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Part II: Twisted bilayer graphene
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Outline

• Twisted bilayer graphene: brief historical introduction

• Fabrication

• Large twist angles

• Small twist angles

• Magic angle

• Twisted double bilayer graphene



Phys. Rev. Lett. 99, 256802 (2007).

Twisting graphene

Nature Physics 6, 109 (2010).

Moiré pattern – period 7.7 nm
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kx
<latexit sha1_base64="xLoDJMXuNF4dZcUgQhhtrnSzE1Y=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV7LHgxWNF+wFtKJvtpl262YTdiVhCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXJFIYdN1vZ219Y3Nru7BT3N3bPzgsHR23TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfjm5nffuTaiFg94CThfkSHSoSCUbTS/bj/1C+V3Yo7B1klXk7KkKPRL331BjFLI66QSWpM13MT9DOqUTDJp8VeanhC2ZgOeddSRSNu/Gx+6pScW2VAwljbUkjm6u+JjEbGTKLAdkYUR2bZm4n/ed0Uw5qfCZWkyBVbLApTSTAms7/JQGjOUE4soUwLeythI6opQ5tO0YbgLb+8SlrVindZqd5dleu1PI4CnMIZXIAH11CHW2hAExgM4Rle4c2Rzovz7nwsWtecfOYE/sD5/AFhyo3U</latexit>

ky
<latexit sha1_base64="OP4Msh5ktciL/f3uDE2FRiv0nQI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqYI8FLx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1iNOE+xEdKREKRtFKD5PBdFCuuFV3AbJOvJxUIEdzUP7qD2OWRlwhk9SYnucm6GdUo2CSz0r91PCEsgkd8Z6likbc+Nni1Bm5sMqQhLG2pZAs1N8TGY2MmUaB7Ywojs2qNxf/83ophnU/EypJkSu2XBSmkmBM5n+TodCcoZxaQpkW9lbCxlRThjadkg3BW315nbRrVe+qWru/rjTqeRxFOINzuAQPbqABd9CEFjAYwTO8wpsjnRfn3flYthacfOYU/sD5/AFjTo3V</latexit>

Two copies of the 1st Brillouin zone are rotated relative to each other

Twisting graphene



mini-Brillouin zone
of Moiré superlattice

original Brillouin zones
of layers 1 and 2


<latexit sha1_base64="QBVCGe1pvfvu95tLuGjWTgDD4vs=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9mtgj0WvHisYD+gXUo2zbax2SQkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLG5tb2TnG3tLd/cHhUPj5pG5lqQltEcqm7ETaUM0FblllOu0pTnEScdqLJ7dzvPFFtmBQPdqpomOCRYDEj2Dqp3Z9gpfCgXPGr/gJonQQ5qUCO5qD81R9KkiZUWMKxMb3AVzbMsLaMcDor9VNDFSYTPKI9RwVOqAmzxbUzdOGUIYqldiUsWqi/JzKcGDNNIteZYDs2q95c/M/rpTauhxkTKrVUkOWiOOXISjR/HQ2ZpsTyqSOYaOZuRWSMNSbWBVRyIQSrL6+Tdq0aXFVr99eVRj2PowhncA6XEMANNOAOmtACAo/wDK/w5knvxXv3PpatBS+fOYU/8D5/AJR4jxk=</latexit>

0
<latexit sha1_base64="nWEd7ubFMN4OWQfiCKqIGWAHpLM=">AAAB9HicbVBNSwMxEJ2tX7V+VT16WSyCp7JbBXssePFYwX5Ady3ZNNuGJtmYZAtl6e/w4kERr/4Yb/4b03YP2vpg4PHeDDPzIsmoNp737RQ2Nre2d4q7pb39g8Oj8vFJWyepwqSFE5aoboQ0YVSQlqGGka5UBPGIkU40vp37nQlRmibiwUwlCTkaChpTjIyVwmCMpESPgVSUk3654lW9Bdx14uekAjma/fJXMEhwyokwmCGte74nTZghZShmZFYKUk0kwmM0JD1LBeJEh9ni6Jl7YZWBGyfKljDuQv09kSGu9ZRHtpMjM9Kr3lz8z+ulJq6HGRUyNUTg5aI4Za5J3HkC7oAqgg2bWoKwovZWF4+QQtjYnEo2BH/15XXSrlX9q2rt/rrSqOdxFOEMzuESfLiBBtxBE1qA4Qme4RXenInz4rw7H8vWgpPPnMIfOJ8//n+SNg==</latexit>

�
<latexit sha1_base64="2aEyG851s19MlDfKIBdgoxxBiA8=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexGwRwDXjxGMA9IljA7mU3GzGOZmRXCkn/w4kERr/6PN//GSbIHTSxoKKq66e6KEs6M9f1vr7CxubW9U9wt7e0fHB6Vj0/aRqWa0BZRXOluhA3lTNKWZZbTbqIpFhGnnWhyO/c7T1QbpuSDnSY0FHgkWcwItk5q90dYCDwoV/yqvwBaJ0FOKpCjOSh/9YeKpIJKSzg2phf4iQ0zrC0jnM5K/dTQBJMJHtGeoxILasJsce0MXThliGKlXUmLFurviQwLY6Yicp0C27FZ9ebif14vtXE9zJhMUkslWS6KU46sQvPX0ZBpSiyfOoKJZu5WRMZYY2JdQCUXQrD68jpp16rBVbV2f11p1PM4inAG53AJAdxAA+6gCS0g8AjP8ApvnvJevHfvY9la8PKZU/gD7/MHhTePDw==</latexit>�

<latexit sha1_base64="Z/ZMsfkrnWGAxWzku83Q3xdMOo4=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexGwRwDHvQYwcRAsoTZyWwyZh7LzKwQlvyDFw+KePV/vPk3TpI9aGJBQ1HVTXdXlHBmrO9/e4W19Y3NreJ2aWd3b/+gfHjUNirVhLaI4kp3ImwoZ5K2LLOcdhJNsYg4fYjG1zP/4Ylqw5S8t5OEhgIPJYsZwdZJ7d4NFgL3yxW/6s+BVkmQkwrkaPbLX72BIqmg0hKOjekGfmLDDGvLCKfTUi81NMFkjIe066jEgpowm187RWdOGaBYaVfSorn6eyLDwpiJiFynwHZklr2Z+J/XTW1cDzMmk9RSSRaL4pQjq9DsdTRgmhLLJ45gopm7FZER1phYF1DJhRAsv7xK2rVqcFGt3V1WGvU8jiKcwCmcQwBX0IBbaEILCDzCM7zCm6e8F+/d+1i0Frx85hj+wPv8AVQ3ju8=</latexit>

K1
<latexit sha1_base64="/+mQpm7sh7pA2GlY6FX+KVzj2lU=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsxUwS4LbgQ3FewDOkPJpJk2NMkMSUYoQ3/DjQtF3Poz7vwbM+0stPVA4HDOvdyTEyacaeO6305pY3Nre6e8W9nbPzg8qh6fdHWcKkI7JOax6odYU84k7RhmOO0nimIRctoLp7e533uiSrNYPppZQgOBx5JFjGBjJd8X2EyUyO7nQ29Yrbl1dwG0TryC1KBAe1j98kcxSQWVhnCs9cBzExNkWBlGOJ1X/FTTBJMpHtOBpRILqoNskXmOLqwyQlGs7JMGLdTfGxkWWs9EaCfzjHrVy8X/vEFqomaQMZmkhkqyPBSlHJkY5QWgEVOUGD6zBBPFbFZEJlhhYmxNFVuCt/rlddJt1L2reuPhutZqFnWU4QzO4RI8uIEW3EEbOkAggWd4hTcndV6cd+djOVpyip1T+APn8wcHUJGk</latexit>

K1
<latexit sha1_base64="/+mQpm7sh7pA2GlY6FX+KVzj2lU=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsxUwS4LbgQ3FewDOkPJpJk2NMkMSUYoQ3/DjQtF3Poz7vwbM+0stPVA4HDOvdyTEyacaeO6305pY3Nre6e8W9nbPzg8qh6fdHWcKkI7JOax6odYU84k7RhmOO0nimIRctoLp7e533uiSrNYPppZQgOBx5JFjGBjJd8X2EyUyO7nQ29Yrbl1dwG0TryC1KBAe1j98kcxSQWVhnCs9cBzExNkWBlGOJ1X/FTTBJMpHtOBpRILqoNskXmOLqwyQlGs7JMGLdTfGxkWWs9EaCfzjHrVy8X/vEFqomaQMZmkhkqyPBSlHJkY5QWgEVOUGD6zBBPFbFZEJlhhYmxNFVuCt/rlddJt1L2reuPhutZqFnWU4QzO4RI8uIEW3EEbOkAggWd4hTcndV6cd+djOVpyip1T+APn8wcHUJGk</latexit>

K1
<latexit sha1_base64="/+mQpm7sh7pA2GlY6FX+KVzj2lU=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsxUwS4LbgQ3FewDOkPJpJk2NMkMSUYoQ3/DjQtF3Poz7vwbM+0stPVA4HDOvdyTEyacaeO6305pY3Nre6e8W9nbPzg8qh6fdHWcKkI7JOax6odYU84k7RhmOO0nimIRctoLp7e533uiSrNYPppZQgOBx5JFjGBjJd8X2EyUyO7nQ29Yrbl1dwG0TryC1KBAe1j98kcxSQWVhnCs9cBzExNkWBlGOJ1X/FTTBJMpHtOBpRILqoNskXmOLqwyQlGs7JMGLdTfGxkWWs9EaCfzjHrVy8X/vEFqomaQMZmkhkqyPBSlHJkY5QWgEVOUGD6zBBPFbFZEJlhhYmxNFVuCt/rlddJt1L2reuPhutZqFnWU4QzO4RI8uIEW3EEbOkAggWd4hTcndV6cd+djOVpyip1T+APn8wcHUJGk</latexit>

K0
1

<latexit sha1_base64="BGLdnvYGu6KdIPi1DcxxOqiCcCM=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBFclaQKdllwI7ipYB/QxDCZTtqhM5MwMxFCqL/ixoUibv0Qd/6NkzYLbT0wcDjnXu6ZEyaMKu0439ba+sbm1nZlp7q7t39waB8d91ScSky6OGaxHIRIEUYF6WqqGRkkkiAeMtIPp9eF338kUtFY3OssIT5HY0EjipE2UmDXPI70RPL8dha4D14iKSeBXXcazhxwlbglqYMSncD+8kYxTjkRGjOk1NB1Eu3nSGqKGZlVvVSRBOEpGpOhoQJxovx8Hn4Gz4wyglEszRMaztXfGzniSmU8NJNFVLXsFeJ/3jDVUcvPqUhSTQReHIpSBnUMiybgiEqCNcsMQVhSkxXiCZIIa9NX1ZTgLn95lfSaDfei0by7rLdbZR0VcAJOwTlwwRVogxvQAV2AQQaewSt4s56sF+vd+liMrlnlTg38gfX5A/oFlPI=</latexit>

K0
1

<latexit sha1_base64="BGLdnvYGu6KdIPi1DcxxOqiCcCM=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBFclaQKdllwI7ipYB/QxDCZTtqhM5MwMxFCqL/ixoUibv0Qd/6NkzYLbT0wcDjnXu6ZEyaMKu0439ba+sbm1nZlp7q7t39waB8d91ScSky6OGaxHIRIEUYF6WqqGRkkkiAeMtIPp9eF338kUtFY3OssIT5HY0EjipE2UmDXPI70RPL8dha4D14iKSeBXXcazhxwlbglqYMSncD+8kYxTjkRGjOk1NB1Eu3nSGqKGZlVvVSRBOEpGpOhoQJxovx8Hn4Gz4wyglEszRMaztXfGzniSmU8NJNFVLXsFeJ/3jDVUcvPqUhSTQReHIpSBnUMiybgiEqCNcsMQVhSkxXiCZIIa9NX1ZTgLn95lfSaDfei0by7rLdbZR0VcAJOwTlwwRVogxvQAV2AQQaewSt4s56sF+vd+liMrlnlTg38gfX5A/oFlPI=</latexit>

K0
2

<latexit sha1_base64="o6zhCv0EIavFlWDXgx8DqYokR5k=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBFclaQKdllwI7ipYB/QxDCZTtqhM5MwMxFCqL/ixoUibv0Qd/6NkzYLbT0wcDjnXu6ZEyaMKu0439ba+sbm1nZlp7q7t39waB8d91ScSky6OGaxHIRIEUYF6WqqGRkkkiAeMtIPp9eF338kUtFY3OssIT5HY0EjipE2UmDXPI70RPL8dhY0H7xEUk4Cu+40nDngKnFLUgclOoH95Y1inHIiNGZIqaHrJNrPkdQUMzKreqkiCcJTNCZDQwXiRPn5PPwMnhllBKNYmic0nKu/N3LElcp4aCaLqGrZK8T/vGGqo5afU5Gkmgi8OBSlDOoYFk3AEZUEa5YZgrCkJivEEyQR1qavqinBXf7yKuk1G+5Fo3l3WW+3yjoq4AScgnPggivQBjegA7oAgww8g1fwZj1ZL9a79bEYXbPKnRr4A+vzB/uQlPM=</latexit>

K0
2

<latexit sha1_base64="o6zhCv0EIavFlWDXgx8DqYokR5k=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBFclaQKdllwI7ipYB/QxDCZTtqhM5MwMxFCqL/ixoUibv0Qd/6NkzYLbT0wcDjnXu6ZEyaMKu0439ba+sbm1nZlp7q7t39waB8d91ScSky6OGaxHIRIEUYF6WqqGRkkkiAeMtIPp9eF338kUtFY3OssIT5HY0EjipE2UmDXPI70RPL8dhY0H7xEUk4Cu+40nDngKnFLUgclOoH95Y1inHIiNGZIqaHrJNrPkdQUMzKreqkiCcJTNCZDQwXiRPn5PPwMnhllBKNYmic0nKu/N3LElcp4aCaLqGrZK8T/vGGqo5afU5Gkmgi8OBSlDOoYFk3AEZUEa5YZgrCkJivEEyQR1qavqinBXf7yKuk1G+5Fo3l3WW+3yjoq4AScgnPggivQBjegA7oAgww8g1fwZj1ZL9a79bEYXbPKnRr4A+vzB/uQlPM=</latexit>

K2
<latexit sha1_base64="U0BQJdCWe+vpCblAXDaJDIbr5ww=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsxUwS4LbgQ3FewDOkPJpJk2NMkMSUYoQ3/DjQtF3Poz7vwbM+0stPVA4HDOvdyTEyacaeO6305pY3Nre6e8W9nbPzg8qh6fdHWcKkI7JOax6odYU84k7RhmOO0nimIRctoLp7e533uiSrNYPppZQgOBx5JFjGBjJd8X2EyUyO7nw8awWnPr7gJonXgFqUGB9rD65Y9ikgoqDeFY64HnJibIsDKMcDqv+KmmCSZTPKYDSyUWVAfZIvMcXVhlhKJY2ScNWqi/NzIstJ6J0E7mGfWql4v/eYPURM0gYzJJDZVkeShKOTIxygtAI6YoMXxmCSaK2ayITLDCxNiaKrYEb/XL66TbqHtX9cbDda3VLOoowxmcwyV4cAMtuIM2dIBAAs/wCm9O6rw4787HcrTkFDun8AfO5w8I1JGl</latexit>

K2
<latexit sha1_base64="U0BQJdCWe+vpCblAXDaJDIbr5ww=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsxUwS4LbgQ3FewDOkPJpJk2NMkMSUYoQ3/DjQtF3Poz7vwbM+0stPVA4HDOvdyTEyacaeO6305pY3Nre6e8W9nbPzg8qh6fdHWcKkI7JOax6odYU84k7RhmOO0nimIRctoLp7e533uiSrNYPppZQgOBx5JFjGBjJd8X2EyUyO7nw8awWnPr7gJonXgFqUGB9rD65Y9ikgoqDeFY64HnJibIsDKMcDqv+KmmCSZTPKYDSyUWVAfZIvMcXVhlhKJY2ScNWqi/NzIstJ6J0E7mGfWql4v/eYPURM0gYzJJDZVkeShKOTIxygtAI6YoMXxmCSaK2ayITLDCxNiaKrYEb/XL66TbqHtX9cbDda3VLOoowxmcwyV4cAMtuIM2dIBAAs/wCm9O6rw4787HcrTkFDun8AfO5w8I1JGl</latexit>

K2
<latexit sha1_base64="U0BQJdCWe+vpCblAXDaJDIbr5ww=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsxUwS4LbgQ3FewDOkPJpJk2NMkMSUYoQ3/DjQtF3Poz7vwbM+0stPVA4HDOvdyTEyacaeO6305pY3Nre6e8W9nbPzg8qh6fdHWcKkI7JOax6odYU84k7RhmOO0nimIRctoLp7e533uiSrNYPppZQgOBx5JFjGBjJd8X2EyUyO7nw8awWnPr7gJonXgFqUGB9rD65Y9ikgoqDeFY64HnJibIsDKMcDqv+KmmCSZTPKYDSyUWVAfZIvMcXVhlhKJY2ScNWqi/NzIstJ6J0E7mGfWql4v/eYPURM0gYzJJDZVkeShKOTIxygtAI6YoMXxmCSaK2ayITLDCxNiaKrYEb/XL66TbqHtX9cbDda3VLOoowxmcwyV4cAMtuIM2dIBAAs/wCm9O6rw4787HcrTkFDun8AfO5w8I1JGl</latexit>


<latexit sha1_base64="QBVCGe1pvfvu95tLuGjWTgDD4vs=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9mtgj0WvHisYD+gXUo2zbax2SQkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLG5tb2TnG3tLd/cHhUPj5pG5lqQltEcqm7ETaUM0FblllOu0pTnEScdqLJ7dzvPFFtmBQPdqpomOCRYDEj2Dqp3Z9gpfCgXPGr/gJonQQ5qUCO5qD81R9KkiZUWMKxMb3AVzbMsLaMcDor9VNDFSYTPKI9RwVOqAmzxbUzdOGUIYqldiUsWqi/JzKcGDNNIteZYDs2q95c/M/rpTauhxkTKrVUkOWiOOXISjR/HQ2ZpsTyqSOYaOZuRWSMNSbWBVRyIQSrL6+Tdq0aXFVr99eVRj2PowhncA6XEMANNOAOmtACAo/wDK/w5knvxXv3PpatBS+fOYU/8D5/AJR4jxk=</latexit>

0
<latexit sha1_base64="nWEd7ubFMN4OWQfiCKqIGWAHpLM=">AAAB9HicbVBNSwMxEJ2tX7V+VT16WSyCp7JbBXssePFYwX5Ady3ZNNuGJtmYZAtl6e/w4kERr/4Yb/4b03YP2vpg4PHeDDPzIsmoNp737RQ2Nre2d4q7pb39g8Oj8vFJWyepwqSFE5aoboQ0YVSQlqGGka5UBPGIkU40vp37nQlRmibiwUwlCTkaChpTjIyVwmCMpESPgVSUk3654lW9Bdx14uekAjma/fJXMEhwyokwmCGte74nTZghZShmZFYKUk0kwmM0JD1LBeJEh9ni6Jl7YZWBGyfKljDuQv09kSGu9ZRHtpMjM9Kr3lz8z+ulJq6HGRUyNUTg5aI4Za5J3HkC7oAqgg2bWoKwovZWF4+QQtjYnEo2BH/15XXSrlX9q2rt/rrSqOdxFOEMzuESfLiBBtxBE1qA4Qme4RXenInz4rw7H8vWgpPPnMIfOJ8//n+SNg==</latexit>

�
<latexit sha1_base64="2aEyG851s19MlDfKIBdgoxxBiA8=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexGwRwDXjxGMA9IljA7mU3GzGOZmRXCkn/w4kERr/6PN//GSbIHTSxoKKq66e6KEs6M9f1vr7CxubW9U9wt7e0fHB6Vj0/aRqWa0BZRXOluhA3lTNKWZZbTbqIpFhGnnWhyO/c7T1QbpuSDnSY0FHgkWcwItk5q90dYCDwoV/yqvwBaJ0FOKpCjOSh/9YeKpIJKSzg2phf4iQ0zrC0jnM5K/dTQBJMJHtGeoxILasJsce0MXThliGKlXUmLFurviQwLY6Yicp0C27FZ9ebif14vtXE9zJhMUkslWS6KU46sQvPX0ZBpSiyfOoKJZu5WRMZYY2JdQCUXQrD68jpp16rBVbV2f11p1PM4inAG53AJAdxAA+6gCS0g8AjP8ApvnvJevHfvY9la8PKZU/gD7/MHhTePDw==</latexit>

dispersion relation within
the mini Brillouin zone

m
<latexit sha1_base64="iI9I5zPWalkIMmUxOviXPJwte+Y=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV7LHgxWML9gPaUDbbSbt2Nwm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSNsGW4EdhOFVAYCO8Hkbu53nlBpHkcPZpqgL+ko4iFn1FipKQelsltxFyDrxMtJGXI0BqWv/jBmqcTIMEG17nluYvyMKsOZwFmxn2pMKJvQEfYsjahE7WeLQ2fk0ipDEsbKVmTIQv09kVGp9VQGtlNSM9ar3lz8z+ulJqz5GY+S1GDElovCVBATk/nXZMgVMiOmllCmuL2VsDFVlBmbTdGG4K2+vE7a1Yp3Xak2b8r1Wh5HAc7hAq7Ag1uowz00oAUMEJ7hFd6cR+fFeXc+lq0bTj5zBn/gfP4A09mM6w==</latexit>

m0
<latexit sha1_base64="DsmwMRaIpN9ekL5lhxE/W76UMfs=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkV7LHgxWMF+wFtLJvtpF26m8TdjVBC/4QXD4p49e9489+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BE2DTcCO4lCKgOB7WB8M/PbT6g0j6N7M0nQl3QY8ZAzaqzUkQ+9RHGJ/VLZrbhzkFXi5aQMORr90ldvELNUYmSYoFp3PTcxfkaV4UzgtNhLNSaUjekQu5ZGVKL2s/m9U3JulQEJY2UrMmSu/p7IqNR6IgPbKakZ6WVvJv7ndVMT1vyMR0lqMGKLRWEqiInJ7Hky4AqZERNLKFPc3krYiCrKjI2oaEPwll9eJa1qxbusVO+uyvVaHkcBTuEMLsCDa6jDLTSgCQwEPMMrvDmPzovz7nwsWtecfOYE/sD5/AEvxZAI</latexit>

The mini Brillouin zone



Flat bands emerge for small twist angles

E. Suárez Morell et al, Phys. Rev. B 82, 121407 (2010).

Tight binding model

also based on comparison
to DFT calculations



Magic angles: the key to generate flat bands 
R. Bistritzer and A. H. MacDonald, Proc. Natl. Acad. Sci. U.S.A. 108, 12233 (2011).

Continuum model
for interlayer tunneling

density of states
kx
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30°15°10°5.6°1.05°
Y. Cao et al.,
Phys. Rev. Lett.  117,
116804 (2016)
Insulating states

Twist angle

T. Ohta et al.,
Phys. Rev. Lett. 109,

186807 (2012)
Non-interacting cones

The twist angle is a knob to tune the interlayer coupling:
large angles: decoupled layers, strongly dispersive bands

small angles: strongly coupled layers, flat bands, correlated states

intermediate angles: interlayer coupling tunable by gate voltages!

Twist angle as a knob to tune the dispersion relation

12°
1.8°

0.4°

Y. Cao et al.,
Nature  556, 43 
(2018)
Superconduc-
tivity,
ibid 80 (2018)
Correlated 
insulators

22°

P. Rickhaus et al.,
Science Adv. 6,
eaay8409 (2020)
Interlayer capacitance
Thickness of graphene

P. Rickhaus et 
al, Nano Lett. 
18, 6725 
(2018)
Topological 
channels



P.J. Zomer et al, Appl. Phys. Lett. 105, 
013101 (2014)

PC: Polycarbonate
PDMS: Polydimethylsiloxane

Pick-up performed in glove box 
with Ar atmosphere
using a micromanipulator

Annealing in Ar/H2 atmosphere at 
350°C

Dry transfer technique



K. Kim et al., Nano Lett. 16, 1989 (2016)

partial contact tear
translate

rotate

stack

The tear and stack method



Large twist angles: The electronic thickness of graphene

P. Rickhaus et al, Science Advances 6, eaay8409 (2020).

Experiment Theory

Stacked layers

twist angle 22°

Extracted interlayer capacitance:                                      , three times larger than expected from layer separation!

Consequence: graphene has a finite electronic thickness of                          !tg = 2.6 Å
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pnp



Small twist angles: Topology in twisted bilayer graphene

P. San-Jose and E. Prada, Phys. Rev. B 88, 121408 (2013). M. Andelković et al., Phys. Rev. Mater. 2, 034004 (2018).

Local density
of states
(including lattice 
relaxation and 
disorder)

Probability 
density of a 
selected 
state
(including 
directionality 
of helical 
curents)



Topology in twisted bilayer graphene

Local density
of states 
measured by 
STM

S. Huang et al., Phys. Rev. Lett. 121, 037702 (2018).

Vg = 60 V, V = –0.11 V Vg = –60 V, V = –0.245 V Vg = –50 V, V = 0.1 V



Topology in twisted bilayer graphene

P. Rickhaus et al, Nano Lett. 18, 6725 (2018).

q = 0.4°



Topology in twisted bilayer graphene

P. Rickhaus et al, Nano Lett. 18, 6725 (2018).

Zoom into Regime II
Fabry-Perot resonances

Topological states

npn

pp’p pnp

nn’n



Topology in twisted bilayer graphene

P. Rickhaus et al, Nano Lett. 18, 6725 (2018).

in 1D:

Moiré periodicity:

Height of moiré unit cell:
 

Cavity length: 

Magnetic field periodicity fits to

kF / nin
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Magic angle twisted bilayer graphene: correlated insulators

Y. Cao et al, Nature 556, 80 (2018).

Mott-insulator at half filling



Magic angle twisted bilayer graphene: superconductivity

Y. Cao et al, Nature 556, 43 (2018).



Magic angle twisted bilayer graphene: gate tunable Josephson junction

F. K. de Vries et al, Nat. Nanotechnol. 16, 760 (2021).

Shapiro steps

DC Josephson effect
and Shapiro steps



Magic angle twisted bilayer graphene: gate-tunable SQUID

E. Portolés et al, 2D Mater. 9, 014003 (2022).



Magic angle twisted bilayer graphene: Little-Parks effect

S. Iwakiri et al, arXiv:2308.07400.
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Magic angle twisted bilayer graphene: Little-Parks effect

S. Iwakiri et al, arXiv:2308.07400.



30°15°10°
2.37°

1.26°-2°

0.98°-1.35°
G. W. Burg et al.,
Phys. Rev. Lett.  
123,
197702 (2019)
Correlated 
insulator
C. Shen et al., 
Nature Phys. 16, 
520 (2020).

Twist angle

X. Liu et al.,
Nature 583,
221 (2020)
Correlated 
insulator

The twist angle is a knob to tune the interlayer coupling:
large angles: decoupled layers, strongly dispersive bands

small angles: strongly coupled layers, flat bands, correlated states

intermediate angles: interlayer coupling tunable by gate voltages!

Twisted double bilayer graphene



30°15°10°
2.37°

1.94°

1.07° | {z }
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P. Rickhaus et al., Nano Lett. 19, 8821 (2019)
Crystal fields, decoupled layers

E. Portolés et al.,
2D Mater. 9,
014003 (2022)
Fabry–Perot
QD Physics

P. Tomić et al.,
Phys. Rev. Lett. 128,
057702 (2022)
Magneto-Interminivalley
scattering

F. K. de Vries et al.,
Phys. Rev. Lett. 125, 176801 (2020)
Minivalley control
P. Rickhaus et al.,
Science 373, 1257 (2021)
Correlated electron-hole state

Twist angle

Our work on twisted double bilayer graphene



Decoupled layers: 
Band gap in twisted double bilayer graphene by crystal fields

P. Rickhaus et al, Nano Lett. 19, 8821 (2019).



F. K.de Vries et al.,
Phys. Rev. Lett. 125, 176801 (2020)

17 nm hBN insulator
Twisted Double Bilayer Graphene

50 nm hBN insulator

Graphite back gate

10/50 nm Cr/Au
edge contacts

10/70 nm Cr/Au
fine gate

30 nm AlOx insulator (ALD)

10/70 nm Cr/Au
global top gate

Here: the same gate voltage is applied to
the fine gate and the top gate

The q = 2.37° stack



all lengths in nanometers Here: the same gate voltage is applied to
the fine gate and the top gate

typical carrier mobility: 25’000 cm2/Vs
mean free path: ~ 350 nm
Moiré lattice constant: ~ 6 nm

Lateral device layout



T = 70 mK
B⏊ = 2 T

DG: Smooth background subtracted from raw data

ntotalD

D: displacement
field

ntotal: total
electron density

ntotal = 0

e-h asymmetry:
J.Y. Lee et al.,
Nat. Commun. 10,
5333 (2019)

Shubnikov–de Haas oscillations F. K. de Vries et al,
Phys. Rev. Lett. 125, 176801 (2020).



LifLifshits transitionLifshits transition

CB k,k’ CB gVB g VB k,k’

Landau fan
from fully

filled Moiré band

Shubnikov–de Haas oscillations F. K. de Vries et al,
Phys. Rev. Lett. 125, 176801 (2020).



T = 70 mK
B⏊ = 2 T

DG: Smooth background subtracted from raw data

Lifshits transition

Lifshits transition

VB g

CB g

VB k,k’

CB k,k’

VB k’

VB k

k: bottom bilayer
k’: top bilayer
red: electron-like
blue: hole-like

CB k

CB k’

Shubnikov–de Haas oscillations F. K. de Vries et al,
Phys. Rev. Lett. 125, 176801 (2020).



k: bottom bilayer
k’: top bilayer

red: electron-like
blue: hole-like

?

A rich phase diagram
F. K. de Vries et al,
Phys. Rev. Lett. 125, 176801 (2020).



P. Rickhaus et al., Science 373, 1257 (2021)

VB k,k’ CB k,k’

VB k’

VB k

CB k

CB k’

electron-hole
fluid

electron-hole
fluid

single-particle
gap due to
crystal fields

coexistence
of electron-
and hole gases

Coexistence of electrons and holes in the two layers (new device!)



Resistance peak at B⏊ = 0:
indicative of an energy gap
brought about by electron-hole correlations

in-plane separation of carriers: ~ 10 nm
separation of e/h layers: ~ 4 Å

P. Rickhaus et al., Science 373, 1257 (2021)


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Coexistence of electron and hole gases



P. Rickhaus et al., Science 373, 1257 (2021)
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Quantifying the energy gap



P. Rickhaus et al., Science 373, 1257 (2021)

measured at charge neutrality from activation

coexistence
of electron-
and hole gases

single-particle
gap

correlation
gap

single-particle
gap due to
crystal fields

Energy gap as a function of displacement field



Scattering between minivalleys in twisted double bilayer graphene

P. Tomić et al, Phys. Rev. Lett. 128, 057702 (2022).

Resistance peaks
analogous to
magneto-intersubband
oscillations



Conclusion

• Twisting 2D materials offers completely new ways of 
tailoring materials

• The resulting physics is rich and full of surprises

• Twisted materials can be the basis for monolithic 
devices, in which multiple phases of matter are 
combined




