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อเิลก็ทรอนิกสย์คุใหมน่ัน้ คณะวจิยัไดใ้ชป้ระโยชน์จากเทคนิคแสงซนิโครตรอนต่างๆ โดยเฉพาะ 
เทคนิคโฟโตอมิชิชนัสเปกโตรสโคปีในแบบแยกแยะเชงิมมุ (ARPES) แบบแยกแยะสปิน (SR-
PES) และ แบบแยกแยะธาตุ (XPS) มาทดลองวดัโครงสรา้งอเิลก็ทรอนิกสจ์ากสารในสองกลุ่ม
หลกัๆ ไดแ้ก่ 1. โลหะออกไซดแ์ละโลหะแชลโคจไินด ์2. สารประกอบไดมอนดอยด ์
 ในสว่นแรกทีเ่กีย่วกบัโลหะออกไซดแ์ละโลหะแชลโคจไินดค์ณะวจิยัสนใจเป็นพเิศษ
เกีย่วกบัโครงสรา้งอเิลก็ทรอนิกสข์องอเิลก็ตรอนทีถู่กขงัอยูใ่นสองมติ ิซึง่บ่อยครัง้พบวา่สมบตัิ
บางอยา่งทีไ่มม่ใีนกอ้นสารจะเกดิไดเ้มือ่อเิลก็ตรอนทีถู่กขงัอยูใ่นสองมติน้ีิ ในโครงการน้ี
คณะวจิยัไดท้าํการวดัโครงสรา้งอเิลก็ทรอนิกสข์องโลหะแชลโคจไินด ์2 ชนิด ไดแ้ก่ MoS2 and 
WSe2 และโลหะออกไซด ์1 ชนิดไดแ้ก่ SrTiO3 สาํหรบั MoS2 นัน้คณะวจิยัพบวธิใีหมใ่นการ
สรา้งชัน้อะตอมอสิระโดยการแทรกธาตุโพแทสเซยีมระหวา่งชัน้อะตอมและสาํหรบั WSe2 
คณะวจิยัสามารถเขา้ใจในเชงิลกึถงึฟิสกิสข์องการโพลาไรซข์องสปินในโครงสรา้งอะตอมทีม่ี
ลกัษณะสมมาตร  สาํหรบั SrTiO3 คณะวจิยัไดเ้สนอแบบจาํลองบนพืน้ฐานของขอ้มลูการทดลอง
และการคาํนวณทีเ่กีย่วกบัแถบพลงังานทีแ่ยกกนัเพิม่ขึน้ซึง่มผีลมาจากสมบตัขิองสปินที่
แตกต่างกนัในแต่ละวงโคจรของอเิลก็ตรอนซึง่อาจจะมปีระโยชน์ในอุปกรณ์อเิลก็ทรอนิกสแ์บบ
สปิน ในสว่นที ่2 ทีเ่กีย่วกบั สารประกอบไดมอนดอยด ์คณะวจิยัเตรยีมฟิลม์บางของไดมอน
ดอยดไ์ดส้าํเรจ็โดยใชว้ธิกีารตกเคลอืบดว้ยไอเคม ีโดยคณะวจิยัพบวา่โครงสรา้งอเิลก็ทรอนิกสท์ี่
วดัไดแ้สดงถงึสมบตักิารปลดปล่อยอเิลก็ตรอนทีด่ ีและยงับ่งบอกถงึปรมิาณของคารบ์อนใน
รปูแบบต่างๆ ไดอ้กีดว้ย 
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Abstract 
 
Project Code : RSA5680052 
Project Title : Synchrotron-Radiation-Utilized Studies of Advanced Materials for 
Applications in New-Generation Electronics 
Investigator : Asst. Prof. Dr. Worawat Meevasana, School of Physics, Institute of 
Science, Suranaree University of Technology 
E-mail Address : worawat@g.sut.ac.th 
Project Period: 2 years 

In this project, to gain better understanding of novel electronic properties of 
potential materials for new-generation electronics, we utilize the synchrotron radiation 
techniques including angle-resolved photoemission spectroscopy (ARPES), x-ray 
photoemission spectroscopy (XPS) and spin-resolved spectroscopy (SR-PES) in 
studying the electronic structures of two groups of materials: 1) transition-metal oxides 
and chalcogenides and 2) carbon-based materials (mainly diamondoid).  

Firstly, regarding the transition-metal oxides and chalcogenides, we focus on the 
electronic structures of electrons which are confined in two dimensions. In this confined 
state, novel properties, not available in bulk form, present themselves and sometimes 
can be useful for electronic applications. In this project, we measured the electronic 
structure of two metal-dichalcogenides (MoS2 and WSe2) and one metal oxide (SrTiO3). 
For MoS2, we find a new methodology in creating freestanding monolayer by potassium 
interaction and for WSe2, we have a better understanding of the spin-polarized nature in 
a symmetric crystal. For SrTiO3, based on experimental data and calculation, we 
propose a model about orbitally-enhanced spin-orbit splitting which may be useful for 
spintronic devices. Secondly, regarding the carbon-based materials (mainly 
diamondoid), we successfully prepare thin films of diamondoids using chemical-vapor-
deposition method. From their measured electronic structure, we observe the electron 
emitting nature and are able to characterize the carbon-bonding types of the films. 
 
Keywords : Transition-metal oxide, transition-metal dichalcogenide, SrTiO3, MoS2, 
WSe2, diamondoid, electronic structure, photoemission spectroscopy 
  



บทนํา 
อุปกรณ์อเิลก็ทรอนิกสใ์นปจัจุบนัสว่นใหญ่สรา้งจากสารกึง่ตวันําแบบดัง้เดมิโดยเฉพาะ

จากซลิกิอน สารกึง่ตวันําตามชื่อนัน้คอืมสีมบตัทิีเ่ปลีย่นไปมาไดร้ะหวา่งสภาพฉนวนไฟฟ้าและ
นําไฟฟ้าซึง่นํามาพฒันาเป็นทรานซสิเตอรท์ีค่วบคุมการเปิดปิดของการนําไฟฟ้าและกลายเป็น
เลข 0 และ 1 ในโลกดจิติอล อยา่งไรกต็ามการพฒันาของชปิคอมพวิเตอรใ์นปจัจุบนัดเูหมอืนวา่
จะเขา้มาถงึจุดสิน้สดุแลว้ดว้ยขอ้จาํกดัทางขนาดอะตอมทีท่าํใหค้วามเรว็ของการคาํนวณไม่
สามารถเพิม่มากขึน้อกีต่อไป ปจัจุบนัเราจงึพยายามหาทางต่างๆเพือ่เอาชนะขอ้จาํกดัน้ี  วธิกีาร
แกป้ญัหาน้ีอาจตอ้งหาวสัดุใหมท่ีม่คีวามสามารถสงูกวา่สารกึง่ตวันําแบบดัง้เดมิ ในโครงการน้ี
คณะวจิยัมคีวามสนใจวสัดุในสองกลุ่มไดแ้ก่ 1) โลหะออกไซดแ์ละโลหะแชลโคจไินด ์และ 2) 
วสัดุคารบ์อน (โดยเฉพาะสารประกอบไดมอนดอยด ์(diamondoid)) 
 ในกลุ่มแรกสาํหรบัสารโลหะออกไซดแ์ละโลหะแชลโคจไินดน์ัน้ คณะวจิยัสนใจในสว่น
โครงสรา้งอเิลก็ทรอนิกสท์ีใ่นแบบสองมติ ิสาํหรบัสารโลหะออกไซดค์วามสนใจนัน้มาจากการคน้
พบวา่สารประกอบสตรอนเทยีมไททาเนต (SrTiO3) ซึง่มคีา่คงทีไ่ดอเิลก็ตรกิ (Static dielectric 
constant) ทีส่งูนัน้ถา้ถูกมาสรา้งผวิสมัผสัของสารน้ีกบัโลหะออกไซด ์LaAlO3 จะเกดิชัน้
อเิลก็ตรอนสองมติทิีม่สีมบตัเิฉพาะตวัทางไฟฟ้าทีม่คีา่ความคล่องตวัของอเิลก็ตรอน (Electron 
mobility) ทีส่งูเหมาะแก่การมาใชอ้อกแบบอุปกรณ์อเิลก็ทรอนิกสแ์บบใหม่ๆ  ซึง่ชัน้อเิลก็ตรอน
สองมติน้ีินอกจากจะมสีมบตัขิองสารกึง่นําไฟฟ้าแลว้ยงัมสีมบตัอิื่นๆมากมาย เชน่ การนําไฟฟ้า
ยิง่ยวดแบบสองมติ ิสมบตัเิชงิแมเ่หลก็ และ มคีา่สมัประสทิธิเ์ทอรโ์มอเิลก็ตรกิทีส่งู เป็นตน้ ใน
ลกัษณะทีค่ลา้ยกนัสารโลหะแชลโคจไินด ์(เชน่ MoS2 และ WSe2) กม็โีครงสรา้งอเิลก็ทรอนิกส์
เชงิสองมติโิดยเฉพาะเมือ่สารมคีวามบางมากๆ นอกจากจะมสีมบตัขิองสารกึง่นําไฟฟ้าและ
แสดงประสทิธภิาพทีส่งูเมือ่นํามาใชใ้นตวัทรานซสิเตอรแ์ลว้ สารโลหะแชลโคจไินดย์งัมสีมบตัใิน
เชงิแสงและฟิสกิสข์องสปินทีโ่ดดเดน่ซึง่อาจจะนํามาใชอ้อกแบบอุปกรณ์อเิลก็ทรอนิกสท์ีม่ ี
ความสามารถหลากหลายและแตกต่างจากทีม่ใีนปจัจุบนัได ้
 ในกลุ่มทีส่องสาํหรบัวสัดุคารบ์อน ความน่าสนใจเริม่มาจากงานวจิยัทีอ่อกมามากมาย
เกีย่วกบัสารกราฟีน (graphene) ซึง่ถูกคน้พบโดย Geim และ Novoselov ซึง่ไดร้างวลัโนเบล
สาขาฟิสกิสใ์นปี ค.ศ. 2010 กราฟีนถูกกถ็ูกคน้พบวา่มสีมบตัเิชงิไฟฟ้าทีโ่ดดเดน่มากมาย เชน่ 
คา่ความคล่องตวัของอเิลก็ตรอนทีส่งูมหาศาล สภาพควอนตมัฮอลลท์ีอุ่ณหภมูหิอ้ง เป็นตน้ 
อยา่งไรกต็ามงานวจิยัของกราฟีนกม็อีอกมามากมายและมกีารแขง่ขนัสงูในปจัจุบนัเชน่กนั 
คณะวจิยัจงึเบนความสนใจและคดิวา่น่าจะยงัมสีารประกอบคารบ์อนแบบอื่นๆ ทีน่่าสนใจมาก
เชน่กนัทีย่งัคอยการคน้พบ คณะวจิยัจงึมาสนใจสารในกลุ่มทีเ่รยีกวา่ สารประกอบไดมอนดอยด ์
(diamondoid) หรอื สารประกอบทีม่โีครงสรา้งอะตอมของคารบ์อนในระดบันาโน สารประกอบ
เหล่าน้ีน่าสนใจตรงทีน่่าจะมสีมบตัต่ิางๆคลา้ยกบัเพชร แต่มรีาคาทีถ่กูมากเหมาะแก่การพฒันา
มาใชใ้นเชงิอุตสาหกรรม 



 ในโครงการน้ีคณะวจิยัไดพ้ยายามศกึษาสมบตัทิางแมเ่หลก็และไฟฟ้าของสารประกอบ
เหล่าน้ีจากขอ้มลูทีเ่รยีกวา่โครงสรา้งอเิลก็ทรอนิกซซ์ึง่วดัไดโ้ดยใชเ้ทคนิคแสงซนิโครตรอน
โดยเฉพาะเทคนิคโฟโตอมิชิชนัสเปกโตรสโคปีในแบบแยกแยะเชงิมมุ (ARPES) แบบแยกแยะ
สปิน (SR-PES) และ แบบแยกแยะธาตุ (XPS) โดยสารทีนํ่ามาวดัไดแ้ก่ SrTiO3, MoS2, WSe2 
และ ฟิลม์ไดมอนดอยด ์ซึง่มรีายละเอยีดโครงสรา้งอเิลก็ทรอนิกซท์ีน่่าสนใจซึง่ถูกอธบิายเป็น
สว่นๆในหวัขอ้ “ผลการทดลอง” 
 
วิธีทดลอง 
ก. ขัน้ตอนการเตรยีมสารตวัอยา่งโลหะออกไซดแ์ละโลหะแชลโคจไินด ์ 
 สาํหรบัผลกึสตรอนเทยีมไททาเนตทีม่สีารเจอืของธาตุ La (แทนทีธ่าตุ Sr) ทีม่คีวาม
เขม้ขน้ตํ่าเพื่อใหนํ้าไฟฟ้าเพยีงเลก็น้อยเพื่อสะดวกต่อการทดลองโฟโตอมิชิชนั ทดสอบโดยการ
วดัความต้านทาน ถ้าไม่ทราบระนาบของผลกึอาจจะต้องวดัระนาบของผลกึด้วยเครื่อง X-ray 
Diffraction แบบ Laue ในการทดลองโฟโตอมิชิชนัต้องการความสะอาดสงูมาก วธิหีน่ึงทีใ่ช้
ทัว่ไปคอืการทําใหผ้ลกึแตกออกในสุญญากาศเพื่อไดพ้ืน้ผวิทีส่ะอาด เพื่อทีผ่ลกึแตกออกอย่าง
ราบเรยีบ ก่อนนําผลกึไปวดัเทคนิคที่สําคญัคอืการตดัผลกึบางส่วนในแนวที่ผลกึจะแตกออก 
การตดันําร่องน้ีต้องอาศยัเครื่องตดัผลกึแบบเส้นลวด หลงัจากการตดันําร่องต้องล้างผลกึให้
สะอาดดว้ยแอลกอฮอลก่์อนใสเ่ขา้สูร่ะบบสุญญากาศในเครื่องโฟโตอมิชิชนั สาํหรบัโลหะแชลโค
จไินดม์กีารเตรยีมคลา้ยกนัแต่ไมต่อ้งมกีารตดันํารอ่งเหมอืนผลกึสตรอนเทยีมไททาเนต 
 
ข. ขัน้ตอนการวดัโครงสรา้งทางอเิล็กทรอนิกส์โดยเทคนิคโฟโตอมิชิชนัแบบต่างๆ (ARPES, 
SR-PES และ XPS) 
 เทคนิคโฟโตอมิชิชนัอาศยัหลกัการเดยีวกบัปรากฏการณ์โฟโตอเิลก็ทรกิ โดยแสงที่มี
พลงังานสงูจะเขา้ไปกระตุน้อเิลก็ตรอนทีอ่ยูภ่ายในใหห้ลุดออกมา โดยเครือ่งจะทาํการวดัจาํนวน
ของอิเล็กตรอนที่หลุดออกมาที่พลังงานและมุมต่างๆ (ตามรูปที่ 1) เพื่อใช้ดูโครงสร้าง
อเิลก็ทรอนิกสข์องวสัดุทีส่นใจ สาํหรบัโครงการน้ีจะเลอืกอุณหภูมสิองช่วงคอือุณหภูมหิอ้ง และ
อุณหภูมปิระมาณ 20 เคลวนิโดยใชฮ้เีลยีมเหลวในการควบคุมอุณหภูม ิ หลงัจากปรบัอุณหภูมิ
ใหเ้ท่ากบัอุณหภูมทิีจ่ะศกึษาแลว้ทําผลกึใหแ้ตกออก สามารถตรวจสอบความเรยีบไดโ้ดยการ
ฉายแสงเลเซอรเ์พื่อดูภาพสะทอ้น หลงัจากนัน้ทําการวดัโครงสรา้งทางอเิลก็ทรอนิกส ์โดยฉาย
แสงยูวทีีม่คีวามเขม้สงูจากเครื่องซนิโครตรอนทีพ่ลงังานโฟตอนระหว่าง 40-80 eV สําหรบั
เทคนิค ARPES และ SR-PES แต่สําหรบัเทคนิค XPS พลงังานแสงจะกําหนดโดยธาตุที่
ตอ้งการศกึษา หมายเหตุ สําหรบัสารประกอบ SrTiO3 การฉายแสงดงักล่าวยงัทําใหเ้กดิชัน้
อเิลก็ตรอนสองมติขิึน้ดว้ยซึ่งอยู่รวมกบัโครงสรา้งอเิลก็ตรอนในก้อนสาร จากนัน้วดัสเปกตรมั
ความหนาแน่นของโฟโตอเิลก็ตรอนทีห่ลุดออกมาเป็นฟงักช์นัของพลงังาน เปลีย่นไปวดัทีค่่ามุม



ต่างๆเพื่อเป็นการแยกแยะเชิงมุมเพื่อดูการกระจายตวัที่ค่าโมเมนตมัต่างๆซึ่งจะเป็นข้อมูล
สาํคญัในโครงการน้ี    
 

 
รปูท่ี 1 แผนภาพเทคนิคโฟโตอมิชิชนัแบบแยกแยะเชงิมมุ 

 
ค. ขัน้ตอนการวดัตา้นทานไฟฟ้าบนพืน้ผวิหลงัการฉายแสงยวู ี
 นําสารตวัอย่างเข้าสู่ระบบสุญญากาศซึ่งเป็นการเพิม่ประสทิธิภาพของการฉายแสง 
เน่ืองจากแสงยูวีจะถูกดูดกลืนได้ง่ายในอากาศปกติทําให้ความเข้มลดลง หลงัจากความดนั
อากาศอยู่ในช่วงตํ่ากว่า 10-7 torr จะทําการตรวจสอบสภาพนําไฟฟ้าบนผวิโดยการวดัความ
ต้านทานก่อนฉายแสง ต่อจากนัน้ฉายแสงบนสารตวัอย่างด้วยแสงยูวีที่ปรบั ความเข้มแสง 
พลงังาน และขนาดของลาํแสงใหม้คีา่ตามทีต่อ้งการ แลว้จงึตรวจสอบสภาพนําไฟฟ้าบนผวิ โดย
การวดัความตา้นทานหลงัฉายแสงอกีครัง้ หมายเหตุ เพื่อช่วยในการวดัความตา้นทานของผลกึ
ทีเ่ป็นฉนวนการทาํขัว้ไฟฟ้าโดยเทคนิค sputtering อาจจาํเป็น 
 
ง. ขัน้ตอนการเตรยีมฟิลม์ไดมอนดอยด ์

มกีารเตรยีมฟิลม์ไดมอนดอยด ์2 แบบ แบบแรกทาํไดโ้ดยการปลูกฟิลม์ไดมอนดอยดท์ี่
เรยีกว่า Self assembly monolayer โดยการจุ่มแผ่นฟิล์มบางของทองนสารละลาย 
adamantane ซึง่ผสม toluene และ ethanol ประมาณครึง่ๆ แช่ไวป้ระมาณ 24 ชม แลว้ยก
แผ่นฟิล์มบางของทองออกจะมีไดมอนดอยด์ติดอยู่บางๆ แบบที่ 2 ทําได้โดยวิธี Chemical 
Vapor Deposition (CVD) ซึง่ใชแ้ผน่โลหะโดยใหอุ้ณหภมูสิงูประมาณ 1000 องศาเซลเซยีสแลว้
ใสแ่ก๊ซของ adamantine เขา้ไปจะไดแ้ผน่ฟิลม์บางๆของไดมอนดอยด ์
 
จ. ขัน้ตอนการวเิคราะหผ์ลและการเปรยีบเทยีบผลทีไ่ดก้บัการคาํนวณ 
 ใชโ้ปรแกรม Igor ของบรษิทั Wavematrics ในการวเิคราะหผ์ลการทดลองเพื่อดู
โครงสรา้งทางอเิลก็ทรอนิกสโ์ดยเฉพาะการกระจายตวัของอเิลก็ตรอนในฟงัก์ชัน่ของพลงังาน



และโมเมนตมั หรอื Electron band dispersion ในช่วงพลงังานใกลก้บัชัน้พลงังานเฟอรม์ ิ
(ประมาณ 0-300 meV) เปรยีบเทยีบกบัโครงสรา้งอเิลก็ทรอนิกสท์ีไ่ดจ้ากการคํานวณโดยวธิ ี
Local Density Approximation ทีม่อียูแ่ลว้ หรอืผลการคาํนวณเพิม่เตมิจากนกัวจิยัรว่ม จากนัน้
ทาํการเปรยีบเทยีบกบัผลการทดลองจากเทคนิคอื่นเช่น ค่ามวลประสทิธ ิ(Effective mass) ของ
อเิลก็ตรอนจากค่าความต้านทาน หรอืจากสมบตัทิางแสงเพื่อเป็นการยนืยนั หรอืในกรณีทีผ่ล
การทดลองไม่ตรงกบัผลการคํานวณ ขอ้มูลส่วนที่ต่างกนัน้ีอาจจะช่วยบ่งบอกถึงที่มาของการ
กําเนิดสมบตัโิดดเด่นของสตรอนเทยีมไททาเนตทีก่ล่าวมาขา้งตน้ได ้นอกจากน้ียงัสว่นของการ
คาํนวณหาชัน้พลงังานตามแบบจาํลอง Quantum well เพือ่ดกูารเกดิชัน้อเิลก็ตรอนสองมติ ิ
  
ผลการทดลองและบทวิจารณ์ 
 
1. โครงสร้างอิเลก็ทรอนิกสข์องชัน้อะตอมเด่ียวของ MoS2 บนก้อนสาร 
 ในผลงานวจิยัน้ี (ตามเอกสารแนบที ่1 ในภาคผนวก) ขา้พเจา้และลกูศษิยป์รญิญาเอก 
(Tanachat Eknapakul) ไดเ้ป็นผูแ้ต่งหลกัโดยมสีว่นในการวางแผน วดัโครงสรา้งอเิลก็ทรอนิกส์
ของ MoS2 ดว้ยเทคนิคโฟโตอมิชิชนั วเิคราะหแ์ละเขยีนบทความ  

สาํหรบังานวจิยัน้ีคณะวจิยัสนใจในสมบตัขิองโลหะแชลโคจไินดต่์างๆทีเ่ปลีย่นไปเมือ่
เปลีย่นสภาพจากกอ้นสาร (bulk) มาเป็นชัน้อะตอมเดีย่ว (monolayer) หรอืเปลีย่นสภาพจาก 3 
มติ ิมาเป็น 2 มติ ินัน่เอง [1] หน่ึงในสมบตัทิีว่า่นัน้คอืมสีภาพทีม่ชีอ่งวา่งแถบพลงังานเปลีย่นไป
จากแบบไมต่รง (indirect band gap) มาเป็นแบบตรง (direct band gap) ของ MoS2 [2]เมือ่
จาํนวนชัน้อะตอมของผลกึลดลงจนถงึหน่ึงชัน้อะตอม ในงานน้ีทางคณะวจิยัไดแ้สดงถงึวธิกีาร
สรา้งโครงสรา้งอเิลก็ทรอนิกสข์อง MoS2 ทีค่ลา้ยกบัของชัน้อะตอมเดีย่วดว้ยการแทรกอะตอม
ของธาตุโพแทสเซยีมระหวา่งชัน้อะตอมของ MoS2 [3] ซึง่แกะกนัดว้ยแรงวนัเดอรว์าลสซ์ึง่จะทาํ
ใหม้กีารขยายออกระยะหา่งของอะตอมในแนวตัง้ฉาก (ตามรปูที ่2)  

 

 
รปูท่ี 2 โครงสรา้งอเิลก็ทรอนิกสข์อง MoS2 ทีค่ลา้ยกบัของชัน้อะตอมเดีย่ว และแผนภาพการ

แทรกอะตอมของธาตุโพแทสเซยีมระหวา่งชัน้อะตอมของ MoS2 



 จากผลการทดลองทีไ่ดจ้ากเทคนิคโฟโตอมิชิชนัสเปกโตรสโคปีแบบแยกแยะเชงิมมุ 
(ARPES) ชอ่งวา่งแถบพลงังานทีโ่มเมนตมัทีต่ําแหน่ง K (ตามรปูที ่2) มคีา่ประมาณ 1.8 eV ซึง่
ใกลเ้คยีงกบัทีก่ารทดลองอื่นไดจ้ากการวดัชอ่งวา่งแถบพลงังานของชัน้อะตอมเดีย่ว ทัง้น้ี
คณะวจิยัยงัไดท้าํการคาํนวณแถบพลงังานจาก density functional theory (DFT) เมือ่มกีาร
ขยายของระยะอะตอมในแนวตัง้ฉากจากการทีม่อีะตอมของธาตุโพแทสเซยีมเขา้ไปแทรกอยู่
พบวา่แถบพลงังานมลีกัษณะใกลเ้คยีงกบัผลการทดลองเมือ่อตัราสว่นระหวา่งระยะหา่งแลตทซิ
ในแนวตัง้ฉากกบัขนาน (c/a) มคีา่ประมาณ 4.893 ตามรปูที ่3 จากสิง่ทีค่น้พบน้ีนอกจากชว่ย
ยนืยนัการศกึษาเชงิทฤษฎแีลว้ยงัเป็นแนวทางใหมท่ีใ่ชใ้นการสรา้งชัน้อะตอมเดีย่วจากกอ้นผลกึ
ซึง่อาจจะประยกุตเ์ชงิอุตสาหกรรมต่อไป 
 

 
รปูท่ี 3 การคาํนวณแถบพลงังานจาก density functional theory (DFT) เมือ่มกีารขยายของ
ระยะอะตอมในแนวตัง้ฉาก  เพือ่ใชเ้ทยีบกบัโครงสรา้งอเิลก็ทรอนิกสท์ีไ่ดจ้ากการทดลอง 

 
2. การสงัเกตแถบพลงังานท่ีมีการโพลาไรซข์องสปินในผลึกท่ีสมมาตรของ WSe2 



 ในผลงานวจิยัน้ี (ตามเอกสารแนบที ่2 ในภาคผนวก) ขา้พเจา้และไดเ้ป็นผูแ้ต่งรว่มโดย
มสีว่นรว่มในการวดัโครงสรา้งอเิลก็ทรอนิกสข์อง WSe2 ดว้ยเทคนิคโฟโตอมิชิชนั  

ในสว่นน้ีเป็นการศกึษาโลหะแชลโคจไินดท์ีช่ื่อวา่ WSe2 โดยคณะวจิยัสนใจสมบตัทิาง
แมเ่หลก็และสถานะทางควอนตมัทีม่กีารโพลาไรซข์องสปิน [4] และถา้เรายิง่สามารถควบคุม
การสมบตักิารโพลาไรซข์องสปินไดก้จ็ะยิง่มปีระโยชน์ต่อการอุปกรณ์อเิลก็ทรอนิกสแ์บบใหม่ๆ
ได ้อยา่งไรกต็ามทฤษฎโีดยปกตนิัน้การจะเกดิสมบตัทิางสปินควรจะเกีย่วขอ้กบัเสยีสมมาตร
ของผลกึ (Inversion symmetry breaking) ไปทางใดทางหน่ึง แต่ทีน่่าสนใจในทีน้ี่คอืคณะวจิยั
พบวา่มกีารโพลาไรซข์องสปินของแต่ละชัน้อะตอมในผลกึของ WSe2 ซึง่มคีวามสมมาตร [5] 
การศกึษาน้ีใชเ้ทคนิคโฟโตอมิชิชนัสเปกโตรสโคปีในแบบแยกแยะเชงิมมุ (ARPES) (ตามรปูที ่
4) และแบบแยกแยะสปิน (SR-PES) (ตามรปูที ่5) 

 
รปูท่ี 4 โครงสรา้งทางอะตอม (a) และโครงสรา้งอเิลก็ทรอนิกสข์อง WSe2 ทีว่ดัดว้ยเทคนิคโฟ

โตอมิชิชนัสเปกโตรสโคปีแบบแยกแยะเชงิมมุ (b-d) 

 
รปูท่ี 5 โครงสรา้งอเิลก็ทรอนิกสข์อง WSe2 ทีว่ดัดว้ยเทคนิคโฟโตอมิชิชนัสเปกโตรสโคปีแบบ

แยกแยะสปินซึง่พบวา่มกีารโพลาไรซข์องสปินในแต่ละชัน้อะตอม 
 



3. การศึกษาสมบติัทางสปินของอิเลก็ตรอนในชัน้นําไฟฟ้าสองมิติบนผิวของผลึก
สตรอนเทียมไททาเนต 
 ในผลงานวจิยัน้ี (ตามเอกสารแนบที ่3 ในภาคผนวก) ขา้พเจา้และลกูศษิยป์รญิญาเอก
(Tanachat Eknapakul และ Pornpana Buaphet) ไดเ้ป็นผูแ้ต่งรว่มโดยมสีว่นในการทดลองวดั
โครงสรา้งอเิลก็ทรอนิกสข์อง SrTiO3 ดว้ยเทคนิคโฟโตอมิชิชนั 
 สาํหรบังานวจิยัน้ีคณะวจิยัสนใจในโครงสรา้งอเิลก็ทรอนิกสข์องชัน้อเิลก็ตรอนสองมติิ
บนสารประกอบสตรอนเทยีมไททาเนต (SrTiO3) ตามรปูที ่6 ซึง่ในผลงานทีผ่า่นมาคณะวจิยั
พบวา่ชัน้อเิลก็ตรอนสองมติน้ีิเกดิขึน้ไดเ้มือ่มกีารฉายแสงยวูทีีไ่ดจ้ากแสงซนิโครตรอน [6] และ
ในงานวจิยัน้ีไดท้าํการศกึษาต่อยอดเพือ่จะดอูนัตรกริยิาระหวา่งประจุ สปิน โมเมนตมัเชงิมมุ 
และ อนุภาคโบซอน (เชน่ โฟนอน เป็นตน้) โดยมกีารคาํนวณโครงสรา้งอเิลก็ทรอนิกสจ์าก
แบบจาํลอง tight binding รวมถงึการสรา้งแบบจาํลองการเกดิอนัตรกริยิาระหวา่งสปินกบั
โมเมนตมัเชงิมมุ (spin-orbit interaction) ทีไ่มเ่หมอืนกนัในวงโคจรต่างๆของอเิลก็ตรอน 
(orbital) ซึง่สง่ผลใหเ้กดิการแยกออกของแถบพลงังานซึง่ไมเ่หมอืนกบัแบบดัง้เดมิ (Rashba 
splitting) [7] ตามรปูที ่7 โดยการแยกออกของแถบพลงังานน้ีน่าจะสง่ผลถงึสภาพแมเ่หลก็ของ
ชัน้อเิลก็ตรอนสองมติบิน SrTiO3 ซึง่อาจจะเป็นสมบตัหิน่ึงซึง่ในไปใชอ้อกแบบอุปกรณ์
อเิลก็ทรอนิกสแ์บบใหมไ่ด ้

 
รปูท่ี 6 โครงสรา้งทางอเิลก็ทรอนิกสข์องชัน้อเิลก็ตรอนสองมติบินผวิของ SrTiO3 ทีไ่ดจ้ากการ
ทดลอง (ซา้ย) และ การคาํนวณ (ขวา) 



 
 
รปูท่ี 7 การแยกออกของแถบพลงังานทีเ่กดิอนัตรกริยิาระหวา่งสปินกบัโมเมนตมัเชงิมมุทีไ่ม่
เทา่กนัในวงโคจรของอเิลก็ทรอนทีต่่างกนั  
 

4. การสงัเคราะหฟิ์ลม์บางจากสารประกอบไดมอนดอยดแ์ละสมบติั 
 ในงานวจิยัสว่นน้ียงัเป็นงานวจิยัหลกัของขา้พเจา้และลกูศษิยป์รญิญาเอก (Sumeth 
Siriroj) มผีลทดลองทีน่่าสนใจซึง่นํามารายงานก่อนในเบือ้งตน้ดงัดา้นล่าง แต่ยงัคงตอ้งศกึษา
เพิม่เตมิและเขยีนบทความเพือ่สง่ตพีมิพต่์อไป ในงานวจิยัสว่นน้ีคณะวจิยัสนใจสารประกอบที่
เรยีกวา่ไดมอนดอยด ์(diamondoid) ซึง่มสีมบตัทิางไฟฟ้าในเรือ่งการปลดปล่อยอเิลก็ตรอนทีด่ี
คลา้ยกบัเพชร [8] ในทีน้ี่คณะวจิยัพยายามสรา้งฟิลม์บางของสารประกอบไดมอนดอยด ์
(Adamantane, C10H16) ดว้ยวธิ ีChemical Vapor Deposition (CVD) และนําไปวดัโครงสรา้ง
อเิลก็ทรอนิกสด์ว้ยเทคนิคโฟโตอมิชิชนัสเปกโตรสโคปีแบบแยกแยะธาตุ (XPS) ซึง่สามารถแยก
ประมาณของคารบ์อนทีอ่ยูใ่นรปู sp2 และ sp3 ทัง้น้ียงัพบวา่ฟิลม์บางไดมอนดอยดด์งักล่าวยงัมี
สมบตัปิลดปลอ่ยอเิลก็ตรอนไดด้ตีามรปูที ่8 



 
รปูท่ี 8 โครงสรา้งอเิลก็ทรอนิกสข์องฟิลม์บางไดมอนดอยดท์ีพ่ลงังานของคารบ์อน C1s สาํหรบั
การแยกประมาณของคารบ์อนทีอ่ยูใ่นรปู sp2 และ sp3 และลกัษณะของสมบตัปิลดปล่อย
อเิลก็ตรอนทีด่ ี(ในรปูเลก็) 
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ABSTRACT: Several transition-metal dichalcogenides exhibit a
striking crossover from indirect to direct band gap semi-
conductors as they are thinned down to a single monolayer.
Here, we demonstrate how an electronic structure characteristic
of the isolated monolayer can be created at the surface of a bulk
MoS2 crystal. This is achieved by intercalating potassium in the
interlayer van der Waals gap, expanding its size while
simultaneously doping electrons into the conduction band.
Our angle-resolved photoemission measurements reveal result-
ing electron pockets centered at the K̅ and K′ points of the
Brillouin zone, providing the first momentum-resolved measure-
ments of how the conduction band dispersions evolve to yield an
approximately direct band gap of ∼1.8 eV in quasi-freestanding
monolayer MoS2. As well as validating previous theoretical proposals, this establishes a novel methodology for manipulating
electronic structure in transition-metal dichalcogenides, opening a new route for the generation of large-area quasi-freestanding
monolayers for future fundamental study and use in practical applications.

KEYWORDS: Molybdenum disulfide (MoS2), transition metal dichalcogenides (TMD), layered semiconductor, electronic structure,
angle-resolved photoemission, van der Waals expansion

Two-dimensional semiconductors fabricated from ultrathin
transition-metal dichalcogenides (TMDs) hold enormous

potential for novel optoelectronic device applications.1

Exploiting weak van der Waals (vdW) interactions between
neighboring chalcogen planes,2,3 flakes of single (one
chalcogen−metal−chalcogen unit, Figure 1a) or few-layer
TMDs such as MoS2 can be mechanically exfoliated, just as
for isolating single monolayers of graphene.4,5 The resulting
quantum confinement and (for an individual monolayer) loss
of inversion symmetry drives a dramatic reconstruction of the
electronic structure, mediating a crossover from an indirect to a
direct band gap6,7 and strongly entangling the spin and valley
degrees of freedom in this system.8,9 The valley polarization can

be controlled optically,10,11 opening the door to a new
generation of tunable valleytronic devices, while ultrathin
MoS2 has already been demonstrated as both an attractive
channel12 and barrier13 layer for atomic-scale transistors.
Despite this progress, the momentum-resolved electronic

structure of atomically thin TMDs remains almost completely
unexplored in experiment to date, hampered by the small lateral
dimensions of typical exfoliated flakes. While a recent spatial-
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imaging angle-resolved photoemission (ARPES) study was able
to map the occupied valence band dispersions of micrometer-
scale flakes of monolayer MoS2,

14 the key question of the
conduction band dispersions and their momentum-space
locations remained inaccessible. Furthermore, the experimental
resolution was not sufficient to discern subtle but important
details of its electronic structure such as spin−orbit splittings.
To aid such fundamental studies, as well as for ultimate

applications of these compounds, new schemes are required to
synthesize large-area monolayer TMDs. Motivated by recent
progress on the creation of quasi-freestanding epitaxial
monolayers of graphene at the surface of SiC(0001)15 and
metallic substrates,16 and the new insights gained from their
spectroscopic study,17 here we report the first characterization
of the electronic structure of a quasi-freestanding monolayer of
MoS2. This is created at the surface of bulk MoS2 by
intercalating potassium into the interlayer vdW gap. Simulta-
neously, this dopes electrons into the conduction band. Our
subsequent ARPES measurements reveal electron Fermi surface
pockets formed from conduction bands with their minima
located at the K̅ and K′ points of the Brillouin zone. This is in
agreement with theoretical expectations for an isolated
monolayer, but in contrast to the bulk electronic structure,
and permits the first direct measurement of the conduction
band dispersions of monolayer-like MoS2, revealing an
unexpectedly large effective mass. These findings are of key

importance for understanding both electrical transport and
optical transitions in monolayer MoS2, as well as establishing a
new route for the creation of large-area supported monolayers
of TMDs.
Single crystals of 2H-MoS2 were grown using the flux

method and cleaved in ultrahigh vacuum at a pressure better
than 4 × 10−11 Torr to reveal a pristine (0001) surface. Their
electronic structure was measured using ARPES, performed at
beamline 10.0.1 of the Advanced Light Source, U.S.A., using
photon energies between 40 and 65 eV and a Scienta R4000
hemispherical electron analyzer. The energy and angular
resolutions were set at 10−20 meV and 0.3°, respectively,
and the sample temperature was maintained at 20 K throughout
the experiment. Measurements were performed immediately
after the cleave, as well as following the deposition of potassium
on to the sample surface from a properly outgassed SAES getter
source. Density functional theory (DFT) calculations were
performed using the VASP code,18 employing the Perdew,
Burke, and Erzenhoff (PBE)19 exchange-correlation function
implemented within the projector augmented wave method.20

The cutoff energy was set at 600 eV and a Γ-centered 24 × 24
× 5 Monkhorst-Pack k-mesh was used for the Brillouin zone
integrations. van der Waals corrections to the dispersions were
included within the DFT + D2 approach of Grimme.21

The electronic structure measured along the Γ̅−K̅ direction
of the surface Brillouin zone is shown for the pristine cleaved

Figure 1. (a) Honeycomb structure of MoS2, composed of stacked S−Mo−S units. (b) The resulting three-dimensional Brillouin zone and its
projection onto the hexagonal surface Brillouin zone. (c,d) Valence band electronic structure measured along the Γ̅−K̅ direction for the pristine-
cleaved surface and a potassium-dosed surface, respectively. The conduction band dispersions shown in panel (c) reproduce our bulk calculations
from Figure 3(a), following an energy shift to correct the bulk band gap error in DFT. These indicate an indirect band gap, with the conduction-band
minimum located at Σ̅. Following potassium dosing, an electron pocket is found at K̅, shown magnified in (e). (f) Equivalent Fermi surface pockets
are found at each K̅ and K′ point of the surface Brillouin zone with weak additional spectral weight indicating the presence of a secondary (higher)
band minimum along the Γ̅−K̅ line at the position of the global conduction-band minimum in bulk; the integration window of the map is set to be
50 meV around the Fermi energy. The K̅-centered Fermi pockets are nondispersive in kz, as shown by photon-energy independence of their
extracted Fermi wavevectors (g), measured from a different sample with lower potassium coverage, and therefore smaller kF, than in (d−f).
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sample in Figure 1c. As expected for semiconducting MoS2, the
chemical potential lies within the band gap, and there is no
spectral weight at the Fermi level. We observe a clear splitting
in energy of the valence bands at the K̅ point of ∼170 ± 12
meV (see Supporting Information for more detail), a direct
signature of both interlayer interactions and spin−orbit
coupling in this compound. This is in quantitative agreement
with both quasiparticle self-consistent GW (QSGW) calcu-
lations22 and the energy splitting of so-called A and B exciton
peaks in optical spectroscopy from bulk MoS2.

23 After
depositing potassium at the surface, the valence bands move
to higher binding energy, consistent with electron transfer from
potassium to the MoS2, corroborating recent reports from
transport of efficient n-type doping by potassium deposition on
few-layer TMDs.24 We find sufficient electron donation to
move the Fermi level into the conduction band (Figure 1d,e).
The resulting Fermi surface comprises circular electron pockets
at each K̅ (K′) point of the Brillouin zone as well as weak
spectral weight associated with secondary band minima
approximately midway along the Γ̅−K̅ (Γ̅−K′) directions
(denoted here as Σ̅). Strikingly, these measurements reveal that
the conduction band minima (CBM) are located at the K̅ (K′)
points of the Brillouin zone. This is not the case for the bulk
electronic structure where the CBM are known to lie at Σ̅
(Figure 1c), that is, away from high symmetry points,3,25−27 but
is representative of theoretical expectations for monolayer
MoS2,

26,28 a point we return to below.
From fitting the peak positions extracted from momentum

distribution curves (MDCs) to a parabolic effective mass
model, we estimate the effective mass of the lowest electron
pocket as 0.67 ± 0.08me. This relatively high value, larger than
predicted by QSGW calculations,22 may help explain the
modest mobilities that have been achieved to date in monolayer
MoS2 transistors.

29 Within experimental error, we find that this
band does not disperse as we vary the photon energy between
40 and 65 eV (Figure 1g), a change of wavevector along the
surface normal, kz, by approximately 1.5 Brillouin zones. This
indicates that the electron pockets formed are two-dimensional.
Moreover, while weak spectral weight can be seen right at the
Fermi level at Σ̅ (evident in the Fermi surface map of Figure 1f
and in the data of Figure 1d when plotted with enhanced color
contrast, as shown in Figure S2), these remain well above the K̅
band minimum for all values of kz. This confirms that the CBM
remains at K̅ throughout the Brillouin zone, consistent with the
expected electronic structure of monolayer MoS2. We estimate
the surface charge density from the Luttinger area of these
measured, two-dimensional, Fermi surface pockets at K̅ (K′) as
n2D = gvkF

2/2π = 3.8 ± 0.6 × 1013 cm−2, where gv = 2 is the
valley multiplicity and kF = 0.11 ± 0.01 Å−1 the measured Fermi
wavevector, corresponding to ∼0.03 ± 0.005 electrons per
surface unit cell.
Although the valence band has weak spectral weight at the

zone center due to suppressed transition matrix elements,30 we
can still estimate from the energy-distribution curves (EDC) of
our ARPES data that the onset of the valence band at the Γ̅
point lies no higher than 50−100 meV above that at the K̅
point (see Supporting Information for more detail), indicating
an approximately direct nature of the band gap here, as for
isolated monolayer MoS2.

6,7 The direct band gap at the K̅ point
extracted from the peak-to-peak conduction/valence band
separation in EDCs is 1.86 ± 0.02 eV, as shown in Figure 1d
and in excellent agreement with the direct band gap of
monolayer MoS2 of 1.88 eV estimated from photoluminescence

by Mak et al.7 From EDC fits to our measured dispersions (see
Figure 3f), we extract an effective mass for the highest valence
band states at K̅ to be 0.6 ± 0.08me. This is very similar to the
conduction band effective mass at K̅ discussed above, leading to
a large joint density of states for optical transitions between the
band edges. This is likely important to aid understanding and
optimizing the high sensitivity of atomically thin MoS2 based
photodetectors,31 as well as enabling the efficient optical
generation of valley-polarized carrier populations in monolayer
MoS2,

9−11 key to proposed optoelectronic and valleytronic
applications of this material.
Together, these findings strongly support that the electronic

structure we are probing here is characteristic of monolayer
rather than bulk MoS2. To uncover the origins of this we
combine chemical analysis from X-ray photoemission spectros-
copy (XPS) with DFT calculations, as shown in Figure 2. A

wide binding energy range from 0 to 40 eV includes the MoS2
valence bands and shallow core levels of molybdenum (Mo 4p,
EB ≈ 35−40 eV) and potassium (K 3p, EB ≈ 18−21 eV). For
the freshly cleaved sample, there is no potassium signal as
expected, and sharp valence band and Mo 4p features are
observed. With evaporation of potassium, these shift to higher
binding energy, a result of the electron doping, and a clear K 3p
peak emerges. From the relative intensity of the Mo and K core
levels, we estimate the surface coverage of potassium to be 0.06
atoms per unit cell of MoS2. Intriguingly, over a time scale of
∼10 min, the intensity of this potassium core-level peak is
strongly diminished, and we additionally observe a partial shift
of spectral weight from both the K 3p and Mo 4p peaks to
higher binding energy, indicating a change in the local

Figure 2. (a) XPS spectra of MoS2 taken before and after potassium
evaporation. (b) Magnified view of the potassium K 3p core-level
photoemission. Measurements are presented for a pristine cleaved
sample (blue line), immediately following potassium evaporation for
900 s (red line), and for the same sample after a further 10 min waiting
time (black line). (c) Formation energies for placing a monolayer of
potassium on-top of bulk MoS2 [adsorption, (d)] or intercalated
within the first vdW gap [intercalation, (e)], as derived from supercell
DFT calculations.
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environment of the potassium atoms. Desorption seems
unlikely at the deposition and measurement temperature of
20 K, and the conduction band is degenerately doped after this
transition. Therefore, we attribute these changes in the XPS
spectra to the intercalation of potassium into the vdW gap
between neighboring MoS2 units. This is fully supported by our
DFT calculations (Figure 2c), which reveal a significantly lower
formation energy for potassium to be intercalated in the first
vdW gap (Figure 2e) rather than to be adsorbed on the surface
(Figure 2d).
Intercalating potassium into this vdW gap would be expected

to increase the interlayer spacing, and we propose that this
drives a crossover from a bulk- to monolayer-like electronic
structure in our samples.32 Our DFT calculations (Figure 3)
reveal just such a transition with increasing c/a ratio (i.e.,
expansion of the vdW gap) of a bulk MoS2 unit cell. These
calculations neglect spin−orbit interactions, allowing us to
monitor the energy splitting of the valence band maxima at K̅ as
a metric of the strength of interlayer interactions in the material

(summarized in Figure 3e). With increasing c/a ratio, this
splitting is reduced to near zero, indicating a negligible coupling
between neighboring MoS2 units along the z axis for c/a ratios
above ∼4.9 (vdW gaps larger than 4.69 Å). The effects of this
are much more dramatic close to Γ̅ and Σ̅, where the electronic
states have significant S 2p character in contrast to the almost
completely Mo d-derived character of the K̅-point states.
Consequently, the interlayer interaction in bulk is significantly
stronger, leading to much larger energy splittings.33 The
weakening of the interlayer coupling by the vdW gap expansion
here drives a large reduction of these energy splittings,
eventually resulting in an inversion of the ordering of band
extrema at K̅ and along the Γ̅−K̅ line.
Thus, for sufficient increase in interlayer spacing, each MoS2

unit effectively becomes an isolated monolayer. We find good
agreement between our theoretical and experimental dis-
persions here for an increase in the c/a ratio of ∼25%. While
large, we note that vdW gaps expanded as much as 30% have
been reported in bulk potassium-intercalated MoS2.

34 A similar
increase of the first vdW gap below the surface therefore seems
reasonable here, leading to an isolated quasi-freestanding
monolayer at the surface of a bulk MoS2 crystal. Our work
also suggests that superconductivity in alkali metal-doped
MoS2

34 with similar vdW gap sizes as for the surface here
emerges from an electronic structure characteristic of a series of
stacked monolayers rather than bulklike MoS2. This will likely
be key to understanding a putative unconventional dome of
superconductivity formed from both electrically gated and
intercalated MoS2 samples.

35

Finally, we note that even for the monolayer-like electronic
structure we observe here, we still find a splitting in the valence
bands at the K̅-point (Figure 1d) of 176 ± 12 meV (see
Supporting Information for more detail). This is comparable to
both monolayer electronic structure calculations22,28 and
exciton peak splittings in photoluminescence from monolayer
MoS2,

6 which suggest splittings around 150 meV. The
persistent splitting observed here, even with small interlayer
interactions, reflects a significant influence of spin−orbit
coupling on the monolayer-like electronic structure, not
considered in our DFT calculations above, but permitted by
the broken inversion symmetry of the surface monolayer. This
confirms the strong potential of MoS2 and related compounds
for spintronic applications.36 Moreover, it suggests that the
prospects for valleytronics offered by monolayer MoS2

8−11

should also be realized in the quasi-freestanding monolayer
created here. Unlike mechanical exfoliation, however, our
methodology allows the possibility to continuously tune the
electronic structure from bulklike to monolayer-like by
controlling the vdW gap expansion by intercalating different
quantities of potassium or atoms of different sizes. Moreover, it
raises the prospect to reversibly drive this crossover in TMDs
by sequential intercalation and deintercalation, as has recently
been achieved for graphene.37 Together, our work establishes
intercalation at the surface of bulk TMDs as an efficient route
to generate large-area quasi-freestanding monolayers for use in
advanced fundamental study and potential practical applications
of MoS2 and other atomic-scale transition-metal dichalcoge-
nides.

■ ASSOCIATED CONTENT
*S Supporting Information
Descriptions of the suppression of spectral intensity close to the
zone center and the extraction of splitting in energy are

Figure 3. (a−d) DFT band structure calculations for MoS2 with
different interlayer spacings, indicated by the ratio between out-of-
plane and in-plane lattice constants (c/a). (e) Energy splitting of the
valence band maxima at K̅. In the absence of spin−orbit interactions,
these are indicative of the relative strength of interlayer interactions.
(f) Comparison between our measured ARPES data, extracted
dispersions from fitting EDCs, and the theoretical calculations for c/
a = 4.893, showing good agreement. The total magnitude of the
energy gap, underestimated due to the standard LDA band gap error,
is adjusted to better match our experimental valence band dispersions.
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Direct observation of spin-polarized bulk bands in
an inversion-symmetric semiconductor
J. M. Riley1, F. Mazzola2, M. Dendzik3, M. Michiardi3, T. Takayama4,5, L. Bawden1, C. Granerød2,
M. Leandersson6, T. Balasubramanian6, M. Hoesch7, T. K. Kim7, H. Takagi4,5, W. Meevasana8,9,
Ph. Hofmann3, M. S. Bahramy10,11, J. W.Wells2 and P. D. C. King1*
Methods to generate spin-polarized electronic states in non-
magnetic solids are strongly desired to enable all-electrical
manipulation of electron spins for new quantum devices1. This
is generally accepted to require breaking global structural
inversion symmetry1–5. In contrast, here we report the ob-
servation from spin- and angle-resolved photoemission spec-
troscopy of spin-polarized bulk states in the centrosymmetric
transition-metal dichalcogenide WSe2. Mediated by a lack
of inversion symmetry in constituent structural units of the
bulk crystal where the electronic states are localized6, we
show how spin splittings up to ∼0.5 eV result, with a spin
texture that is strongly modulated in both real and momentum
space. Through this, our study provides direct experimental
evidence for a putative locking of the spin with the layer
and valley pseudospins in transition-metal dichalcogenides7,8,
of key importance for using these compounds in proposed
valleytronic devices.

The powerful combination of inversion symmetry
[E(k,↑)=E(−k,↑)] with time-reversal symmetry [E(k,↑)=E(−k,↓)]
ensures that electronic states of non-magnetic centrosymmetric
materials must be doubly spin-degenerate. If inversion symmetry
is broken, however, relativistic spin–orbit interactions can induce
a momentum-dependent spin splitting via an effective magnetic
field imposed by spatially-varying potentials. If the resulting
spin polarizations can be controllably created and manipulated,
they hold enormous promise to enable a range of new quantum
technologies. These include routes towards electrical control of
spin precession for spin-based electronics1,9, new ways to engineer
topological states10,11 and possible hosts of Majorana fermions for
use in quantum computation5. There are two generally accepted
methods for stabilizing spin-polarized states without magnetism,
both exploiting breaking of global inversion symmetry. Structural
inversion asymmetry can be created in a centrosymmetric host by
imposing an electrostatic potential gradient, for example within an
asymmetric quantum well, leading to Rashba-split12 states localized
at surfaces or interfaces13–16. Alternatively, a lack of global inversion
symmetry in the unit cell can mediate spin splitting of the bulk
electronic states, either through a Dresselhaus-type interaction17,
or a recently discovered bulk form of the Rashba effect4,18.

Here, we present direct experimental evidence that 2H -WSe2,
a material which retains bulk inversion symmetry, nonetheless
exhibits a large spin polarization of its bulk electronic states.
This layered compound is composed of stacked Se–W–Se planes
(Fig. 1a), each of which contains an in-plane net dipole moment
which is proposed to lead to a strong spin–valley coupling for
an isolated monolayer19–21. The bulk unit cell contains two such
monolayers, stacked in a staggered ‘AB’ configuration, restoring
inversion symmetry and necessitating spin degeneracy of the bulk
electronic states. Nevertheless, combining spin- and angle-resolved
photoemission spectroscopy (ARPES) with electronic structure
calculations, we observe a large layer- and momentum-dependent
spin polarization of these bulk bands.

We first summarize the bulk electronic structure ofWSe2 (Fig. 1).
The material is known to be a semiconductor, consistent with our
experimental observations, where we find the Fermi level located
within the bandgap. We find the band extrema of the valence bands
at 0 and K to be almost degenerate22, but here can resolve that
the valence band maximum is located at the bulk 0 point, with
significant dispersion of these zone-centre states along the surface
normal (kz) direction (Fig. 1c,e). Ourmeasured band dispersions are
in excellent agreementwith those calculated fromdensity functional
theory (DFT; see also Supplementary Fig. 1), confirming that we
are probing the bulk electronic states of WSe2. The broad total
bandwidth of more than 4 eV of the cosine-like upper valence bands
along 0–A reflects the spatially extended nature of W 5d and Se 5p
orbitals from which these states predominantly derive.

As well as these dispersive states we find a series of quasi-
two-dimensional states, predominantly of planar dx2−y2 , dxy and
px/y orbital character. The small overlap of these orbitals along
the z direction, combined with suppressed interlayer hopping due
to spin–orbit coupling7, results in minimal dispersion along kz,
while their extended nature in-plane ensures significant dispersion
throughout the surface Brillouin zone (Fig. 1d). The lowest binding
energy two-dimensional states form a pair of hole-like bands
centred at the Brillouin zone corners, contributing concentric,
approximately circular pockets near the band top. These become
trigonally warped as they grow in size with increasing binding
energy, eventually merging with the zone-centre bands to form
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Figure 1 | Bulk electronic structure of WSe2. a, Side and top views of the bulk crystal structure of WSe2. The unit cell contains two Se–W–Se units in which
there is a net in-plane dipole pointing to the right and left, respectively. b, Corresponding bulk and surface Brillouin zone. c,d, ARPES measurements
(hν= 125 eV, T=30 K) of the electronic structure along the K′–0–K direction (c) and isoenergy contours throughout the surface Brillouin zone (d) reveal
sharply-defined bands (for example, the upper valence bands at K) with significant in-plane dispersion, indicative of two-dimensional electronic states. We
also observe broader ‘filled-in’ pockets of spectral weight characteristic of three-dimensional states, where the finite kz resolution of ARPES leads to
broadening. e, We directly confirm this absence or presence, respectively, of significant kz dispersion from photon-energy-dependent ARPES
measurements (Methods and Supplementary Fig. 1). Our measured electronic structure is in excellent agreement with that calculated from density
functional theory (solid lines in c,e), confirming that we are probing the bulk electronic states of WSe2.

bone-shaped pockets centred at M. The large splitting of ∼0.5 eV
of the top of these bands at K signifies the strong atomic spin–
orbit interaction in this compound, which is further reflected by
our observation of hybridization gaps, for example between two-
and three-dimensional states along the 0–A line (Fig. 1e). Despite
such strong spin–orbit coupling, we stress that all states remain spin-
degenerate in our calculations, as expected from the bulk inversion
symmetry of the crystal.

Intriguingly, however, our spin-resolved photoemission
measurements reveal a strong spin polarization of the upper pair
of valence band states at the K point of the Brillouin zone (Fig. 2).
The measured polarization is entirely out of the surface plane
within experimental error, with up (down) orientation for the
upper (lower) valence band, respectively. From fitting the measured
energy distribution curves (EDCs, described in Methods), we
estimate the magnitude of the spin polarization to exceed 90%,
suggestive of an almost fully spin-polarized band. Moreover,
the signs of all polarizations are reversed at the K′ =−K point,
confirming that time-reversal symmetry remains unbroken, and
thus there is no net magnetic moment. This indicates a non-
magnetic origin of the observed spin polarization, seemingly at
odds with the centrosymmetric nature of the bulk crystal structure
(Fig. 1a). We attribute this to the local inversion asymmetry of
individual WSe2 layers, leading to spin-polarized states whose
texture is strongly modulated in both real and momentum space
despite the global inversion symmetry of the unit cell. For these
quasi-two-dimensional bands around K, our calculations reveal
that the electronic wavefunctions are almost completely localized
on individual Se–W–Se layers of the bulk crystal. This is consistent

with a spin–orbit-mediated suppression of interlayer hopping
predicted at the K point for bilayer WSe2, which was proposed to
lead to a strong coupling of the real spin with the layer pseudospin7.
Such spin–layer locking was subsequently attributed as the origin of
characteristic circularly and linearly polarized photoluminescence
from bilayer WSe2 (ref. 8).

As in the bilayer, with the electronic wavefunctions localized on
a single Se–W–Se layer (half of the unit cell) of the bulk crystal
around K, the D6h symmetry of the crystal is effectively reduced to
D3h, allowing a net dipole moment within the ab-plane (Fig. 1a). A
recent theory has established the general grounds by which such
a lack of inversion symmetry of the crystal site point group can
lead to a macroscopic spin polarization, driven by the local nature
of spin–orbit coupling6. Indeed, our calculated bulk wavefunctions
projected onto either WSe2 layer of the unit cell are almost fully
spin polarized for the topmost two valence bands at K (Fig. 2g). The
180◦ rotation of neighbouring layers in AB-stacked WSe2, however,
ensures that the sign of the spin polarization is opposite between
adjacent layers (Fig. 2h). This leads to a strong spin–layer locking7,8,
with an overall spin degeneracy of the bulk electronic structure
as required for a centrosymmetric material. Photoemission, being
extremely surface sensitive, can be expected to predominantly probe
the top layer of this material. We thus attribute the strong measured
spin polarization we observe here to be a direct observation of a
layer-localized spin-polarization of bulk electronic states in WSe2.

This is further supported by our photon-energy-dependent
measurements (Fig. 2i), which show how the measured
photoelectron spin polarization at K can be tuned nearly to
zero. Our model calculations (see also Supplementary Fig. 3 and
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Figure 3 | Evolution of spin texture along K′–0–K. a, Dispersion measured by ARPES (hν= 125 eV, T=30 K) along the K′–0–K direction. b–e, Energy
distribution curves (EDCs; in arbitrary units (a.u.)) measured using spin-resolved photoemission (hν=25 eV, T=300 K) and corresponding extracted spin
polarizations, measured at the locations labelled by the corresponding vertical lines in a. f, The out-of-plane (P⊥) and in-plane (P‖) spin polarizations
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horizontal diamonds, respectively)) reveal some canting of the spin into the surface plane away from the K points, and a total suppression of the measured
spin polarization around the zone centre. Error bars reflect an approximate estimate of the uncertainty in extracting the polarization from the experimental
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to the eye.

associated discussion) show how this arises as a result of the
interference23,24 of spin-up and spin-down polarized photoelectrons
emitted from different layers of the material. This strongly supports
our conclusions of a huge momentum-dependent spin splitting of
up to ∼0.5 eV for bulk states localized in a constituent layer of the
unit cell in WSe2, with a spin orientation that is directly tied to

the layer pseudospin. We note that the size of this observed spin
splitting greatly exceeds spin–orbit-mediated splittings typically
observed so far, even in surface Rashba systems with strong local
in-plane field gradients14,25. This is because, here, the energy of
the spin splitting at the band extrema is directly set by the atomic
spin–orbit coupling strength7.
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Figure 3 reveals how the underlying spin-polarized states evolve
along the K–0–K′ direction. We find a marked suppression of
the out-of-plane spin polarization approximately half way along
this line, with negligible polarization observed around the zone
centre. This is reproduced by our ab initio calculations (Fig. 4a),
and can be understood by considering the orbital character of the
underlying states (Fig. 4e). Close to K, the electronic states are
derived mostly from dxy and dx2−y2 orbitals. There is thus significant
orbital overlap within the surface plane, which, together with the
net in-plane dipole, favours strong out-of-plane spin polarization26.
Around 0, however, the orbital character becomes dominantly
dz2/pz-like, causing this component to be strongly suppressed, as
found experimentally, while also driving the observed increase in
dimensionality of the electronic states. Intriguingly, we also find a
small in-plane spin component emerges along K′–0–K, which again
switches sign either side of 0. This component would not naively be
expected given the symmetry of the Se–W–Se layer, which has nonet
dipolar field along the out-of-plane direction, as we have confirmed
by explicit slab calculations for an ideal bulk-like termination. The
emergence of this component therefore reflects further complexity
beyond that considered in our theoretical approach, such as small
surface relaxations leading to a non-negligible contribution of the
dipole out of the surface plane.We stress, however, that this has only
a small effect and the predominant contributions to the strong out-
of-plane spin polarizations observed here are intrinsic to the bulk
electric structure.

We also find a suppression of this out-of-plane spin polarization
along the entire M–0 direction. Unlike at the zone centre, however,
this cannot be attributed to a change in orbital character: the
electronic states close to M are predominantly derived from planar

orbitals, similar to around K, and we accordingly find strong
layer-resolved spin polarizations of the underlying bands close
to M (Fig. 4). Rather, the suppression of spin polarization along
M–0 is mediated by the degeneracy of two oppositely polarized
bands within a single layer. At the M point itself, this is a natural
consequence of time-reversal symmetry, as M is a time-reversal
invariant momentum. Along the M–0 line, such degeneracies are
enforced by the combination of time-reversal with the rotational D3h
symmetry of a single monolayer within the unit cell, ensuring that
the out-of-plane component of the spin must have opposite sign in
neighbouring sextants of the Brillouin zone.

Together, our calculations and experiment thus point to
an extremely rich real- and momentum-space-dependent spin
texture of bulk transition-metal dichalcogenides. They provide
a direct demonstration of a pronounced coupling between the
spin, valley and layer degrees of freedom, of key importance
to widespread proposals to use these materials in exotic devices
exploiting the valley pseudospin7,8,19–21,27–29. More generally, our
experimental measurement of spin-polarized bulk electronic states
in a centrosymmetric material opens a wealth of new opportunities
for creating, probing and controlling spin and valley polarization in
bulk solids via local inversion asymmetry.

Methods
ARPES. ARPES measurements were performed at the I05 beamline of Diamond
Light Source, UK, and spin-ARPES measurements at the I3 beamline of MAX-III
synchrotron, Sweden30. Single-crystal samples of WSe2, grown by the chemical
vapour transport method, were cleaved in situ and measured at temperatures
ranging from 30 to 300K. Measurements were performed using p-polarized
synchrotron light from 20 to 130 eV (ARPES) and from 20 to 40 eV
(spin-ARPES), and employing Scienta R4000 hemispherical electron analysers.
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For the spin-ARPES measurements, a mini-Mott detector scheme was used,
permitting simultaneous detection of the out-of-plane and one in-plane (along
the analyser slit direction) component of the photoelectron spin30. A Sherman
function of S=0.17 was used to generate the measured spin polarizations30

Pi=
(I+i − I−i )
S(I+i + I−i )

where Pi is the photoelectron spin polarization measured along the out-of-plane,
i=⊥, or in-plane, i=‖, direction, and I±i is the measured intensity on the
individual detectors in the Mott scattering chamber, corrected by a relative
detector efficiency calibration. To extract numerical values of the polarization, we
fitted the measured EDCs to two Lorentzian peaks and a Shirley background,
convolved with a Gaussian function to account for the instrumental resolution,
with the corresponding Lorentzian peak areas used to derive the measured spin
polarization. We also applied a geometrical correction to account for the finite
angle between the sample and the electron spectrometer, and the corresponding
influence of this on the spin polarization measured in the reference frame of the
spectrometer. To determine the kz dispersion from photon-energy-dependent
ARPES, we employed a free electron final state model

kz=
√

2me/h̄2(V0+Ek cos2 θ)1/2

where θ is the in-plane emission angle and V0 is the inner potential. Our photon
energy range covers more than six complete Brillouin zones along kz , and we find
best agreement taking an inner potential of 13 eV and a c-axis lattice constant
of 13.45Å.

Calculations. Electronic structure calculations were performed within the
context of density functional theory (DFT) using the modified Becke–Johnson
exchange potential and Perdew–Burke–Ernzerhof correlation functional as
implemented in the WIEN2K programme31. Relativistic effects, including
spin–orbit coupling, were fully included. The Brillouin zone was sampled by a
12×12×6 k-mesh. For the orbital and layer projection calculation, a tight binding
Hamiltonian for the bulk band structure was constructed by downfolding the
DFT results using maximally localized Wannier functions32–34, employing W 5d
and 5s orbitals and Se 5p and 5s orbitals as a basis.
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Two-dimensional electron gases (2DEGs) in SrTiO3 have become model systems for

engineering emergent behaviour in complex transition metal oxides. Understanding the

collective interactions that enable this, however, has thus far proved elusive. Here we

demonstrate that angle-resolved photoemission can directly image the quasiparticle

dynamics of the d-electron subband ladder of this complex-oxide 2DEG. Combined with

realistic tight-binding supercell calculations, we uncover how quantum confinement and

inversion symmetry breaking collectively tune the delicate interplay of charge, spin, orbital

and lattice degrees of freedom in this system. We reveal how they lead to pronounced orbital

ordering, mediate an orbitally enhanced Rashba splitting with complex subband-dependent

spin–orbital textures and markedly change the character of electron–phonon coupling,

co-operatively shaping the low-energy electronic structure of the 2DEG. Our results allow for

a unified understanding of spectroscopic and transport measurements across different

classes of SrTiO3-based 2DEGs, and yield new microscopic insights on their functional

properties.
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The ubiquitous perovskite oxide SrTiO3, a wide-gap band
insulator, hosts varied bulk properties including quantum
paraelectricity, dilute doping-induced superconductivity

and high thermoelectric coefficients. These reflect a subtle
competition between interactions of the underlying quantum
many-body system. Intriguingly, thermodynamic and transport
measurements1–6 indicate that the balance of these interactions
can be tuned to engineer striking emergent properties when
quantum confinement and doping are combined to create a two-
dimensional electron gas (2DEG)1,2,7. A diverse and attractive
array of properties have been uncovered to date in this system,
including gate-tuned superconductivity3,4,8, its coexistence
with ferromagnetism5,6 and enhanced Seebeck coefficients9,
establishing SrTiO3-based 2DEGs as a model platform for use
in future multifunctional electronic devices1.

They are most commonly realised at a polar interface to
another band insulator LaAlO3, creating a narrow conducting
channel that resides solely within the SrTiO3 (ref. 10). Similar
2DEGs can also be created by interfacing SrTiO3 to a wide array
of other band or Mott insulators including NdAlO3 (ref. 11),
LaTiO3 (ref. 12) and GdTiO3 (ref. 13), by chemical doping
of electrons into narrow SrTiO3 channels14,15, analogous
to d-doping of semiconductors such as Si, and by field-effect
doping in a transistor-style configuration8. Moreover, the recent
discovery of a 2DEG formed at the free surface of a bulk SrTiO3
crystal opens new avenues for its advanced spectroscopic
investigation7,16.

Exploiting this, here we present unified angle-resolved
photoemission (ARPES) measurements and tight-binding super-
cell calculations revealing new richness of the electronic structure
of this model oxide 2DEG. We show how a pronounced orbital
ordering mediates an unconventional spin splitting, giving rise to
strongly anisotropic and subband-dependent canted spin–orbital
textures. The orbitally enhanced Rashba effect explains the
pronounced spin splittings previously inferred from magneto-
transport in this system, while simultaneously revealing a
breakdown of the conventional picture used to describe these.
We uncover how this complex ladder of subband states are
further renormalized by many-body interactions. This reconciles

previous discrepancies between effective masses estimated from
ARPES and quantum oscillations, unifying the properties of
surface and interface SrTiO3 2DEGs, and reveals a strikingly
different nature of electron–phonon coupling compared with
bulk SrTiO3.

Results
Orbital ordering. Figure 1 summarizes the generic electronic
structure of SrTiO3 2DEGs, as revealed by ARPES from a
SrTiO3(100) surface with saturated band bending7. Consistent
with previous reports from both surface and interface
2DEGs7,16–19, we find a broad bandwidth that extends up to
E250 meV below the Fermi level. Here we can resolve a ladder of
at least three light subband states that contribute concentric
circular Fermi surface sheets, co-existing with just a single heavy
electron band (m*¼ 14±3me) that has a much shallower binding
energy of o50 meV and gives rise to elliptical Fermi surfaces
oriented along /10S. From this Fermi surface topology together
with the polarization dependence of our measured intensities
(Supplementary Fig. 2), we assign not only the lowest16 but rather
the whole ladder of observed light states as having dominantly dxy
orbital character, while the heavy states derive from dxz/yz orbitals.
This immediately indicates a strong breaking of the t2g orbital
degeneracy that is present in the bulk electronic structure of
SrTiO3 (ref. 20), driving a pronounced orbital ordering with a
polarization P ¼ nðdxyÞ$ nðdxy=yzÞ

nðdxyÞþ nðdxy=yzÞ ; which exceeds 30%, a lower limit
derived from our experimentally resolved Fermi surface areas.

This is a direct consequence of the real-space anisotropy of the
orbital wavefunctions combined with inversion symmetry break-
ing by the electrostatic potential that defines the 2DEG by
creating a steep asymmetric quantum well along the z direction
(Fig. 1c). As shown by our self-consistent tight-binding supercell
calculations (Fig. 1b, see Methods), the resulting quantized
subbands that derive from planar dxy orbitals have wavefunctions
reminiscent of the envelope functions of a semiconductor
quantum well, except that in SrTiO3 they are much more
localized in real space, almost to within a single unit cell for the
lowest subband state. In contrast, the potential variation acts as a
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Figure 1 | Orbital ordering of a 2D electron gas in SrTiO3. (a) E versus k dispersion from ARPES (hn¼ 50 eV, measured along the [10] direction), revealing
a multi-orbital subband structure comprising co-existing ladders of light and massive d-electron subband states. The respective circular and faint
elliptical Fermi surface pockets (measured with hn¼ 51 eV and the polarization along [11]) are shown in the inset. For the dispersion plot, a normalization
(division by the average MDC) has been applied to better reveal the massive band, as shown in Supplementary Fig. 1. (b) This electronic structure
is well described by a self-consistent tight-binding supercell calculation. The spatial dependence of the subband wavefunctions along the confinement
direction, C(z), reveal a pronounced real-space orbital ordering, a direct consequence of near-surface band bending (c).
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much weaker perturbation on the out-of-plane dxz/yz orbitals,
which have much larger hopping amplitudes along the
z direction. The resulting subbands sit close to the top of the
potential well, leading to wavefunctions that penetrate much
deeper into the bulk. This disparate spatial extent of the subband
states is consistent with their relative spectral weight in our
surface-sensitive ARPES measurements.

Unconventional Rashba spin splitting. The same breaking of
inversion symmetry that drives this orbital ordering can addi-
tionally lift the spin degeneracy through a Bychkov–Rashba-type
spin–orbit interaction21–23. Focussing near the band bottom of
the lowest dxy band (Fig. 2a,b), we indeed find a small
characteristic splitting between the calculated energy of spin-up
and spin-down states, dE¼ 2ak||, with a Rashba parameter,
a¼ 0.003 eVÅ. The non-negligible splitting found here, despite
the modest spin–orbit interaction in 3d transition metals, is
indicative of the very strong electric field gradient of the confining
potential. From our self-consistent band-bending potential
calculation (Fig. 1c), we estimate that this exceeds
2& 108 V m$ 1 within the first two unit cells where the lowest
subband state is confined. For the more delocalized second dxy
subband, whose wavefunction extends into regions of shallower
band bending, we find a slightly smaller Rashba parameter
a¼ 0.0014 eVÅ, confirming that the strength of this spin splitting
is controlled by the confining electric field. This should therefore

be directly tuneable by electrical gating, suggesting a potential
route towards spintronic control in oxides.

Unlike typical Rashba systems such as the Au(111) surface,
however, here the interplay between orbital ordering and spin–
orbit coupling leads to a significantly richer spin structure
of the 2DEG states. Close to the crossings of the light dxy
and heavy dxz/yz subbands, the spin splitting increases by
approximately an order of magnitude, concomitant with a
strong mixing of their orbital character (Fig. 2a–c). This
rationalizes an increased spin splitting reported from transport
when the dxz/yz subbands become populated in electrically gated
SrTiO3/LaAlO3 interface 2DEGs24. Moreover, the crossover from
k-linear to strongly enhanced spin splitting that we find here
readily explains the approximately k3 dependence of the splitting
that has been reported25. Our layer-projected calculations
indicate that the subband wavefunctions become more
delocalized in the z direction close to these band crossings, a
natural consequence of the stronger overlap of neighbouring
dxz/yz orbitals along z (Supplementary Fig. 3). This delocalization
would naively be expected to reduce the strength of the Rashba
effect. In contrast, its significant enhancement here points to a
dominant role of inter-orbital hopping in driving such
surprisingly large spin splittings. Similar enhancements have
recently also been observed in other calculations, mainly based
on model 3-band Hamiltonians26–28, which are qualitatively
entirely consistent with our results. Our calculations demonstrate
how this is a direct consequence of orbital ordering in the
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real experimentally confirmed multi-subband structure of the
SrTiO3 2DEG.

Moreover, as shown in Fig. 2d,e, they reveal an exotic coupled
spin–orbital texture of the resulting 2DEG Fermi surfaces. While
an approximately perpendicular spin-momentum locking ensures
tangential spin winding around the circular dxy sections of Fermi
surface, it leads to spins aligned almost perpendicular to the
Fermi surface for large sections of the extremely anisotropic dxz
(dyz) sheets. Around the crossings of dxy and dxz/yz states, the
spins of neighbouring Fermi surfaces align (anti-)parallel with a
|kS|mS|mS|kS ordering, ensuring maximal hybridization gaps
are opened. At the same time, rather than being quenched to zero
as might have naively been expected, we find a finite orbital
angular momentum (OAM, L) emerges. This is relatively small
(t0.05:) for the isolated dxy and dxz/yz sections of Fermi surface
(Fig. 2e and Supplementary Fig. 3), but grows as large as 0.7:
around the band crossings. Moreover, we find that the OAM is
oriented either parallel or antiparallel to the corresponding spin
angular momentum (SAM, S), and so this increase in OAM
maximally enhances L ' S, by a factor of B14, at and in the
vicinity of the hybridization gaps, comparable to the correspond-
ing increase in spin splitting (Fig. 2b).

This therefore provides a natural basis to understand the large
spin splittings inferred from magnetotransport29–31, despite the
small atomic spin–orbit interaction of SrTiO3, in terms of an
orbital Rashba effect32,33. For isolated dxy sections of Fermi
surface, we find that the OAM of the inner and outer spin-split
branches have the same helicity, consistent with a weak spin–
orbit coupling limit33. For the dxz/yz sections of Fermi surface,
however, the inner and outer branches have opposite OAM,
reflecting additional richness as compared with model systems
such as noble metal surface states33. This causes mixed helicities
of the OAM around the inner branch of each Fermi surface sheet,
as compared with a complete 2p winding for the outer branches
(see arrows in Supplementary Fig. 4). Importantly, we find that
the dominant inter-band interactions cause the winding direction
of both the OAM and SAM of the outer dxy-derived Fermi

surfaces to abruptly switch sign across the hybridization gaps. For
several inner Fermi surfaces whose orbital character is strongly
mixed, continuously evolving between dxy- and dxz/yz-like around
the Fermi surface (Fig. 2c), this leads to strongly frustrated spin
and orbital textures, rapidly canting from tangential to radial
alignment as a function of Fermi surface angle (Fig. 2d,e). This is
quite distinct from the functional form of conventional Rashba
splitting21 and provides strong constraints for the influence of
spin splitting on magnetism34 and superconductivity35.

Many-body interactions. In Fig. 3, we further uncover a pro-
nounced role of electron–phonon interactions on this complex
hierarchy of electronic states. Unlike in bulk-doped SrTiO3,
where the Fermi energy is typically only a few meV and the
electron–phonon interaction is thus non-retarded, the occupied
widths of different subbands of the 2DEG range from almost zero
up to values greater than the highest phonon frequency of
E100 meV. This is an unusual situation, neither described by
the adiabatic (:oDooEF) nor the anti-adiabatic (:oD44EF)
approximation, and points to a complex influence of electron–
phonon coupling in this system. We extract the corresponding
self-energy, Se$ ph(o)¼S0(o)þ iS00(o), from our ARPES mea-
surements of the lowest subband along the [11] direction (see
methods), where we resolve an isolated band all the way up to EF.
The slope of S0 at the Fermi level yields an electron–phonon
coupling strength of l¼ 0.7(1), while its broad maximum
between E20$ 60 meV is indicative of coupling to multiple
modes. Indeed, the experimentally determined self-energy is in
excellent agreement with a calculation within Eliashberg theory
that assumes a coupling function a2F(o) proportional to the
entire phonon density of states associated with the motion of
oxygen and Ti ions36 and includes the realistic 2DEG electron
density of states from our tight-binding calculation.

Together with a moderate correlation-induced mass enhance-
ment of E1.4 that we estimate from a Kramers–Kronig
transform of a Fermi-liquid contribution to the imaginary part
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Figure 3 | Quasiparticle dynamics of the subband states. (a) ARPES measurements along the [11] direction (hn¼ 51 eV), together with the peak positions
of fits to MDCs and EDCs (black dots) and a cosine ‘bare band’ dispersion (blue line). The data reveal pronounced signatures of electron–phonon
coupling. Particularly apparent is a low-energy kink in the dispersion at oE30 meV, shown magnified inset. (b) Real, S0 , and imaginary, S0 0 , parts of the
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of the self-energy, our analysis suggests an overall mass
enhancement arising from many-body interactions of
m*/mbandE2.1, close to the values deduced for lightly doped
bulk SrTiO3 from measurements of the electronic specific heat37

and optical spectroscopy38. The nature of the electron–phonon
coupling, however, is very different. In lightly doped bulk SrTiO3,
it is dominated by long-range coupling to longitudinal optical
(LO) phonons as described by the Fröhlich model38,39. This
model predicts much weaker coupling to low-energy modes
than observed here, but a significantly stronger coupling to the
highest LO phonon at 100 meV, as evident from a calculation
employing coupling strengths from bulk SrTiO3 (refs 39,40),
which yield an electron–phonon self-energy in clear contrast to
our experimental findings (Fig. 3b).

The electric field that confines the 2DEG is known to
dramatically reduce its dielectric constant7,41. This, together
with higher carrier densities as compared with bulk SrTiO3, will
lead to shorter electronic screening lengths for the 2DEG,
explaining the observed suppression of long-range coupling to LO
modes. The enhanced coupling to low-energy phonons for the
2DEG instead leads to a pronounced kink in the dispersion of the
dxy subbands at an energy around 30 meV. We resolve these along
both the [10] and [11] directions for the first two dxy subbands.
Crucially, the resulting enhanced quasiparticle mass, which we
estimate as 1.1(2) me from our measured Fermi velocities, rectifies
the discrepancy between the light masses around 0.6 me reported
in earlier ARPES studies of SrTiO3 surface 2DEGs7,16 and recent
quantum oscillation experiments that revealed effective masses
typically around 1me (refs 42,43).

Intriguingly, along [10] the kink energy coincides almost
exactly with the crossing of the light dxy and heavy dxz subband
states. This behaviour is well captured by our spectral function
simulations calculated from our tight-binding bare dispersions
and electron–phonon self-energy. These illustrate a very different
effect of electron–phonon interactions on the heavy compared
with the light subbands of the 2DEG, the former coupling to
phonons with frequencies ranging from below to above the bare
bandwidth. Our calculations reveal that electron–phonon cou-
pling essentially results in an overall bandwidth renormalization
of these states, in agreement with our experimental data where we
find the band bottom of the heavy state substantially above the
value predicted by our model tight-binding calculations.

Discussion
The combination of electron–phonon coupling with orbital
ordering therefore effectively pins the crossings of the dxy and
dxz/yz subbands to the low-energy peak in the phonon density of
states. As demonstrated above, however, we additionally find
orbitally enhanced spin–orbit splittings that become maximal
around these band crossings. Our direct spectroscopic measure-
ments, together with our theoretical calculations, therefore
demonstrate how a co-operative effect of orbital ordering and
electron–phonon coupling sets the relevant energy scale for
dominant spin splitting in this system.

Together, this reveals an intricate hierarchy of interactions and
orderings governing the low-energy electronic structure of the
SrTiO3 2DEG (Fig. 4). Electrostatic screening in response to a
surface or interface charge generates an electron accumulation
layer confined to a narrow potential well. The resulting quantum
size effects drive pronounced orbital ordering, creating multiple
intersections of light dxy- and heavy dxz/yz-derived subband states.
This leads to orbital mixing and induces a significant local orbital
angular momentum, which in turn permits a pronounced spin
splitting to emerge, despite modest atomic spin–orbit coupling.
Many-body interactions, of strikingly different form to the bulk,

enhance the quasiparticle masses of these spin-split subbands,
reduce their bandwidths and renormalize the energetic locations
of their intersections, thus modulating their unconventional spin
splitting.

Together, this interplay strongly entangles the charge, spin,
orbital and lattice degrees of freedom of the SrTiO3 2DEG on an
energy scale r30 meV. This will dominate both its transport and
thermodynamic properties. Already we have shown how this
explains enhanced quasiparticle masses observed from quantum
oscillations as well as signatures of spin splitting in magnetotran-
sport, unifying electrical and spectroscopic measurements from
surface- and interface-based SrTiO3 2DEGs. More generally, it
establishes how quantum size effects can dramatically manipulate
the underlying electronic landscape of interacting electron liquids,
setting the stage for engineering new emergent properties by
dimensional confinement in transition metal oxides.

Methods
Angle-resolved photoemission. ARPES measurements were performed at the
CASIOPEE beamline of SOLEIL synchrotron, the SIS beamline of the Swiss Light
Source, and beamline 10.0.1 of the Advanced light source using Scienta R4000
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Figure 4 | Hierarchy and interplay of underlying degrees of freedom.
In the formation of the 2DEG, quantum confinement reconstructs the bulk
electronic structure into a rich array of intersecting orbitally ordered
subband states. The interplay of this with spin–orbit coupling lifts the spin
degeneracy of these bands, particularly strong around their crossings,
through an orbitally enhanced Rashba-like interaction. Electron–phonon and
electron–electron interactions further renormalise these spin–split
dispersions, increasing the quasiparticle masses close to the Fermi level and
causing a complete bandwidth narrowing of the shallow dxz/yz states that
pins the orbitally ordered band crossings close to the energy of the lowest
phonon mode. This, in turn, sets the energy scale for enhanced spin–orbit
splittings around these crossings, strongly entangling the charge, spin,
orbital and lattice degrees of freedom of the 2DEG on a low-energy scale
(orange shading).
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hemispherical electron analysers, and with base pressures o5& 10$ 11 mbar.
Single crystal SrTiO3 commercial wafers were cleaved in situ at the measurement
temperature of T¼ 20–30 K along notches defining a (100) plane. Measurements
were performed on stoichiometric transparent insulating samples as well as very
lightly La-doped samples (Sr1$ xLaxTiO3 with x¼ 0.001) to help avoid charging.
2DEGs were induced at the bare surface by exposure to intense UV synchrotron
light7. The samples were exposed to irradiation doses \1,000 J cm$ 2 to saturate
the formation of the 2DEG, and we experimentally confirmed that saturation was
reached before starting any of the measurements presented here. The data shown
here was measured using s-polarized photons of 51 or 55 eV, except for the Fermi
surface maps shown in Supplementary Fig. 2 that used 43-eV s- and p-polarized
light. All measurements were performed in the second Brillouin zone.

Self-energy determination. To determine the electron–phonon self-energy
experimentally, we fit momentum distribution curves (MDCs) and energy dis-
tribution curves (EDCs) of the lowest dxy subband measured along the [11]
direction. We chose this band as its dispersion does not intersect that of the heavy
dxz/yz subbands up to the chemical potential along this direction (Fig. 1b), allowing
us to perform a quantitative analysis over an extended energy range, free from
complications associated with the hybridization of different subbands. The real part
of the self-energy, S0(o), is given by the difference between our extracted disper-
sion and that of a ‘bare’ band. In order to derive a Kramers–Kronig consistent self-
energy, we take the cosine bare band shown in Fig. 3a, which includes a moderate
bandwidth renormalization due to electron correlations. We extract the imaginary
part of the self-energy, S0 0(o)¼Dk(o)/2 ' qE/qk, where Dk is the full width at half
maximum of Lorentzian fits to MDCs, and qE/qk is the bare band dispersion. This
results in an imaginary part that includes a contribution from electron–electron
interactions, which we approximate by the expression for a two-dimensional Fermi
liquid S00e$ e(o)¼ bo2(1þ 0.53ln(o/EF)). Subtracting this contribution with rea-
listic parameter values of b¼ 1.5 eV$ 1 and EF¼ 0.25 eV from our total extracted
S0 0 (see Fig. 3b) yields the imaginary part of the electron–phonon self-energy.

Electronic structure and self-energy calculations. To calculate the subband
structure, we start from a relativistic density functional theory calculation of bulk
SrTiO3 using the modified Becke–Johnson exchange potential and Perdew–Burke–
Ernzerhof correlation functional as implemented in the WIEN2K programme44.
The muffin-tin radius of each atom RMT was chosen such that its product with the
maximum modulus of reciprocal vectors Kmax become RMTKmax¼ 7.0. The
Brillouin zone was sampled by a 15& 15& 15 k-mesh. We downfold this using
maximally localized Wannier functions to generate a set of bulk tight-binding
transfer integrals, and then incorporate these into a 30-unit cell supercell with
additional on-site potential terms to account for band bending via an electrostatic
potential variation. We solve this self-consistently with Poisson’s equation,
incorporating an electric field-dependent dielectric constant41, to yield the bare
band dispersions including Rashba-type spin splitting45 of the 2DEG. We stress
that the total magnitude of the band bending is the only adjustable parameter, and
yields a realistic electronic structure in good agreement with our spectroscopic
measurements apart from our observed signatures of electron–phonon interactions
that are not included at the level of density functional theory. To incorporate these,
we calculate the self-energy Se$ ph(o) in an Eliashberg model,

!e$ phðoÞ ¼
Z 1

$EF

NðEÞdE
Z ~omax

0
d~oa2Fð~oÞ

& f ð$ E;TÞþ nð~o;TÞ
o$ E$ ~oþ id(

þ f ðE;TÞþ nð~o;TÞ
o$ Eþ ~oþ id(

! "

where N(E) is the bare electronic density of states determined from our tight-
binding calculations and f(E,T) and nð~o;TÞ are the Fermi and Bose occupation
factors. For the coupling function a2Fð~oÞ we use two different models. The blue
line in Fig. 3b assumes a2Fð~oÞ proportional to the entire O- and Ti-derived
phonon density of states from ref. 36, while the black line is a calculation for the
coupling strengths given in refs 39,40 for the three LO phonons that were found to
dominate the electron–phonon interaction in lightly doped bulk samples. We then
calculated the spectral function

Aðk;oÞ ¼ $ 1
p

!00ðoÞ
o$ EðkÞ$!0ðoÞ½ *2 þ !00ðoÞ½ *2

where the bare band dispersion E(k) is taken from our tight-binding calculation. To
better compare with our experimental data in Fig. 3c, we project this onto different
atomic orbitals, and include contributions from dxy and dxz but not dyz orbitals to
account for transition matrix elements in our experimental geometry. We
additionally project the calculation onto different layers of our supercell, and
incorporate an exponential attenuation of signal with depth below the surface in
photoemission, assuming an inelastic mean free path of 5 Å, into our simulation.
Finally, we convolve the simulated spectral function with a 2D Gaussian to account
for an experimental energy and momentum resolution of 0.01 eV and 0.015 Å$ 1,
respectively.
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