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2D materials (graphene, TMDs,…) held together by van der Waals forces
<latexit sha1_base64="p5cjmU9ejjBXzRgeoL99bDfqZSs=">AAACEXicdVDLTgIxFO3gC/E16tJNIzGBDZlBRdyRuGGJiTwSZjLplAINnemk7RDIhF9w46+4caExbt25828sMCZo9CQ3OT3n3vTe40eMSmVZn0ZmbX1jcyu7ndvZ3ds/MA+PWpLHApMm5oyLjo8kYTQkTUUVI51IEBT4jLT90c3cb4+JkJSHd2oaETdAg5D2KUZKS55ZaHm0MClCR9IAOpjLgjMmOBnNPOrgHldw8ZzMip6Zt0rWAnCFnJcr11Ub2qmSBykanvnh9DiOAxIqzJCUXduKlJsgoShmZJZzYkkihEdoQLqahigg0k0WF83gmVZ6sM+FrlDBhbo6kaBAymng684AqaH87c3Fv7xurPpVN6FhFCsS4uVH/ZhBxeE8HtijgmDFppogLKjeFeIhEggrHWJOh/B9KfyftMolu1K6vL3I1+ppHFlwAk5BAdjgCtRAHTRAE2BwDx7BM3gxHown49V4W7ZmjHTmGPyA8f4F2YKdGw==</latexit>

Vi(x) ⇠ cos(~ki · ~x)

Moiré Materials

<latexit sha1_base64="REqJ8gVfvoxQyJVbXx7FkJZuCYU=">AAAB8HicdVBNSwMxEM3Wr1q/qh69BIvgqexWrfVW8NJjBfshbSnZdLYNTbJLki2Upb/CiwdFvPpzvPlvTNsVquiDgcd7M8zM8yPOtHHdTyeztr6xuZXdzu3s7u0f5A+PmjqMFYUGDXmo2j7RwJmEhmGGQztSQITPoeWPb+d+awJKs1Dem2kEPUGGkgWMEmOlh+4EaDKe9b1+vuAW3QXwCrkolW8qHvZSpYBS1Pv5j+4gpLEAaSgnWnc8NzK9hCjDKIdZrhtriAgdkyF0LJVEgO4li4Nn+MwqAxyEypY0eKGuTiREaD0Vvu0UxIz0b28u/uV1YhNUegmTUWxA0uWiIObYhHj+PR4wBdTwqSWEKmZvxXREFKHGZpSzIXx/iv8nzVLRKxev7i4L1VoaRxadoFN0jjx0jaqohuqogSgS6BE9oxdHOU/Oq/O2bM046cwx+gHn/Qv2qJCO</latexit>

~k1

<latexit sha1_base64="8eorTPBWlj+ogjHJ9O/uwTNKORQ=">AAAB8HicdVBNSwMxEJ2tX7V+VT16CRbBU9mtWuut4KXHCvZD2qVk07QNTbJLki2Upb/CiwdFvPpzvPlvTNsVquiDgcd7M8zMCyLOtHHdTyeztr6xuZXdzu3s7u0f5A+PmjqMFaENEvJQtQOsKWeSNgwznLYjRbEIOG0F49u535pQpVko7800or7AQ8kGjGBjpYfuhJJkPOuVevmCW3QXQCvkolS+qXjIS5UCpKj38h/dfkhiQaUhHGvd8dzI+AlWhhFOZ7lurGmEyRgPacdSiQXVfrI4eIbOrNJHg1DZkgYt1NWJBAutpyKwnQKbkf7tzcW/vE5sBhU/YTKKDZVkuWgQc2RCNP8e9ZmixPCpJZgoZm9FZIQVJsZmlLMhfH+K/ifNUtErF6/uLgvVWhpHFk7gFM7Bg2uoQg3q0AACAh7hGV4c5Tw5r87bsjXjpDPH8APO+xf4LJCP</latexit>

~k2

<latexit sha1_base64="vmZxZH8rDJtyyDYHW7wNjKPrsbY=">AAAB7XicdVBNSwMxEM36WetX1aOXYBE8ld2qtd4KXnqsYD+gXUo2zbax2WRJZoWy9D948aCIV/+PN/+NabtCFX0w8Hhvhpl5QSy4Adf9dFZW19Y3NnNb+e2d3b39wsFhy6hEU9akSijdCYhhgkvWBA6CdWLNSBQI1g7GNzO//cC04UrewSRmfkSGkoecErBSqwcjBqRfKLoldw68RM7Lleuqh71MKaIMjX7hozdQNImYBCqIMV3PjcFPiQZOBZvme4lhMaFjMmRdSyWJmPHT+bVTfGqVAQ6VtiUBz9XliZRExkyiwHZGBEbmtzcT//K6CYRVP+UyToBJulgUJgKDwrPX8YBrRkFMLCFUc3srpiOiCQUbUN6G8P0p/p+0yiWvUrq8vSjW6lkcOXSMTtAZ8tAVqqE6aqAmougePaJn9OIo58l5dd4WrStONnOEfsB5/wLR849V</latexit>

✓

<latexit sha1_base64="EwugKxaPPALYfXjLzhuO8T8bi4o="></latexit>

� = |~k1 � ~k2| ⇠ 2|~ki| sin
✓

2
⇡ |~ki|✓ <latexit sha1_base64="ZEbUm/cn/QNsAyWqHRO9A3TDDNM=">AAAB+XicbVDLSsNAFJ3UV62vqEs3wSK6Kon4WhbcdFnBPqAJYTK9aYdOHszcFEvon7hxoYhb/8Sdf+O0zUJbD1w4nHMv994TpIIrtO1vo7S2vrG5Vd6u7Ozu7R+Yh0dtlWSSQYslIpHdgCoQPIYWchTQTSXQKBDQCUb3M78zBql4Ej/iJAUvooOYh5xR1JJvmtR3EZ4wjxIu3XOY+mbVrtlzWKvEKUiVFGj65pfbT1gWQYxMUKV6jp2il1OJnAmYVtxMQUrZiA6gp2lMI1BePr98ap1ppW+FidQVozVXf0/kNFJqEgW6M6I4VMveTPzP62UY3nk5j9MMIWaLRWEmLEysWQxWn0tgKCaaUCa5vtViQyopQx1WRYfgLL+8StqXNeemdv1wVa03ijjK5ISckgvikFtSJw3SJC3CyJg8k1fyZuTGi/FufCxaS0Yxc0z+wPj8Adcek9M=</latexit>amoiré

<latexit sha1_base64="ZEbUm/cn/QNsAyWqHRO9A3TDDNM=">AAAB+XicbVDLSsNAFJ3UV62vqEs3wSK6Kon4WhbcdFnBPqAJYTK9aYdOHszcFEvon7hxoYhb/8Sdf+O0zUJbD1w4nHMv994TpIIrtO1vo7S2vrG5Vd6u7Ozu7R+Yh0dtlWSSQYslIpHdgCoQPIYWchTQTSXQKBDQCUb3M78zBql4Ej/iJAUvooOYh5xR1JJvmtR3EZ4wjxIu3XOY+mbVrtlzWKvEKUiVFGj65pfbT1gWQYxMUKV6jp2il1OJnAmYVtxMQUrZiA6gp2lMI1BePr98ap1ppW+FidQVozVXf0/kNFJqEgW6M6I4VMveTPzP62UY3nk5j9MMIWaLRWEmLEysWQxWn0tgKCaaUCa5vtViQyopQx1WRYfgLL+8StqXNeemdv1wVa03ijjK5ISckgvikFtSJw3SJC3CyJg8k1fyZuTGi/FufCxaS0Yxc0z+wPj8Adcek9M=</latexit>amoiré
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2D materials (graphene, TMDs,…) held together by van der Waals forces
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Vi(x) ⇠ cos(~ki · ~x)

Moiré Materials
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~k1
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~k2

<latexit sha1_base64="vmZxZH8rDJtyyDYHW7wNjKPrsbY=">AAAB7XicdVBNSwMxEM36WetX1aOXYBE8ld2qtd4KXnqsYD+gXUo2zbax2WRJZoWy9D948aCIV/+PN/+NabtCFX0w8Hhvhpl5QSy4Adf9dFZW19Y3NnNb+e2d3b39wsFhy6hEU9akSijdCYhhgkvWBA6CdWLNSBQI1g7GNzO//cC04UrewSRmfkSGkoecErBSqwcjBqRfKLoldw68RM7Lleuqh71MKaIMjX7hozdQNImYBCqIMV3PjcFPiQZOBZvme4lhMaFjMmRdSyWJmPHT+bVTfGqVAQ6VtiUBz9XliZRExkyiwHZGBEbmtzcT//K6CYRVP+UyToBJulgUJgKDwrPX8YBrRkFMLCFUc3srpiOiCQUbUN6G8P0p/p+0yiWvUrq8vSjW6lkcOXSMTtAZ8tAVqqE6aqAmougePaJn9OIo58l5dd4WrStONnOEfsB5/wLR849V</latexit>

✓

<latexit sha1_base64="EwugKxaPPALYfXjLzhuO8T8bi4o="></latexit>

� = |~k1 � ~k2| ⇠ 2|~ki| sin
✓

2
⇡ |~ki|✓

using 
<latexit sha1_base64="U3ZU5Yr17ExqMIN4R6unINSYxz8="></latexit>

|~ki| ⇠
2⇡

alattice

<latexit sha1_base64="U36M6JW6XCQL13UT7U1kIUMyYy8=">AAACEHicdVDLSgNBEJz1bXxFPXoZDKKnsOvbW8BLjgrGCEkIs5OOGTIzu8z0imFZ/8CLv+LFgyJePXrzb5w8hCha0FBUddPdFcZSWPT9T29icmp6ZnZuPrewuLS8kl9du7RRYjhUeCQjcxUyC1JoqKBACVexAaZCCdWwe9r3qzdgrIj0BfZiaCh2rUVbcIZOaua3U9ZM6wi3mEqGKDhkWUbrVijqF/fuho5WWTNf8Iv+AHSM7O0enhwHNBgpBTLCWTP/UW9FPFGgkUtmbS3wY2ykzLgdErJcPbEQM95l11BzVDMFtpEOHsrollNatB0ZVxrpQB2fSJmytqdC16kYduxvry/+5dUSbB83UqHjBEHz4aJ2IilGtJ8ObQkDHGXPEcaNcLdS3mGGcXQZ5lwI35/S/8nlbjE4LB6c7xdK5VEcc2SDbJIdEpAjUiJlckYqhJN78kieyYv34D15r97bsHXCG82skx/w3r8AKF2d9Q==</latexit>

alattice ⇠ 0.3 nm
<latexit sha1_base64="ds2HhUWjdtVNvZGXmy5k7Wr2uUg=">AAAB/3icdVDLSgMxFM34rPU1KrhxEyyCq2Gm2lp3BTddVrAP6Iwlk2ba0MyD5I5Qxi78FTcuFHHrb7jzb0wfQhU9EDiccy735viJ4Aps+9NYWl5ZXVvPbeQ3t7Z3ds29/aaKU0lZg8Yilm2fKCZ4xBrAQbB2IhkJfcFa/vBq4rfumFQ8jm5glDAvJP2IB5wS0FLXPHRhwIBgV/EQO1YJ37qUS9o1C7ZlT4EXyFmxfFlxdG6mFNAc9a754fZimoYsAiqIUh3HTsDLiAROBRvn3VSxhNAh6bOOphEJmfKy6f1jfKKVHg5iqV8EeKouTmQkVGoU+joZEhio395E/MvrpBBUvIxHSQosorNFQSowxHhSBu5xySiIkSaESq5vxXRAJKGgK8vrEr5/iv8nzaLllK3S9XmhWpvXkUNH6BidIgddoCqqoTpqIIru0SN6Ri/Gg/FkvBpvs+iSMZ85QD9gvH8BZo+VGg==</latexit>

✓ ⇠ 1.5�

<latexit sha1_base64="CorWSn9K3O96oOZ+kHXsrtm0Pks="></latexit>

amoiré =
2⇡

�
⇠ alattice

✓
⇠ 10 nm

<latexit sha1_base64="ZEbUm/cn/QNsAyWqHRO9A3TDDNM=">AAAB+XicbVDLSsNAFJ3UV62vqEs3wSK6Kon4WhbcdFnBPqAJYTK9aYdOHszcFEvon7hxoYhb/8Sdf+O0zUJbD1w4nHMv994TpIIrtO1vo7S2vrG5Vd6u7Ozu7R+Yh0dtlWSSQYslIpHdgCoQPIYWchTQTSXQKBDQCUb3M78zBql4Ej/iJAUvooOYh5xR1JJvmtR3EZ4wjxIu3XOY+mbVrtlzWKvEKUiVFGj65pfbT1gWQYxMUKV6jp2il1OJnAmYVtxMQUrZiA6gp2lMI1BePr98ap1ppW+FidQVozVXf0/kNFJqEgW6M6I4VMveTPzP62UY3nk5j9MMIWaLRWEmLEysWQxWn0tgKCaaUCa5vtViQyopQx1WRYfgLL+8StqXNeemdv1wVa03ijjK5ISckgvikFtSJw3SJC3CyJg8k1fyZuTGi/FufCxaS0Yxc0z+wPj8Adcek9M=</latexit>amoiré

<latexit sha1_base64="ZEbUm/cn/QNsAyWqHRO9A3TDDNM=">AAAB+XicbVDLSsNAFJ3UV62vqEs3wSK6Kon4WhbcdFnBPqAJYTK9aYdOHszcFEvon7hxoYhb/8Sdf+O0zUJbD1w4nHMv994TpIIrtO1vo7S2vrG5Vd6u7Ozu7R+Yh0dtlWSSQYslIpHdgCoQPIYWchTQTSXQKBDQCUb3M78zBql4Ej/iJAUvooOYh5xR1JJvmtR3EZ4wjxIu3XOY+mbVrtlzWKvEKUiVFGj65pfbT1gWQYxMUKV6jp2il1OJnAmYVtxMQUrZiA6gp2lMI1BePr98ap1ppW+FidQVozVXf0/kNFJqEgW6M6I4VMveTPzP62UY3nk5j9MMIWaLRWEmLEysWQxWn0tgKCaaUCa5vtViQyopQx1WRYfgLL+8StqXNeemdv1wVa03ijjK5ISckgvikFtSJw3SJC3CyJg8k1fyZuTGi/FufCxaS0Yxc0z+wPj8Adcek9M=</latexit>amoiré
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2D materials (graphene, TMDs,…) held together by van der Waals forces
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Vi(x) ⇠ cos(~ki · ~x)

Moiré Materials
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~k1
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~k2

<latexit sha1_base64="vmZxZH8rDJtyyDYHW7wNjKPrsbY=">AAAB7XicdVBNSwMxEM36WetX1aOXYBE8ld2qtd4KXnqsYD+gXUo2zbax2WRJZoWy9D948aCIV/+PN/+NabtCFX0w8Hhvhpl5QSy4Adf9dFZW19Y3NnNb+e2d3b39wsFhy6hEU9akSijdCYhhgkvWBA6CdWLNSBQI1g7GNzO//cC04UrewSRmfkSGkoecErBSqwcjBqRfKLoldw68RM7Lleuqh71MKaIMjX7hozdQNImYBCqIMV3PjcFPiQZOBZvme4lhMaFjMmRdSyWJmPHT+bVTfGqVAQ6VtiUBz9XliZRExkyiwHZGBEbmtzcT//K6CYRVP+UyToBJulgUJgKDwrPX8YBrRkFMLCFUc3srpiOiCQUbUN6G8P0p/p+0yiWvUrq8vSjW6lkcOXSMTtAZ8tAVqqE6aqAmougePaJn9OIo58l5dd4WrStONnOEfsB5/wLR849V</latexit>

✓

<latexit sha1_base64="EwugKxaPPALYfXjLzhuO8T8bi4o="></latexit>

� = |~k1 � ~k2| ⇠ 2|~ki| sin
✓

2
⇡ |~ki|✓

using 
<latexit sha1_base64="U3ZU5Yr17ExqMIN4R6unINSYxz8="></latexit>

|~ki| ⇠
2⇡

alattice

<latexit sha1_base64="U36M6JW6XCQL13UT7U1kIUMyYy8=">AAACEHicdVDLSgNBEJz1bXxFPXoZDKKnsOvbW8BLjgrGCEkIs5OOGTIzu8z0imFZ/8CLv+LFgyJePXrzb5w8hCha0FBUddPdFcZSWPT9T29icmp6ZnZuPrewuLS8kl9du7RRYjhUeCQjcxUyC1JoqKBACVexAaZCCdWwe9r3qzdgrIj0BfZiaCh2rUVbcIZOaua3U9ZM6wi3mEqGKDhkWUbrVijqF/fuho5WWTNf8Iv+AHSM7O0enhwHNBgpBTLCWTP/UW9FPFGgkUtmbS3wY2ykzLgdErJcPbEQM95l11BzVDMFtpEOHsrollNatB0ZVxrpQB2fSJmytqdC16kYduxvry/+5dUSbB83UqHjBEHz4aJ2IilGtJ8ObQkDHGXPEcaNcLdS3mGGcXQZ5lwI35/S/8nlbjE4LB6c7xdK5VEcc2SDbJIdEpAjUiJlckYqhJN78kieyYv34D15r97bsHXCG82skx/w3r8AKF2d9Q==</latexit>

alattice ⇠ 0.3 nm
<latexit sha1_base64="ds2HhUWjdtVNvZGXmy5k7Wr2uUg=">AAAB/3icdVDLSgMxFM34rPU1KrhxEyyCq2Gm2lp3BTddVrAP6Iwlk2ba0MyD5I5Qxi78FTcuFHHrb7jzb0wfQhU9EDiccy735viJ4Aps+9NYWl5ZXVvPbeQ3t7Z3ds29/aaKU0lZg8Yilm2fKCZ4xBrAQbB2IhkJfcFa/vBq4rfumFQ8jm5glDAvJP2IB5wS0FLXPHRhwIBgV/EQO1YJ37qUS9o1C7ZlT4EXyFmxfFlxdG6mFNAc9a754fZimoYsAiqIUh3HTsDLiAROBRvn3VSxhNAh6bOOphEJmfKy6f1jfKKVHg5iqV8EeKouTmQkVGoU+joZEhio395E/MvrpBBUvIxHSQosorNFQSowxHhSBu5xySiIkSaESq5vxXRAJKGgK8vrEr5/iv8nzaLllK3S9XmhWpvXkUNH6BidIgddoCqqoTpqIIru0SN6Ri/Gg/FkvBpvs+iSMZ85QD9gvH8BZo+VGg==</latexit>

✓ ⇠ 1.5�

<latexit sha1_base64="CorWSn9K3O96oOZ+kHXsrtm0Pks="></latexit>

amoiré =
2⇡

�
⇠ alattice

✓
⇠ 10 nm

Bonus: just as magnetic field modifies kinetic energy of free electrons, moiré modifies ε(k)

⇒ “flat” bands w/ small kinetic energy ⇒ strong correlations

Many possible combinations & parameters — routes to new physics!

<latexit sha1_base64="ZEbUm/cn/QNsAyWqHRO9A3TDDNM=">AAAB+XicbVDLSsNAFJ3UV62vqEs3wSK6Kon4WhbcdFnBPqAJYTK9aYdOHszcFEvon7hxoYhb/8Sdf+O0zUJbD1w4nHMv994TpIIrtO1vo7S2vrG5Vd6u7Ozu7R+Yh0dtlWSSQYslIpHdgCoQPIYWchTQTSXQKBDQCUb3M78zBql4Ej/iJAUvooOYh5xR1JJvmtR3EZ4wjxIu3XOY+mbVrtlzWKvEKUiVFGj65pfbT1gWQYxMUKV6jp2il1OJnAmYVtxMQUrZiA6gp2lMI1BePr98ap1ppW+FidQVozVXf0/kNFJqEgW6M6I4VMveTPzP62UY3nk5j9MMIWaLRWEmLEysWQxWn0tgKCaaUCa5vtViQyopQx1WRYfgLL+8StqXNeemdv1wVa03ijjK5ISckgvikFtSJw3SJC3CyJg8k1fyZuTGi/FufCxaS0Yxc0z+wPj8Adcek9M=</latexit>amoiré

<latexit sha1_base64="ZEbUm/cn/QNsAyWqHRO9A3TDDNM=">AAAB+XicbVDLSsNAFJ3UV62vqEs3wSK6Kon4WhbcdFnBPqAJYTK9aYdOHszcFEvon7hxoYhb/8Sdf+O0zUJbD1w4nHMv994TpIIrtO1vo7S2vrG5Vd6u7Ozu7R+Yh0dtlWSSQYslIpHdgCoQPIYWchTQTSXQKBDQCUb3M78zBql4Ej/iJAUvooOYh5xR1JJvmtR3EZ4wjxIu3XOY+mbVrtlzWKvEKUiVFGj65pfbT1gWQYxMUKV6jp2il1OJnAmYVtxMQUrZiA6gp2lMI1BePr98ap1ppW+FidQVozVXf0/kNFJqEgW6M6I4VMveTPzP62UY3nk5j9MMIWaLRWEmLEysWQxWn0tgKCaaUCa5vtViQyopQx1WRYfgLL+8StqXNeemdv1wVa03ijjK5ISckgvikFtSJw3SJC3CyJg8k1fyZuTGi/FufCxaS0Yxc0z+wPj8Adcek9M=</latexit>amoiré
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Moiré-Scale Electrostatics & Charge Doping

• 2D systems — electrostatic gating

<latexit sha1_base64="Oh0xC3oRtb1n1B+CUWedrF+v2yY=">AAAB6XicdVBNS8NAEJ3Ur1q/qh69LBbBiyVptdZbwUuPrdgPaEPZbDft0s0m7G6EEvoPvHhQxKv/yJv/xm0boYo+GHi8N8PMPC/iTGnb/rQya+sbm1vZ7dzO7t7+Qf7wqK3CWBLaIiEPZdfDinImaEszzWk3khQHHqcdb3I79zsPVCoWins9jagb4JFgPiNYG+nuojnIF+yivQBaIeVS5abqICdVCpCiMch/9IchiQMqNOFYqZ5jR9pNsNSMcDrL9WNFI0wmeER7hgocUOUmi0tn6MwoQ+SH0pTQaKGuTiQ4UGoaeKYzwHqsfntz8S+vF2u/6iZMRLGmgiwX+TFHOkTzt9GQSUo0nxqCiWTmVkTGWGKiTTg5E8L3p+h/0i4VnUrxqnlZqNXTOLJwAqdwDg5cQw3q0IAWEPDhEZ7hxZpYT9ar9bZszVjpzDH8gPX+BUJtjTk=</latexit>

�Q

<latexit sha1_base64="Jr9Yl9qg551Pnxu1YWEbw0Xtt1o=">AAAB6nicdVBNS8NAEJ3Ur1q/qh69LBZBEErSaq23gpceW7Qf0Iay2W7apZtN2N0IJfQnePGgiFd/kTf/jds2QhV9MPB4b4aZeV7EmdK2/Wll1tY3Nrey27md3b39g/zhUVuFsSS0RUIeyq6HFeVM0JZmmtNuJCkOPE473uR27nceqFQsFPd6GlE3wCPBfEawNtLdRRMN8gW7aC+AVki5VLmpOshJlQKkaAzyH/1hSOKACk04Vqrn2JF2Eyw1I5zOcv1Y0QiTCR7RnqECB1S5yeLUGTozyhD5oTQlNFqoqxMJDpSaBp7pDLAeq9/eXPzL68Xar7oJE1GsqSDLRX7MkQ7R/G80ZJISzaeGYCKZuRWRMZaYaJNOzoTw/Sn6n7RLRadSvGpeFmr1NI4snMApnIMD11CDOjSgBQRG8AjP8GJx68l6td6WrRkrnTmGH7DevwCVRY1h</latexit>

+Q

<latexit sha1_base64="LdJrjFQvrRmxcEkDoUoawZu+CC0=">AAAB/HicdVDLSgNBEJyNrxhf0Ry9DAbBg4TdqDHeAl5yjGAekA1hdjJJhszMLjO9Yljir3jxoIhXP8Sbf+PkIUTRgoaiqpvuriAS3IDrfjqpldW19Y30ZmZre2d3L7t/0DBhrCmr01CEuhUQwwRXrA4cBGtFmhEZCNYMRtdTv3nHtOGhuoVxxDqSDBTvc0rASt1srucbLrHn+qc+sHtIlJx0s3m34M6Al8hZsXRV9rC3UPJogVo3++H3QhpLpoAKYkzbcyPoJEQDp4JNMn5sWEToiAxY21JFJDOdZHb8BB9bpYf7obalAM/U5YmESGPGMrCdksDQ/Pam4l9eO4Z+uZNwFcXAFJ0v6scCQ4inSeAe14yCGFtCqOb2VkyHRBMKNq+MDeH7U/w/aRQLXqlwcXOer1QXcaTRITpCJ8hDl6iCqqiG6oiiMXpEz+jFeXCenFfnbd6achYzOfQDzvsXUIeUnA==</latexit>

d ⇠ 10 nm

<latexit sha1_base64="jdb5wu0KYrisZit8cjd/4zpwwqw=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgKexGjfEW8JJjAuYByRJmJ73JmNkHM7NCCPkCLx4U8eonefNvnCQrRNGChqKqm+4uLxZcadv+tDJr6xubW9nt3M7u3v5B/vCopaJEMmyySESy41GFgofY1FwL7MQSaeAJbHvj27nffkCpeBTe6UmMbkCHIfc5o9pIjVY/X7CL9gJkhVyUyjcVhzipUoAU9X7+ozeIWBJgqJmgSnUdO9bulErNmcBZrpcojCkb0yF2DQ1pgMqdLg6dkTOjDIgfSVOhJgt1dWJKA6UmgWc6A6pH6rc3F//yuon2K+6Uh3GiMWTLRX4iiI7I/Gsy4BKZFhNDKJPc3ErYiErKtMkmZ0L4/pT8T1qlolMuXjUuC9VaGkcWTuAUzsGBa6hCDerQBAYIj/AML9a99WS9Wm/L1oyVzhzDD1jvX+CtjQc=</latexit>

Vgate voltage

<latexit sha1_base64="y2cm45Qqj/iSf29egcmmWWOmdNY=">AAAB/XicdVDLSgMxFM3UV62v8bFzEyyCqzJTtdZdwU2XFewDOkPJpJk2NMkMSaZQh+KvuHGhiFv/w51/Y9qOUEUPXDg5515y7wliRpV2nE8rt7K6tr6R3yxsbe/s7tn7By0VJRKTJo5YJDsBUoRRQZqaakY6sSSIB4y0g9HNzG+PiVQ0End6EhOfo4GgIcVIG6lnH3ljJEmsKDMv6SnKoev07KJTcuaAS+S8XLmuutDNlCLI0OjZH14/wgknQmOGlOq6Tqz9FElNMSPTgpcoEiM8QgPSNVQgTpSfzrefwlOj9GEYSVNCw7m6PJEirtSEB6aTIz1Uv72Z+JfXTXRY9VMq4kQTgRcfhQmDOoKzKGCfSoI1mxiCsKRmV4iHSCKsTWAFE8L3pfB/0iqX3Erp8vaiWKtnceTBMTgBZ8AFV6AG6qABmgCDe/AInsGL9WA9Wa/W26I1Z2Uzh+AHrPcvY1CVNg==</latexit>

"r ⇠ 10

<latexit sha1_base64="ULNJV8BiKE+Xkb3QqXmRAGEEK64=">AAAB/nicdVBNS8NAEN3Ur1q/ouLJy2IRPJWkaq23gpceK9i00ISy2W7bpZsPdidiCRX/ihcPinj1d3jz37htI1TRBwOP92aYmefHgiuwrE8jt7S8srqWXy9sbG5t75i7e46KEklZk0Yikm2fKCZ4yJrAQbB2LBkJfMFa/uhq6rdumVQ8Cm9gHDMvIIOQ9zkloKWueeBgV/EA2/cusDtInUjABHfNolWyZsAL5LRcuaza2M6UIsrQ6Jofbi+iScBCoIIo1bGtGLyUSOBUsEnBTRSLCR2RAetoGpKAKS+dnT/Bx1rp4X4kdYWAZ+riREoCpcaBrzsDAkP125uKf3mdBPpVL+VhnAAL6XxRPxEYIjzNAve4ZBTEWBNCJde3YjokklDQiRV0CN+f4v+JUy7ZldL59VmxVs/iyKNDdIROkI0uUA3VUQM1EUUpekTP6MV4MJ6MV+Nt3pozspl99APG+xfQRpVy</latexit>

V ⇠ 1 Volt
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Moiré-Scale Electrostatics & Charge Doping

Charge density:

<latexit sha1_base64="feem5AkmEVdGAGEJtB3ILq5CZAk=">AAACJ3icdVBLSwMxEM76rPVV9ehlsAieyq5vD0rFi8cWbBXaUrLprAaz2SXJCmXZf+PFv+JFUBE9+k9M2xWq6EDge8wwmc+PBdfGdT+cicmp6ZnZwlxxfmFxabm0strUUaIYNlgkInXlU42CS2wYbgRexQpp6Au89G/PBv7lHSrNI3lh+jF2QnotecAZNVbqlk4kwjG0A0VZWs/S08yynJ41cz6kkLbvqMJYcxFJsBb0MoBuqexW3GHBGNjZ3j869MDLlTLJq9YtPbd7EUtClIYJqnXLc2PTSakynAnMiu1EY0zZLb3GloWShqg76fDODDat0oMgUvZJA0N1fCKlodb90LedITU3+rc3EP/yWokJDjspl3FiULLRoiARYCIYhAY9rpAZ0beAMsXtX4HdUJuKsdEWbQjfl8L/oLld8fYre/XdcvU8j6NA1skG2SIeOSBVck5qpEEYuSeP5IW8Og/Ok/PmvI9aJ5x8Zo38KOfzC+IEpMs=</latexit>

ne =
Q

A
=

CV

A
=

"V

d

<latexit sha1_base64="yPEQO6PD1EcyKLFSIfOiv64t91g="></latexit>

n ⇠ 1 electron

(10 nm)2

• 2D systems — electrostatic gating

<latexit sha1_base64="Oh0xC3oRtb1n1B+CUWedrF+v2yY=">AAAB6XicdVBNS8NAEJ3Ur1q/qh69LBbBiyVptdZbwUuPrdgPaEPZbDft0s0m7G6EEvoPvHhQxKv/yJv/xm0boYo+GHi8N8PMPC/iTGnb/rQya+sbm1vZ7dzO7t7+Qf7wqK3CWBLaIiEPZdfDinImaEszzWk3khQHHqcdb3I79zsPVCoWins9jagb4JFgPiNYG+nuojnIF+yivQBaIeVS5abqICdVCpCiMch/9IchiQMqNOFYqZ5jR9pNsNSMcDrL9WNFI0wmeER7hgocUOUmi0tn6MwoQ+SH0pTQaKGuTiQ4UGoaeKYzwHqsfntz8S+vF2u/6iZMRLGmgiwX+TFHOkTzt9GQSUo0nxqCiWTmVkTGWGKiTTg5E8L3p+h/0i4VnUrxqnlZqNXTOLJwAqdwDg5cQw3q0IAWEPDhEZ7hxZpYT9ar9bZszVjpzDH8gPX+BUJtjTk=</latexit>

�Q

<latexit sha1_base64="Jr9Yl9qg551Pnxu1YWEbw0Xtt1o=">AAAB6nicdVBNS8NAEJ3Ur1q/qh69LBZBEErSaq23gpceW7Qf0Iay2W7apZtN2N0IJfQnePGgiFd/kTf/jds2QhV9MPB4b4aZeV7EmdK2/Wll1tY3Nrey27md3b39g/zhUVuFsSS0RUIeyq6HFeVM0JZmmtNuJCkOPE473uR27nceqFQsFPd6GlE3wCPBfEawNtLdRRMN8gW7aC+AVki5VLmpOshJlQKkaAzyH/1hSOKACk04Vqrn2JF2Eyw1I5zOcv1Y0QiTCR7RnqECB1S5yeLUGTozyhD5oTQlNFqoqxMJDpSaBp7pDLAeq9/eXPzL68Xar7oJE1GsqSDLRX7MkQ7R/G80ZJISzaeGYCKZuRWRMZaYaJNOzoTw/Sn6n7RLRadSvGpeFmr1NI4snMApnIMD11CDOjSgBQRG8AjP8GJx68l6td6WrRkrnTmGH7DevwCVRY1h</latexit>

+Q

<latexit sha1_base64="LdJrjFQvrRmxcEkDoUoawZu+CC0=">AAAB/HicdVDLSgNBEJyNrxhf0Ry9DAbBg4TdqDHeAl5yjGAekA1hdjJJhszMLjO9Yljir3jxoIhXP8Sbf+PkIUTRgoaiqpvuriAS3IDrfjqpldW19Y30ZmZre2d3L7t/0DBhrCmr01CEuhUQwwRXrA4cBGtFmhEZCNYMRtdTv3nHtOGhuoVxxDqSDBTvc0rASt1srucbLrHn+qc+sHtIlJx0s3m34M6Al8hZsXRV9rC3UPJogVo3++H3QhpLpoAKYkzbcyPoJEQDp4JNMn5sWEToiAxY21JFJDOdZHb8BB9bpYf7obalAM/U5YmESGPGMrCdksDQ/Pam4l9eO4Z+uZNwFcXAFJ0v6scCQ4inSeAe14yCGFtCqOb2VkyHRBMKNq+MDeH7U/w/aRQLXqlwcXOer1QXcaTRITpCJ8hDl6iCqqiG6oiiMXpEz+jFeXCenFfnbd6achYzOfQDzvsXUIeUnA==</latexit>

d ⇠ 10 nm

<latexit sha1_base64="jdb5wu0KYrisZit8cjd/4zpwwqw=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgKexGjfEW8JJjAuYByRJmJ73JmNkHM7NCCPkCLx4U8eonefNvnCQrRNGChqKqm+4uLxZcadv+tDJr6xubW9nt3M7u3v5B/vCopaJEMmyySESy41GFgofY1FwL7MQSaeAJbHvj27nffkCpeBTe6UmMbkCHIfc5o9pIjVY/X7CL9gJkhVyUyjcVhzipUoAU9X7+ozeIWBJgqJmgSnUdO9bulErNmcBZrpcojCkb0yF2DQ1pgMqdLg6dkTOjDIgfSVOhJgt1dWJKA6UmgWc6A6pH6rc3F//yuon2K+6Uh3GiMWTLRX4iiI7I/Gsy4BKZFhNDKJPc3ErYiErKtMkmZ0L4/pT8T1qlolMuXjUuC9VaGkcWTuAUzsGBa6hCDerQBAYIj/AML9a99WS9Wm/L1oyVzhzDD1jvX+CtjQc=</latexit>

Vgate voltage

<latexit sha1_base64="y2cm45Qqj/iSf29egcmmWWOmdNY=">AAAB/XicdVDLSgMxFM3UV62v8bFzEyyCqzJTtdZdwU2XFewDOkPJpJk2NMkMSaZQh+KvuHGhiFv/w51/Y9qOUEUPXDg5515y7wliRpV2nE8rt7K6tr6R3yxsbe/s7tn7By0VJRKTJo5YJDsBUoRRQZqaakY6sSSIB4y0g9HNzG+PiVQ0End6EhOfo4GgIcVIG6lnH3ljJEmsKDMv6SnKoev07KJTcuaAS+S8XLmuutDNlCLI0OjZH14/wgknQmOGlOq6Tqz9FElNMSPTgpcoEiM8QgPSNVQgTpSfzrefwlOj9GEYSVNCw7m6PJEirtSEB6aTIz1Uv72Z+JfXTXRY9VMq4kQTgRcfhQmDOoKzKGCfSoI1mxiCsKRmV4iHSCKsTWAFE8L3pfB/0iqX3Erp8vaiWKtnceTBMTgBZ8AFV6AG6qABmgCDe/AInsGL9WA9Wa/W26I1Z2Uzh+AHrPcvY1CVNg==</latexit>

"r ⇠ 10

<latexit sha1_base64="ULNJV8BiKE+Xkb3QqXmRAGEEK64=">AAAB/nicdVBNS8NAEN3Ur1q/ouLJy2IRPJWkaq23gpceK9i00ISy2W7bpZsPdidiCRX/ihcPinj1d3jz37htI1TRBwOP92aYmefHgiuwrE8jt7S8srqWXy9sbG5t75i7e46KEklZk0Yikm2fKCZ4yJrAQbB2LBkJfMFa/uhq6rdumVQ8Cm9gHDMvIIOQ9zkloKWueeBgV/EA2/cusDtInUjABHfNolWyZsAL5LRcuaza2M6UIsrQ6Jofbi+iScBCoIIo1bGtGLyUSOBUsEnBTRSLCR2RAetoGpKAKS+dnT/Bx1rp4X4kdYWAZ+riREoCpcaBrzsDAkP125uKf3mdBPpVL+VhnAAL6XxRPxEYIjzNAve4ZBTEWBNCJde3YjokklDQiRV0CN+f4v+JUy7ZldL59VmxVs/iyKNDdIROkI0uUA3VUQM1EUUpekTP6MV4MJ6MV+Nt3pozspl99APG+xfQRpVy</latexit>

V ⇠ 1 Volt
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Moiré-Scale Electrostatics & Charge Doping

Charge density:

<latexit sha1_base64="feem5AkmEVdGAGEJtB3ILq5CZAk=">AAACJ3icdVBLSwMxEM76rPVV9ehlsAieyq5vD0rFi8cWbBXaUrLprAaz2SXJCmXZf+PFv+JFUBE9+k9M2xWq6EDge8wwmc+PBdfGdT+cicmp6ZnZwlxxfmFxabm0strUUaIYNlgkInXlU42CS2wYbgRexQpp6Au89G/PBv7lHSrNI3lh+jF2QnotecAZNVbqlk4kwjG0A0VZWs/S08yynJ41cz6kkLbvqMJYcxFJsBb0MoBuqexW3GHBGNjZ3j869MDLlTLJq9YtPbd7EUtClIYJqnXLc2PTSakynAnMiu1EY0zZLb3GloWShqg76fDODDat0oMgUvZJA0N1fCKlodb90LedITU3+rc3EP/yWokJDjspl3FiULLRoiARYCIYhAY9rpAZ0beAMsXtX4HdUJuKsdEWbQjfl8L/oLld8fYre/XdcvU8j6NA1skG2SIeOSBVck5qpEEYuSeP5IW8Og/Ok/PmvI9aJ5x8Zo38KOfzC+IEpMs=</latexit>

ne =
Q

A
=

CV

A
=

"V

d

<latexit sha1_base64="yPEQO6PD1EcyKLFSIfOiv64t91g="></latexit>

n ⇠ 1 electron

(10 nm)2

• 2D systems — electrostatic gating

<latexit sha1_base64="Oh0xC3oRtb1n1B+CUWedrF+v2yY=">AAAB6XicdVBNS8NAEJ3Ur1q/qh69LBbBiyVptdZbwUuPrdgPaEPZbDft0s0m7G6EEvoPvHhQxKv/yJv/xm0boYo+GHi8N8PMPC/iTGnb/rQya+sbm1vZ7dzO7t7+Qf7wqK3CWBLaIiEPZdfDinImaEszzWk3khQHHqcdb3I79zsPVCoWins9jagb4JFgPiNYG+nuojnIF+yivQBaIeVS5abqICdVCpCiMch/9IchiQMqNOFYqZ5jR9pNsNSMcDrL9WNFI0wmeER7hgocUOUmi0tn6MwoQ+SH0pTQaKGuTiQ4UGoaeKYzwHqsfntz8S+vF2u/6iZMRLGmgiwX+TFHOkTzt9GQSUo0nxqCiWTmVkTGWGKiTTg5E8L3p+h/0i4VnUrxqnlZqNXTOLJwAqdwDg5cQw3q0IAWEPDhEZ7hxZpYT9ar9bZszVjpzDH8gPX+BUJtjTk=</latexit>

�Q

<latexit sha1_base64="Jr9Yl9qg551Pnxu1YWEbw0Xtt1o=">AAAB6nicdVBNS8NAEJ3Ur1q/qh69LBZBEErSaq23gpceW7Qf0Iay2W7apZtN2N0IJfQnePGgiFd/kTf/jds2QhV9MPB4b4aZeV7EmdK2/Wll1tY3Nrey27md3b39g/zhUVuFsSS0RUIeyq6HFeVM0JZmmtNuJCkOPE473uR27nceqFQsFPd6GlE3wCPBfEawNtLdRRMN8gW7aC+AVki5VLmpOshJlQKkaAzyH/1hSOKACk04Vqrn2JF2Eyw1I5zOcv1Y0QiTCR7RnqECB1S5yeLUGTozyhD5oTQlNFqoqxMJDpSaBp7pDLAeq9/eXPzL68Xar7oJE1GsqSDLRX7MkQ7R/G80ZJISzaeGYCKZuRWRMZaYaJNOzoTw/Sn6n7RLRadSvGpeFmr1NI4snMApnIMD11CDOjSgBQRG8AjP8GJx68l6td6WrRkrnTmGH7DevwCVRY1h</latexit>

+Q

<latexit sha1_base64="LdJrjFQvrRmxcEkDoUoawZu+CC0=">AAAB/HicdVDLSgNBEJyNrxhf0Ry9DAbBg4TdqDHeAl5yjGAekA1hdjJJhszMLjO9Yljir3jxoIhXP8Sbf+PkIUTRgoaiqpvuriAS3IDrfjqpldW19Y30ZmZre2d3L7t/0DBhrCmr01CEuhUQwwRXrA4cBGtFmhEZCNYMRtdTv3nHtOGhuoVxxDqSDBTvc0rASt1srucbLrHn+qc+sHtIlJx0s3m34M6Al8hZsXRV9rC3UPJogVo3++H3QhpLpoAKYkzbcyPoJEQDp4JNMn5sWEToiAxY21JFJDOdZHb8BB9bpYf7obalAM/U5YmESGPGMrCdksDQ/Pam4l9eO4Z+uZNwFcXAFJ0v6scCQ4inSeAe14yCGFtCqOb2VkyHRBMKNq+MDeH7U/w/aRQLXqlwcXOer1QXcaTRITpCJ8hDl6iCqqiG6oiiMXpEz+jFeXCenFfnbd6achYzOfQDzvsXUIeUnA==</latexit>

d ⇠ 10 nm

<latexit sha1_base64="jdb5wu0KYrisZit8cjd/4zpwwqw=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgKexGjfEW8JJjAuYByRJmJ73JmNkHM7NCCPkCLx4U8eonefNvnCQrRNGChqKqm+4uLxZcadv+tDJr6xubW9nt3M7u3v5B/vCopaJEMmyySESy41GFgofY1FwL7MQSaeAJbHvj27nffkCpeBTe6UmMbkCHIfc5o9pIjVY/X7CL9gJkhVyUyjcVhzipUoAU9X7+ozeIWBJgqJmgSnUdO9bulErNmcBZrpcojCkb0yF2DQ1pgMqdLg6dkTOjDIgfSVOhJgt1dWJKA6UmgWc6A6pH6rc3F//yuon2K+6Uh3GiMWTLRX4iiI7I/Gsy4BKZFhNDKJPc3ErYiErKtMkmZ0L4/pT8T1qlolMuXjUuC9VaGkcWTuAUzsGBa6hCDerQBAYIj/AML9a99WS9Wm/L1oyVzhzDD1jvX+CtjQc=</latexit>

Vgate voltage

<latexit sha1_base64="y2cm45Qqj/iSf29egcmmWWOmdNY=">AAAB/XicdVDLSgMxFM3UV62v8bFzEyyCqzJTtdZdwU2XFewDOkPJpJk2NMkMSaZQh+KvuHGhiFv/w51/Y9qOUEUPXDg5515y7wliRpV2nE8rt7K6tr6R3yxsbe/s7tn7By0VJRKTJo5YJDsBUoRRQZqaakY6sSSIB4y0g9HNzG+PiVQ0End6EhOfo4GgIcVIG6lnH3ljJEmsKDMv6SnKoev07KJTcuaAS+S8XLmuutDNlCLI0OjZH14/wgknQmOGlOq6Tqz9FElNMSPTgpcoEiM8QgPSNVQgTpSfzrefwlOj9GEYSVNCw7m6PJEirtSEB6aTIz1Uv72Z+JfXTXRY9VMq4kQTgRcfhQmDOoKzKGCfSoI1mxiCsKRmV4iHSCKsTWAFE8L3pfB/0iqX3Erp8vaiWKtnceTBMTgBZ8AFV6AG6qABmgCDe/AInsGL9WA9Wa/W26I1Z2Uzh+AHrPcvY1CVNg==</latexit>

"r ⇠ 10

<latexit sha1_base64="ULNJV8BiKE+Xkb3QqXmRAGEEK64=">AAAB/nicdVBNS8NAEN3Ur1q/ouLJy2IRPJWkaq23gpceK9i00ISy2W7bpZsPdidiCRX/ihcPinj1d3jz37htI1TRBwOP92aYmefHgiuwrE8jt7S8srqWXy9sbG5t75i7e46KEklZk0Yikm2fKCZ4yJrAQbB2LBkJfMFa/uhq6rdumVQ8Cm9gHDMvIIOQ9zkloKWueeBgV/EA2/cusDtInUjABHfNolWyZsAL5LRcuaza2M6UIsrQ6Jofbi+iScBCoIIo1bGtGLyUSOBUsEnBTRSLCR2RAetoGpKAKS+dnT/Bx1rp4X4kdYWAZ+riREoCpcaBrzsDAkP125uKf3mdBPpVL+VhnAAL6XxRPxEYIjzNAve4ZBTEWBNCJde3YjokklDQiRV0CN+f4v+JUy7ZldL59VmxVs/iyKNDdIROkI0uUA3VUQM1EUUpekTP6MV4MJ6MV+Nt3pozspl99APG+xfQRpVy</latexit>

V ⇠ 1 Volt

<latexit sha1_base64="hipYiXXDL/aUPMIrePeIIjQ/QqU="></latexit>

⇠ 10�3 electron

(unit cell)
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Moiré-Scale Electrostatics & Charge Doping

Charge density:

<latexit sha1_base64="feem5AkmEVdGAGEJtB3ILq5CZAk=">AAACJ3icdVBLSwMxEM76rPVV9ehlsAieyq5vD0rFi8cWbBXaUrLprAaz2SXJCmXZf+PFv+JFUBE9+k9M2xWq6EDge8wwmc+PBdfGdT+cicmp6ZnZwlxxfmFxabm0strUUaIYNlgkInXlU42CS2wYbgRexQpp6Au89G/PBv7lHSrNI3lh+jF2QnotecAZNVbqlk4kwjG0A0VZWs/S08yynJ41cz6kkLbvqMJYcxFJsBb0MoBuqexW3GHBGNjZ3j869MDLlTLJq9YtPbd7EUtClIYJqnXLc2PTSakynAnMiu1EY0zZLb3GloWShqg76fDODDat0oMgUvZJA0N1fCKlodb90LedITU3+rc3EP/yWokJDjspl3FiULLRoiARYCIYhAY9rpAZ0beAMsXtX4HdUJuKsdEWbQjfl8L/oLld8fYre/XdcvU8j6NA1skG2SIeOSBVck5qpEEYuSeP5IW8Og/Ok/PmvI9aJ5x8Zo38KOfzC+IEpMs=</latexit>

ne =
Q

A
=

CV

A
=

"V

d

<latexit sha1_base64="yPEQO6PD1EcyKLFSIfOiv64t91g="></latexit>

n ⇠ 1 electron

(10 nm)2

• 2D systems — electrostatic gating

<latexit sha1_base64="Oh0xC3oRtb1n1B+CUWedrF+v2yY=">AAAB6XicdVBNS8NAEJ3Ur1q/qh69LBbBiyVptdZbwUuPrdgPaEPZbDft0s0m7G6EEvoPvHhQxKv/yJv/xm0boYo+GHi8N8PMPC/iTGnb/rQya+sbm1vZ7dzO7t7+Qf7wqK3CWBLaIiEPZdfDinImaEszzWk3khQHHqcdb3I79zsPVCoWins9jagb4JFgPiNYG+nuojnIF+yivQBaIeVS5abqICdVCpCiMch/9IchiQMqNOFYqZ5jR9pNsNSMcDrL9WNFI0wmeER7hgocUOUmi0tn6MwoQ+SH0pTQaKGuTiQ4UGoaeKYzwHqsfntz8S+vF2u/6iZMRLGmgiwX+TFHOkTzt9GQSUo0nxqCiWTmVkTGWGKiTTg5E8L3p+h/0i4VnUrxqnlZqNXTOLJwAqdwDg5cQw3q0IAWEPDhEZ7hxZpYT9ar9bZszVjpzDH8gPX+BUJtjTk=</latexit>

�Q

<latexit sha1_base64="Jr9Yl9qg551Pnxu1YWEbw0Xtt1o=">AAAB6nicdVBNS8NAEJ3Ur1q/qh69LBZBEErSaq23gpceW7Qf0Iay2W7apZtN2N0IJfQnePGgiFd/kTf/jds2QhV9MPB4b4aZeV7EmdK2/Wll1tY3Nrey27md3b39g/zhUVuFsSS0RUIeyq6HFeVM0JZmmtNuJCkOPE473uR27nceqFQsFPd6GlE3wCPBfEawNtLdRRMN8gW7aC+AVki5VLmpOshJlQKkaAzyH/1hSOKACk04Vqrn2JF2Eyw1I5zOcv1Y0QiTCR7RnqECB1S5yeLUGTozyhD5oTQlNFqoqxMJDpSaBp7pDLAeq9/eXPzL68Xar7oJE1GsqSDLRX7MkQ7R/G80ZJISzaeGYCKZuRWRMZaYaJNOzoTw/Sn6n7RLRadSvGpeFmr1NI4snMApnIMD11CDOjSgBQRG8AjP8GJx68l6td6WrRkrnTmGH7DevwCVRY1h</latexit>

+Q

<latexit sha1_base64="LdJrjFQvrRmxcEkDoUoawZu+CC0=">AAAB/HicdVDLSgNBEJyNrxhf0Ry9DAbBg4TdqDHeAl5yjGAekA1hdjJJhszMLjO9Yljir3jxoIhXP8Sbf+PkIUTRgoaiqpvuriAS3IDrfjqpldW19Y30ZmZre2d3L7t/0DBhrCmr01CEuhUQwwRXrA4cBGtFmhEZCNYMRtdTv3nHtOGhuoVxxDqSDBTvc0rASt1srucbLrHn+qc+sHtIlJx0s3m34M6Al8hZsXRV9rC3UPJogVo3++H3QhpLpoAKYkzbcyPoJEQDp4JNMn5sWEToiAxY21JFJDOdZHb8BB9bpYf7obalAM/U5YmESGPGMrCdksDQ/Pam4l9eO4Z+uZNwFcXAFJ0v6scCQ4inSeAe14yCGFtCqOb2VkyHRBMKNq+MDeH7U/w/aRQLXqlwcXOer1QXcaTRITpCJ8hDl6iCqqiG6oiiMXpEz+jFeXCenFfnbd6achYzOfQDzvsXUIeUnA==</latexit>

d ⇠ 10 nm

<latexit sha1_base64="jdb5wu0KYrisZit8cjd/4zpwwqw=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgKexGjfEW8JJjAuYByRJmJ73JmNkHM7NCCPkCLx4U8eonefNvnCQrRNGChqKqm+4uLxZcadv+tDJr6xubW9nt3M7u3v5B/vCopaJEMmyySESy41GFgofY1FwL7MQSaeAJbHvj27nffkCpeBTe6UmMbkCHIfc5o9pIjVY/X7CL9gJkhVyUyjcVhzipUoAU9X7+ozeIWBJgqJmgSnUdO9bulErNmcBZrpcojCkb0yF2DQ1pgMqdLg6dkTOjDIgfSVOhJgt1dWJKA6UmgWc6A6pH6rc3F//yuon2K+6Uh3GiMWTLRX4iiI7I/Gsy4BKZFhNDKJPc3ErYiErKtMkmZ0L4/pT8T1qlolMuXjUuC9VaGkcWTuAUzsGBa6hCDerQBAYIj/AML9a99WS9Wm/L1oyVzhzDD1jvX+CtjQc=</latexit>

Vgate voltage

<latexit sha1_base64="y2cm45Qqj/iSf29egcmmWWOmdNY=">AAAB/XicdVDLSgMxFM3UV62v8bFzEyyCqzJTtdZdwU2XFewDOkPJpJk2NMkMSaZQh+KvuHGhiFv/w51/Y9qOUEUPXDg5515y7wliRpV2nE8rt7K6tr6R3yxsbe/s7tn7By0VJRKTJo5YJDsBUoRRQZqaakY6sSSIB4y0g9HNzG+PiVQ0End6EhOfo4GgIcVIG6lnH3ljJEmsKDMv6SnKoev07KJTcuaAS+S8XLmuutDNlCLI0OjZH14/wgknQmOGlOq6Tqz9FElNMSPTgpcoEiM8QgPSNVQgTpSfzrefwlOj9GEYSVNCw7m6PJEirtSEB6aTIz1Uv72Z+JfXTXRY9VMq4kQTgRcfhQmDOoKzKGCfSoI1mxiCsKRmV4iHSCKsTWAFE8L3pfB/0iqX3Erp8vaiWKtnceTBMTgBZ8AFV6AG6qABmgCDe/AInsGL9WA9Wa/W26I1Z2Uzh+AHrPcvY1CVNg==</latexit>

"r ⇠ 10

<latexit sha1_base64="ULNJV8BiKE+Xkb3QqXmRAGEEK64=">AAAB/nicdVBNS8NAEN3Ur1q/ouLJy2IRPJWkaq23gpceK9i00ISy2W7bpZsPdidiCRX/ihcPinj1d3jz37htI1TRBwOP92aYmefHgiuwrE8jt7S8srqWXy9sbG5t75i7e46KEklZk0Yikm2fKCZ4yJrAQbB2LBkJfMFa/uhq6rdumVQ8Cm9gHDMvIIOQ9zkloKWueeBgV/EA2/cusDtInUjABHfNolWyZsAL5LRcuaza2M6UIsrQ6Jofbi+iScBCoIIo1bGtGLyUSOBUsEnBTRSLCR2RAetoGpKAKS+dnT/Bx1rp4X4kdYWAZ+riREoCpcaBrzsDAkP125uKf3mdBPpVL+VhnAAL6XxRPxEYIjzNAve4ZBTEWBNCJde3YjokklDQiRV0CN+f4v+JUy7ZldL59VmxVs/iyKNDdIROkI0uUA3VUQM1EUUpekTP6MV4MJ6MV+Nt3pozspl99APG+xfQRpVy</latexit>

V ⇠ 1 Volt

<latexit sha1_base64="hipYiXXDL/aUPMIrePeIIjQ/QqU="></latexit>

⇠ 10�3 electron

(unit cell)

 Can “fill” or “empty” moiré bands (doping electrons/holes) just by gating⇒
• Corresponds to one electron in a unit cell of side ~ 10 nm ~ typical moiré scale!
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Moiré-Scale Electrostatics & Charge Doping

Charge density:

<latexit sha1_base64="feem5AkmEVdGAGEJtB3ILq5CZAk=">AAACJ3icdVBLSwMxEM76rPVV9ehlsAieyq5vD0rFi8cWbBXaUrLprAaz2SXJCmXZf+PFv+JFUBE9+k9M2xWq6EDge8wwmc+PBdfGdT+cicmp6ZnZwlxxfmFxabm0strUUaIYNlgkInXlU42CS2wYbgRexQpp6Au89G/PBv7lHSrNI3lh+jF2QnotecAZNVbqlk4kwjG0A0VZWs/S08yynJ41cz6kkLbvqMJYcxFJsBb0MoBuqexW3GHBGNjZ3j869MDLlTLJq9YtPbd7EUtClIYJqnXLc2PTSakynAnMiu1EY0zZLb3GloWShqg76fDODDat0oMgUvZJA0N1fCKlodb90LedITU3+rc3EP/yWokJDjspl3FiULLRoiARYCIYhAY9rpAZ0beAMsXtX4HdUJuKsdEWbQjfl8L/oLld8fYre/XdcvU8j6NA1skG2SIeOSBVck5qpEEYuSeP5IW8Og/Ok/PmvI9aJ5x8Zo38KOfzC+IEpMs=</latexit>

ne =
Q

A
=

CV

A
=

"V

d

<latexit sha1_base64="yPEQO6PD1EcyKLFSIfOiv64t91g="></latexit>

n ⇠ 1 electron

(10 nm)2

• 2D systems — electrostatic gating

<latexit sha1_base64="Oh0xC3oRtb1n1B+CUWedrF+v2yY=">AAAB6XicdVBNS8NAEJ3Ur1q/qh69LBbBiyVptdZbwUuPrdgPaEPZbDft0s0m7G6EEvoPvHhQxKv/yJv/xm0boYo+GHi8N8PMPC/iTGnb/rQya+sbm1vZ7dzO7t7+Qf7wqK3CWBLaIiEPZdfDinImaEszzWk3khQHHqcdb3I79zsPVCoWins9jagb4JFgPiNYG+nuojnIF+yivQBaIeVS5abqICdVCpCiMch/9IchiQMqNOFYqZ5jR9pNsNSMcDrL9WNFI0wmeER7hgocUOUmi0tn6MwoQ+SH0pTQaKGuTiQ4UGoaeKYzwHqsfntz8S+vF2u/6iZMRLGmgiwX+TFHOkTzt9GQSUo0nxqCiWTmVkTGWGKiTTg5E8L3p+h/0i4VnUrxqnlZqNXTOLJwAqdwDg5cQw3q0IAWEPDhEZ7hxZpYT9ar9bZszVjpzDH8gPX+BUJtjTk=</latexit>

�Q

<latexit sha1_base64="Jr9Yl9qg551Pnxu1YWEbw0Xtt1o=">AAAB6nicdVBNS8NAEJ3Ur1q/qh69LBZBEErSaq23gpceW7Qf0Iay2W7apZtN2N0IJfQnePGgiFd/kTf/jds2QhV9MPB4b4aZeV7EmdK2/Wll1tY3Nrey27md3b39g/zhUVuFsSS0RUIeyq6HFeVM0JZmmtNuJCkOPE473uR27nceqFQsFPd6GlE3wCPBfEawNtLdRRMN8gW7aC+AVki5VLmpOshJlQKkaAzyH/1hSOKACk04Vqrn2JF2Eyw1I5zOcv1Y0QiTCR7RnqECB1S5yeLUGTozyhD5oTQlNFqoqxMJDpSaBp7pDLAeq9/eXPzL68Xar7oJE1GsqSDLRX7MkQ7R/G80ZJISzaeGYCKZuRWRMZaYaJNOzoTw/Sn6n7RLRadSvGpeFmr1NI4snMApnIMD11CDOjSgBQRG8AjP8GJx68l6td6WrRkrnTmGH7DevwCVRY1h</latexit>

+Q

<latexit sha1_base64="LdJrjFQvrRmxcEkDoUoawZu+CC0=">AAAB/HicdVDLSgNBEJyNrxhf0Ry9DAbBg4TdqDHeAl5yjGAekA1hdjJJhszMLjO9Yljir3jxoIhXP8Sbf+PkIUTRgoaiqpvuriAS3IDrfjqpldW19Y30ZmZre2d3L7t/0DBhrCmr01CEuhUQwwRXrA4cBGtFmhEZCNYMRtdTv3nHtOGhuoVxxDqSDBTvc0rASt1srucbLrHn+qc+sHtIlJx0s3m34M6Al8hZsXRV9rC3UPJogVo3++H3QhpLpoAKYkzbcyPoJEQDp4JNMn5sWEToiAxY21JFJDOdZHb8BB9bpYf7obalAM/U5YmESGPGMrCdksDQ/Pam4l9eO4Z+uZNwFcXAFJ0v6scCQ4inSeAe14yCGFtCqOb2VkyHRBMKNq+MDeH7U/w/aRQLXqlwcXOer1QXcaTRITpCJ8hDl6iCqqiG6oiiMXpEz+jFeXCenFfnbd6achYzOfQDzvsXUIeUnA==</latexit>

d ⇠ 10 nm

<latexit sha1_base64="jdb5wu0KYrisZit8cjd/4zpwwqw=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgKexGjfEW8JJjAuYByRJmJ73JmNkHM7NCCPkCLx4U8eonefNvnCQrRNGChqKqm+4uLxZcadv+tDJr6xubW9nt3M7u3v5B/vCopaJEMmyySESy41GFgofY1FwL7MQSaeAJbHvj27nffkCpeBTe6UmMbkCHIfc5o9pIjVY/X7CL9gJkhVyUyjcVhzipUoAU9X7+ozeIWBJgqJmgSnUdO9bulErNmcBZrpcojCkb0yF2DQ1pgMqdLg6dkTOjDIgfSVOhJgt1dWJKA6UmgWc6A6pH6rc3F//yuon2K+6Uh3GiMWTLRX4iiI7I/Gsy4BKZFhNDKJPc3ErYiErKtMkmZ0L4/pT8T1qlolMuXjUuC9VaGkcWTuAUzsGBa6hCDerQBAYIj/AML9a99WS9Wm/L1oyVzhzDD1jvX+CtjQc=</latexit>

Vgate voltage

<latexit sha1_base64="y2cm45Qqj/iSf29egcmmWWOmdNY=">AAAB/XicdVDLSgMxFM3UV62v8bFzEyyCqzJTtdZdwU2XFewDOkPJpJk2NMkMSaZQh+KvuHGhiFv/w51/Y9qOUEUPXDg5515y7wliRpV2nE8rt7K6tr6R3yxsbe/s7tn7By0VJRKTJo5YJDsBUoRRQZqaakY6sSSIB4y0g9HNzG+PiVQ0End6EhOfo4GgIcVIG6lnH3ljJEmsKDMv6SnKoev07KJTcuaAS+S8XLmuutDNlCLI0OjZH14/wgknQmOGlOq6Tqz9FElNMSPTgpcoEiM8QgPSNVQgTpSfzrefwlOj9GEYSVNCw7m6PJEirtSEB6aTIz1Uv72Z+JfXTXRY9VMq4kQTgRcfhQmDOoKzKGCfSoI1mxiCsKRmV4iHSCKsTWAFE8L3pfB/0iqX3Erp8vaiWKtnceTBMTgBZ8AFV6AG6qABmgCDe/AInsGL9WA9Wa/W26I1Z2Uzh+AHrPcvY1CVNg==</latexit>

"r ⇠ 10

<latexit sha1_base64="ULNJV8BiKE+Xkb3QqXmRAGEEK64=">AAAB/nicdVBNS8NAEN3Ur1q/ouLJy2IRPJWkaq23gpceK9i00ISy2W7bpZsPdidiCRX/ihcPinj1d3jz37htI1TRBwOP92aYmefHgiuwrE8jt7S8srqWXy9sbG5t75i7e46KEklZk0Yikm2fKCZ4yJrAQbB2LBkJfMFa/uhq6rdumVQ8Cm9gHDMvIIOQ9zkloKWueeBgV/EA2/cusDtInUjABHfNolWyZsAL5LRcuaza2M6UIsrQ6Jofbi+iScBCoIIo1bGtGLyUSOBUsEnBTRSLCR2RAetoGpKAKS+dnT/Bx1rp4X4kdYWAZ+riREoCpcaBrzsDAkP125uKf3mdBPpVL+VhnAAL6XxRPxEYIjzNAve4ZBTEWBNCJde3YjokklDQiRV0CN+f4v+JUy7ZldL59VmxVs/iyKNDdIROkI0uUA3VUQM1EUUpekTP6MV4MJ6MV+Nt3pozspl99APG+xfQRpVy</latexit>

V ⇠ 1 Volt

<latexit sha1_base64="hipYiXXDL/aUPMIrePeIIjQ/QqU="></latexit>

⇠ 10�3 electron

(unit cell)

 Can “fill” or “empty” moiré bands (doping electrons/holes) just by gating⇒
• Corresponds to one electron in a unit cell of side ~ 10 nm ~ typical moiré scale!

• Moiré bands: weakly dispersive + nontrivial “winding”  correlations + topology + tunability ⇒
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Real space 
expands

Reciprocal space 
shrinks

5

“Hydrogen Atom” of Moiré Materials: Twisted Bilayer Graphene

Linear “Dirac” dispersion gives special structure to twisted moiré multilayers of graphene

<latexit sha1_base64="sdowVEOUrG8tmmHZg5+CGnRa2Q8=">AAAB9HicbVBNSwMxEM36WetX1aOXYBE81d1StMeCF48V7Ae0S8mm2TY0m43JbKEs+zu8eFDEqz/Gm//GtN2Dtj4YeLw3w8y8QAluwHW/nY3Nre2d3cJecf/g8Oi4dHLaNnGiKWvRWMS6GxDDBJesBRwE6yrNSBQI1gkmd3O/M2Xa8Fg+wkwxPyIjyUNOCVjJT2HQV0yr7DqtZoNS2a24C+B14uWkjHI0B6Wv/jCmScQkUEGM6XmuAj8lGjgVLCv2E8MUoRMyYj1LJYmY8dPF0Rm+tMoQh7G2JQEv1N8TKYmMmUWB7YwIjM2qNxf/83oJhHU/5VIlwCRdLgoTgSHG8wTwkGtGQcwsIVRzeyumY6IJBZtT0Ybgrb68TtrVindTqT3Uyo16HkcBnaMLdIU8dIsa6B41UQtR9ISe0St6c6bOi/PufCxbN5x85gz9gfP5A/PWkjI=</latexit>

t?/2

<latexit sha1_base64="sdowVEOUrG8tmmHZg5+CGnRa2Q8=">AAAB9HicbVBNSwMxEM36WetX1aOXYBE81d1StMeCF48V7Ae0S8mm2TY0m43JbKEs+zu8eFDEqz/Gm//GtN2Dtj4YeLw3w8y8QAluwHW/nY3Nre2d3cJecf/g8Oi4dHLaNnGiKWvRWMS6GxDDBJesBRwE6yrNSBQI1gkmd3O/M2Xa8Fg+wkwxPyIjyUNOCVjJT2HQV0yr7DqtZoNS2a24C+B14uWkjHI0B6Wv/jCmScQkUEGM6XmuAj8lGjgVLCv2E8MUoRMyYj1LJYmY8dPF0Rm+tMoQh7G2JQEv1N8TKYmMmUWB7YwIjM2qNxf/83oJhHU/5VIlwCRdLgoTgSHG8wTwkGtGQcwsIVRzeyumY6IJBZtT0Ybgrb68TtrVindTqT3Uyo16HkcBnaMLdIU8dIsa6B41UQtR9ISe0St6c6bOi/PufCxbN5x85gz9gfP5A/PWkjI=</latexit>

t?/2

<latexit sha1_base64="2sfY+2Qx0EXaHlNpK5WDnUW6BDI=">AAACAnicbVDLSsNAFJ3UV62vqitxM1gEVyUpRV24KCjisoJ9QBPCZDpph04mYeamUEJx46+4caGIW7/CnX/j9LHQ1gMXDufcy733BIngGmz728qtrK6tb+Q3C1vbO7t7xf2Dpo5TRVmDxiJW7YBoJrhkDeAgWDtRjESBYK1gcD3xW0OmNI/lA4wS5kWkJ3nIKQEj+cWjoX+LB/4NdjWX2A0VoS70GZCKXyzZZXsKvEycOSmhOep+8cvtxjSNmAQqiNYdx07Ay4gCTgUbF9xUs4TQAemxjqGSREx72fSFMT41SheHsTIlAU/V3xMZibQeRYHpjAj09aI3Ef/zOimEl17GZZICk3S2KEwFhhhP8sBdrhgFMTKEUMXNrZj2iYkBTGoFE4Kz+PIyaVbKznm5el8t1a7mceTRMTpBZ8hBF6iG7lAdNRBFj+gZvaI368l6sd6tj1lrzprPHKI/sD5/ANyplnM=</latexit>

vF kD sin
✓

2

<latexit sha1_base64="fZzrtklUbV7XrAd+rNvLFdkCR+0=">AAACBHicbVA9SwNBEN2LXzF+nVqmWQyCVbgTUQuLgCKWEcwH5MKxt5kkS/Y+2J0LhJDCxr9iY6GIrT/Czn/jJrlCEx8MPN6bYWZekEih0XG+rdzK6tr6Rn6zsLW9s7tn7x/UdZwqDjUey1g1A6ZBighqKFBCM1HAwkBCIxhcT/3GEJQWcfSAowTaIetFois4QyP5dhF9LwGVUE+LkA79Wzrwb6iHfUDm2yWn7MxAl4mbkRLJUPXtL68T8zSECLlkWrdcJ8H2mCkUXMKk4KUaEsYHrActQyMWgm6PZ09M6LFROrQbK1MR0pn6e2LMQq1HYWA6Q4Z9vehNxf+8Vordy/ZYREmKEPH5om4qKcZ0mgjtCAUc5cgQxpUwt1LeZ4pxNLkVTAju4svLpH5ads/LZ/dnpcpVFkeeFMkROSEuuSAVckeqpEY4eSTP5JW8WU/Wi/Vufcxbc1Y2c0j+wPr8AYzbl2I=</latexit>

t? ⇠ vF kD✓ ×2

Band folding + interlayer tunnelling ~ flat bands near ‘magic angle’
<latexit sha1_base64="RJHguWpKidAsnbgPRnj+rXswDkg=">AAACCHicbVDJSgNBEO1xjXGLevRgYxA8xRkJ6sFDQBEvQgSzQCYMPZ1K0qRnobsmEIYcvfgrXjwo4tVP8Obf2FkOmvig4PFeFVX1/FgKjbb9bS0sLi2vrGbWsusbm1vbuZ3dqo4SxaHCIxmpus80SBFCBQVKqMcKWOBLqPm9q5Ff64PSIgofcBBDM2CdULQFZ2gkL3fgYheQeXfU1SKg6KVuDCoenvS9G9rzrr1c3i7YY9B54kxJnkxR9nJfbiviSQAhcsm0bjh2jM2UKRRcwjDrJhpixnusAw1DQxaAbqbjR4b0yCgt2o6UqRDpWP09kbJA60Hgm86AYVfPeiPxP6+RYPuimYowThBCPlnUTiTFiI5SoS2hgKMcGMK4EuZWyrtMMY4mu6wJwZl9eZ5UTwvOWaF4X8yXLqdxZMg+OSTHxCHnpERuSZlUCCeP5Jm8kjfryXqx3q2PSeuCNZ3ZI39gff4A4/2ZPQ==</latexit>

✓M ⇠ t?/vF kD

<latexit sha1_base64="9fcFdwY0z7emEkUhj7y0ANNb0xc=">AAACBHicbVA9SwNBEN2LXzF+nVqmWQyCVbgLQS0sAlpYRjAfkDvC3mYvWbK3d+zOCeFIYeNfsbFQxNYfYee/cZNcoYkPBh7vzTAzL0gE1+A431ZhbX1jc6u4XdrZ3ds/sA+P2jpOFWUtGotYdQOimeCStYCDYN1EMRIFgnWC8fXM7zwwpXks72GSMD8iQ8lDTgkYqW+Xa3jcv8Ge5hJ7oSI082DEgEyz2rRvV5yqMwdeJW5OKihHs29/eYOYphGTQAXRuuc6CfgZUcCpYNOSl2qWEDomQ9YzVJKIaT+bPzHFp0YZ4DBWpiTgufp7IiOR1pMoMJ0RgZFe9mbif14vhfDSz7hMUmCSLhaFqcAQ41kieMAVoyAmhhCquLkV0xExUYDJrWRCcJdfXiXtWtU9r9bv6pXGVR5HEZXRCTpDLrpADXSLmqiFKHpEz+gVvVlP1ov1bn0sWgtWPnOM/sD6/AHENZeO</latexit>

2kD sin
✓

2

<latexit sha1_base64="GFkIAvuKC+tbVxR9cWKm63+byDo=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqAcPBT14rGA/oA1ls920S3c3YXcjlNC/4MWDIl79Q978N27SHLT1wcDjvRlm5gUxZ9q47rdTWlvf2Nwqb1d2dvf2D6qHRx0dJYrQNol4pHoB1pQzSduGGU57saJYBJx2g+lt5nefqNIsko9mFlNf4LFkISPYZBKaDu+G1Zpbd3OgVeIVpAYFWsPq12AUkURQaQjHWvc9NzZ+ipVhhNN5ZZBoGmMyxWPat1RiQbWf5rfO0ZlVRiiMlC1pUK7+nkix0HomAtspsJnoZS8T//P6iQmv/ZTJODFUksWiMOHIRCh7HI2YosTwmSWYKGZvRWSCFSbGxlOxIXjLL6+SzkXdu6w3Hhq15k0RRxlO4BTOwYMraMI9tKANBCbwDK/w5gjnxXl3PhatJaeYOYY/cD5/AGuWjdM=</latexit>

kD

[×2 since same argument in valley K’]

moiré-reconstructed TBG bands almost perfectly flat near “magic” twist angle θ ~1.05°

*8 electron “flavors” - 2 spin × 2 “valley” × 2 “sublattice”

enhanced correlations in

8* flat central bands 

[Bistritzer & Macdonald, PNAS 128, 12233 (2011)]

<latexit sha1_base64="2TaUznk9RxBUo/65VZZZ+cOP6sU=">AAAB+XicdVBNS8NAEN3Ur1q/oh69LBbBU0mqrfUgFLx4rGBtoYlls922SzebsDsplNB/4sWDIl79J978N27bCFX0wcDjvRlm5gWx4Boc59PKrayurW/kNwtb2zu7e/b+wb2OEkVZk0YiUu2AaCa4ZE3gIFg7VoyEgWCtYHQ981tjpjSP5B1MYuaHZCB5n1MCRuratgdDBgRf4cqDR7miXbvolJw58BI5K1cvay52M6WIMjS69ofXi2gSMglUEK07rhODnxIFnAo2LXiJZjGhIzJgHUMlCZn20/nlU3xilB7uR8qUBDxXlydSEmo9CQPTGRIY6t/eTPzL6yTQr/kpl3ECTNLFon4iMER4FgPuccUoiIkhhCpubsV0SBShYMIqmBC+P8X/k/tyya2WKrfnxXo9iyOPjtAxOkUuukB1dIMaqIkoGqNH9IxerNR6sl6tt0VrzspmDtEPWO9ffG+S7w==</latexit>

✓ = 5�
<latexit sha1_base64="utht+HWXpjUZVuDtpCZLpzipT34=">AAAB+3icdVDLSgMxFM3UV62vsS7dBIvgapipttaFUHDjsoJ9QGcsmTTThmYeJHfEMvRX3LhQxK0/4s6/MX0IVfRA4HDOudyb4yeCK7DtTyO3srq2vpHfLGxt7+zumfvFlopTSVmTxiKWHZ8oJnjEmsBBsE4iGQl9wdr+6Grqt++ZVDyObmGcMC8kg4gHnBLQUs8sujBkQPAldqzKnUu5pD2zZFv2DHiJnJarFzVHx+ZKCS3Q6Jkfbj+macgioIIo1XXsBLyMSOBUsEnBTRVLCB2RAetqGpGQKS+b3T7Bx1rp4yCW+kWAZ+ryREZCpcahr5MhgaH67U3Fv7xuCkHNy3iUpMAiOl8UpAJDjKdF4D6XjIIYa0Ko5PpWTIdEEgq6roIu4fun+H/SKltO1arcnJXq9UUdeXSIjtAJctA5qqNr1EBNRNEDekTP6MWYGE/Gq/E2j+aMxcwB+gHj/QtfZpNi</latexit>

✓ = 1.5�

<latexit sha1_base64="H7SQ+0ZaW3FBKXoiegb5htliNPQ=">AAAB7XicdVDLSgMxFM3UV62vqks3wSIIwjAzfboQCm50V8E+oB1KJs20sZlkSDJCKf0HNy4Ucev/uPNvzLQVVPTAhcM593LvPUHMqNKO82FlVlbX1jeym7mt7Z3dvfz+QUuJRGLSxIIJ2QmQIoxy0tRUM9KJJUFRwEg7GF+mfvueSEUFv9WTmPgRGnIaUoy0kVo9nlyclfr5gmOf1ype2YOO7ThVr1hJiVcteUXoGiVFASzR6OffewOBk4hwjRlSqus6sfanSGqKGZnleokiMcJjNCRdQzmKiPKn82tn8MQoAxgKaYprOFe/T0xRpNQkCkxnhPRI/fZS8S+vm+iw5k8pjxNNOF4sChMGtYDp63BAJcGaTQxBWFJzK8QjJBHWJqCcCeHrU/g/aXm2W7HLN6VC/XoZRxYcgWNwClxQBXVwBRqgCTC4Aw/gCTxbwnq0XqzXRWvGWs4cgh+w3j4BJtWO5g==</latexit>

⌫ = +4

<latexit sha1_base64="QHPTBU+ZvdYaQkx/zj31IrDXPQ8=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4cZiZPl0IBTe6q2Af0A4lk2ba2EwyJBmhlP6DGxeKuPV/3Pk3ZtoKKnrgwuGce7n3niBmVGnH+bAyK6tr6xvZzdzW9s7uXn7/oKVEIjFpYsGE7ARIEUY5aWqqGenEkqAoYKQdjC9Tv31PpKKC3+pJTPwIDTkNKUbaSK0eTy7OSv18wbHPaxWv7EHHdpyqV6ykxKuWvCJ0jZKiAJZo9PPvvYHASUS4xgwp1XWdWPtTJDXFjMxyvUSRGOExGpKuoRxFRPnT+bUzeGKUAQyFNMU1nKvfJ6YoUmoSBaYzQnqkfnup+JfXTXRY86eUx4kmHC8WhQmDWsD0dTigkmDNJoYgLKm5FeIRkghrE1DOhPD1KfyftDzbrdjlm1Khfr2MIwuOwDE4BS6ogjq4Ag3QBBjcgQfwBJ4tYT1aL9brojVjLWcOwQ9Yb58p347o</latexit>

⌫ = �4
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TBG: Status Report
<latexit sha1_base64="TjbkfnZS+qf8pJ+YJeSrWE7vk+8=">AAAB6nicbZDLSgMxFIbP1Fsdb1WXboJFcFVmBC8bsejGZUV7gXYomTTThmaSIckIZegjuHGhiEt9F/duxLcxvSy09YfAx/+fQ845YcKZNp737eQWFpeWV/Kr7tr6xuZWYXunpmWqCK0SyaVqhFhTzgStGmY4bSSK4jjktB72r0Z5/Z4qzaS4M4OEBjHuChYxgo21blsibReKXskbC82DP4XixYd7nrx9uZV24bPVkSSNqTCEY62bvpeYIMPKMMLp0G2lmiaY9HGXNi0KHFMdZONRh+jAOh0USWWfMGjs/u7IcKz1IA5tZYxNT89mI/O/rJma6CzImEhSQwWZfBSlHBmJRnujDlOUGD6wgIlidlZEelhhYux1XHsEf3bleagdlfyT0vGNVyxfwkR52IN9OAQfTqEM11CBKhDowgM8wbPDnUfnxXmdlOacac8u/JHz/gPBqpEe</latexit>⌫

<latexit sha1_base64="mNcQONGDhICqZESx3ttknMgZbrA=">AAAB6XicbVC5TgMxEJ3lTMIVoKSxiJBoiHYRVxlBQxkQOUSyiryON7HitVe2FxGt8gc0FCCg5QP4Fzq+BpyjgIQnjfT03oxm5gUxZ9q47pczN7+wuLScyeZWVtfWN/KbW1UtE0VohUguVT3AmnImaMUww2k9VhRHAae1oHcx9Gt3VGkmxY3px9SPcEewkBFsrHR9cNTKF9yiOwKaJd6EFErZ+PX24/673Mp/NtuSJBEVhnCsdcNzY+OnWBlGOB3kmommMSY93KENSwWOqPbT0aUDtGeVNgqlsiUMGqm/J1Icad2PAtsZYdPV095Q/M9rJCY881Mm4sRQQcaLwoQjI9HwbdRmihLD+5Zgopi9FZEuVpgYG07OhuBNvzxLqodF76R4fGXTOIcxMrADu7APHpxCCS6hDBUgEMIDPMGz03MenRfnbdw650xmtuEPnPcfCvCQxw==</latexit>

�4
<latexit sha1_base64="0oFSoG/jtAOl08rprnc0R5yB8Gs=">AAAB6XicbVDJSgNBEK1xTeIW9eilMQheDDMBl2PQi8coZsFkCD2dnqRJT0/T3SOGIX/gxYOiXv0A/8WbX6Od5aCJDwoe71VRVS+QnGnjul/OwuLS8spqJptbW9/Y3Mpv79R0nChCqyTmsWoEWFPOBK0aZjhtSEVxFHBaD/oXI79+R5VmsbgxA0n9CHcFCxnBxkrXR6V2vuAW3THQPPGmpFDOytfbj/vvSjv/2erEJImoMIRjrZueK42fYmUY4XSYayWaSkz6uEublgocUe2n40uH6MAqHRTGypYwaKz+nkhxpPUgCmxnhE1Pz3oj8T+vmZjwzE+ZkImhgkwWhQlHJkajt1GHKUoMH1iCiWL2VkR6WGFibDg5G4I3+/I8qZWK3knx+MqmcQ4TZGAP9uEQPDiFMlxCBapAIIQHeIJnp+88Oi/O26R1wZnO7MIfOO8/B+iQxQ==</latexit>�2

<latexit sha1_base64="rA98DCysl+y9TstEDmNinaVf3a8=">AAAB5HicbZDJSgNBEIZr4hbHLXr10hgET2FGcLmIQS8eI5gFkiH0dGqSNj09Q3ePEEKewIsHxavgw3j3Ir6NneWgiT80fPx/FV1VYSq4Np737eSWlldW1/Lr7sbm1vZOwd2t6SRTDKssEYlqhFSj4BKrhhuBjVQhjUOB9bB/Pc7rD6g0T+SdGaQYxLQrecQZNda69dqFolfyJiKL4M+gePnhXqTvX26lXfhsdRKWxSgNE1Trpu+lJhhSZTgTOHJbmcaUsj7tYtOipDHqYDgZdEQOrdMhUaLsk4ZM3N8dQxprPYhDWxlT09Pz2dj8L2tmJjoPhlymmUHJph9FmSAmIeOtSYcrZEYMLFCmuJ2VsB5VlBl7G9cewZ9feRFqxyX/tHRSLF/BVHnYhwM4Ah/OoAw3UIEqMEB4hGd4ce6dJ+d1WphzZh178EfO2w9lro7V</latexit>

0
<latexit sha1_base64="DPpm9EY6pacpqHFFpYkg9stKKic=">AAAB6HicbZDJSgNBEIZr4hbHLerRS2MQPIWZgMtFDHrxmIBZIBlCT6cmadOz0N0jhJAn8OJBEa/6MN69iG9jZzlo4g8NH/9fRVeVnwiutON8W5ml5ZXVtey6vbG5tb2T292rqTiVDKssFrFs+FSh4BFWNdcCG4lEGvoC637/epzX71EqHke3epCgF9JuxAPOqDZWpdjO5Z2CMxFZBHcG+csP+yJ5/7LL7dxnqxOzNMRIM0GVarpOor0hlZozgSO7lSpMKOvTLjYNRjRE5Q0ng47IkXE6JIileZEmE/d3x5CGSg1C31SGVPfUfDY2/8uaqQ7OvSGPklRjxKYfBakgOibjrUmHS2RaDAxQJrmZlbAelZRpcxvbHMGdX3kRasWCe1o4qTj50hVMlYUDOIRjcOEMSnADZagCA4QHeIJn6856tF6s12lpxpr17MMfWW8/3uiP/Q==</latexit>

2
<latexit sha1_base64="PPctS/5WyZCCbsda5SuQmikdIUQ=">AAAB6HicbZDJSgNBEIZr4hbHLerRy2AQPIUZcbuIQS8eEzALJEPo6dQkbXp6hu4eIYQ8gRcPinjVh/HuRXwbO8tBE39o+Pj/KrqqgoQzpV3328osLC4tr2RX7bX1jc2t3PZOVcWppFihMY9lPSAKORNY0UxzrCcSSRRwrAW961Feu0epWCxudT9BPyIdwUJGiTZW+biVy7sFdyxnHrwp5C8/7Ivk/csutXKfzXZM0wiFppwo1fDcRPsDIjWjHId2M1WYENojHWwYFCRC5Q/Ggw6dA+O0nTCW5gntjN3fHQMSKdWPAlMZEd1Vs9nI/C9rpDo89wdMJKlGQScfhSl3dOyMtnbaTCLVvG+AUMnMrA7tEkmoNrexzRG82ZXnoXpU8E4LJ2U3X7yCibKwB/twCB6cQRFuoAQVoIDwAE/wbN1Zj9aL9TopzVjTnl34I+vtB+Hwj/8=</latexit>

4

<latexit sha1_base64="DDDPjg6flVxuRBhvBbvfa7WdN0E=">AAACA3icbVDJSgNBEO2JW4zbqDe9DAlCRAwzAZdj0IvHCGaBbPR0OkmTnp6hu0YMwwQv/oHf4MWDIl79CW/5GzvLQRMfFDzeq6KqnhtwpsC2R0ZiaXlldS25ntrY3NreMXf3ysoPJaEl4nNfVl2sKGeCloABp9VAUuy5nFbc/vXYr9xTqZgv7mAQ0IaHu4J1GMGgpZZ5IIZZx25GTj4e1oE+QES8uBmd5uPjlpmxc/YE1iJxZiRTSNdPnkeFQbFlftfbPgk9KoBwrFTNsQNoRFgCI5zGqXqoaIBJH3dpTVOBPaoa0eSH2DrSStvq+FKXAGui/p6IsKfUwHN1p4ehp+a9sfifVwuhc9mImAhCoIJMF3VCboFvjQOx2kxSAnygCSaS6Vst0sMSE9CxpXQIzvzLi6SczznnubNbncYVmiKJDlEaZZGDLlAB3aAiKiGCHtELekPvxpPxanwYn9PWhDGb2Ud/YHz9ACvimjc=</latexit>

n (1012 cm�2)

Puzzle #1
“correlated insulators”

(band theory predicts metal)
[Cao et al Nature 556, 80 (2018)]
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TBG: Status Report
<latexit sha1_base64="TjbkfnZS+qf8pJ+YJeSrWE7vk+8=">AAAB6nicbZDLSgMxFIbP1Fsdb1WXboJFcFVmBC8bsejGZUV7gXYomTTThmaSIckIZegjuHGhiEt9F/duxLcxvSy09YfAx/+fQ845YcKZNp737eQWFpeWV/Kr7tr6xuZWYXunpmWqCK0SyaVqhFhTzgStGmY4bSSK4jjktB72r0Z5/Z4qzaS4M4OEBjHuChYxgo21blsibReKXskbC82DP4XixYd7nrx9uZV24bPVkSSNqTCEY62bvpeYIMPKMMLp0G2lmiaY9HGXNi0KHFMdZONRh+jAOh0USWWfMGjs/u7IcKz1IA5tZYxNT89mI/O/rJma6CzImEhSQwWZfBSlHBmJRnujDlOUGD6wgIlidlZEelhhYux1XHsEf3bleagdlfyT0vGNVyxfwkR52IN9OAQfTqEM11CBKhDowgM8wbPDnUfnxXmdlOacac8u/JHz/gPBqpEe</latexit>⌫

<latexit sha1_base64="mNcQONGDhICqZESx3ttknMgZbrA=">AAAB6XicbVC5TgMxEJ3lTMIVoKSxiJBoiHYRVxlBQxkQOUSyiryON7HitVe2FxGt8gc0FCCg5QP4Fzq+BpyjgIQnjfT03oxm5gUxZ9q47pczN7+wuLScyeZWVtfWN/KbW1UtE0VohUguVT3AmnImaMUww2k9VhRHAae1oHcx9Gt3VGkmxY3px9SPcEewkBFsrHR9cNTKF9yiOwKaJd6EFErZ+PX24/673Mp/NtuSJBEVhnCsdcNzY+OnWBlGOB3kmommMSY93KENSwWOqPbT0aUDtGeVNgqlsiUMGqm/J1Icad2PAtsZYdPV095Q/M9rJCY881Mm4sRQQcaLwoQjI9HwbdRmihLD+5Zgopi9FZEuVpgYG07OhuBNvzxLqodF76R4fGXTOIcxMrADu7APHpxCCS6hDBUgEMIDPMGz03MenRfnbdw650xmtuEPnPcfCvCQxw==</latexit>

�4
<latexit sha1_base64="0oFSoG/jtAOl08rprnc0R5yB8Gs=">AAAB6XicbVDJSgNBEK1xTeIW9eilMQheDDMBl2PQi8coZsFkCD2dnqRJT0/T3SOGIX/gxYOiXv0A/8WbX6Od5aCJDwoe71VRVS+QnGnjul/OwuLS8spqJptbW9/Y3Mpv79R0nChCqyTmsWoEWFPOBK0aZjhtSEVxFHBaD/oXI79+R5VmsbgxA0n9CHcFCxnBxkrXR6V2vuAW3THQPPGmpFDOytfbj/vvSjv/2erEJImoMIRjrZueK42fYmUY4XSYayWaSkz6uEublgocUe2n40uH6MAqHRTGypYwaKz+nkhxpPUgCmxnhE1Pz3oj8T+vmZjwzE+ZkImhgkwWhQlHJkajt1GHKUoMH1iCiWL2VkR6WGFibDg5G4I3+/I8qZWK3knx+MqmcQ4TZGAP9uEQPDiFMlxCBapAIIQHeIJnp+88Oi/O26R1wZnO7MIfOO8/B+iQxQ==</latexit>�2

<latexit sha1_base64="rA98DCysl+y9TstEDmNinaVf3a8=">AAAB5HicbZDJSgNBEIZr4hbHLXr10hgET2FGcLmIQS8eI5gFkiH0dGqSNj09Q3ePEEKewIsHxavgw3j3Ir6NneWgiT80fPx/FV1VYSq4Np737eSWlldW1/Lr7sbm1vZOwd2t6SRTDKssEYlqhFSj4BKrhhuBjVQhjUOB9bB/Pc7rD6g0T+SdGaQYxLQrecQZNda69dqFolfyJiKL4M+gePnhXqTvX26lXfhsdRKWxSgNE1Trpu+lJhhSZTgTOHJbmcaUsj7tYtOipDHqYDgZdEQOrdMhUaLsk4ZM3N8dQxprPYhDWxlT09Pz2dj8L2tmJjoPhlymmUHJph9FmSAmIeOtSYcrZEYMLFCmuJ2VsB5VlBl7G9cewZ9feRFqxyX/tHRSLF/BVHnYhwM4Ah/OoAw3UIEqMEB4hGd4ce6dJ+d1WphzZh178EfO2w9lro7V</latexit>

0
<latexit sha1_base64="DPpm9EY6pacpqHFFpYkg9stKKic=">AAAB6HicbZDJSgNBEIZr4hbHLerRS2MQPIWZgMtFDHrxmIBZIBlCT6cmadOz0N0jhJAn8OJBEa/6MN69iG9jZzlo4g8NH/9fRVeVnwiutON8W5ml5ZXVtey6vbG5tb2T292rqTiVDKssFrFs+FSh4BFWNdcCG4lEGvoC637/epzX71EqHke3epCgF9JuxAPOqDZWpdjO5Z2CMxFZBHcG+csP+yJ5/7LL7dxnqxOzNMRIM0GVarpOor0hlZozgSO7lSpMKOvTLjYNRjRE5Q0ng47IkXE6JIileZEmE/d3x5CGSg1C31SGVPfUfDY2/8uaqQ7OvSGPklRjxKYfBakgOibjrUmHS2RaDAxQJrmZlbAelZRpcxvbHMGdX3kRasWCe1o4qTj50hVMlYUDOIRjcOEMSnADZagCA4QHeIJn6856tF6s12lpxpr17MMfWW8/3uiP/Q==</latexit>

2
<latexit sha1_base64="PPctS/5WyZCCbsda5SuQmikdIUQ=">AAAB6HicbZDJSgNBEIZr4hbHLerRy2AQPIUZcbuIQS8eEzALJEPo6dQkbXp6hu4eIYQ8gRcPinjVh/HuRXwbO8tBE39o+Pj/KrqqgoQzpV3328osLC4tr2RX7bX1jc2t3PZOVcWppFihMY9lPSAKORNY0UxzrCcSSRRwrAW961Feu0epWCxudT9BPyIdwUJGiTZW+biVy7sFdyxnHrwp5C8/7Ivk/csutXKfzXZM0wiFppwo1fDcRPsDIjWjHId2M1WYENojHWwYFCRC5Q/Ggw6dA+O0nTCW5gntjN3fHQMSKdWPAlMZEd1Vs9nI/C9rpDo89wdMJKlGQScfhSl3dOyMtnbaTCLVvG+AUMnMrA7tEkmoNrexzRG82ZXnoXpU8E4LJ2U3X7yCibKwB/twCB6cQRFuoAQVoIDwAE/wbN1Zj9aL9TopzVjTnl34I+vtB+Hwj/8=</latexit>

4

<latexit sha1_base64="DDDPjg6flVxuRBhvBbvfa7WdN0E=">AAACA3icbVDJSgNBEO2JW4zbqDe9DAlCRAwzAZdj0IvHCGaBbPR0OkmTnp6hu0YMwwQv/oHf4MWDIl79CW/5GzvLQRMfFDzeq6KqnhtwpsC2R0ZiaXlldS25ntrY3NreMXf3ysoPJaEl4nNfVl2sKGeCloABp9VAUuy5nFbc/vXYr9xTqZgv7mAQ0IaHu4J1GMGgpZZ5IIZZx25GTj4e1oE+QES8uBmd5uPjlpmxc/YE1iJxZiRTSNdPnkeFQbFlftfbPgk9KoBwrFTNsQNoRFgCI5zGqXqoaIBJH3dpTVOBPaoa0eSH2DrSStvq+FKXAGui/p6IsKfUwHN1p4ehp+a9sfifVwuhc9mImAhCoIJMF3VCboFvjQOx2kxSAnygCSaS6Vst0sMSE9CxpXQIzvzLi6SczznnubNbncYVmiKJDlEaZZGDLlAB3aAiKiGCHtELekPvxpPxanwYn9PWhDGb2Ud/YHz9ACvimjc=</latexit>

n (1012 cm�2)

Puzzle #1
“correlated insulators”

(band theory predicts metal)

Puzzle #2
gate-tunable 

superconductivity
[Cao et al Nature 556, 43 (2018)]

[Cao et al Nature 556, 80 (2018)]
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<latexit sha1_base64="TjbkfnZS+qf8pJ+YJeSrWE7vk+8=">AAAB6nicbZDLSgMxFIbP1Fsdb1WXboJFcFVmBC8bsejGZUV7gXYomTTThmaSIckIZegjuHGhiEt9F/duxLcxvSy09YfAx/+fQ845YcKZNp737eQWFpeWV/Kr7tr6xuZWYXunpmWqCK0SyaVqhFhTzgStGmY4bSSK4jjktB72r0Z5/Z4qzaS4M4OEBjHuChYxgo21blsibReKXskbC82DP4XixYd7nrx9uZV24bPVkSSNqTCEY62bvpeYIMPKMMLp0G2lmiaY9HGXNi0KHFMdZONRh+jAOh0USWWfMGjs/u7IcKz1IA5tZYxNT89mI/O/rJma6CzImEhSQwWZfBSlHBmJRnujDlOUGD6wgIlidlZEelhhYux1XHsEf3bleagdlfyT0vGNVyxfwkR52IN9OAQfTqEM11CBKhDowgM8wbPDnUfnxXmdlOacac8u/JHz/gPBqpEe</latexit>⌫

<latexit sha1_base64="mNcQONGDhICqZESx3ttknMgZbrA=">AAAB6XicbVC5TgMxEJ3lTMIVoKSxiJBoiHYRVxlBQxkQOUSyiryON7HitVe2FxGt8gc0FCCg5QP4Fzq+BpyjgIQnjfT03oxm5gUxZ9q47pczN7+wuLScyeZWVtfWN/KbW1UtE0VohUguVT3AmnImaMUww2k9VhRHAae1oHcx9Gt3VGkmxY3px9SPcEewkBFsrHR9cNTKF9yiOwKaJd6EFErZ+PX24/673Mp/NtuSJBEVhnCsdcNzY+OnWBlGOB3kmommMSY93KENSwWOqPbT0aUDtGeVNgqlsiUMGqm/J1Icad2PAtsZYdPV095Q/M9rJCY881Mm4sRQQcaLwoQjI9HwbdRmihLD+5Zgopi9FZEuVpgYG07OhuBNvzxLqodF76R4fGXTOIcxMrADu7APHpxCCS6hDBUgEMIDPMGz03MenRfnbdw650xmtuEPnPcfCvCQxw==</latexit>

�4
<latexit sha1_base64="0oFSoG/jtAOl08rprnc0R5yB8Gs=">AAAB6XicbVDJSgNBEK1xTeIW9eilMQheDDMBl2PQi8coZsFkCD2dnqRJT0/T3SOGIX/gxYOiXv0A/8WbX6Od5aCJDwoe71VRVS+QnGnjul/OwuLS8spqJptbW9/Y3Mpv79R0nChCqyTmsWoEWFPOBK0aZjhtSEVxFHBaD/oXI79+R5VmsbgxA0n9CHcFCxnBxkrXR6V2vuAW3THQPPGmpFDOytfbj/vvSjv/2erEJImoMIRjrZueK42fYmUY4XSYayWaSkz6uEublgocUe2n40uH6MAqHRTGypYwaKz+nkhxpPUgCmxnhE1Pz3oj8T+vmZjwzE+ZkImhgkwWhQlHJkajt1GHKUoMH1iCiWL2VkR6WGFibDg5G4I3+/I8qZWK3knx+MqmcQ4TZGAP9uEQPDiFMlxCBapAIIQHeIJnp+88Oi/O26R1wZnO7MIfOO8/B+iQxQ==</latexit>�2

<latexit sha1_base64="rA98DCysl+y9TstEDmNinaVf3a8=">AAAB5HicbZDJSgNBEIZr4hbHLXr10hgET2FGcLmIQS8eI5gFkiH0dGqSNj09Q3ePEEKewIsHxavgw3j3Ir6NneWgiT80fPx/FV1VYSq4Np737eSWlldW1/Lr7sbm1vZOwd2t6SRTDKssEYlqhFSj4BKrhhuBjVQhjUOB9bB/Pc7rD6g0T+SdGaQYxLQrecQZNda69dqFolfyJiKL4M+gePnhXqTvX26lXfhsdRKWxSgNE1Trpu+lJhhSZTgTOHJbmcaUsj7tYtOipDHqYDgZdEQOrdMhUaLsk4ZM3N8dQxprPYhDWxlT09Pz2dj8L2tmJjoPhlymmUHJph9FmSAmIeOtSYcrZEYMLFCmuJ2VsB5VlBl7G9cewZ9feRFqxyX/tHRSLF/BVHnYhwM4Ah/OoAw3UIEqMEB4hGd4ce6dJ+d1WphzZh178EfO2w9lro7V</latexit>

0
<latexit sha1_base64="DPpm9EY6pacpqHFFpYkg9stKKic=">AAAB6HicbZDJSgNBEIZr4hbHLerRS2MQPIWZgMtFDHrxmIBZIBlCT6cmadOz0N0jhJAn8OJBEa/6MN69iG9jZzlo4g8NH/9fRVeVnwiutON8W5ml5ZXVtey6vbG5tb2T292rqTiVDKssFrFs+FSh4BFWNdcCG4lEGvoC637/epzX71EqHke3epCgF9JuxAPOqDZWpdjO5Z2CMxFZBHcG+csP+yJ5/7LL7dxnqxOzNMRIM0GVarpOor0hlZozgSO7lSpMKOvTLjYNRjRE5Q0ng47IkXE6JIileZEmE/d3x5CGSg1C31SGVPfUfDY2/8uaqQ7OvSGPklRjxKYfBakgOibjrUmHS2RaDAxQJrmZlbAelZRpcxvbHMGdX3kRasWCe1o4qTj50hVMlYUDOIRjcOEMSnADZagCA4QHeIJn6856tF6s12lpxpr17MMfWW8/3uiP/Q==</latexit>

2
<latexit sha1_base64="PPctS/5WyZCCbsda5SuQmikdIUQ=">AAAB6HicbZDJSgNBEIZr4hbHLerRy2AQPIUZcbuIQS8eEzALJEPo6dQkbXp6hu4eIYQ8gRcPinjVh/HuRXwbO8tBE39o+Pj/KrqqgoQzpV3328osLC4tr2RX7bX1jc2t3PZOVcWppFihMY9lPSAKORNY0UxzrCcSSRRwrAW961Feu0epWCxudT9BPyIdwUJGiTZW+biVy7sFdyxnHrwp5C8/7Ivk/csutXKfzXZM0wiFppwo1fDcRPsDIjWjHId2M1WYENojHWwYFCRC5Q/Ggw6dA+O0nTCW5gntjN3fHQMSKdWPAlMZEd1Vs9nI/C9rpDo89wdMJKlGQScfhSl3dOyMtnbaTCLVvG+AUMnMrA7tEkmoNrexzRG82ZXnoXpU8E4LJ2U3X7yCibKwB/twCB6cQRFuoAQVoIDwAE/wbN1Zj9aL9TopzVjTnl34I+vtB+Hwj/8=</latexit>

4

<latexit sha1_base64="DDDPjg6flVxuRBhvBbvfa7WdN0E=">AAACA3icbVDJSgNBEO2JW4zbqDe9DAlCRAwzAZdj0IvHCGaBbPR0OkmTnp6hu0YMwwQv/oHf4MWDIl79CW/5GzvLQRMfFDzeq6KqnhtwpsC2R0ZiaXlldS25ntrY3NreMXf3ysoPJaEl4nNfVl2sKGeCloABp9VAUuy5nFbc/vXYr9xTqZgv7mAQ0IaHu4J1GMGgpZZ5IIZZx25GTj4e1oE+QES8uBmd5uPjlpmxc/YE1iJxZiRTSNdPnkeFQbFlftfbPgk9KoBwrFTNsQNoRFgCI5zGqXqoaIBJH3dpTVOBPaoa0eSH2DrSStvq+FKXAGui/p6IsKfUwHN1p4ehp+a9sfifVwuhc9mImAhCoIJMF3VCboFvjQOx2kxSAnygCSaS6Vst0sMSE9CxpXQIzvzLi6SczznnubNbncYVmiKJDlEaZZGDLlAB3aAiKiGCHtELekPvxpPxanwYn9PWhDGb2Ud/YHz9ACvimjc=</latexit>

n (1012 cm�2)

Puzzle #1
“correlated insulators”

(band theory predicts metal)

Puzzle #2
gate-tunable 

superconductivity
[Cao et al Nature 556, 43 (2018)]

Wide range of other related phenomena: 
unconventional SCs, “strange metallicity”, 

“mixed valent” behaviour, fractional Chern 
insulators w/ small B…

[Cao et al Nature 556, 80 (2018)]
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<latexit sha1_base64="TjbkfnZS+qf8pJ+YJeSrWE7vk+8=">AAAB6nicbZDLSgMxFIbP1Fsdb1WXboJFcFVmBC8bsejGZUV7gXYomTTThmaSIckIZegjuHGhiEt9F/duxLcxvSy09YfAx/+fQ845YcKZNp737eQWFpeWV/Kr7tr6xuZWYXunpmWqCK0SyaVqhFhTzgStGmY4bSSK4jjktB72r0Z5/Z4qzaS4M4OEBjHuChYxgo21blsibReKXskbC82DP4XixYd7nrx9uZV24bPVkSSNqTCEY62bvpeYIMPKMMLp0G2lmiaY9HGXNi0KHFMdZONRh+jAOh0USWWfMGjs/u7IcKz1IA5tZYxNT89mI/O/rJma6CzImEhSQwWZfBSlHBmJRnujDlOUGD6wgIlidlZEelhhYux1XHsEf3bleagdlfyT0vGNVyxfwkR52IN9OAQfTqEM11CBKhDowgM8wbPDnUfnxXmdlOacac8u/JHz/gPBqpEe</latexit>⌫

<latexit sha1_base64="mNcQONGDhICqZESx3ttknMgZbrA=">AAAB6XicbVC5TgMxEJ3lTMIVoKSxiJBoiHYRVxlBQxkQOUSyiryON7HitVe2FxGt8gc0FCCg5QP4Fzq+BpyjgIQnjfT03oxm5gUxZ9q47pczN7+wuLScyeZWVtfWN/KbW1UtE0VohUguVT3AmnImaMUww2k9VhRHAae1oHcx9Gt3VGkmxY3px9SPcEewkBFsrHR9cNTKF9yiOwKaJd6EFErZ+PX24/673Mp/NtuSJBEVhnCsdcNzY+OnWBlGOB3kmommMSY93KENSwWOqPbT0aUDtGeVNgqlsiUMGqm/J1Icad2PAtsZYdPV095Q/M9rJCY881Mm4sRQQcaLwoQjI9HwbdRmihLD+5Zgopi9FZEuVpgYG07OhuBNvzxLqodF76R4fGXTOIcxMrADu7APHpxCCS6hDBUgEMIDPMGz03MenRfnbdw650xmtuEPnPcfCvCQxw==</latexit>

�4
<latexit sha1_base64="0oFSoG/jtAOl08rprnc0R5yB8Gs=">AAAB6XicbVDJSgNBEK1xTeIW9eilMQheDDMBl2PQi8coZsFkCD2dnqRJT0/T3SOGIX/gxYOiXv0A/8WbX6Od5aCJDwoe71VRVS+QnGnjul/OwuLS8spqJptbW9/Y3Mpv79R0nChCqyTmsWoEWFPOBK0aZjhtSEVxFHBaD/oXI79+R5VmsbgxA0n9CHcFCxnBxkrXR6V2vuAW3THQPPGmpFDOytfbj/vvSjv/2erEJImoMIRjrZueK42fYmUY4XSYayWaSkz6uEublgocUe2n40uH6MAqHRTGypYwaKz+nkhxpPUgCmxnhE1Pz3oj8T+vmZjwzE+ZkImhgkwWhQlHJkajt1GHKUoMH1iCiWL2VkR6WGFibDg5G4I3+/I8qZWK3knx+MqmcQ4TZGAP9uEQPDiFMlxCBapAIIQHeIJnp+88Oi/O26R1wZnO7MIfOO8/B+iQxQ==</latexit>�2

<latexit sha1_base64="rA98DCysl+y9TstEDmNinaVf3a8=">AAAB5HicbZDJSgNBEIZr4hbHLXr10hgET2FGcLmIQS8eI5gFkiH0dGqSNj09Q3ePEEKewIsHxavgw3j3Ir6NneWgiT80fPx/FV1VYSq4Np737eSWlldW1/Lr7sbm1vZOwd2t6SRTDKssEYlqhFSj4BKrhhuBjVQhjUOB9bB/Pc7rD6g0T+SdGaQYxLQrecQZNda69dqFolfyJiKL4M+gePnhXqTvX26lXfhsdRKWxSgNE1Trpu+lJhhSZTgTOHJbmcaUsj7tYtOipDHqYDgZdEQOrdMhUaLsk4ZM3N8dQxprPYhDWxlT09Pz2dj8L2tmJjoPhlymmUHJph9FmSAmIeOtSYcrZEYMLFCmuJ2VsB5VlBl7G9cewZ9feRFqxyX/tHRSLF/BVHnYhwM4Ah/OoAw3UIEqMEB4hGd4ce6dJ+d1WphzZh178EfO2w9lro7V</latexit>

0
<latexit sha1_base64="DPpm9EY6pacpqHFFpYkg9stKKic=">AAAB6HicbZDJSgNBEIZr4hbHLerRS2MQPIWZgMtFDHrxmIBZIBlCT6cmadOz0N0jhJAn8OJBEa/6MN69iG9jZzlo4g8NH/9fRVeVnwiutON8W5ml5ZXVtey6vbG5tb2T292rqTiVDKssFrFs+FSh4BFWNdcCG4lEGvoC637/epzX71EqHke3epCgF9JuxAPOqDZWpdjO5Z2CMxFZBHcG+csP+yJ5/7LL7dxnqxOzNMRIM0GVarpOor0hlZozgSO7lSpMKOvTLjYNRjRE5Q0ng47IkXE6JIileZEmE/d3x5CGSg1C31SGVPfUfDY2/8uaqQ7OvSGPklRjxKYfBakgOibjrUmHS2RaDAxQJrmZlbAelZRpcxvbHMGdX3kRasWCe1o4qTj50hVMlYUDOIRjcOEMSnADZagCA4QHeIJn6856tF6s12lpxpr17MMfWW8/3uiP/Q==</latexit>

2
<latexit sha1_base64="PPctS/5WyZCCbsda5SuQmikdIUQ=">AAAB6HicbZDJSgNBEIZr4hbHLerRy2AQPIUZcbuIQS8eEzALJEPo6dQkbXp6hu4eIYQ8gRcPinjVh/HuRXwbO8tBE39o+Pj/KrqqgoQzpV3328osLC4tr2RX7bX1jc2t3PZOVcWppFihMY9lPSAKORNY0UxzrCcSSRRwrAW961Feu0epWCxudT9BPyIdwUJGiTZW+biVy7sFdyxnHrwp5C8/7Ivk/csutXKfzXZM0wiFppwo1fDcRPsDIjWjHId2M1WYENojHWwYFCRC5Q/Ggw6dA+O0nTCW5gntjN3fHQMSKdWPAlMZEd1Vs9nI/C9rpDo89wdMJKlGQScfhSl3dOyMtnbaTCLVvG+AUMnMrA7tEkmoNrexzRG82ZXnoXpU8E4LJ2U3X7yCibKwB/twCB6cQRFuoAQVoIDwAE/wbN1Zj9aL9TopzVjTnl34I+vtB+Hwj/8=</latexit>

4

<latexit sha1_base64="DDDPjg6flVxuRBhvBbvfa7WdN0E=">AAACA3icbVDJSgNBEO2JW4zbqDe9DAlCRAwzAZdj0IvHCGaBbPR0OkmTnp6hu0YMwwQv/oHf4MWDIl79CW/5GzvLQRMfFDzeq6KqnhtwpsC2R0ZiaXlldS25ntrY3NreMXf3ysoPJaEl4nNfVl2sKGeCloABp9VAUuy5nFbc/vXYr9xTqZgv7mAQ0IaHu4J1GMGgpZZ5IIZZx25GTj4e1oE+QES8uBmd5uPjlpmxc/YE1iJxZiRTSNdPnkeFQbFlftfbPgk9KoBwrFTNsQNoRFgCI5zGqXqoaIBJH3dpTVOBPaoa0eSH2DrSStvq+FKXAGui/p6IsKfUwHN1p4ehp+a9sfifVwuhc9mImAhCoIJMF3VCboFvjQOx2kxSAnygCSaS6Vst0sMSE9CxpXQIzvzLi6SczznnubNbncYVmiKJDlEaZZGDLlAB3aAiKiGCHtELekPvxpPxanwYn9PWhDGb2Ud/YHz9ACvimjc=</latexit>

n (1012 cm�2)

Puzzle #1
“correlated insulators”

(band theory predicts metal)

Puzzle #2
gate-tunable 

superconductivity
[Cao et al Nature 556, 43 (2018)]

Wide range of other related phenomena: 
unconventional SCs, “strange metallicity”, 

“mixed valent” behaviour, fractional Chern 
insulators w/ small B…

[Cao et al Nature 556, 80 (2018)]

Puzzle #1 has been mostly resolved

Topology + symmetry of moiré bands forces 
approach linked to quantum Hall ferromagnetism

“Generic” correlated insulator : 
“incommensurate Kekule spiral” 

 predicted theoretically and seen in STM
(other states in special cases)

Kwan, Wagner, Soejima, Zaletel, Simon, SAP, Bultinck, PRX 11, 041063 (2021) 
Wagner, Kwan, Bultinck, Simon, SAP, PRL 128, 156401 (2022)
Nuckolls et al Nature 620, 525 (2023);  Kim et al Nature 623, 942 (2023)

Bultinck et al PRX 10 031034 (2020)
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<latexit sha1_base64="TjbkfnZS+qf8pJ+YJeSrWE7vk+8=">AAAB6nicbZDLSgMxFIbP1Fsdb1WXboJFcFVmBC8bsejGZUV7gXYomTTThmaSIckIZegjuHGhiEt9F/duxLcxvSy09YfAx/+fQ845YcKZNp737eQWFpeWV/Kr7tr6xuZWYXunpmWqCK0SyaVqhFhTzgStGmY4bSSK4jjktB72r0Z5/Z4qzaS4M4OEBjHuChYxgo21blsibReKXskbC82DP4XixYd7nrx9uZV24bPVkSSNqTCEY62bvpeYIMPKMMLp0G2lmiaY9HGXNi0KHFMdZONRh+jAOh0USWWfMGjs/u7IcKz1IA5tZYxNT89mI/O/rJma6CzImEhSQwWZfBSlHBmJRnujDlOUGD6wgIlidlZEelhhYux1XHsEf3bleagdlfyT0vGNVyxfwkR52IN9OAQfTqEM11CBKhDowgM8wbPDnUfnxXmdlOacac8u/JHz/gPBqpEe</latexit>⌫
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n (1012 cm�2)

Puzzle #1
“correlated insulators”

(band theory predicts metal)

Puzzle #2
gate-tunable 

superconductivity
[Cao et al Nature 556, 43 (2018)]

Wide range of other related phenomena: 
unconventional SCs, “strange metallicity”, 

“mixed valent” behaviour, fractional Chern 
insulators w/ small B…

[Cao et al Nature 556, 80 (2018)]

Puzzle #1 has been mostly resolved

Topology + symmetry of moiré bands forces 
approach linked to quantum Hall ferromagnetism

“Generic” correlated insulator : 
“incommensurate Kekule spiral” 

 predicted theoretically and seen in STM
(other states in special cases)

Kwan, Wagner, Soejima, Zaletel, Simon, SAP, Bultinck, PRX 11, 041063 (2021) 
Wagner, Kwan, Bultinck, Simon, SAP, PRL 128, 156401 (2022)
Nuckolls et al Nature 620, 525 (2023);  Kim et al Nature 623, 942 (2023)

Bultinck et al PRX 10 031034 (2020)

Puzzle #2 largely open:
 approaching “cuprate limit”

 ( )Ntheories ≫ Nexpts ≫ Nconsensus
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TBG: Status Report
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n (1012 cm�2)

Puzzle #1
“correlated insulators”

(band theory predicts metal)

Puzzle #2
gate-tunable 

superconductivity
[Cao et al Nature 556, 43 (2018)]

Wide range of other related phenomena: 
unconventional SCs, “strange metallicity”, 

“mixed valent” behaviour, fractional Chern 
insulators w/ small B…

[Cao et al Nature 556, 80 (2018)]

Puzzle #1 has been mostly resolved

Topology + symmetry of moiré bands forces 
approach linked to quantum Hall ferromagnetism

“Generic” correlated insulator : 
“incommensurate Kekule spiral” 

 predicted theoretically and seen in STM
(other states in special cases)

Kwan, Wagner, Soejima, Zaletel, Simon, SAP, Bultinck, PRX 11, 041063 (2021) 
Wagner, Kwan, Bultinck, Simon, SAP, PRL 128, 156401 (2022)
Nuckolls et al Nature 620, 525 (2023);  Kim et al Nature 623, 942 (2023)

Bultinck et al PRX 10 031034 (2020)

Puzzle #2 largely open:
 approaching “cuprate limit”

 ( )Ntheories ≫ Nexpts ≫ Nconsensus

These Lectures: (theoretical) steps towards a new class of moiré systems
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Beyond TBG: A Moiré Materials Universe
MATBG WSe2/WS2 

MoTe2/WSe2 

twist
homobilayers

stack
heterobilayers

e.g. MATnG,  
tWSe2, tMoTe2

e.g. graphene/hBN, 
TMD1/TMD2

[Nuckolls &  Yazdani, Nat. Rev. Mater. 9, 460 (2024)]
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Moiré Beyond “K”-Theory?

Graphene/most TMDs: each layer has low-energy states near K points of BZ
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Moiré Beyond “K”-Theory?

Graphene/most TMDs: each layer has low-energy states near K points of BZ

2 valleys (internal states)
 w/ 2D dispersion in each valley

moiré reconstruction
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Moiré Beyond “K”-Theory?

Can also twist layers whose low-energy states are other points e.g. M-points 

Graphene/most TMDs: each layer has low-energy states near K points of BZ

2 valleys (internal states)
 w/ 2D dispersion in each valley

moiré reconstruction
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Moiré Beyond “K”-Theory?

Can also twist layers whose low-energy states are other points e.g. M-points 

Graphene/most TMDs: each layer has low-energy states near K points of BZ

2 valleys (internal states)
 w/ 2D dispersion in each valley

moiré reconstruction

These lectures

[Calugaru et al Nature 643, 376 (2025)]

moiré reconstruction

[cf T. Kariyado & A Vishwanath, 
Phys. Rev. Research 1, 033076 (2019)]



Division of Topics

Lecture 1:  Basic Principles of Moiré Reconstruction applied to -point MaterialsM

Lecture 2:  Sign-Free Quantum Monte Carlo for (some) -point Materials M

[mostly adapted from Calugaru et al Nature 643, 376 (2025) and its 100+ page supplementary material]

[mostly adapted from M.-R. Li, …, SAP,…, H. Hu 2508.10098 + work in progress]
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Moiré Reconstruction

Origin of moiré bands: modification of intra-/inter-layer dispersions b/c emergent (quasi) periodicity

Formally, moiré BZ only exists if twist angle/lattice mismatch is commensurate

Generically: a “band folding” problem (cf. “nearly free electrons” in introductory solid-state)

untwisted twist each layer  moiré potential 

Practically, for small angle/mismatch, can ignore intralayer periodicity:
— mBZ exists even if incommensurate
— can do reconstruction for separate k-space patches (“valleys”) for single layer

(  in full BZ)k̃

<latexit sha1_base64="Ut6C+xZQPBRwdfzTusNIkr2dWdc="></latexit>(
ht(k̃) 0
0 hb(k̃)

)
→

(
ht(Rtk̃) 0

0 hb(Rbk̃)

)
+

∑

G→LM

(
Vt(G) Vtb(G)
Vbt(G) Vb(G)

)
eiG·r
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Band-folding problem has form of -space hopping!k

There is a “gauge choice” of where to put the “zero” of  in each layer k − Q

 moiré BZ,  contain all “internal” indices
  “momentum space lattice” (not necessarily ) 

k ∈ i, j
Q ∈ ℒM

Moiré Reconstruction: General Structure & Gauge Choices
<latexit sha1_base64="vHW+VB9mA53PZXROgS0nffJKa9k="></latexit>

H =
∑

k,Q,Q→,i,j

[hQ,Q→(k)]ij ĉ
†
k,Q,iĉk,Q→,j
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 moiré BZ,  contain all “internal” indices
  “momentum space lattice” (not necessarily ) 

k ∈ i, j
Q ∈ ℒM

1. “Common- ” Gauge:  measured from  in each layers (which coincides)Γ k − Q Γ

lattice coincides w/ moiré reciprocal latticeQ−
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ĉk,Q,l,j = âk→Q,l,j
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There is a “gauge choice” of where to put the “zero” of  in each layer k − Q

 moiré BZ,  contain all “internal” indices
  “momentum space lattice” (not necessarily ) 

k ∈ i, j
Q ∈ ℒM

1. “Common- ” Gauge:  measured from  in each layers (which coincides)Γ k − Q Γ

lattice coincides w/ moiré reciprocal latticeQ−
<latexit sha1_base64="vIBdHm+Ls2M7ARay2CkUkj2aSXw="></latexit>

ĉk,Q,l,j = âk→Q,l,j

2. “Shifted” Gauge: in layer ,   measured from  = (rotated) position of valley-  in that layerl k − Q Pl
η η

lattice is not just the moiré reciprocal 
lattice (has added sublattice structure)

Q−<latexit sha1_base64="Te0PcX3dEC+Jpd54L3CKa32q5YY="></latexit>ĉk,Q,ω,j = âPl
ω+k→Q,l,j

Moiré Reconstruction: General Structure & Gauge Choices
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Band-folding problem has form of -space hopping!k

There is a “gauge choice” of where to put the “zero” of  in each layer k − Q

 moiré BZ,  contain all “internal” indices
  “momentum space lattice” (not necessarily ) 

k ∈ i, j
Q ∈ ℒM

Both choices yield equivalent results  — #1 more intuitive but some aspects easier to see using #2

1. “Common- ” Gauge:  measured from  in each layers (which coincides)Γ k − Q Γ

lattice coincides w/ moiré reciprocal latticeQ−
<latexit sha1_base64="vIBdHm+Ls2M7ARay2CkUkj2aSXw="></latexit>

ĉk,Q,l,j = âk→Q,l,j

2. “Shifted” Gauge: in layer ,   measured from  = (rotated) position of valley-  in that layerl k − Q Pl
η η

lattice is not just the moiré reciprocal 
lattice (has added sublattice structure)

Q−<latexit sha1_base64="Te0PcX3dEC+Jpd54L3CKa32q5YY="></latexit>ĉk,Q,ω,j = âPl
ω+k→Q,l,j

Moiré Reconstruction: General Structure & Gauge Choices
<latexit sha1_base64="vHW+VB9mA53PZXROgS0nffJKa9k="></latexit>

H =
∑

k,Q,Q→,i,j

[hQ,Q→(k)]ij ĉ
†
k,Q,iĉk,Q→,j
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Moiré Reconstruction: Full Procedure

 -space hopping problem:k
<latexit sha1_base64="vHW+VB9mA53PZXROgS0nffJKa9k="></latexit>

H =
∑

k,Q,Q→,i,j

[hQ,Q→(k)]ij ĉ
†
k,Q,iĉk,Q→,j
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Moiré Reconstruction: Full Procedure

Work in “Shifted” Gauge: in layer ,   measured from  = (rotated) position of valley-  in that layer l k − Q Pl
η η

lattice is not just the moiré reciprocal 
lattice (has added sublattice structure)

Q−<latexit sha1_base64="Te0PcX3dEC+Jpd54L3CKa32q5YY="></latexit>ĉk,Q,ω,j = âPl
ω+k→Q,l,j

 -space hopping problem:k

Step 1: fix the moiré reciprocal lattice

Step 2: fix the -latticeQ

Step 3: identify exact/approximate symmetries 

Step 4: actually obtain   & diagonalize[hQ,Q′￼
(k)]ij

less specific 
(monolayer lattice vectors) 

(minima of monolayer) 

(broad details eg. stacking arr.) 

(fine details: continuum model/ab initio) 
more specific 

m
odeling detail 

Hierarchical Procedure:

<latexit sha1_base64="vHW+VB9mA53PZXROgS0nffJKa9k="></latexit>

H =
∑

k,Q,Q→,i,j

[hQ,Q→(k)]ij ĉ
†
k,Q,iĉk,Q→,j
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Step #1: Fixing the mBZ

Consider two identical lattices 1, 2 related by a twist θ

Reciprocal lattice 1 generated by primitive vectors bi

Reciprocal lattice 2 generated by primitive vectors R(θ)bi
} moiré reciprocal lattice generated by

bMi = (R(θ) − 1)bi
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Step #1: Fixing the mBZ

Consider two identical lattices 1, 2 related by a twist θ

Reciprocal lattice 1 generated by primitive vectors bi

Reciprocal lattice 2 generated by primitive vectors R(θ)bi
} moiré reciprocal lattice generated by

bMi = (R(θ) − 1)bi

for small twists  θ
<latexit sha1_base64="rs90WqTpgJ2UFbwBH5nwcNhMOK4="></latexit>

R(ω) =

(
cos ω → sin ω
sin ω cos ω

)
↑

(
1 →ω
ω 1

)
= 1+ ωẑ↓

 : moiré RL = monolayer RL rotated by  and scaled by bMi ≈ θ ̂z × bi π/2 θ

<latexit sha1_base64="kuBr14IC9BDzIVE07pk1h9jgyjA=">AAAB83icdVDLSsNAFL2pr1pfVZduBovgqiRS+tgV3bisYB/QhDKZTtqhk0mYmQgl9DfcuFDErT/jzr9x0kaoogcGDufcyz1z/JgzpW370ypsbG5t7xR3S3v7B4dH5eOTnooSSWiXRDySAx8rypmgXc00p4NYUhz6nPb92U3m9x+oVCwS93oeUy/EE8ECRrA2kuuGWE/9IPUXI2dUrthVewm0RlrNVq1hIydXKpCjMyp/uOOIJCEVmnCs1NCxY+2lWGpGOF2U3ETRGJMZntChoQKHVHnpMvMCXRhljIJImic0WqrrGykOlZqHvpnMMqrfXib+5Q0THTS9lIk40VSQ1aEg4UhHKCsAjZmkRPO5IZhIZrIiMsUSE21qKpkSvn+K/ie9q6pTr9bvapX2dV5HEc7gHC7BgQa04RY60AUCMTzCM7xYifVkvVpvq9GCle+cwg9Y719AspHa</latexit>

b1

<latexit sha1_base64="UaUaTCxmBUGa3Z13o7Y4dyYAWcg=">AAAB83icdVDLSsNAFL3xWeur6tLNYBFclaSUPnZFNy4r2Ac0oUymk3boZBJmJkIJ/Q03LhRx68+482+ctBGq6IGBwzn3cs8cP+ZMadv+tDY2t7Z3dgt7xf2Dw6Pj0slpT0WJJLRLIh7JgY8V5UzQrmaa00EsKQ59Tvv+7Cbz+w9UKhaJez2PqRfiiWABI1gbyXVDrKd+kPqLUXVUKtsVewm0RlrNVq1hIydXypCjMyp9uOOIJCEVmnCs1NCxY+2lWGpGOF0U3UTRGJMZntChoQKHVHnpMvMCXRpljIJImic0WqrrGykOlZqHvpnMMqrfXib+5Q0THTS9lIk40VSQ1aEg4UhHKCsAjZmkRPO5IZhIZrIiMsUSE21qKpoSvn+K/ie9asWpV+p3tXL7Oq+jAOdwAVfgQAPacAsd6AKBGB7hGV6sxHqyXq231eiGle+cwQ9Y719CNpHb</latexit>

b2
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Step #2: Fixing the -Lattice: Intuitive PictureQ
<latexit sha1_base64="Te0PcX3dEC+Jpd54L3CKa32q5YY="></latexit>

ĉk,Q,ω,j = âPl
ω+k→Q,l,j

<latexit sha1_base64="vHW+VB9mA53PZXROgS0nffJKa9k="></latexit>

H =
∑

k,Q,Q→,i,j

[hQ,Q→(k)]ij ĉ
†
k,Q,iĉk,Q→,j “shifted gauge”
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Step #2: Fixing the -Lattice: Intuitive PictureQ
<latexit sha1_base64="Te0PcX3dEC+Jpd54L3CKa32q5YY="></latexit>

ĉk,Q,ω,j = âPl
ω+k→Q,l,j

When tunneling from  to  electron changes momentum from  to ̂ck,Q1,l1 ̂ck,Q2,l2 Pl1
η + k − Q1 Pl2

η + k − Q1

<latexit sha1_base64="vHW+VB9mA53PZXROgS0nffJKa9k="></latexit>

H =
∑

k,Q,Q→,i,j

[hQ,Q→(k)]ij ĉ
†
k,Q,iĉk,Q→,j “shifted gauge”
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<latexit sha1_base64="Te0PcX3dEC+Jpd54L3CKa32q5YY="></latexit>
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When tunneling from  to  electron changes momentum from  to ̂ck,Q1,l1 ̂ck,Q2,l2 Pl1
η + k − Q1 Pl2

η + k − Q1

<latexit sha1_base64="vHW+VB9mA53PZXROgS0nffJKa9k="></latexit>

H =
∑

k,Q,Q→,i,j

[hQ,Q→(k)]ij ĉ
†
k,Q,iĉk,Q→,j “shifted gauge”

moiré translation symmetry  this difference needs to be a moiré reciprocal lattice vector :⇒ G

Pl1
η + k − Q1 = Pl2

η + k − Q2 + G
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H =
∑

k,Q,Q→,i,j

[hQ,Q→(k)]ij ĉ
†
k,Q,iĉk,Q→,j “shifted gauge”

moiré translation symmetry  this difference needs to be a moiré reciprocal lattice vector :⇒ G

Pl1
η + k − Q1 = Pl2

η + k − Q2 + G

So any -lattice must satisfy   Q1, Q2 ∈ Q Q1 − Q2 = Pl1
η − Pl2

η + G
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Step #2: Fixing the -Lattice: Intuitive PictureQ
<latexit sha1_base64="Te0PcX3dEC+Jpd54L3CKa32q5YY="></latexit>

ĉk,Q,ω,j = âPl
ω+k→Q,l,j

When tunneling from  to  electron changes momentum from  to ̂ck,Q1,l1 ̂ck,Q2,l2 Pl1
η + k − Q1 Pl2

η + k − Q1

<latexit sha1_base64="vHW+VB9mA53PZXROgS0nffJKa9k="></latexit>

H =
∑

k,Q,Q→,i,j

[hQ,Q→(k)]ij ĉ
†
k,Q,iĉk,Q→,j “shifted gauge”

moiré translation symmetry  this difference needs to be a moiré reciprocal lattice vector :⇒ G

Pl1
η + k − Q1 = Pl2

η + k − Q2 + G

So any -lattice must satisfy   Q1, Q2 ∈ Q Q1 − Q2 = Pl1
η − Pl2

η + G

For ,  cannot be moiré RLV  -lattice has sublattice structure beyond moire translation! Pl
η ≠ 0 P1

η − P2
η ⇒ Q
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Step #2: Fixing the -Lattice: -point TwistingQ Γ

For -point materials both gauge choices coincide!Γ
<latexit sha1_base64="u+By+4QgEpcgSth9gB3vGLTnXvY="></latexit>

ĉk,Q,ω,j = âk→Q,l,j

 -lattice = triangular (=moiré reciprocal lattice)Q

Example:  valence bands of TMDs
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Step #2: Fixing the -Lattice: -point TwistingQ K

For -point materials: pick  to be the rotated -pt in valley :K Pl
η K η = ±

 -lattice = honeycombQ

<latexit sha1_base64="sCUi63PhaX6whpOU9GBfog0wBXg="></latexit>

ĉk,Q,ω,j = â
ωKl

K+k→Q,l,j

Example:  moiré graphene, conduction bands of TMDs
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Step #2: Fixing the -Lattice: -point TwistingQ M

 -lattice = kagoméQ

For -point materials: pick  to be the rotated -pt in valley :M Pl
η M η = 0,1,2

<latexit sha1_base64="OITfO0zKYuh+kCCxsKLXsU1nHcE="></latexit>

ĉk,Q,ω,l = â
Cω

3zK
l
M+k→Q,l

Valley-  moiré reconstruction only involves -sublattices : call this set η Q [(η ± 1) mod 3]
<latexit sha1_base64="J1ZTh7BFvS8gnBUlWcy81GT5FOg=">AAAB+XicdVDLSsNAFJ3UV62vqEs3g0VwVdJWq+4KgrhswT6gCeFmOmmHTh7MTAol9E/cuFDErX/izr9x0kaoogcGDufcyz1zvJgzqSzr0yisrW9sbhW3Szu7e/sH5uFRV0aJILRDIh6JvgeSchbSjmKK034sKAQepz1vcpv5vSkVkkXhg5rF1AlgFDKfEVBack3TDkCNCfC0PXdtqsA1y1bFWgCvkHqtbt1c4mqulFGOlmt+2MOIJAENFeEg5aBqxcpJQShGOJ2X7ETSGMgERnSgaQgBlU66SD7HZ1oZYj8S+oUKL9TVjRQCKWeBpyeznPK3l4l/eYNE+ddOysI4UTQky0N+wrGKcFYDHjJBieIzTYAIprNiMgYBROmySrqE75/i/0m3Vqk2Ko32Rbl5l9dRRCfoFJ2jKrpCTXSPWqiDCJqiR/SMXozUeDJejbflaMHId47RDxjvX+8Ak+Q=</latexit>

Qω
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Interlude: -point MonolayersM

Exfoliable 2D materials with monolayer dispersion near -points: (cf. 2D Materials Database)M

1T-SnSe2, 1T-ZrS2 + similar : 1T-ZrSe2, 1T-SnS2,  1T-HfSe2,  1T-HfS2, …; also GaTe (diff. structure)

1T-SnSe2 1T-ZrS2-like molecular orbital 
centered at Sn

s mainly -like molecular 
orbital of Zr

dz

2411.09741
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Interlude: Stacking Configurations

Since these materials have inequivalent A and B sites, two inequivalent ways to stack!

AA Stacking AB Stacking

The two stacking configurations give different symmetry properties for the moiré problem
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Interlude: Approximate Continuum Model

Preliminary ab initio modelling* suggests a simplified toy model (shown for ): η = 0

AA case:

AB case:

<latexit sha1_base64="YLOuq5LvtDERBGStMBrObB1aBqI="></latexit>

[hQ,Q→(k)]ls,l→s→ = ωQ,Q→ωss→ωll→

[
(kx →Qx)2

2mx
+

(ky →Qy)2

2my

]
+ [TQ,Q→ ]l;l→s→

<latexit sha1_base64="8NP1PNWszKK8ux/3hFLzjwGTfBQ="></latexit>

[TAA
Q,Q→ ]ls;(→l)s = (±iwAA

1 + wAA
2 )ωQ±q0,Q→ + w↑AA

3 ωQ±q1→q2,Q→

<latexit sha1_base64="lkYRllL7tf3Mw7eDQwnJLFOoyJ4="></latexit>

[TAB
Q,Q→ ]ls;(→l)s = wAB

2 ωQ±q0,Q→ + w↑AB
4 ωQ±q1→q2,Q→

Parameters fit to ab initio

* via “local stacking approx”

Caveat:
3-parameter models 
don’t fit ab initio too 
well, but 4-5 param. 
models do ▶︎
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Interlude: Non-Symmorphic Symmetries

For M-point twisting, new kind of emergent symmetry is helpful in organizing moiré reconstruction

Usually, non-symmorphic symmetries in 2d real space: involve reflection + partial lattice translation 

Non-symmorphic symmetries in -space are unusual (usually only relevant for huge -field!)k B

- point moiré materials end up having such a symmetry! (Detailed origin is stacking-dependent):M
<latexit sha1_base64="+PaIMr8Q+R8zURJET+AEJwXcJT4="></latexit>

M̃z ĉ
†
k,Q,s,lM̃

→1
z = ĉ†k+qω,Q+qω,s,l

, for Q → Qω+l

M̃zω̂
†
ω,s,l(r)M̃

→1
z = ω̂†

ω,s,→l(r)
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Role of Non-Symmorphic Symmetries

1d toy Model: -flux ladderπ
<latexit sha1_base64="ySGeiQ3JpygY9RqzeVE63cp1tpE="></latexit>

T b̂†n,lT
→1 = b̂†n+1,l

M̃z b̂
†
n,lM̃

→1
z = b̂†n,→l(→1)n

M̃z b̂
†
k,lM̃

→1
z = b̂†k+ω,→l
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Role of Non-Symmorphic Symmetries

1d toy Model: -flux ladderπ
<latexit sha1_base64="ySGeiQ3JpygY9RqzeVE63cp1tpE="></latexit>

T b̂†n,lT
→1 = b̂†n+1,l

M̃z b̂
†
n,lM̃

→1
z = b̂†n,→l(→1)n

M̃z b̂
†
k,lM̃

→1
z = b̂†k+ω,→l

In 2D -point moirés:  forbids certain hoppings!M M̃z

e.g. consider  valley in real space for AA stackingη = 0

 axis is  + can show   M̃z ∥ ̂y [TaM1
, M̃z] = {TaM2

, M̃z} = 0

 no hopping between sites w/ different  -eigenvalue ( ) ⇒ M̃z ±1
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Step #3: Exact & Approximate Symmetries of -point TwistingM

At small twist angles, “zero twist” symmetries are useful guide (cf. PHS in TBG)≈

Approx. continuum model results can be generalized by examining symmetries of moiré potential
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Step #3: Exact & Approximate Symmetries of -point TwistingM

At small twist angles, “zero twist” symmetries are useful guide (cf. PHS in TBG)≈

Approx. continuum model results can be generalized by examining symmetries of moiré potential

Most important symmetries are non-symmorphic:

AA stacking:

AB stacking:

monolayer inversion   moiré non-symmorphic mirror  I ⇒ M̃z

monolayer mirror   moiré non-symmorphic inversion Mz ⇒ Ĩ
 (sends )k, l → − k + qη, − l

 
 combines with approx. moire  to give nonsymmorphic mirror : Ĩ C2z M̃z = C̃2zĨ

(less ideal than in AA)
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Step #3: Exact & Approximate Symmetries of -point TwistingM

At small twist angles, “zero twist” symmetries are useful guide (cf. PHS in TBG)≈

Approx. continuum model results can be generalized by examining symmetries of moiré potential

Spoiled by relaxation — which is worse at smaller twists (!) — but still good starting point

Most important symmetries are non-symmorphic:

AA stacking:

AB stacking:

monolayer inversion   moiré non-symmorphic mirror  I ⇒ M̃z

monolayer mirror   moiré non-symmorphic inversion Mz ⇒ Ĩ
 (sends )k, l → − k + qη, − l

 
 combines with approx. moire  to give nonsymmorphic mirror : Ĩ C2z M̃z = C̃2zĨ

(less ideal than in AA)
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Step #4: Moiré Bandstructure Calculations & Caveats

Continuum model ( BM): two-center approximation ( ) + first harmonic ∼ tinter(r, r′￼) = tinter(r − r′￼)

More general moiré potentials (symmetry-constrained) give better results 

“accidental symmetry” : continuous translation symmetry along one direction! 
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Step #4: Moiré Bandstructure Calculations & Caveats

Continuum model ( BM): two-center approximation ( ) + first harmonic ∼ tinter(r, r′￼) = tinter(r − r′￼)

More general moiré potentials (symmetry-constrained) give better results 

“accidental symmetry” : continuous translation symmetry along one direction! 

Non-symmorphic symmetries are the most important emergent symmetries (even when approx.)

— can help make system quasi-1D, but are more fundamental 

— simplified models suggest quasi-1D is quite general …
… but reality is tricky: e.g. monolayer  anisotropy that seems to favor quasi-1D actually suppresses it!mx /my

[cf T. Kariyado & A Vishwanath, PRR 1, 033076 (2019)]
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Step #4: Moiré Bandstructure Calculations & Caveats

Continuum model ( BM): two-center approximation ( ) + first harmonic ∼ tinter(r, r′￼) = tinter(r − r′￼)

More general moiré potentials (symmetry-constrained) give better results 

“accidental symmetry” : continuous translation symmetry along one direction! 

Relaxation plays important role in modifying some of the symmetries from exact  approximate→

Non-symmorphic symmetries are the most important emergent symmetries (even when approx.)

— can help make system quasi-1D, but are more fundamental 

— simplified models suggest quasi-1D is quite general …
… but reality is tricky: e.g. monolayer  anisotropy that seems to favor quasi-1D actually suppresses it!mx /my

[cf T. Kariyado & A Vishwanath, PRR 1, 033076 (2019)]
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Ab initio Results: tSnSe2

Flat bands appear at small twist angles ( ) for both stackingθ ∼ 3.89∘

6 = (2 spin) (3 valley) flat bands, topological trivial, can Wannierize to get effective tight-binding model ×
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Real-Space Picture from Tight-Binding

Real-space placement of orbitals depends on stacking

Interplay of orbital placement with nonsymmorphic symmetries influences hopping 
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Real-Space Picture from Tight-Binding

Real-space placement of orbitals depends on stacking

Interplay of orbital placement with nonsymmorphic symmetries influences hopping 

AA-stacked tSnSe2

valley-selective, quasi-1D hopping
enables sign-free QMC 

orbital from 3 valleys nearly coincide:
triangular lattice
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Real-Space Picture from Tight-Binding

Real-space placement of orbitals depends on stacking

Interplay of orbital placement with nonsymmorphic symmetries influences hopping 

AA-stacked tSnSe2

valley-selective, quasi-1D hopping
enables sign-free QMC 

orbital from 3 valleys nearly coincide:
triangular lattice

AB-stacked tSnSe2

orbitals from 3 valleys displaced:
kagomé lattice

2D but no n.n.  inter-valley hopping — 
different from usual kagomé
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Summary of Lecture 1

Easiest understanding of single-particle moiré problem is via studying 
momentum-space hopping problem 

Twisting -point monolayers unlocks a new array of moiré materialsM

Emergent momentum-space non-symmorphic symmetries play key role!

Two examples in tSnSe2: 

AB stacking: kagome latticeAA stacking: triangular lattice w/ quasi-1d hopping
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Summary of Lecture 1

Easiest understanding of single-particle moiré problem is via studying 
momentum-space hopping problem 

Twisting -point monolayers unlocks a new array of moiré materialsM

Emergent momentum-space non-symmorphic symmetries play key role!

Two examples in tSnSe2: 

AB stacking: kagome latticeAA stacking: triangular lattice w/ quasi-1d hopping

Lecture 2!
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Material Variability




