stress sensing, and nuclear
fission and fusion. Future research will focus on discovering new phase transitions and developing

these materials for real-time, practical applications up to device fabrication.

135



[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

9. Bibliography

S. Fang, D. Bresser, S. Passerini, Transition Metal Oxide Anodes for Electrochemical
Energy Storage in Lithium- and Sodium-Ion Batteries, Adv. Energy Mater. 10 (2020).
https://doi.org/10.1002/aenm.201902485.

L. Sebastian, J. Gopalakrishnan, Lithium-ion mobility in metal oxides: A materials
chemistry perspective, J. Mater. Chem. 13 (2003) 433—441.
https://doi.org/10.1039/b211367h.

K. Cheng, X. Liu, Q. Lu, D. Wu, W. Huang, C. Deng, Crystal structure and luminescence
properties of a novel near-infrared phosphor LiAlO2:Fe**, Spectrochim. Acta A Mol.
Biomol. Spectrosc. 308 (2024) 123784. https://doi.org/10.1016/j.saa.2023.123784.

Z. Lu, H. Wang, D. Kong, K. Yan, P.C. Hsu, G. Zheng, H. Yao, Z. Liang, X. Sun, Y. Cui,
Electrochemical tuning of layered lithium transition metal oxides for improvement of
oxygen evolution reaction, Nat. Commun. 5 (2014). https://doi.org/10.1038/ncomms5345.

L. Marciniak, W. Piotrowski, M. Szymczak, C.D.S. Brites, V. Kinzhybalo, H. Suo, L.D.
Carlos, F. Wang, The Butterfly Effect: Multifaceted Consequences of Sensitizer
Concentration Change in Phase Transition-based Luminescent Thermometer of
LiYO2:Er**, Yb*", ACS Appl. Mater. Interfaces 16 (2024) 26439-26449.
https://doi.org/10.1021/acsami.4c03856.

X. Feng, L. Lin, R. Duan, J. Qiu, S. Zhou, Transition metal ion activated near-infrared
luminescent materials, Prog. Mater. Sci. 129 (2022) 100973.
https://doi.org/10.1016/j.pmatsci.2022.100973.

G.T. Pott, B.D. McNicol, Zero-Phonon Transition and Fine Structure in the
Phosphorescence of Fe** Ions in Ordered and Disordered LiAlsOs, J. Chem. Phys. 56 (1972)
5246-5254. https://doi.org/10.1063/1.1677027.

M.D. Faucher, O.K. Moune, M.-G. Alves, B. Piriou, Ph. Sciau, M. Pham-Thi, Optical and
Crystallographic Study of Eu** and Tb** Doped LiYO,: Phase Transition, Luminescence
Efficiency and Crystal Field Calculation, J. Solid State Chem. 121 (1996) 457-466.
https://doi.org/10.1006/jssc.1996.0063.

M. Czaja, R. Lisiecki, M. Kadziotka-Gawel, A. Winiarski, Some Complementary Data
about the Spectroscopic Properties of Manganese Ions in Spodumene Crystals, Minerals 10
(2020) 554. https://doi.org/10.3390/min10060554.

Q. Yan, X. Li, Z. Wang, X. Wu, H. Guo, Q. Hu, W. Peng, J. Wang, Extraction of valuable
metals from lepidolite, Hydrometallurgy 117-118 (2012) 116-118.

136



[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

https://doi.org/10.1016/j.hydromet.2012.02.004.

G. Tian-ming, F. Na, C. Wu, D. Tao, Lithium extraction from hard rock lithium ores
(spodumene, lepidolite, zinnwaldite, petalite): Technology, resources, environment and
cost, China Geology 6 (2023) 137-153. https://doi.org/10.31035/cg2022088.

A. Aliane, 1.Ch. Avetissov, O.P. Barinova, X. de la Broise, F.A. Danevich, L. Dumoulin, L.
Dussopt, A. Giuliani, V. Goudon, S.V. Kirsanova, T. Lasserre, M. Loidl, P. de Marcillac,
S. Marnieros, C. Nones, V. Novati, E. Olivieri, D.V. Poda, T. Redon, M. Rodrigues, V.I.
Tretyak, M. Vivier, V. Wagner, A.S. Zolotarova, First test of a LioWO4(Mo) bolometric
detector for the measurement of coherent neutrino-nucleus scattering, Nucl. Instrum.
Methods Phys. Res. A 949 (2020) 162784. https://doi.org/10.1016/j.nima.2019.162784.

C.K. Jayasankar, K. Ramanjaneya Setty, P. Babu, T. Troster, W.B. Holzapfel, High-
pressure luminescence study of Eu*" in lithium borate glass, Phys. Rev. B Condens. Matter
Mater. Phys. 69 (2004) 1-7. https://doi.org/10.1103/PhysRevB.69.214108.

T. Terai, T. Mitsuyama, T. Yoneoka, S. Tanaka, Compatibility of insulating ceramic with
liquid breeders, Journal of Nuclear Materials 253 (1998) 219-226.
https://doi.org/10.1016/S0022-3115(97)00334-6.

T. Terai, T. Yoneoka, H. Tanaka, A. Suzuki, S. Tanaka, M. Nakamichi, H. Kawamura, K.
Miyajima, Y. Harada, Compatibility of yttria (Y203) with liquid lithium, Journal of Nuclear
Materials 233-237 (1996) 1421-1426. https://doi.org/10.1016/S0022-3115(96)00257-7.

S. Deemyad, J.S. Schilling, Superconducting phase diagram of li metal in nearly hydrostatic
pressures up to 67 GPa, Phys. Rev. Lett. 91 (2003).
https://doi.org/10.1103/PhysRevLett.91.167001.

C.L. Guillaume, E. Gregoryanz, O. Degtyareva, M.I. McMahon, M. Hanfland, S. Evans, M.
Guthrie, S. V. Sinogeikin, H.-K. Mao, Cold melting and solid structures of dense lithium,
Nat. Phys. 7 (2011) 211-214. https://doi.org/10.1038/nphys1864.

L. Pinsard-Gaudart, N. Dragoe, P. Lagarde, A.M. Flank, J.P. Itie, A. Congeduti, P. Roy, S.
Niitaka, H. Takagi, Pressure-induced structural phase transition in LiV>204, Phys. Rev. B
Condens. Matter Mater. Phys. 76 (2007) 3-8.
https://doi.org/10.1103/PhysRevB.76.045119.

X. Zhao, Z. Xing, L. Ma, D. Peng, J. Cai, Y. Han, L. Zhao, Coordination environment-
induced ionic—electronic transport transition in LiVOs, Appl. Phys. Lett. 124 (2024).
https://doi.org/10.1063/5.0186859.

137



[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

S. Xiang, L. Liu, J. Zhao, X. Zhou, Q. Jing, Y. Zhang, S. Liu, Z. Wang, Y. Bi, J. Xu, H.
Geng, C. Dai, L. Cai, Q. Wu, J. Liu, C. Wang, X. Zhang, Pressure-induced structural phase
transition and equation of state of LiTaO3, Journal of Physics Condensed Matter 25 (2013).
https://doi.org/10.1088/0953-8984/25/21/215401.

A.B. Garg, D. Errandonea, J. Pellicer-Porres, D. Martinez-Garcia, S. Kesari, R. Rao, C.
Popescu, M. Bettinelli, LiCrO> Under Pressure: In-Situ Structural and Vibrational Studies,
Crystals (Basel). 9 (2018) 2. https://doi.org/10.3390/cryst9010002.

X. Wang, I. Loa, K. Kunc, K. Syassen, M. Amboage, Effect of pressure on the structural
properties and Raman modes of LiCoQO», Phys. Rev. B Condens. Matter Mater. Phys. 72
(2005) 1-8. https://doi.org/10.1103/PhysRevB.72.224102.

M. Marezio, J.P. Remeika, High-pressure phase of LiGaO., Journal of Physics and
Chemistry of Solids 26 (1965) 1277—-1280. https://doi.org/10.1016/0022-3697(65)90108-3.

X. Li, T. Kobayashi, F. Zhang, K. Kimoto, T. Sekine, A new high-pressure phase of LiAlO»,
J. Solid State Chem. 177 (2004) 1939—-1943. https://doi.org/10.1016/j.jssc.2003.12.014.

W. Qi, H. Abdugopur, W. Xu, M. Gao, A. Hushur, H. Zhang, Pressure-induced phase
transition toward high symmetry in zero-strain Li>TiOs;, Physical Chemistry Chemical
Physics 25 (2023) 14918-14927. https://doi.org/10.1039/d2cp05782d.

P. Piszora, W. Nowicki, J. Darul, B. Bojanowski, S. Carlson, Y. Cerenius, Synchrotron X-
ray diffraction studies of LiMn2O4 and LisMnsOi» structures at high pressure, Radiation
Physics and Chemistry 78 (2009) 2005-2008.
https://doi.org/10.1016/j.radphyschem.2009.03.086.

E. Takayama-muromachi, Calorimetric Study of High-Pressure of LioWO4 and Li2Mo0O4
Polymorphs, 250 (1986) 241-250.

S. Layek, E. Greenberg, W. Xu, G.K. Rozenberg, M.P. Pasternak, J.P. Iti¢, D.G. Merkel,
Pressure-induced spin crossover in disordered a-LiFeO,, Phys. Rev. B 94 (2016) 1-7.
https://doi.org/10.1103/PhysRevB.94.125129.

W. Utsumi, K. Imai, M. Koike, H. Takei, T. Yagi, H. Takahashi, N. Mdri, Pressure effect
on the crystal structure and electrical conductivity of LiCuO., J. Solid State Chem. 107
(1993) 507-512. https://doi.org/10.1006/jssc.1993.1376.

A. Suchocki, W. Paszkowicz, A. Kaminska, A. Durygin, S.K. Saxena, L. Arizmendi, V.
Bermudez, Influence of stoichiometry on phase transition pressure of LiNbO3, Appl. Phys.
Lett. 89 (2006). https://doi.org/10.1063/1.2424662.

138



[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

J.T. Wolan, G.B. Hoflund, Chemical alteration of the native oxide layer on LiGaO»(001) by
exposure to hyperthermal atomic hydrogen, Journal of Vacuum Science & Technology A:
Vacuum, Surfaces, and Films 16 (1998) 3414-3419. https://doi.org/10.1116/1.581495.

C. Chen, C.-A. Li, S.-H. Yu, M.M.C. Chou, Growth and characterization of f-LiGaO> single
crystal, J. Cryst. Growth 402 (2014) 325-329.
https://doi.org/10.1016/j.jcrysgro.2014.06.040.

W. Sailuam, K. Sarasamak, M.A.M. Polanco, S. Limpijumnong, Pressure-induced phase
transformations of LiGaO;: First principles study, Ceram. Int. 43 (2017) S376-S380.
https://doi.org/10.1016/j.ceramint.2017.05.247.

H. Riesen, On the °A«*T luminescence of Fe*" in disordered nanocrystalline LiGasOs
prepared by a combustion reaction, Chem. Phys. Lett. 461 (2008) 218-221.
https://doi.org/10.1016/j.cplett.2008.07.016.

K. Zhang, V.G.T. Vangipuram, H.L. Huang, J. Hwang, H. Zhao, Discovery of a Robust P-
Type Ultrawide Bandgap Oxide Semiconductor: LiGasOg, Adv. Electron. Mater. (2023).
https://doi.org/10.1002/aelm.202300550.

N. Muhammad, A. Khan, S. Haidar Khan, M. Sajjaj Siraj, S.S.A. Shah, G. Murtaza, Engel-
Vosko GGA calculations of the structural, electronic and optical properties of LiYOo,
Physica B Condens. Matter 521 (2017) 62—68. https://doi.org/10.1016/j.physb.2017.06.055.

M.C. Goldberg, E.R. Weiner, The Science of Luminescence, in: 1989: pp. 1-22.
https://doi.org/10.1021/bk-1989-0383.ch001.

Clifford C. Klick, James H. Schulman. "Luminescence in solids." In Solid state physics,
vol. 5, pp. 97-172. Academic Press,1957. https://doi.org/10.1016/S0081-1947(08)60102-2.

S.S. Deshpande, Principles and Applications of Luminescence Spectroscopy, Crit. Rev.
Food Sci. Nutr. 41 (2001) 155-224. https://doi.org/10.1080/20014091091797.

B.P. Chandra, Mechanoluminescence, in: Luminescence of Solids, Springer US, Boston,
MA, 1998: pp. 361-389. https://doi.org/10.1007/978-1-4615-5361-8 10.

L. Ozawa, M. Itoh, Cathode Ray Tube Phosphors, Chem. Rev. 103 (2003) 3835-3856.
https://doi.org/10.1021/cr0203490.

N. Siraj, B. El-Zahab, S. Hamdan, T.E. Karam, L.H. Haber, M. Li, S.O. Fakayode, S. Das,
B. Valle, R.M. Strongin, G. Patonay, H.O. Sintim, G.A. Baker, A. Powe, M. Lowry, J.O.
Karolin, C.D. Geddes, IM. Warner, Fluorescence, Phosphorescence, and
Chemiluminescence, Anal. Chem. 88 (2016) 170-202.
https://doi.org/10.1021/acs.analchem.5b04109.

139



[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

Cees Ronda, Luminescence: From Theory to Applications, Wiley, 2007.
ISBN:9783527314027. https://doi.org/10.1002/9783527621064.

K.N. Shinde, S.J. Dhoble, H.C. Swart, K. Park, Basic Mechanisms of Photoluminescence,
in: 2012: pp. 41-59. https://doi.org/10.1007/978-3-642-34312-4 2.

M. de Jong, L. Seijo, A. Meijerink, F.T. Rabouw, Resolving the ambiguity in the relation
between Stokes shift and Huang—Rhys parameter, Physical Chemistry Chemical Physics 17
(2015) 16959-169609. https://doi.org/10.1039/C5CP02093J.

M.-H. Du, Using DFT Methods to Study Activators in Optical Materials, ECS Journal of
Solid-State Science and Technology 5 (2016) R3007-R3018.
https://doi.org/10.1149/2.0011601jss.

M.G. Brik, S.J. Camardello, A.M. Srivastava, N.M. Avram, A. Suchocki, Spin-Forbidden
Transitions in the Spectra of Transition Metal lons and Nephelauxetic Effect, ECS Journal
of Solid-State Science and Technology 5 (2016) R3067-R3077.
https://doi.org/10.1149/2.0091601]ss.

L. Marciniak, K. Kniec, K. Elzbieciak-Piecka, K. Trejgis, J. Stefanska, M. Dramicanin,
Luminescence thermometry with transition metal ions. A review, Coord. Chem. Rev. 469
(2022). https://doi.org/10.1016/j.ccr.2022.214671.

Y. Li S. Qi, P. Li, Z. Wang, Research progress of Mn doped phosphors, RSC Adv. 7 (2017)
38318-38334. https://doi.org/10.1039/c7ra06026b.

A K. Somakumar, K. Upadhyay, S. Suresh, V.S. Sivasankarapillai, R. Dhanusuraman,
Photoluminescent rare-earth nanocrystal-based characterization methods: Advancements in
photophysical applications, in: Upconversion Nanophosphors, Elsevier, 2021: pp. 1-18.
https://doi.org/10.1016/B978-0-12-822842-5.00002-9.

J. James, S.M. Thomas, A.K. Somakumar, B. Joseph, N. Kalarikkal, S. Thomas, Hybrid
Phosphor Materials for Optoelectronic Application, in: Engineering Materials, Springer
Science and Business Media Deutschland GmbH, 2022: pp. 241-253.
https://doi.org/10.1007/978-3-030-90506-4 10.

G.S. Ofelt, Intensities of Crystal Spectra of Rare-Earth Ions, J. Chem. Phys. 37 (1962) 511—
520. https://doi.org/10.1063/1.1701366.

B.R. Judd, Optical Absorption Intensities of Rare-Earth Ions, Physical Review 127 (1962)
750-761. https://doi.org/10.1103/PhysRev.127.750.

G. Blasse, B.C. Grabmaier, A General Introduction to Luminescent Materials, Luminescent
Materials (1994) 1-9. https://doi.org/10.1007/978-3-642-79017-1 1.

140



[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

W.T. Carnall, H. Crosswhite, H.M. Crosswhite, Energy level structure and transition
probabilities in the spectra of the trivalent lanthanides in LaFs, Argonne, IL (United States),
1978. https://doi.org/10.2172/6417825.

S. V. Eliseeva, J.-C.G. Biinzli, Lanthanide luminescence for functional materials and bio-
sciences, Chem. Soc. Rev. 39 (2010) 189-227. https://doi.org/10.1039/B905604C.

N. Pawlik, B. Szpikowska-Sroka, T. Goryczka, W.A. Pisarski, Studies of energy transfer
process between Gd** and Eu®" ions in oxyfluoride sol-gel materials, Ceram. Int. 49 (2023)
41041-41053. https://doi.org/10.1016/j.ceramint.2023.02.219.

J.M. Collins, B. Dibartolo, Energy Transfer from Gd*" to Er** in Y0.34Gdo.65Ero.01F3, Physica
Status Solidi (b) 189 (1995) 441-454. https://doi.org/10.1002/pssb.2221890212.

D.I.A. Millar, Experimental Techniques, in: Energetic Materials at Extreme Conditions,
Springer Berlin Heidelberg, Berlin, Heidelberg, 2012: pp. 29-54.
https://doi.org/10.1007/978-3-642-23132-2 2.

W.F. Sherman, A. A. Stadtmuller, Experimental techniques in high-pressure research,
Wiley, 1987. ISBN: 0471103136

A. Jayaraman, Diamond anvil cell and high-pressure physical investigations, Rev. Mod.
Phys. 55 (1983) 65-108. https://doi.org/10.1103/RevModPhys.55.65.

P.C. Sahu, N. V. Chandra Shekar, High pressure research on materials, Resonance 12
(2007) 10-23. https://doi.org/10.1007/s12045-007-0057-7.

D.J. Dunstan, I.L. Spain, Technology of diamond anvil high-pressure cells: 1. Principles,
design and construction, J. Phys. E 22 (1989) 913-923. https://doi.org/10.1088/0022-
3735/22/11/004.

D.J. Dunstan, Theory of the gasket in diamond anvil high-pressure cells, Review of
Scientific Instruments 60 (1989) 3789-3795. https://doi.org/10.1063/1.1140442.

H. Yersin, ed., Transition Metal and Rare Earth Compounds Excited States, Transitions,
Interactions I, Springer Berlin Heidelberg, Berlin, Heidelberg, 2001.
https://doi.org/10.1007/3-540-44447-5.

Y. Wei, Q. Zhou, C. Zhang, L. Li, X. Li, F. Li, Fluorescence pressure sensors: Calibration
of ruby, Sm*>": SrB4O7, and Sm*": YAG to 55 GPa and 850K, J. Appl. Phys. 135 (2024).
https://doi.org/10.1063/5.0178597.

B. Lorenz, Y.R. Shen, W.B. Holzapfel, Characterization of the new luminescence pressure
sensor SrFCl: Sm?*, High Press. Res. 12 (1994) 91-99.

141



[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

https://doi.0org/10.1080/08957959408203170.

P. Comodi, P.F. Zanazzi, Improved calibration curve for the Sm?*: BaFCl pressure sensor,
J. Appl. Crystallogr. 26 (1993) 843—845. https://doi.org/10.1107/S0021889893006120.

W.B. Holzapfel, N.S. Isaacs, eds., High-pressure Techniques in Chemistry and Physics,
Oxford University Press, Oxford, 1997. ISBN-13: 9780198558118
https://doi.org/10.1093/0s0/9780198558118.001.0001.

R.G. Munro, S. Block, G.J. Piermarini, Correlation of the glass transition and the pressure
dependence of viscosity in liquids, J. Appl. Phys. 50 (1979) 6779-6783.
https://doi.org/10.1063/1.325873.

D.J. Dunstan, W. Scherrer, Miniature cryogenic diamond-anvil high-pressure cell, Review
of Scientific Instruments 59 (1988) 627—630. https://doi.org/10.1063/1.1139846.

AP Hammersley, ESRF Internal Report, ESRFO7THAO2T, "FIT2D: An Introduction and
Overview", (1997).

J Rodriguez-Carvajal, FullProf. CEA/Saclay, France, 1045 (2001) 132—146.

0.0. Kartashov, A. V. Chernov, D.S. Polyanichenko, M.A. Butakova, XAS Data
Preprocessing of Nanocatalysts for Machine Learning Applications, Materials 14 (2021)
7884. https://doi.org/10.3390/ma14247884.

R. Jakieta, The role of atmospheric elements in the wide band-gap semiconductors, Acta
Phys. Pol. A 136 (2019) 916-9309. https://doi.org/10.12693/APhysPolA.136.916.

H. Tsukahara, M. Koshimizu, Development of LiGaO; nanoparticle-loaded plastic
scintillators for thermal neutron detection, Journal of Materials Science: Materials in
Electronics 36 (2025) 1223. https://doi.org/10.1007/s10854-025-15288-8.

B.-B. Wang, C.-F. Chang, W.-D. Yang, Internal energy transfer phenomenon and light-
emission properties of y-LiAlO2 phosphor doped with Mn?*, International Journal of
Minerals, Metallurgy, and Materials 20 (2013) 678-683. https://doi.org/10.1007/s12613-
013-0783-7.

Bhushan Dhabekar, E. Alagu Raja, S. Menon, T.K. Gundu Rao, R.K. Kher, B.C. Bhatt,
ESR, PL and TL studies of phosphor, Radiat. Meas. 43 (2008) 291-294.
https://doi.org/10.1016/j.radmeas.2007.11.054.

H. Teng, S. Zhou, H. Lin, T. Jia, X. Hou, J. Wang, Growth and characterization of high-
quality Mn-doped LiAlO; single crystal, Chinese Optics Letters 8 (2010) 414.
https://doi.org/10.3788/COL20100804.0414.

142



[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

A. Lazarowska, M. Kaminski, N.J. Cherepy, S. Mahlik, R.S. Liu, Dual role of oxygen-
related defects in the luminescence kinetics of AIN: Mn**, Dalton Transactions 51 (2022)
14297-14305. https://doi.org/10.1039/d2dt02171d.

Y. Xiao, P. Xiong, Y. Le, Z. Lun, K. Chen, Z. Wang, P. Shao, Z. Chen, D. Chen, Z. Yang,
Defect-management-induced multi-stimulus-responsive mechanoluminescence in Mn**
doped gallate compound, Nano Energy 120 (2024) 109086.
https://doi.org/10.1016/j.nanoen.2023.109086.

A.K. Somakumar, I. Romet, A. Grabias, M. Kruk, S. Hayama, D. Wlodarczyk, J.
Barzowska, Y.K. Edathumkandy, E. Feldbach, P. Xiong, Y. Zhydachevskyy, M.
Trzaskowska, H. Przybylinska, A. Suchocki, Multisite Fe’" Luminescent Centers in the
LiGaOs:Fe Nanocrystalline Phosphor, Molecules 30 (2025) 2331.
https://doi.org/10.3390/molecules30112331.

A. Popa, O. Raita, M. Stan, O. Pana, G. Borodi, L.M. Giurgiu, Electron Paramagnetic
Resonance of Mn-Doped Sni—x Mn O, Powders, Appl. Magn. Reson. 42 (2012) 453-462.
https://doi.org/10.1007/s00723-012-0319-8.

A.K. Somakumar, Y. Zhydachevskyy, D. Wlodarczyk, J. Barzowska, K.R. Bindu, Y.K.
Edathumkandy, T. Zayarniuk, A. Szewczyk, S. Narayanan, A. Lysak, H. Przybylinska, E.I.
Anila, A. Suchocki, Temperature and pressure dependent luminescence mechanism of a

zinc blende structured ZnS:Mn nanophosphor under UV excitation, J. Mater. Chem. C
Mater. 12 (2024) 7041-7052. https://doi.org/10.1039/d4tc00960f.

F. Aguado, F. Rodriguez, P. Nuifiez, Pressure-induced Jahn-Teller suppression and
simultaneous high-spin to low-spin transition in the layered perovskite CsMnF4, Phys. Rev.
B 76 (2007) 094417. https://doi.org/10.1103/PhysRevB.76.094417.

S. Trushkin, S.W. Biernacki, L. Van Khoi, A. Kaminska, A. Suchocki, High pressure
luminescence of ZnTe: Cr** crystals, New J. Phys. 10 (2008) 013023.
https://doi.org/10.1088/1367-2630/10/1/013023.

A. AlSunaidi, Small Nanoclusters of ZnO and ZnS: a Density-Functional Study, in: AIP
Conf. Proc., AIP, 2007: pp. 43—47. https://doi.org/10.1063/1.2776686.

Takao Koda, Shigeo Shionoya, Masamichi Ichikawa, Shigeru Minomura, Effect of pressure
on the luminescence of zinc sulphide phosphors, Journal of Physics and Chemistry of Solids
27 (1966) 1577—-1586. https://doi.org/10.1016/0022-3697(66)90235-6.

G.H. Li, F.H. Su, B.S. Ma, K. Ding, S.J. Xu, W. Chen, Photoluminescence of doped ZnS
nanoparticles under hydrostatic pressure, Phys. Status Solidi B Basic Res. 241 (2004) 3248—
3256. https://doi.org/10.1002/pssb.200405215.

143



[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

F.H. Su, Z.L. Fang, B.S. Ma, K. Ding, G.H. Li, W. Chen, Pressure dependence of Mn**
luminescence in differently sized ZnS:Mn nanoparticles, Journal of Physical Chemistry B
107 (2003) 6991-6996. https://doi.org/10.1021/jp0278566.

K.R. Bindu, E.I. Anila, Structural and Optical Properties of White Light Emitting ZnS:Mn?*
Nanoparticles at Different Synthesis Temperatures, J. Fluoresc. 25 (2015) 795-801.
https://doi.org/10.1007/s10895-015-1590-5.

K.R. Bindu, S.A. Kumar, M. Anilkumar, E.I. Anila, Highly luminescent ZnS:Mn quantum
dots capped with aloe vera extract, Solid State Commun. 323 (2021) 114106.
https://doi.org/10.1016/j.s5¢.2020.114106.

R.N. Bhargava, D. Gallagher, X. Hong, A. Nurmikko, Optical properties of manganese-
doped nanocrystals of ZnS, Phys. Rev. Lett. 72 (1994) 416-419.
https://doi.org/10.1103/PhysRevLett.72.416.

N.T. Tuan, D.Q. Trung, N. V. Quang, N.D. Hung, N.T. Khoi, P.T. Huy, P.F. Smet, K.W.
Meert, D. Poelman, Excitation energy dependence of the life time of orange emission from
Mn-doped ZnS nanocrystals, J. Lumin. 199 (2018) 39-44.
https://doi.org/10.1016/j.jlumin.2018.02.062.

W. Chen, R. Sammynaiken, Y. Huang, J.O. Malm, R. Wallenberg, J.O. Bovin, V. Zwiller,
N.A. Kotov, Crystal field, phonon coupling and emission shift of Mn?" in ZnS: Mn
nanoparticles, J. Appl. Phys. 89 (2001) 1120-1129. https://doi.org/10.1063/1.1332795.

G. Ulian, G. Valdre, Thermomechanical, electronic and thermodynamic properties of ZnS
cubic polymorphs: An ab initio investigation on the zinc-blende-rock-salt phase transition,
Acta Crystallogr. B Struct. Sci. Cryst. Eng. Mater. 75 (2019) 1042-1059.
https://doi.org/10.1107/S2052520619012630.

K. Kabita, J. Maibam, B.I. Sharma, R.K. Brojen Singh, R.K. Thapa, Elastic properties and
electronic structures of pressure induced zinc sulphide (ZnS): A density functional theory
study, Adv. Sci. Lett. 21 (2015) 2906-2910. https://doi.org/10.1166/as1.2015.6347.

S.B. Qadri, E.F. Skelton, A.D. Dinsmore, J.Z. Hu, W.J. Kim, C. Nelson, B.R. Ratna, The
effect of particle size on the structural transitions in zinc sulfide, J. Appl. Phys. 89 (2001)
115-119. https://doi.org/10.1063/1.1328066.

J.Z. Jiang, L. Gerward, D. Frost, R. Secco, J. Peyronneau, J.S. Olsen, Grain-size effect on
pressure-induced semiconductor-to-metal transition in ZnS, J. Appl. Phys. 86 (1999) 6608—
6610. https://doi.org/10.1063/1.371631.

144



[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

G.L. House, H.G. Drickamer, High pressure luminescence studies of localized excitations
in ZnS doped with Pb** and Mn?", J. Chem. Phys. 67 (1977) 3230-3237.
https://doi.org/10.1063/1.435239.

A. Bol, A. Meijerink, Long-lived emission in nanocrystalline, Phys. Rev. B Condens.
Matter Mater. Phys. 58 (1998) R15997-R16000.
https://doi.org/10.1103/PhysRevB.58.R15997.

R.M. Krsmanovi¢ Whiffen, D.J. Jovanovi¢, Z. Anti¢, B. Bartova, D. Milivojevi¢, M.D.
Dramié¢anin, M.G. Brik, Structural, optical and crystal field analyses of undoped and Mn?*-
doped ZnS nanoparticles synthesized via reverse micelle route, J. Lumin. 146 (2014) 133—
140. https://doi.org/10.1016/j.jlumin.2013.09.032.

L. Chen, F.J. Brieler, M. Froba, P.J. Klar, W. Heimbrodt, Quantitative description of the
temporal behavior of the internal Mn 3d° luminescence in ensembles of Znogs Mno1S
quantum dots, Phys. Rev. B Condens. Matter Mater. Phys. 75 (2007) 7-10.
https://doi.org/10.1103/PhysRevB.75.241303.

L.I. Bulyk, L. Vasylechko, V. Mykhaylyk, C. Tang, Y. Zhydachevskyy, Y.A. Hizhnyi, S.G.
Nedilko, N.I. Klyui, A. Suchocki, Mn** luminescence of Gd (Zn, Mg) BsO1o pentaborate
under high pressure, Dalton Transactions 49 (2020) 14268—-14279.
https://doi.org/10.1039/d0dt01851a.

A.K. Somakumar, L.I. Bulyk, V. Tsiumra, J. Barzowska, P. Xiong, A. Lysak, Y.
Zhydachevskyy, A. Suchocki, High-Pressure Near-Infrared Luminescence Studies of Fe**-
Activated LiGaOg, Inorg. Chem. 62 (2023) 1243412444,
https://doi.org/10.1021/acs.inorgchem.3c01627.

H. Wang, X. Chen, J. Li, M. Li, K. Liu, D. Yang, S. Peng, T. Zhao, B. Zhao, Y. Li, Y.
Wang, C. Lin, W. Yang, Pressure- and Rate-Dependent Mechanoluminescence with
Maximised Efficiency and Tunable Wavelength in ZnS: Mn?*, Eu**, ACS Appl. Mater.
Interfaces 15 (2023) 28204—-28214. https://doi.org/10.1021/acsami.3c04093.

W. Shan, T.J. Schmidt, X.H. Yang, S.J. Hwang, J.J. Song, B. Goldenberg, Temperature
dependence of interband transitions in GaN grown by metalorganic chemical vapour
deposition, Appl. Phys. Lett. 66 (1995) 985-987. https://doi.org/10.1063/1.113820.

S. Castelletto, A. Boretti, Gallium Nitride Nanomaterials and Color Centers for Quantum
Technologies, ACS Appl. Nano Mater. 7 (2024) 5862—-5877.
https://doi.org/10.1021/acsanm.3c05304.

145



[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

P. Perlin, I. Gorczyca, N.E. Christensen, 1. Grzegory, H. Teisseyre, T. Suski, Pressure
studies of gallium nitride: Crystal growth and fundamental electronic properties, Phys. Rev.
B 45 (1992) 13307—-13313. https://doi.org/10.1103/PhysRevB.45.13307.

N. Milford, X. Xu, (12) Patent Application Publication (10) Pub. No.: US 2005/0009310
Al, 1 (2005).

J. Baur, U. Kaufmann, M. Kunzer, J. Schneider, H. Amano, 1. Akasaki, T. Detchprohm, K.
Hiramatsu, Photoluminescence of residual transition metal impurities in GaN, Appl. Phys.
Lett. 67 (1995) 1140. https://doi.org/10.1063/1.114987.

Daiki Tanaka, Kenji Iso, and Jun Suda. "Comparative study of electrical properties of semi-
insulating GaN substrates grown by hydride vapor phase epitaxy and doped with Fe, C, or
Mn." Journal of Applied Physics 133, no. 5 (2023). https://doi.org/10.1063/5.0131470.

M. Zajac, J. Gosk, E. Grzanka, S. Stelmakh, M. Palczewska, A. Wysmolek, K. Korona, M.
Kaminska, A. Twardowski, Ammonothermal synthesis of GaN doped with transition metal
ions (Mn, Fe, Cr), J. Alloys Compd. 456 (2008) 324-338.
https://doi.org/10.1016/j.jallcom.2007.02.046.

A. Sukserm, U. Pinsook, P. Pluengphon, Structural phase transitions of Ga (Mn)N under
high pressure, J. Phys. Conf. Ser. 901 (2017).
https://doi.org/10.1088/1742-6596/901/1/012030.

Z.X. Liu, S. Pau, K. Syassen, J. Kuhl, W. Kim, H. Morkog, M. A. Khan, C. J. Sun,
Photoluminescence and reflectance studies of exciton transitions in wurtzite GaN under
pressure, Phys. Rev.B 58 (1998) 6696—-6699.

https://doi.org/10.1103/PhysRevB.58.6696

M. Steube, K. Reimann, O. Brandt, H. Yang, High Pressure Luminescence of Zincblende
and Wurtzite GaN, Phys. Status Solidi b 57 (1999) 57-62.
https://doi.org/10.1002/(SICI)1521-3951(199901)211:1<57::AID-PSSB57>3.0.CO;2-V

S. Kim, L.P. Herman, J.A. Tuchman, K. Doverspike, L.B. Rowland, D.K. Gaskill,
Photoluminescence from wurtzite GaN under hydrostatic pressure, Appl. Phys. Lett. 67
(1995) 380. https://doi.org/10.1063/1.114635.

A. Nikolenko, V. Strelchuk, B. Tsykaniuk, D. Kysylychyn, G. Capuzzo, A. Bonanni,
Resonance raman spectroscopy of Mn-Mgk cation complexes in GaN, Crystals (Basel). 9
(2019) 1-14. https://doi.org/10.3390/cryst9050235.

146



[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

G. Capuzzo, D. Kysylychyn, R. Adhikari, T. Li, B. Faina, A. Tarazaga Martin-Luengo, A.
Bonanni, All-nitride Alx GaixN: Mn/GaN distributed Bragg reflectors for the near-infrared,
Sci. Rep. 7 (2017) 1-9. https://doi.org/10.1038/srep42697.

T. Graf, M. Gjukic, M.S. Brandt, M. Stutzmann, O. Ambacher, The Mn**/?>* acceptor level
in group III nitrides, Appl. Phys. Lett. 81 (2002) 5159-5161.
https://doi.org/10.1063/1.1530374.

X.G. Cui, R. Zhang, Z.K. Tao, X. Li, X.Q. Xiu, Z.L. Xie, Y.D. Zheng, Optical and structural
properties of mn-doped GaN grown by metal organic chemical vapour deposition, Chinese
Physics Letters 26 (2009). https://doi.org/10.1088/0256-307X/26/3/038103.

R.Y. Korotkov, J.M. Gregie, B.W. Wessels, Optical properties of the deep Mn acceptor in
GaN: Mn, Appl. Phys. Lett. 80 (2002) 1731-1733. https://doi.org/10.1063/1.1456544.

Y.T. Chen, C.Y. Yang, P.C. Chen, J.K. Sheu, K.H. Lin, Carrier dynamics of Mn-induced
states in GaN thin films, Sci. Rep. 7 (2017) 1-8. https://doi.org/10.1038/s41598-017-06316-
7.

O. Gelhausen, E. Malguth, M.R. Phillips, E.M. Goldys, M. Strassburg, A. Hoffmann, T.
Graf, M. Gjukic, M. Stutzmann, Doping-level-dependent optical properties of GaN: Mn,
Appl. Phys. Lett. 84 (2004) 4514-4516. https://doi.org/10.1063/1.1757641.

E. Silveira, J.A. Freitas, S.B. Schujman, L.J. Schowalter, AIN bandgap temperature
dependence from its optical properties, J. Cryst. Growth 310 (2008) 4007-4010.
https://doi.org/10.1016/].jcrysgro.2008.06.015.

W. Shan, T. J. Schmidt, R. J. Hauenstein, J. J. Song, B. Goldenberg, Pressure-dependent
photoluminescence study of wurtzite GaN, Appl. Phys. Lett. 66 (1995) 3492-3494.
https://doi.org/10.1063/1.113774.

Z.X. Liu, K.P. Korona, K. Syassen, J. Kuhl, K. Pakuta, J.M. Baranowski, I. Grzegory, S.
Porowski, Effect of pressure on exciton energies of homoepitaxial GaN, Solid State
Commun. 108 (1998) 433-438. https://doi.org/10.1016/S0038-1098(98)00381-0.

E. Malguth, A. Hoffmann, W. Gehlhoff, M.H. Kane, I.T. Ferguson, Mn charge states in
GaMnN as a function of Mn concentration and co-doping, MRS Proceedings 1040 (2007)
1040-Q09-18. https://doi.org/10.1557/PROC-1040-Q09-18.

J. Xu, N.J. Cherepy, J. Ueda, S. Tanabe, Red persistent luminescence in rare earth-free AIN:
Mn?* phosphor, Mater. Lett. 206 (2017) 175-177.
https://doi.org/10.1016/j.matlet.2017.07.015.

147



[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

D. Zagorac, J. Zagorac, M.B. Djukic, D. Jordanov, B. Matovi¢, Theoretical study of AIN
mechanical behaviour under high pressure regime, Theoretical and Applied Fracture
Mechanics 103 (2019). https://doi.org/10.1016/j.tatmec.2019.102289.

M. Durandurdu, Pressure-induced phase transition in AIN: An ab initio molecular dynamics
study, J. Alloys Compd. 480 (2009) 917-921.
https://doi.org/10.1016/j.jallcom.2009.02.060.

C. Liu, M. Hu, K. Luo, L. Cui, D. Yu, Z. Zhao, J. He, Novel high-pressure phases of AIN:
A first-principles study, Comput. Mater. Sci. 117 (2016) 496-501.
https://doi.org/10.1016/j.commatsci.2016.02.031.

M. Durandurdu, Pressure-induced phase transition in wurtzite ZnS: An ab initio constant
pressure study, Journal of Physics and Chemistry of Solids 70 (2009) 645-649.
https://doi.org/10.1016/j.jpcs.2009.01.008.

A. Waintal, M. Gondrand, Transformation sous tres haute pression et a tres haute
temperature des composes SmLiO», EuLiO, GALiO», TbLiO». Materials Research Bulletin
2,1n0. 9 (1967): 889-894. https://doi.org/10.1016/0025-5408(67)90099-2

L. Marciniak, W. Piotrowski, M. Szalkowski, V. Kinzhybalo, M. Drozd, M. Dramicanin,
A. Bednarkiewicz, Highly sensitive luminescence nanothermometry and thermal imaging
facilitated by phase transition, Chemical Engineering Journal 427 (2022) 131941.
https://doi.org/10.1016/j.cej.2021.131941.

J. Zhang, H. Cui, P. Zhu, C. Ma, X. Wu, H. Zhu, Y. Ma, Q. Cui, Photoluminescence studies
of Y203:Eu®" under high pressure, J. Appl. Phys. 115 (2014) 3-8.
https://doi.org/10.1063/1.4861386.

E. Bernabé-Pablo, Y. Duan, H. Pfeiffer, Developing new alkaline ceramics as possible CO»
chemisorbents at high temperatures: The lithium and sodium yttriates (LiYO2 and NaYO,)
cases, Chemical Engineering Journal 396 (2020).
https://doi.org/10.1016/j.cej.2020.125277.

S.V. Rodriguez, E.G. Villabona-Leal, J.C. Mixteco-Sanchez, V.H. Romero, H. Desirena, E.
Perez, U. Salazar-Kuri, O. Meza, Study of visible light emission under UV excitation in
Y,03:Er**-Gd** and Y,03:Eu**-Gd*" nanocrystals, J. Solgel Sci. Technol. 86 (2018) 782—
794. https://doi.org/10.1007/s10971-018-4661-7.

H. Suo, D. Guo, P. Zhao, X. Zhang, Y. Wang, W. Zheng, P. Li, T. Yin, L. Guan, Z. Wang,
F. Wang, Ultrasensitive Colorimetric Luminescence Thermometry by Progressive Phase
Transition, Advanced Science 11 (2024). https://doi.org/10.1002/advs.202305241.

148



[140]

[141]

[142]

[143]

[144]

[145]

[146]

L. Qu, M.T. Abbas, K. Zhang, Z. Zhang, T. Yang, Z. Zhang, P. Liu, J. Q1, Q. Guo, W. Li,
X. Zhao, Y. Wang, Z. Zhang, B. Li, Lithium oxides LiRO> (R = rare earth elements) with
negative thermal expansion behavior and inverse barocaloric effect, Journal of Materials
Research and Technology 30 (2024) 9084-9092.
https://doi.org/10.1016/j.jmrt.2024.05.251.

F. Stewner, R. Hoppe, Zur Kristallstruktur von LiYO2, Z. Anorg. Allg. Chem. 380 (1971)
250-261. https://doi.org/10.1002/zaac.19713800305.

Tomoo Katsura, Yoshinori Tange, A Simple Derivation of the Birch—-Murnaghan Equations
of State (EOSs) and Comparison with EOSs Derived from Other Definitions of Finite
Strain, Minerals 9 (2019) 745. https://doi.org/10.3390/min9120745.

Y. Hashimoto, M. Wakeshima, K. Matsuhira, Y. Hinatsu, Y. Ishii, Structures and Magnetic
Properties of Ternary Lithium Oxides Li R Oz (R = Rare Earths), Chemistry of Materials 14
(2002) 3245-3251. https://doi.org/10.1021/cm010728u.

D. Alexander, K. Thomas, S. Sisira, L.A. Jacob, S. Gopi, A. Kumar S, P.R. Biju, N. V.
Unnikrishnan, C. Joseph, Eu®" activated terbium oxalate nanocrystals: A novel luminescent

material with delayed concentration quenching and tunable multicolour emission, Opt.
Mater. (Amst). 86 (2018) 366-375. https://doi.org/10.1016/j.optmat.2018.10.013.

R.K. Tamrakar, D.P. Bisen, N. Bramhe, Influence of Er’" concentration on the
photoluminescence characteristics and excitation mechanism of Gd,Os:Er*" phosphor
synthesized via a solid-state reaction method, Luminescence 30 (2015) 668-676.
https://doi.org/10.1002/b10.2803.

A.l. Kostyukov, V.N. Panchenko, A.A. Nashivochnikov, M.I. Rakhmanova, S. V.
Cherepanova, E.A. Suprun, O. Antonova, High quantum yield of red-emitting Eu** doped
nanophosphor based on monoclinic Y203, Ceram. Int. 49 (2023) 41158-41166.
https://doi.org/10.1016/j.ceramint.2023.01.078.

149



10. Copyright information

10.1. Copyright information for Figure 1.1

1726, 11:10AM

SPRINGER NATURE LICENSE
TERMS AND CONDITIONS

Jan 07, 2026

RightsLink Printable License

This Agreement between Mr. Ajeesh Kumar somakumar ("You") and Springer Nature
("Springer Nature") consists of your license details and the terms and conditions provided
by Springer Nature and Copyright Clearance Center.

License Number

License date

Licensed Content Publisher

Licensed Content Publication

Licensed Content Title

Licensed Content Author

Licensed Content Date

Type of Use

Requestor type

Format

Portion

Number of figures/tables/illustrations

Will you be translating?

Circulation/distribution

hittps.#s100_copynght.com/AppDispatch Serviet

6183550142995

Jan 07, 2026

Springer Nature

Nature Physics

Cold melting and solid structures of dense
lithium

Christophe L. Guillaume et al

Jan 9, 2011

Thesis/Dissertation

academic/university or research institute

print and electronic

figures/tables/illustrations

no

1-29

150



1/7/26, 11:10 AM RightsLink Printable License

Author of this Springer Nature content no

High-Pressure Spectroscopy of Selected Wide
Title of new work Bandgap Lithium Metal Oxides Doped with
Transition Metals and Rare Earth lons

Institute of Physics of the Polish Academy of

Tt o Sciences (IF PAN)

Expected presentation date Feb 2026

Figure 1: Proposed phase diagram of lithium over

Rpnizons a wide pressure-temperafure range.

The Requesting Person / Organization

to Appear on the License Mr. Ajeesh Kumar somakumar

Mr. Ajeesh Kumar Somakumar
Institute of Physics of the Polish Academy of
Sciences (IFPAN)

Requestor Location Aleja Lotnikow 32/46
Warsaw
Warsaw, Masovian Voivodeship 02-668
Poland

Payment Type Invoice

Email Address infinityphotons(@gmail.com

Mr. Ajeesh Kumar Somakumar

Institute of Physics of the Polish Academy of
Sciences (IFPAN)

Aleja Lotnikow 32/46

Warsaw

Warsaw, Poland 02-668

Billing Address

Total 0.00 EUR

Terms and Conditions

Springer Nature Customer Service Centre GmbH Terms and Conditions

The following terms and conditions ("Terms and Conditions") together with the terms
specified in your [RightsLink] constitute the License ("License") between you as
Licensee and Springer Nature Customer Service Centre GmbH as Licensor. By

hitps://s100 copyright com/AppDispatch Serviet

151

n



1/9/26, 1111 AM

ccc Marketplace

This is a License Agreement between AJEESH KUMAR SOMAKUMAR ("User”) and Copyright Clearance Center, Inc.
("CCC") on behalf of the Rightsholder identified in the order detalls below. The license consists of the order details,
the Marketplace Permissions General Terms and Conditions below, and any Rightsholder Terms and Conditions

which are included below.

10.2. Copyright information for Figure 6.13.

All payments must be made in full to CCC in accordance with the Marketplace Permissions General Terms and

Conditions below.

Order Date
Order License ID
ISSN

LICENSED CONTENT

Publication Title
Article Title

Author / Editor

Date
Language
Country

REQUEST DETAILS

Portion Type

Number of Charts /
Graphs / Tables / Figures
Requested

Format (select all that
apply)

Who Will Republish the
Content?

Duration of Use
Lifetime Unit Quantity
Rights Requested

NEW WORK DETAILS

Title

Instructor Name

07-Jan-2026
1688066-1
1477-9234

Dalton transactions

Dual role of oxygen-
related defects in the
luminescence kinetics of
AIN:Mn 2+

Royal Society of Chemistry
(Great Britain)

01/01/2003
English

United Kingdom of Great
Britain and Northern
Ireland

Chart/graph/table/ffigure
1

Print, Electronic
Academic institution

Life of current edition
Up to 499
Main product

High-Pressure
Spectroscopy of Selected
Wide Bandgap Lithium
Metal Oxides Doped with
Transition Metals and
Rare Earth lons.

Prof. dr hab. Agata
Kaminska

ADDITIONAL DETAILS

Type of Use
Publisher

Portion

Rightsholder
Publication Type
Start Page

End Page

Issue

Volume

Distribution
Translation

Copies for the Disabled?
Minor Editing Privileges?

Incidental Promotional
Use?

Currency

Institution Name

Expected Presentation
Date

Republish in a
thesis/dissertation
ROYAL SOCIETY OF
CHEMISTRY
Chart/graph/table/figure

Royal Society of Chemistry
e-journal

14297

14305

37

51

Worldwide

Original language of
publication

No
No
No

EUR

Institute of Physics of the
Polish Academy of
Sciences (IFPAN)

2026-02-26

hitps /marketplace copynght com/rs-ui-web/mpflicense/1eadedcs-c75a-4265-a21b-55954¢c0a553/526 aeddb-2e3b-4b 7b-af54-0b166ad816 10

marketplace copyright com/rs-ui-web/mp/license/1eadedcs5-c75a-4255-a21b-55954cc9a553/526 ae9db-2e3b-4b7b-af54-0b166. .

1



1/9/26, 11.11 AM m

Order Reference Number

SR EaRIT G
N/A

o ;
license/1

REQUESTED CONTENT DETAILS

Title, Description or

Numeric Reference of the

Portion(s)
Editor of Portion(s)

Volume / Edition
Page or Page Range of

Figure 5 (a),(b) & (c)

Lazarowska, Agata;
Kaminski, Mikotaj;
Cherepy, Nerine |.; Mahlik,
Sebastian; Liu, Ru-Shi

51

14297-14305

4edc5-c75a-4255-a21b-55954¢c0a553/526 aeddb-2e3b-4b7b-af54-0b 166. ..

The Requesting Person /
Organization to Appear
on the License

Title of the Article /
Chapter the Portion Is
From

Author of Portion(s)

Issue, if Republishing an

AJEESH KUMAR
SOMAKUMAR

Dual role of oxygen-
related defects in the
luminescence kinetics of
AIN:Mn 2+

Lazarowska, Agata;
Kaminski, Mikotaj;
Cherepy, Nerine J.; Mahlik,
Sebastian; Liu, Ru-Shi

37

Portion Article From a Serial
Publication Date of 2022-09-26

Portion

Marketplace Permissions General Terms and Conditions

The following terms and conditions (“General Terms"), together with any applicable Publisher Terms and Conditions,
govern User's use of Works pursuant to the Licenses granted by Copyright Clearance Center, Inc. ("CCC") on behalf of the
applicable Rightsholders of such Works through CCC's applicable Marketplace transactional licensing services (each, a
“Service").

1) Definitions. For purposes of these General Terms, the following definitions apply:

“License" is the licensed use the User obtains via the Marketplace platform in a particular licensing transaction, as set
forth in the Order Confirmation.

“Order Confirmation” is the confirmation CCC provides to the User at the conclusion of each Marketplace transaction.
“Order Confirmation Terms"” are additional terms set forth on specific Order Confirmations not set forth in the General
Terms that can include terms applicable to a particular CCC transactional licensing service and/or any Rightsholder-
specific terms.

“Rightsholder{s)" are the holders of copyright rights in the Works for which a User obtains licenses via the Marketplace
platform, which are displayed on specific Order Confirmations.

“Terms” means the terms and conditions set forth in these General Terms and any additional Order Confirmation Terms
collectively.

“User” or "you" is the person or entity making the use granted under the relevant License. Where the person accepting the
Terms on behalf of a User is a freelancer or other third party who the User authorized to accept the General Terms on the
User’s behalf, such person shall be deemed jointly a User for purposes of such Terms.

“Wark(s)" are the copyright protected works described in relevant Order Confirmations.

2) Description of Service. CCC's Marketplace enables Users to obtain Licenses to use one or more Works in accordance
with all relevant Terms. CCC grants Licenses as an agent on behalf of the copyright rightsholder identified in the relevant
Order Confirmation.

3) Applicability of Terms. The Terms govern User's use of Works in connection with the relevant License. In the event of
any conflict between General Terms and Order Confirmation Terms, the latter shall govern. User acknowledges that
Rightsholders have complete discretion whether to grant any permission, and whether to place any limitations on any
grant, and that CCC has no right to supersede or to modify any such discretionary act by a Rightsholder.

4) Representations; Acceptance. By using the Service, User represents and warrants that User has been duly authorized
by the User to accept, and hereby does accept, all Terms,

5) Scope of License; Limitations and Obligations. All Works and all rights therein, including copyright rights, remain the
sole and exclusive property of the Rightsholder. The License provides only those rights expressly set forth in the terms
and conveys no other rights in any Warks

https.//marketplace copynght com/rs-ui-web/mp/icense/ieadedcs-c7 5a-4255-a21b-55954cc9ab53/526 ae9db-2e3b-4b 7b-afH4-0b166ad81610

153

27



10.3. Open access information for article 1

ACSPublications o

v Most Trusted. Most Cited. Most Read.

Inorganic Chemistry

Open Access

9’ g =

Cite Share Jumpto
ARTICLE | July 27,2023

High-Pressure Near-Infrared
Luminescence Studies of Fe3*-
Activated LiGaO,

Ajeesh Kumar Somakumar, Lev-lvan Bulyk, Volodymyr Tsiumra,
Justyna Barzowska, Puxian Xiong, Anastasiia Lysak,
Yaroslav Zhydachevskyy, and Andrzej Suchocki*

L] Open PDF

Inorganic Chemistry

Cite this: Inorg. Chem. 2023, 62,31, 12434-12444
(# Click to copy citation

https://doi.org/10.1021/acs.inorgchem.3¢01627
Published July 27,2023 v

Copyright © 2023 The Authors. Published by American Chemical

Society This nublication is licensed uinder CC-BY 4.0

154



10.4. Open access information for article 2

check for
updates

Academic Editor: Xingcai Wu

Received: 20 March 2025
Revised: 4 May 2025
Accepted: 19 May 2025
Published: 27 May 2025

Citation: Somakumar, A.K.; Romet,
I.; Grabias, A.; Kruk, M.; Hayama, S.;
Wilodarczyk, D.; Barzowska, J.;
Edathumkandy, Y.K.; Feldbach, E.;
Xiong, P; et al. Multisite Fe**
Luminescent Centers in the LiGaO,:Fe
Nanocrystalline Phosphor. Molecules
2025, 30,2331. https://doi.org/
10.3390/molecules30112331

Copyright: © 2025 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

Molecules 2025, 30, 2331

155



10.5. Author's rights information for article 3

177126, 12:16 PM Temperature and pressure dependent luminescence mechanism of a zinc blende structured ZnS-Mn nanophosphar under UV

Temperature and pressure dependent luminescence mechanism of a zinc blende structured
ZnS:Mn nanophosphor under UV excitation

A. K. Somakumar, Y. Zhydachevskyy, D. Wlodarczyk, S. S. Haider, J. Barzowska, K. R. Bindu, Y. K.
Edathumkandy, T. Zayarniuk, A. Szewczyk, S. Narayanan, A. Lysak, H. Przybylinska, E. I. Anila and
A. Suchocki, J. Mater. Chem. C, 2024, 12, 7041 DOI: 10.1039/DATC00960F

To request permission to reproduce material from this article, please go to the Copyright Clearance
Center request page.

If you are an author contributing to an RSC publication, you do not need to request
permission provided correct acknowledgement is given.

If you are the author of this article, you do not need to request permission to reproduce figures and
diagrams provided correct acknowledgement is given. If you want to reproduce the whole article in
a third-party publication (excluding your thesis/dissertation for which permission is not required)
please go to the Copyright Clearance Center request page.

Read more about how to correctly acknowledge RSC content.

156



11. Appendix

11.1. Author Contribution Statements for Article 1:

Ajeesh Kumar Somakumar, Lev-Ivan Bulyk, Volodymyr Tsiumra, Justyna Barzowska, Puxian
Xiong, Anastasiia Lysak, Yaroslav Zhydachevskyy, and Andrzej Suchocki. High-Pressure Near-
Infrared Luminescence Studies of Fe3*-Activated LiGaO:z. Inorganic Chemistry 62, no. 31
(2023): 12434-12444. https://doi.org/10.1021/acs.inorgchem.3c01627

This publication is licensed under CC-BY 4.0. Copyright © 2023 by the authors.

List of Authors (Statement attached)
Ajeesh Kumar Somakumar
Volodymyr Tsiumra

Justyna Barzowska

Puxian Xiong

Anastasiia Lysak

AN e

Yaroslav Zhydachevskyy

157


https://doi.org/10.1021/acs.inorgchem.3c01627

AUTHORSHIP CONTRIBUTION STATEMENT

[ declare that I am the co-author of the following publications:

. Ajeesh Kumar Somakumar, Lev-Ivan Bulyk, Volodymyr Tsiumra, Justyna Barzowska,
Puxian Xiong, Anastasiia Lysak, Yaroslav Zhydachevskyy, and Andrzej Suchocki. "High-
Pressure Near-Infrared Luminescence Studies of Fe*"-Activated LiGa02." Inorganic
Chemistry 62, no. 31 (2023): 12434-12444.
doi.org/10.1021/acs.inorgchem.3¢01627

[ contributed to this publication by conceptualising and visualising the scientific idea, as well as
coordinating and executing all experiments described in the above article. I carried out
photoluminescence and decay measurements under ambient, low-temperature, and high-pressure
conditions, including data analysis and interpretation. I authored the original draft of the article from
the introduction to the conclusions: prepared all figures and tables: and reviewed. edited, and drafted
responses to the reviewers prior to final publication.

Name: Ajeesh Kumar Somakumar

Signature and Date TJ:L alg/aé

158



AUTHORSHIP CONTRIBUTION STATEMENT

I declare that I am the co-author of the following publications:

1. Ajeesh Kumar Somakumar, Lev-Ivan Bulyk, Volodymyr Tsiumra, Justyna Barzowska,
Puxian Xiong, Anastasiia Lysak, Yaroslav Zhydachevskyy, and Andrzej Suchocki. "High-
Pressure Near-Infrared Luminescence Studies of Fe*'-Activated LiGaO2." Inorganic
Chemistry 62, no. 31 (2023): 12434-12444.
doi.org/10.1021/acs.inorgchem.3c01627

I contributed to the publication by measuring the quantum yield and validating the results
interpreted by the author Ajeesh Kumar Somakumar. I reviewed the final draft before publication.

Name: \/olodymyr Tsiumra

Signature and Date g/_g _ 03 2 0926

159



AUTHORSHIP CONTRIBUTION STATEMENT

[ declare that I am the co-author of the following publications:

1. Ajeesh Kumar Somakumar, Lev-Ivan Bulyk, Volodymyr Tsiumra, Justyna Barzowska,
Puxian Xiong, Anastasiia Lysak, Yaroslav Zhydachevskyy, and Andrzej Suchocki. "High-
Pressure Near-Infrared Luminescence Studies of Fe*'-Activated LiGaOa." Inorganic
Chemistry 62, no. 31 (2023): 12434-12444.
doi.org/10.1021/acs.inorgchem.3¢01627

[ contributed to the above publication through mechano-luminescence investigations, XRD analysis
and validation of the results interpreted by the author Ajeesh Kumar Somakumar. I reviewed the final
draft before publication.

Signed by / Podpisano
Name: przez:
Justyna Maria Barzowska
Uniwersytet Gdanski

Date / Data: 2026-03-04
08:10

Signature and Date

160



AUTHORSHIP CONTRIBUTION STATEMENT

I declare that I am the co-author of the following publication:

1. Ajeesh Kumar Somakumar, Lev-Ivan Bulyk, Volodymyr Tsiumra, Justyna Barzowska,
Puxian Xiong, Anastasiia Lysak, Yaroslav Zhydachevskyy, and Andrzej Suchocki. "High-
Pressure Near-Infrared Luminescence Studies of Fe**-Activated LiGaO:." Inorganic
Chemistry 62, no. 31 (2023): 12434-12444.
doi.org/10.1021/acs.inorgchem.3¢01627

I contributed to the publication through the synthesis of the sample and validation of the results
interpreted by the author Ajeesh Kumar Somakumar. I reviewed the final draft before publication.

Name: Puxian Xiong

Signature and Date March. 5 2026

161



AUTHORSHIP CONTRIBUTION STATEMENT

I declare that I am the co-author of the publication:

1. Ajeesh Kumar Somakumar, Lev-Ivan Bulyk, Volodymyr Tsiumra, Justyna Barzowska,
Puxian Xiong, Anastasiia Lysak, Yaroslav Zhydachevskyy, and Andrzej Suchocki. "High-
Pressure Near-Infrared Luminescence Studies of Fe’*-Activated LiGa0.." Inorganic
Chemistry 62, no. 31 (2023): 12434-12444.
doi.org/10.1021/acs.inorgchem.3¢c01627

I contributed to the publication through the SEM measurements and the validation of the results
interpreted by the author Ajeesh Kumar Somakumar. I reviewed the final draft prior to publication.

Name: l.l A U~>t LS|V O (/‘5 SQ [C—

Signature and Date 3 O 2 . % OZ ¢

162



AUTHORSHIP CONTRIBUTION STATEMENT

I declare that I am the co-author of the following publications:

1. Ajeesh Kumar Somakumar, Lev-Ivan Bulyk, Volodymyr Tsiumra, Justyna Barzowska,
Puxian Xiong, Anastasiia Lysak, Yaroslav Zhydachevskyy, and Andrzej Suchocki. "High-
Pressure Near-Infrared Luminescence Studies of Fe*'-Activated LiGa0,." /norganic
Chemistry 62, no. 31 (2023): 12434-12444.
doi.org/10.1021/acs.inorgchem.3¢01627

I contributed to the publication by assisting in PL investigations, discussions and validation of the
results interpreted by the author Ajeesh Kumar Somakumar. I reviewed the final draft before
publication.

of-QN4.1 Group

Name: 3.©3 202& lntz'itute of Phosics
Signature and Date )_VJ %\
Prof. dr hab Yaroslav Zhydach skyy

163



11.2. Author Contribution Statements for Article 2:

Ajeesh Kumar Somakumar, Ivo Romet, Agnieszka Grabias, Marcin Kruk, Shusaku Hayama,
Damian Wlodarczyk, Justyna Barzowska, Yadhu Krishnan Edathumkandy, Eduard Feldbach,
Puxian Xiong, Yaroslav Zhydachevskyy, Monika Trzaskowska, Hanka Przybylifiska, Andrzej
Suchocki. Multisite Fe3* luminescent centers in the LiGaO:: Fe nanocrystalline phosphor.
Molecules 30, no. 11 (2025): 2331. https://doi.org/10.3390/molecules30112331

This publication is licensed under CC-BY 4.0. Copyright © 2025 by the authors.

List of Authors (Statement attached)

1. Ajeesh Kumar Somakumar

2. Ivo Romet

3. Agnieszka Grabias

4. Damian Wlodarczyk

5. Justyna Barzowska

6. Puxian Xiong

7. Yaroslav Zhydachevskyy
8. Monika Trzaskowska

9. Hanka Przybylinska

164


https://doi.org/10.3390/molecules30112331

AUTHORSHIP CONTRIBUTION STATEMENT

[ declare that I am the co-author of the following publications:

1. Ajeesh Kumar Somakumar*, Ivo Romet, Agnieszka Grabias, Marcin Kruk, Shusaku
Hayama, Damian Wlodarczyk, Justyna Barzowska, Yadhu Krishnan Edathumkandy,
Eduard Feldbach, Puxian Xiong, Yaroslav Zhydachevskyy, Monika Trzaskowska, Hanka
Przybylinska, Andrzej Suchocki. * “Multisite Fe** luminescent centers in the LiGaO2:Fe
nanocrystalline phosphor.” Molecules 30, no. 11 (2025): 2331.
doi.org/10.3390/molecules30112331

[ contributed to this publication by conceptualising and visualising the scientific idea, as well as
coordinating and executing all experiments described in the above article. 1 carried out
photoluminescence and decay measurements under ambient, low-temperature, and high-pressure
conditions, including data analysis and interpretation. I authored the original draft of the article from
the introduction to the conclusions: prepared all figures and tables; and reviewed. edited, and drafted
responses to the reviewers prior to final publication.

Name: Ajeesh Kumar Somakumar

Signature and Date W 7326

165



AUTHORSHIP CONTRIBUTION STATEMENT

I declare that I am the co-author of the following publications:

l.

Ajeesh Kumar Somakumar®*, Ivo Romet, Agnieszka Grabias, Marcin Kruk, Shusaku
Hayama, Damian Wlodarczyk, Justyna Barzowska, Yadhu Krishnan Edathumkandy,
Eduard Feldbach, Puxian Xiong, Yaroslay Zhydachevskyy, Monika Trzaskowska, Hanka
Przybylifiska, Andrzej Suchocki. * “Multisite Fe’* luminescent centers in the LiGaO2:Fe
nanocrystalline  phosphor.”  Molecules 30, no. 11 (20251: 2331,
doi.org/10.3390/molecules30112331

I contributed to the above publication through thermoluminescence and cathodoluminescence

measurements and the validation of the results interpreted by the author Ajeesh Kumar Somakumar. I
reviewed the final draft before publication.

Ivo Romet W’

Signature and Date

06.03, RO

166



AUTHORSHIP CONTRIBUTION STATEMENT

[ declare that I am the co-author of the following publications:

L

Ajeesh Kumar Somakumar*, Ivo Romet, Agnieszka Grabias, Marcin Kruk, Shusaku
Hayama, Damian Wlodarczyk, Justyna Barzowska, Yadhu Krishnan Edathumkandy,
Eduard Feldbach, Puxian Xiong, Yaroslav Zhydachevskyy, Monika Trzaskowska, Hanka
Przybylinska, Andrzej Suchocki. * “Multisite Fe’" luminescent centers in the LiGaO2:Fe
nanocrystalline  phosphor.”  Molecules 30,  no. 11 (2025):  2331.
doi.org/10.3390/molecules30112331

I contributed to the publication through the Mossbauer spectroscopy measurements of the sample

and the validation of the results interpreted by the author Ajeesh Kumar Somakumar. I reviewed the
final draft before publication.

Name AGNIESZKA GRABIAS

Signature and Date

me

March 3, 2026

167



AUTHORSHIP CONTRIBUTION STATEMENT

I declare that I am the co-author of the following publications:

. Ajeesh Kumar Somakumar*, Ivo Romet, Agnieszka Grabias, Marcin Kruk, Shusaku
Hayama, Damian Wlodarczyk, Justyna Barzowska, Yadhu Krishnan Edathumkandy,
Eduard Feldbach, Puxian Xiong, Yaroslav Zhydachevskyy, Monika Trzaskowska, Hanka
Przybylifnska, Andrzej Suchocki. * “Multisite Fe** luminescent centers in the LiGaO;:Fe
nanocrystalline  phosphor.”  Molecules 30, no. 11 (2025):  2331.
doi.org/10.3390/molecules30112331

I contributed to the above publication by conducting Raman measurements on the sample and
validating the Raman results interpreted by the author, Ajeesh Kumar Somakumar. I reviewed the final
draft before publication.

“Doutgn
02.0%.2046, (',W/ui&ﬂla/j(

Signature and Date

168



AUTHORSHIP CONTRIBUTION STATEMENT

I declare that I am the co-author of the following publications:

1. Ajeesh Kumar Somakumar*, Ivo Romet, Agnieszka Grabias, Marcin Kruk, Shusaku
Hayama, Damian Wlodarczyk, Justyna Barzowska, Yadhu Krishnan Edathumkandy,
Eduard Feldbach, Puxian Xiong, Yaroslav Zhydachevskyy, Monika Trzaskowska, Hanka
Przybylinska, Andrzej Suchocki. * “Multisite Fe*' luminescent centers in the LiGaO2:Fe
nanocrystalline  phosphor.”  Molecules 30,  no. 11 (2025):  2331.
doi.org/10.3390/molecules30112331

[ contributed to the above publication through XRD analysis and the validation of results interpreted
by the author Ajeesh Kumar Somakumar. I reviewed the final draft prior to publication.

Signed by / Podpisano
Name: przez:

Justyna Maria Barzowska
Uniwersytet Gdanski

Date / Data: 2026-03-04
08:14

Signature and Date

169



AUTHORSHIP CONTRIBUTION STATEMENT

I declare that I am the co-author of the following publications:

1. Ajeesh Kumar Somakumar®*, Ivo Romet, Agnieszka Grabias, Marcin Kruk, Shusaku
Hayama, Damian Wlodarczyk, Justyna Barzowska, Yadhu Krishnan Edathumkandy,
Eduard Feldbach, Puxian Xiong, Yaroslav Zhydachevskyy, Monika Trzaskowska, Hanka
Przybylinska, Andrzej Suchocki. * “Multisite Fe** luminescent centers in the LiGaQ2:Fe
nanocrystalline  phosphor.”  Molecules 30,  no. 11 (2025):  2331.
doi.org/10.3390/molecules30112331

I contributed to the publication through the synthesis of the sample and validation of the results
interpreted by the author Ajeesh Kumar Somakumar. I reviewed the final draft before publication.

Name: puxian xiong

@JX Vo D/‘ 7
Signature and Date March 5 2026

170



AUTHORSHIP CONTRIBUTION STATEMENT

[ declare that I am the co-author of the following publications:

1. Ajeesh Kumar Somakumar*, Ivo Romet, Agnieszka Grabias, Marcin Kruk, Shusaku
Hayama, Damian Wlodarczyk, Justyna Barzowska, Yadhu Krishnan Edathumkandy,
Eduard Feldbach, Puxian Xiong, Yaroslav Zhydachevskyy, Monika Trzaskowska, Hanka
Przybylinska, Andrzej Suchocki. * “Multisite Fe’* luminescent centers in the LiGaO,:Fe
nanocrystalline phosphor.” AMolecules 30, no. 11 (2025): 2331.
doi.org/10.3390/molecules30112331

I contributed to the publication by assisting in PL investigations, discussions and validation of the
results interpreted by the author Ajeesh Kumar Somakumar. [ reviewed the final draft before
publication.

— Head of ON4.1 Group
Name: 5_(/‘3_ 2020  Instit e of Physics paS~
) ¢ 4

Signature and Date Prof. dr hab. Yorasiav Zh/y'dahc’ﬁ/ v

171



AUTHORSHIP CONTRIBUTION STATEMENT

I declare that I am the co-author of the following publications:

1. Ajeesh Kumar Somakumar*, [vo Romet, Agnieszka Grabias, Marcin Kruk, Shusaku
Hayama, Damian Wlodarczyk, Justyna Barzowska, Yadhu Krishnan Edathumkandy,
Eduard Feldbach, Puxian Xiong, Yaroslav Zhydachevskyy, Monika Trzaskowska, Hanka
Przybylinska, Andrzej Suchocki. * “Multisite Fe3* luminescent centers in the LiGaO::Fe

nanocrystalline  phosphor.”  Molecules 30, no. 11 (2025):  2331.
doi.org/10.3390/molecules30112331

[ contributed to the above publication through antimicrobial studies of the sample and the validation

of the results interpreted by the author Ajeesh Kumar Somakumar. I reviewed the final draft before
publication.

Name Mc}'vw.}(m \\Qcﬁs/(cvshm

Signature and Date

0%.0%. 2026w

}‘/zoglc,/(cuk7 /( CAL

172



AUTHORSHIP CONTRIBUTION STATEMENT

I declare that I am the co-author of the following publications:

Ajeesh Kumar Somakumar*, Ivo Romet, Agnieszka Grabias, Marcin Kruk, Shusaku
Hayama, Damian Wlodarczyk, Justyna Barzowska, Yadhu Krishnan Edathumkandy,
Eduard Feldbach, Puxian Xiong, Yaroslav Zhydachevskyy, Monika Trzaskowska, Hanka
Przybylinska, Andrzej Suchocki. * “Multisite Fe** luminescent centers in the LiGaO,:Fe
nanocrystalline  phosphor.”  AMolecules 30,  no. 11 (2025): 2331,
doi.org/10.3390/molecules30112331

I contributed to the above publication through EPR spectroscopy measurements of the sample, data

interpretation, and validation of the results. I reviewed the final draft before publication.

Name

Signature and Date 403, olf gp(?(),{w ?MJGZ/E l’<5 [‘Q,

173



174



Dostepy do artykutow:

1. Ajeesh Kumar Somakumar, Lev-lvan Bulyk, Volodymyr Tsiumra, Justyna
Barzowska, Puxian Xiong, Anastasiia Lysak, Yaroslav Zhydachevskyy, and Andrzej
Suchocki. "High-Pressure Near-Infrared Luminescence Studies of Fes+-Activated
LiGaO2." Inorganic Chemistry 62, no. 31 (2023): 12434-12444.
doi.org/10.1021/acs.inorgchem.3c01627

2. Ajeesh Kumar Somakumar, Ivo Romet, Agnieszka Grabias, Marcin Kruk, Shusaku
Hayama, Damian Wlodarczyk, Justyna Barzowska, Yadhu Krishnan
Edathumkandy, Eduard Feldbach, Puxian Xiong, Yaroslav Zhydachevskyy, Monika
Trzaskowska, Hanka Przybylinska, Andrzej Suchocki. “Multisite Fes+ luminescent
centers in the LiGaOz2:Fe nanocrystalline phosphor.” Molecules 30, no. 11 (2025):
2331. doi.org/10.3390/molecules30112331



