
Mott transition in the Hubbard model 
on anisotropic honeycomb lattice with 

implications for strained graphene


G. Rut1,2, M. Fidrysiak1, D. Goc-Jagło1, and A. Rycerz1


1Institute for Theoretical Physics, Jagiellonian University, Łojasiewicza 11, 
PL–30348 Kraków, Poland


2Verisk Analytics Sp. z o.o., Rakowicka 7, PL–31511 Kraków, Poland


[ https://doi.org/10.3390/ijms24021509 ]


Adam Rycerz [ PM’23 ] Page  of 1 15

https://doi.org/10.3390/ijms24021509


 

Adam Rycerz [ PM’23 ] Page  of 2 15

<latexit sha1_base64="pGzqzTpORk8eAEa29RqX8lk3AQE=">AAAB7nicbVDLSgMxFL1TX7U+OurSTbAIrsqMKLqSohuXFewD2lIy6Z02NDMTkkyxlP6GGxE3Cn6Kv+DfmLazaeuBwMk5J+SeG0jBtfG8Xye3sbm1vZPfLeztHxwW3aPjuk5SxbDGEpGoZkA1Ch5jzXAjsCkV0igQ2AiGDzO/MUKleRI/m7HETkT7MQ85o8ZKXbfYHlGFUnNhby93XtcteWVvDrJO/IyUIEO16/60ewlLI4wNE1Trlu9J05lQZTgTOC20U42SsiHt42Q+7pScW6lHwkTZExsyV5dyNNJ6HAU2GVEz0KveTPzPa6UmvO1MeCxTgzFbfBSmgpiEzLqTHlfIjBhbQpnidkLCBlRRZuyGCra6v1p0ndQvy/512Xu6KlXusyXk4RTO4AJ8uIEKPEIVasAghTf4hC9HOq/Ou/OxiOac7M0JLMH5/gOFW47U</latexit>

"
x >

0

<latexit sha1_base64="sr7Th5K2EXDNsXSTiufNoE4aV6E=">AAAB7nicbVDLSgMxFL3js9ZHR126CRbBVZkRRVdSdOOygn1AW0omvdOGZmZCkikMpb/hRsSNgp/iL/g3pu1s2nogcHLOCbnnBlJwbTzv19nY3Nre2S3sFfcPDo9K7vFJQyepYlhniUhUK6AaBY+xbrgR2JIKaRQIbAajx5nfHKPSPIlfTCaxG9FBzEPOqLFSzy11xlSh1FzYW3bv9dyyV/HmIOvEz0kZctR67k+nn7A0wtgwQbVu+5403QlVhjOB02In1SgpG9EBTubjTsmFlfokTJQ9sSFzdSlHI62zKLDJiJqhXvVm4n9eOzXhXXfCY5kajNniozAVxCRk1p30uUJmRGYJZYrbCQkbUkWZsRsq2ur+atF10riq+DcV7/m6XH3Il1CAMziHS/DhFqrwBDWoA4MU3uATvhzpvDrvzsciuuHkb05hCc73H4bXjtU=</latexit>

"y > 0

i
<latexit sha1_base64="uaF9yAnvwvdGDCEOcmeUibexTK8=">AAAB3nicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoxWMC5gFJiLOT3mTI7IOZXiGEXL2IeFHwk/wF/8ZJspckFgwUVTV0V/uJkoZc99fZ2Nza3tnN7eX3Dw6Pjgsnpw0Tp1pgXcQq1i2fG1QywjpJUthKNPLQV9j0Rw8zv/mC2sg4eqJxgt2QDyIZSMHJSjXZKxTdkjsHWydeRoqQodor/HT6sUhDjEgobkzbcxPqTrgmKRRO853UYMLFiA9wMl9vyi6t1GdBrO2LiM3VpRwPjRmHvk2GnIZm1ZuJ/3ntlIK77kRGSUoYicWgIFWMYjbryvpSoyA1toQLLe2GTAy55oLsRfK2urdadJ00yiXvulSu3RQr99kRcnAOF3AFHtxCBR6hCnUQgPAGn/DlPDuvzrvzsYhuONmfM1iC8/0HxmyInA==</latexit>

j
<latexit sha1_base64="/DxUOIYO2jw7d6Rnww5pmuouk1M=">AAAB3nicbVBNS0JBFL3Pvsy+rJZthiRoJe9ZUEupTUuF/AAVmzdedXLeBzP3BSJu20S0Kegn9Rf6N436NmoHBg7nnOHec/1YSUOu++tkNja3tneyu7m9/YPDo/zxSd1EiRZYE5GKdNPnBpUMsUaSFDZjjTzwFTb80f3Mb7ygNjIKH2kcYyfgg1D2peBkpepzN19wi+4cbJ14KSlAiko3/9PuRSIJMCShuDEtz42pM+GapFA4zbUTgzEXIz7AyXy9KbuwUo/1I21fSGyuLuV4YMw48G0y4DQ0q95M/M9rJdS/7UxkGCeEoVgM6ieKUcRmXVlPahSkxpZwoaXdkIkh11yQvUjOVvdWi66TeqnoXRVL1etC+S49QhbO4BwuwYMbKMMDVKAGAhDe4BO+nCfn1Xl3PhbRjJP+OYUlON9/x+aInQ==</latexit>

dij
<latexit sha1_base64="J6mjy8XKMjVtsQN+0knr983CNok=">AAAB43icbVDLSgMxFL3js9ZX1aWbYBFclZkq6LLoxmUF+4C2lEzmTps2kxmSjFCGfoEbETcK/o+/4N+YtrNp64HA4ZwT7j3XTwTXxnV/nY3Nre2d3cJecf/g8Oi4dHLa1HGqGDZYLGLV9qlGwSU2DDcC24lCGvkCW/74Yea3XlBpHstnM0mwF9GB5CFn1FipGfQzPpr2S2W34s5B1omXkzLkqPdLP90gZmmE0jBBte54bmJ6GVWGM4HTYjfVmFA2pgPM5jtOyaWVAhLGyj5pyFxdytFI60nk22REzVCvejPxP6+TmvCul3GZpAYlWwwKU0FMTGaFScAVMiMmllCmuN2QsCFVlBl7lqKt7q0WXSfNasW7rlSfbsq1+/wIBTiHC7gCD26hBo9QhwYwGMEbfMKXg86r8+58LKIbTv7nDJbgfP8Br72K8w==</latexit>

](
j)

<latexit sha1_base64="PtI0AK/+Oz5eT8w7Iup+bl7d5BA=">AAAB8nicbVDLSsNAFL2pr1pf1S7dBItQNyVRQZdFNy4r2Ae0pUwmk3bsZBJmboQQ+iNuRNwo+CH+gn/jtM2mrQcGDuecmbnnerHgGh3n1ypsbG5t7xR3S3v7B4dH5eOTto4SRVmLRiJSXY9oJrhkLeQoWDdWjISeYB1vcj/zOy9MaR7JJ0xjNgjJSPKAU4JGGpYrWT9kRCeK+USOBJvWni+G5apTd+aw14mbkyrkaA7LP30/oknIJFJBtO65ToyDjCjk1DxZ6ieaxYROyIhl85Gn9rmRfDuIlDkS7bm6lCOh1mnomWRIcKxXvZn4n9dLMLgdZFzGCTJJFx8FibAxsmf9bZ8rRlGkhhCquJnQpmOiCEWzpZKp7q4WXSfty7p7Vb98vK427vIlFOEUzqAGLtxAAx6gCS2gkMIbfMKXhdar9W59LKIFK79TgSVY3393/JCE</latexit>

x

y

<latexit sha1_base64="+l+hUfzW3FtQHRSEmy/P7XFdPJk=">AAAB5HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqCspunFZwT6gLUMmzbShmcyQ3BGH0j9wI+JGwe/xF/wb03Y2bT0QOJxzwr3nBokUBl331ymsrW9sbhW3Szu7e/sH5cOjpolTzXiDxTLW7YAaLoXiDRQoeTvRnEaB5K1gdD/1W89cGxGrJ8wS3ovoQIlQMIpWaqH/cot+5pcrbtWdgawSLycVyFH3yz/dfszSiCtkkhrT8dwEe2OqUTDJJ6VuanhC2YgO+Hi25IScWalPwljbp5DM1IUcjYzJosAmI4pDs+xNxf+8TorhTW8sVJIiV2w+KEwlwZhMG5O+0JyhzCyhTAu7IWFDqilDe5eSre4tF10lzYuqd1W9fLys1O7yIxThBE7hHDy4hho8QB0awGAEb/AJX07ovDrvzsc8WnDyP8ewAOf7D0F9i0k=</latexit>

tx > ty

<latexit sha1_base64="BktAQkXH30BPFFGGJxtKMzIcvcU=">AAAB5HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqAsXRTcuK9gHtGXIpJk2NJMZkjviUPoHbkTcKPg9/oJ/Y9rOpq0HAodzTrj33CCRwqDr/jqFtfWNza3idmlnd2//oHx41DRxqhlvsFjGuh1Qw6VQvIECJW8nmtMokLwVjO6nfuuZayNi9YRZwnsRHSgRCkbRSi30X27Rz/xyxa26M5BV4uWkAjnqfvmn249ZGnGFTFJjOp6bYG9MNQom+aTUTQ1PKBvRAR/PlpyQMyv1SRhr+xSSmbqQo5ExWRTYZERxaJa9qfif10kxvOmNhUpS5IrNB4WpJBiTaWPSF5ozlJkllGlhNyRsSDVlaO9SstW95aKrpHlR9a6ql4+XldpdfoQinMApnIMH11CDB6hDAxiM4A0+4csJnVfn3fmYRwtO/ucYFuB8/wE+g4tH</latexit>

tx < ty



Discrete FBZ:    

 

Dirac point ≠ high symmetry points (!) 

kx =
2π
Nx

nx, ky =
4π

3 (
ny

Ny
−

nx

2Nx ), nx = 0,1,…, Nx−1,

ny = 0,1,…, Ny−1.
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<latexit sha1_base64="kTiXHbnfiibdKWF0ipm/ndD1Tro=">AAAB4HicbVDLSgMxFL2pr1pfVZdugkVwVWZEtMuCG5cV7QPaUjJppg3NZIbkjlhK925E3Cj4Rf6Cf2PazqatBwKHc06499wgUdKi5/2S3Mbm1vZOfrewt39weFQ8PmnYODVc1HmsYtMKmBVKalFHiUq0EiNYFCjRDEZ3M7/5LIyVsX7CcSK6ERtoGUrO0EmPo95Lr1jyyt4cdJ34GSlBhlqv+NPpxzyNhEaumLVt30uwO2EGJVdiWuikViSMj9hATOYLTumFk/o0jI17GulcXcqxyNpxFLhkxHBoV72Z+J/XTjGsdCdSJykKzReDwlRRjOmsLe1LIziqsSOMG+k2pHzIDOPoblJw1f3VouukcVX2b8rXD9elaiU7Qh7O4BwuwYdbqMI91KAOHAbwBp/wRQLySt7JxyKaI9mfU1gC+f4DUH2JhA==</latexit>

kx

<latexit sha1_base64="Ohb+qY44IwAswL8JGeiRtY58hv8=">AAAB4HicbVDLSgMxFL1TX7W+qi7dBIvgqsxI0S4LblxWtA9oS8mkmTY0kxmSO8JQuncj4kbBL/IX/Bsz7WzaeiBwOOeEe8/1YykMuu6vU9ja3tndK+6XDg6Pjk/Kp2dtEyWa8RaLZKS7PjVcCsVbKFDybqw5DX3JO/70PvM7L1wbEalnTGM+COlYiUAwilZ6mg7TYbniVt0FyCbxclKBHM1h+ac/ilgScoVMUmN6nhvjYEY1Cib5vNRPDI8pm9Ixny0WnJMrK41IEGn7FJKFupKjoTFp6NtkSHFi1r1M/M/rJRjUBzOh4gS5YstBQSIJRiRrS0ZCc4YytYQyLeyGhE2opgztTUq2urdedJO0b6rebbX2WKs06vkRinABl3ANHtxBAx6gCS1gMIY3+IQvx3denXfnYxktOPmfc1iB8/0HUfeJhQ==</latexit>

ky
<latexit sha1_base64="XVF81SR6PPVwIHX6vye+o9RizrM=">AAAB5nicbVDLSgMxFL2pr1pfVZdugkVwVWakqMuiG5cV7EPaUjJppg3NPEjuCGXoL7gRcaPg5/gL/o3pdDZtPRA4nHPCved6sZIGHeeXFDY2t7Z3irulvf2Dw6Py8UnLRInmoskjFemOx4xQMhRNlKhEJ9aCBZ4SbW9yP/fbL0IbGYVPOI1FP2CjUPqSM7TSc9rzfOrNBu6gXHGqTga6TtycVCBHY1D+6Q0jngQiRK6YMV3XibGfMo2SKzEr9RIjYsYnbCTSbM0ZvbDSkPqRti9EmqlLORYYMw08mwwYjs2qNxf/87oJ+rf9VIZxgiLki0F+oihGdN6ZDqUWHNXUEsa1tBtSPmaacbSXKdnq7mrRddK6qrrX1dpjrVK/y49QhDM4h0tw4Qbq8AANaAKHAN7gE77ImLySd/KxiBZI/ucUlkC+/wAT9Yu2</latexit>

b1

<latexit sha1_base64="y182aU7EMQWAc5A39V6llQ5ymWo=">AAAB5nicbVDLSgMxFL1TX7W+qi7dBIvgqsyUUl0W3bisYB/SlpJJM21oZjIkd4Qy9BfciLhR8HP8Bf/GtJ1NWw8EDueccO+5fiyFQdf9dXJb2zu7e/n9wsHh0fFJ8fSsZVSiGW8yJZXu+NRwKSLeRIGSd2LNaehL3vYn93O//cK1ESp6wmnM+yEdRSIQjKKVntOeHxB/NqgMiiW37C5ANomXkRJkaAyKP72hYknII2SSGtP13Bj7KdUomOSzQi8xPKZsQkc8Xaw5I1dWGpJAafsiJAt1JUdDY6ahb5MhxbFZ9+bif143weC2n4ooTpBHbDkoSCRBReadyVBozlBOLaFMC7shYWOqKUN7mYKt7q0X3SStStmrlauP1VL9LjtCHi7gEq7BgxuowwM0oAkMQniDT/hyxs6r8+58LKM5J/tzDitwvv8AFW+Ltw==</latexit>

b2

<latexit sha1_base64="p5+kxGsZCYEv/2tW7j2Sa9KxaVY=">AAAB5HicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFN4KbCvYBbSmZNNOGZiZDckcoQ//AjYgbBb/HX/BvTKezaeuBwOGcE+4914+lMOi6v05hY3Nre6e4W9rbPzg8Kh+ftIxKNONNpqTSHZ8aLkXEmyhQ8k6sOQ19ydv+5H7ut1+4NkJFzziNeT+ko0gEglG0Ujvt+QF5nA3KFbfqZiDrxMtJBXI0BuWf3lCxJOQRMkmN6XpujP2UahRM8lmplxgeUzahI55mS87IhZWGJFDavghJpi7laGjMNPRtMqQ4NqveXPzP6yYY3PZTEcUJ8ogtBgWJJKjIvDEZCs0ZyqkllGlhNyRsTDVlaO9SstW91aLrpHVV9a6rtadapX6XH6EIZ3AOl+DBDdThARrQBAYTeINP+HIC59V5dz4W0YKT/zmFJTjff83Bivs=</latexit>

K

<latexit sha1_base64="XvWykv6J7M9JWHNvyuV/r+6b5T4=">AAAB5XicbVDLSgMxFL1TX7W+qi7dBIvoqsxIqS6LbgQ3FewD2lIyaaYNzWSG5I5Qhn6CGxE3Cv6Ov+DfmLazaeuBwOGcE+4914+lMOi6v05uY3Nreye/W9jbPzg8Kh6fNE2UaMYbLJKRbvvUcCkUb6BAydux5jT0JW/54/uZ33rh2ohIPeMk5r2QDpUIBKNopXba9QPyeDntF0tu2Z2DrBMvIyXIUO8Xf7qDiCUhV8gkNabjuTH2UqpRMMmnhW5ieEzZmA55Ot9ySi6sNCBBpO1TSObqUo6GxkxC3yZDiiOz6s3E/7xOgsFtLxUqTpArthgUJJJgRGaVyUBozlBOLKFMC7shYSOqKUN7mIKt7q0WXSfN67JXLVeeKqXaXXaEPJzBOVyBBzdQgweoQwMYSHiDT/hyhs6r8+58LKI5J/tzCktwvv8ALn2LLA==</latexit>

K0

<latexit sha1_base64="0H3giZxIHiDiHPDX1MjoDwpLKrM=">AAAB83icdVDLSsNAFJ34rPUVHzs3g0V0FZL06a7gRnBTwT6gKWUymbRDJw9mJkoN+RI3Im4U/A9/wb9x0tZFRQ8MHM45w733uDGjQprml7ayura+sVnYKm7v7O7t6weHHRElHJM2jljEey4ShNGQtCWVjPRiTlDgMtJ1J1e5370nXNAovJPTmAwCNAqpTzGSShrqx6nj+tB5oB6RlHkkvcnOs6FeMo3LRs2u2tA0TLNul2s5sesVuwwtpeQogQVaQ/3T8SKcBCSUmCEh+pYZy0GKuKSYkazoJILECE/QiKSznTN4piQP+hFXL5Rwpi7lUCDENHBVMkByLH57ufiX10+k3xikNIwTSUI8H+QnDMoI5gVAj3KCJZsqgjCnakOIx4gjLFVNRXX6z33wf9KxDatmVG8rpaa9KKEATsApuAAWqIMmuAYt0AYYPIJn8AbetUR70l6013l0RVv8OQJL0D6+AXR9kRk=</latexit>

eK0 <latexit sha1_base64="bAkoAJ2s9l8Xab44XWW0qAubtHs=">AAAB5HicdVDLSgMxFL1TX7U+WnXpJlgEV8PM9Omu6MZlBfuATimZNDMNzTxIMkIp/QM3Im4U/B5/wb8x09ZFRQ8EDueccO+5XsKZVJb1ZeS2tnd29/L7hYPDo+Ni6eS0K+NUENohMY9F38OSchbRjmKK034iKA49Tnve9Dbze49USBZHD2qW0GGIg4j5jGClpZ57w4LAXYxKZcu8btadmoMs07IaTqWeEadRdSrI1kqGMqzRHpU+3XFM0pBGinAs5cC2EjWcY6EY4XRRcFNJE0ymOKDz5ZILdKmlMfJjoV+k0FLdyOFQylno6WSI1UT+9jLxL2+QKr85nLMoSRWNyGqQn3KkYpQ1RmMmKFF8pgkmgukNEZlggYnSdyno6j/90P+k65h23azdV8ut5voIeTiHC7gCGxrQgjtoQwcITOEZ3uDd8I0n48V4XUVzxvrPGWzA+PgGZHmLXQ==</latexit>)
<latexit sha1_base64="OiIpi3f0VBzHHZLoiR3eBpLeSSw=">AAAB8nicdVDLSgMxFM3UV62v0S7dpBbB1ZBOn26k6MZlBfuATimZNNOGZh4kmcJQ+iNuRNwo+CH+gn9jpq2Lih4InJxzQu65bsSZVAh9GZmt7Z3dvex+7uDw6PjEPD3ryDAWhLZJyEPRc7GknAW0rZjitBcJin2X0647vUv97owKycLgUSURHfh4HDCPEay0NDTzzgwLGknG9S1xCjdOAQ3NIrKuGzW7akNkIVS3y7WU2PWKXYYlraQogjVaQ/PTGYUk9mmgCMdS9ksoUoM5FooRThc5J5Y0wmSKx3S+HHkBL7U0gl4o9AkUXKobOexLmfiuTvpYTeRvLxX/8vqx8hqDOQuiWNGArD7yYg5VCNP+cMQEJYonmmAimJ4QkgkWmCi9pZyu/tMP/k86tlWqWdWHSrF5u15CFpyDC3AFSqAOmuAetEAbEJCAZ/AG3g1lPBkvxusqmjHWb/JgA8bHNwg4kEE=</latexit>

"y>0

Dirac point 
shifts for 

<latexit sha1_base64="p5+kxGsZCYEv/2tW7j2Sa9KxaVY=">AAAB5HicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFN4KbCvYBbSmZNNOGZiZDckcoQ//AjYgbBb/HX/BvTKezaeuBwOGcE+4914+lMOi6v05hY3Nre6e4W9rbPzg8Kh+ftIxKNONNpqTSHZ8aLkXEmyhQ8k6sOQ19ydv+5H7ut1+4NkJFzziNeT+ko0gEglG0Ujvt+QF5nA3KFbfqZiDrxMtJBXI0BuWf3lCxJOQRMkmN6XpujP2UahRM8lmplxgeUzahI55mS87IhZWGJFDavghJpi7laGjMNPRtMqQ4NqveXPzP6yYY3PZTEcUJ8ogtBgWJJKjIvDEZCs0ZyqkllGlhNyRsTDVlaO9SstW91aLrpHVV9a6rtadapX6XH6EIZ3AOl+DBDdThARrQBAYTeINP+HIC59V5dz4W0YKT/zmFJTjff83Bivs=</latexit>

K

<latexit sha1_base64="XvWykv6J7M9JWHNvyuV/r+6b5T4=">AAAB5XicbVDLSgMxFL1TX7W+qi7dBIvoqsxIqS6LbgQ3FewD2lIyaaYNzWSG5I5Qhn6CGxE3Cv6Ov+DfmLazaeuBwOGcE+4914+lMOi6v05uY3Nreye/W9jbPzg8Kh6fNE2UaMYbLJKRbvvUcCkUb6BAydux5jT0JW/54/uZ33rh2ohIPeMk5r2QDpUIBKNopXba9QPyeDntF0tu2Z2DrBMvIyXIUO8Xf7qDiCUhV8gkNabjuTH2UqpRMMmnhW5ieEzZmA55Ot9ySi6sNCBBpO1TSObqUo6GxkxC3yZDiiOz6s3E/7xOgsFtLxUqTpArthgUJJJgRGaVyUBozlBOLKFMC7shYSOqKUN7mIKt7q0WXSfN67JXLVeeKqXaXXaEPJzBOVyBBzdQgweoQwMYSHiDT/hyhs6r8+58LKI5J/tzCktwvv8ALn2LLA==</latexit>

K0

<latexit sha1_base64="pE4SQEzNSUUzq8LOilgcSWSep30=">AAAB8XicdVDLSsNAFJ3UV62vWJduBovgKiTp013BjeCmgn1AU8pkMmmHTh7MTNQS8iFuRNwo+CP+gn/jpK2Lih4YOJxzhnvPdWNGhTTNL62wsbm1vVPcLe3tHxwe6cflnogSjkkXRyziAxcJwmhIupJKRgYxJyhwGem7s6vc798TLmgU3sl5TEYBmoTUpxhJJY31cuq4vvNAPSIp80h6k2VjvWIal62GXbehaZhm0642cmI3a3YVWkrJUQErdMb6p+NFOAlIKDFDQgwtM5ajFHFJMSNZyUkEiRGeoQlJFxtn8FxJHvQjrl4o4UJdy6FAiHngqmSA5FT89nLxL2+YSL81SmkYJ5KEeDnITxiUEczrQ49ygiWbK4Iwp2pDiKeIIyzVkUqq+k8/+D/p2YbVMOq3tUq7tTpCEZyCM3ABLNAEbXANOqALMHgEz+ANvGtCe9JetNdltKCt/pyANWgf37iPkMQ=</latexit>

eK



The Hamiltonian:   


where   


[ / – creation/annihilation operator, ,   . ]


The Hartree-Fock approximation: 





where  ,   and 

 alternates between the sublattices on bipartite lattice.  

H = ∑
⟨ij⟩,s

tij (c†
i,scj,s+H.c.) + U∑

j

nj↑nj↓,

tij = {−tx if i,j belongs to same zigzag line,
−ty otherwise .

c†
i,s ci,s s = ↑ , ↓ nis = c†

i,sci,s

UD̂ ≈ U∑
i

(⟨ni↑⟩ni↓ + ni↑⟨ni↓⟩ − ⟨ni↑⟩⟨ni↓⟩),

D̂ = ∑j nj↑nj↓ ⟨ni↑⟩ =
n + λim

2
, ⟨ni↓⟩ =

n − λim
2

,

λi = ± 1
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For the half filling ( ) the HF ground-state energy: 





with the factor 2 accounting for  and  
 [ No. of lattice sites . ]


The band energy:    


where  	 


	 	 	   

n = 1

E(HF)
G

N
= −

2
N ∑

k

E2
k + ( Um

2 )
2

+
U(1+m2)

4
,

s = ↑ , ↓
k ≡ (kx, ky) ∈ FBZ . N = 2NxNy

Ek = tx a2
k + b2

k ,

ak = − cos
kx

2
+

3ky

2
− cos

kx

2
−

3ky

2
−

ty
tx

,

bk = sin
kx

2
+

3ky

2
− sin

kx

2
−

3ky

2
.
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The density of states: 





where the two parts correspond to the conduction (E>0) and 
valence (E<0) band. 


The gap equation:   


Unlike for square lattice, for which one gets  for any  
[see Hirsch, 1985], on a honeycomb lattice the minimization gives 

 for  and  for  [see Martelo et al., 
1997].  This is because  [  ] for .  

ρ(E) = 2N−1 ∑
k

[δ (E − Ek) + δ (E + Ek)],

1 = ∫E<0
dE ρ(E)

U/2
E2 + (Um /2)2

.

m ≠ 0 U > 0

m = 0 U ⩽ U(HF)
c m ≠ 0 U > U(HF)

c
ρ(E) → 0 ρ(E) ∝ |E | E → 0
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Density of states for  U = 0,  :
εy > 0
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Gutzwiller wavefunction (GWF):  


where  denotes a Slater determinant corresponding to 

a given  and  is a variational parameter (quantifying electron 
correlations). 


Variational energy (to be minimized with respect to  and ): 


.


In many cases, the system may prefer to reduce  (even to  ) 
and increase , allowing to expect that  .  

ΨGWF⟩ = e−ηD̂ ψ0(m)⟩,

ψ0(m)⟩
m η

η m

E(GWF)
G =

⟨ψ0(m) e−ηD̂He−ηD̂ ψ0(m)⟩
⟨ψ0(m) e−2ηD̂ ψ0(m)⟩

m m = 0
η U(GWF)

c ⩾ U(HF)
c
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[ Definitions: ,  . ] ΔE(GWF)
G (Δ) = E(GWF)

G (Δ) − E(GWF)
G (0) Δ ≡ Um
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U
0
(�

)/
t x

(b) (d)
<latexit sha1_base64="8b30YmeVZmK8fzgS/dCU12TW+6I=">AAAB7nicbVDLSsNAFJ3UV62PRl26GS2KCwmJVOtGKLhxWcE+oClhMp20QycPZm7EUPobbkTcKPgp/oJ/47TNpq0HBg7nnOHec/1EcAW2/WsU1tY3NreK26Wd3b39snlw2FJxKilr0ljEsuMTxQSPWBM4CNZJJCOhL1jbH91P/fYzk4rH0RNkCeuFZBDxgFMCWvLMMniZe3JnW7Vr9xK8F8+s2JY9A14lTk4qKEfDM3/cfkzTkEVABVGq69gJ9MZEAqeCTUpuqlhC6IgM2Hi27gSfaamPg1jqFwGeqQs5EiqVhb5OhgSGatmbiv953RSC296YR0kKLKLzQUEqMMR42h33uWQURKYJoZLrDTEdEkko6AuVdHVnuegqaV1Zzo1VfaxW6uf5EYroGJ2iC+SgGqqjB9RATURRit7QJ/oyEuPVeDc+5tGCkf85Qgswvv8AmXaNfA==</latexit>

ty= 0.75 tx
<latexit sha1_base64="RSxFEaffYXNe0H8Q8UGafYR8ORw=">AAAB7nicbVDLSsNAFJ3UV62PRl26GS2KCwlJqY+NUHDjsoJ9QFPCZDpph04ezNyIofQ33Ii4UfBT/AX/xmmbTVsPDBzOOcO95/qJ4Aps+9corK1vbG4Vt0s7u3v7ZfPgsKXiVFLWpLGIZccnigkesSZwEKyTSEZCX7C2P7qf+u1nJhWPoyfIEtYLySDiAacEtOSZZfAy9+TOtqpX7iV4L55ZsS17BrxKnJxUUI6GZ/64/ZimIYuACqJU17ET6I2JBE4Fm5TcVLGE0BEZsPFs3Qk+01IfB7HULwI8UxdyJFQqC32dDAkM1bI3Ff/zuikEt70xj5IUWETng4JUYIjxtDvuc8koiEwTQiXXG2I6JJJQ0Bcq6erOctFV0qpazrVVe6xV6uf5EYroGJ2iC+SgG1RHD6iBmoiiFL2hT/RlJMar8W58zKMFI/9zhBZgfP8BkfaNdw==</latexit>

ty= 0.25 tx



Critical -s obtained within different methods:


 Values of  and  [ GA – Gutzwiller Approximation ] 
correspond to ;  is obtained for  
[  ]


*) Value of  [for ] can be compared with the 

‘exact’ QMC results:  [see Sorela et al., 2012]  

UC

⇒ U(HF)
c U(GA)

c
Nx, Ny → ∞ U(GWF)

c Nx = Ny = 10
⇔ N = 200

U(GWF)
c = 3.48 tx ty = tx

U(QMC)
c = 3.86 tx
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<latexit sha1_base64="DEDPxEyr9fuoeQkhfvvT8TRNe7g="></latexit>

ty/tx U (HF)

c /tx U (GA)

c /tx U (GWF)

c /tx
1.00 2.231 2.804 3.48(1)
0.75 2.034 2.550 2.91(1)
0.50 1.803 2.241 2.69(3)
0.25 1.510 1.830 2.24(1)

*)






[ Notation:  ,    for ;  . ]   t> ≡ tx t< ≡ ty εy > 0 β = − ∂ ln tij /∂ ln dij
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<latexit sha1_base64="53Zz4CEzkr8Y0gTbH/7n+F6UGpE=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMQD8bdENSDSMCLxwjmAcmyzE4myZDZhzO9Qgj5CS8iXhT8GH/Bv3GS7CWJBQNFVQ3d1X4shUbb/rUya+sbm1vZ7dzO7t7+Qf7wqKGjRDFeZ5GMVMunmksR8joKlLwVK04DX/KmP7yf+s0XrrSIwiccxdwNaD8UPcEoGsktond3gd7t+aUhXr5gl+wZyCpxUlKAFDUv/9PpRiwJeIhMUq3bjh2jO6YKBZN8kuskmseUDWmfj2erTsiZkbqkFynzQiQzdSFHA61HgW+SAcWBXvam4n9eO8HejTsWYZwgD9l8UC+RBCMy7U26QnGGcmQIZUqYDQkbUEUZmuvkTHVnuegqaZRLzlWp8lgpVMvpEbJwAqdQBAeuoQoPUIM6MHiGN/iEL0tar9a79TGPZqz0zzEswPr+A7BVjH4=</latexit> (t
>
�
t <

)/
t >

<latexit sha1_base64="7p99KKLMc5Jfoaczk+z6rXuHacU=">AAAB5HicbVBdSwJBFL3bp9mX1WMvQxL0ZLsi1VMIvfRo0KqgssyOszo4u7PM3A1E/Ae9RPRS0O/pL/RvGnVf1A4MHM45w73nhqkUBl3319nY3Nre2S3sFfcPDo+OSyenTaMyzbjPlFS6HVLDpUi4jwIlb6ea0ziUvBWOHmZ+64VrI1TyjOOU92I6SEQkGEUrtfyAXWNwH5TKbsWdg6wTLydlyNEISj/dvmJZzBNkkhrT8dwUexOqUTDJp8VuZnhK2YgO+GS+5JRcWqlPIqXtS5DM1aUcjY0Zx6FNxhSHZtWbif95nQyju95EJGmGPGGLQVEmCSoya0z6QnOGcmwJZVrYDQkbUk0Z2rsUbXVvteg6aVYr3k2l9lQr16v5EQpwDhdwBR7cQh0eoQE+MBjBG3zClxM5r86787GIbjj5nzNYgvP9B4FXirs=</latexit>

Uc/t>

SM

(CSM)

MI

<latexit sha1_base64="i9b2Id3z+MczYyUnMk22Abj6OCo=">AAAB9XicbVDLSgMxFL1TX7W+RgU3blKL4GqYKa26EQpuXFawD+iUkkkzbWjmQZKpDLWf4kbEjYK/4S/4N6btbNp6IHByzgm593gxZ1LZ9q+R29jc2t7J7xb29g8Oj8zjk6aMEkFog0Q8Em0PS8pZSBuKKU7bsaA48DhteaP7md8aUyFZFD6pNKbdAA9C5jOClZZ65pk7xoLGknF9S93inVu0LafaM0u2Zc+B1omTkRJkqPfMH7cfkSSgoSIcS9lx7Fh1J1goRjidFtxE0hiTER7QyXzqKbrUUh/5kdAnVGiuLuVwIGUaeDoZYDWUq95M/M/rJMq/7U5YGCeKhmTxkZ9wpCI0qwD1maBE8VQTTATTEyIyxAITpYsq6NWd1UXXSbNsOddW9bFSqpWzEvJwDhdwBQ7cQA0eoA4NIPACb/AJX8az8Wq8Gx+LaM7I3pzCEozvPwDFkJ4=</latexit>

"y=0.15

Sorella et al., 
2012

  HF
  GA

CPA

  VMC
  fit

<latexit sha1_base64="B3+2iYaBVw1d2eIgTQrE/uVxgHQ=">AAAB5HicdVBNS0JBFL3Pvsy+rJZthiRoJfOsTBeB0KalQX6Aiswb5+ngvA9m7gtE/AdtItoU9Hv6C/2b5qktjDowcDjnDPee68VKGqT0y8msrW9sbmW3czu7e/sH+cOjpokSzUWDRyrSbY8ZoWQoGihRiXasBQs8JVre+Db1W49CGxmFDziJRS9gw1D6kjO0UqvrCWQ3F/18gRapRblMUuJWqGtJtVoplarEnVuUFmCJej//2R1EPAlEiFwxYzoujbE3ZRolV2KW6yZGxIyP2VBM50vOyJmVBsSPtH0hkrm6kmOBMZPAs8mA4cj89lLxL6+ToF/pTWUYJyhCvhjkJ4pgRNLGZCC14KgmljCupd2Q8BHTjKO9S85W/+lH/ifNUtEtF6/uLwu10vIIWTiBUzgHF66hBndQhwZwGMMzvMG74ztPzovzuohmnOWfY1iB8/EN8G6LCg==</latexit> �
=

3
<latexit sha1_base64="5gE0OI28cx/ppT9uDQogVKc7JNo=">AAAB5HicdVDJSgNBFHwTtxi3qEcvjUHwNEwmqwch4MVjBLNAEkJPpydp0rPQ/UYIIX/gRcSLgt/jL/g39iTxoGhBQ1FVzXv1vFgKjY7zaWU2Nre2d7K7ub39g8Oj/PFJW0eJYrzFIhmprkc1lyLkLRQoeTdWnAae5B1vepP6nQeutIjCe5zFfBDQcSh8wSgaqdP3ONJrd5gvOPZVvepWXOLYjlNzS9WUuLWyWyJFo6QowBrNYf6jP4pYEvAQmaRa94pOjIM5VSiY5ItcP9E8pmxKx3y+XHJBLow0In6kzAuRLNUfORpoPQs8kwwoTvRvLxX/8noJ+vXBXIRxgjxkq0F+IglGJG1MRkJxhnJmCGVKmA0Jm1BFGZq75Ez1737kf9J27WLVrtyVCw13fYQsnME5XEIRatCAW2hCCxhM4Qle4c3yrUfr2XpZRTPW+s8p/ID1/gX6UosQ</latexit> �
=

2



Band narrowing and the reduction of double occupancies 

(  )
⟹ ty /tx = 0.75
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<latexit sha1_base64="lqHzrtqToDVi7AI5lL/ABHUJBXc=">AAACAHicbVDLSsNAFJ3UV62vqEs3o0VwUWsiRV1JwY0rqdAXNDVMppN26OTBzI1QQjZu/BU3Im4U/AJ/wb8xTbNp9cDAmXPuZeYcJxRcgWH8aIWl5ZXVteJ6aWNza3tH391rqyCSlLVoIALZdYhigvusBRwE64aSEc8RrOOMb6Z+55FJxQO/CZOQ9T0y9LnLKYFUsvXDu4f41EwsQfyhYNaIQNxMLJndzqwK2Ne2XjaqRgb8l5g5KaMcDVv/tgYBjTzmAxVEqZ5phNCPiQROBUtKVqRYSOiYDFmcBUjwcSoNsBvI9PiAM3VujnhKTTwnnfQIjNSiNxX/83oRuFf9mPthBMyns4fcSGAI8LQNPOCSURCTlBAqefpDTEdEEgppZ6U0urkY9C9pn1fNi2rtvlauV/ISiugAHaETZKJLVEe3qIFaiKJn9Io+0Kf2pL1ob9r7bLSg5Tv7aA7a1y85WJXm</latexit> N
�
1
hT̂

i/
t >

<latexit sha1_base64="mylFAM3RCbA55u0JkvBASumNHb8=">AAACC3icbVDLSgMxFM3UV62vUZdugkVwUcqMFHVZcOOygn1ApwyZNNOGZpIhyVjK0E9w46+4EXGjIPgL/o3pzGzaeiBw7rnnJjk3iBlV2nF+rdLG5tb2Tnm3srd/cHhkH590lEgkJm0smJC9ACnCKCdtTTUjvVgSFAWMdIPJ3aLffSJSUcEf9SwmgwiNOA0pRtpIvl3zGOIjRtI591PqJTGSUkzzYiimPC89mZl8u+rUnQxwnbgFqYICLd/+MZfgJCJcY4aU6rtOrAcpkppiRuYVL1EkRniCRiTNsszhhZGGMBTSHK5hpi75UKTULAqMM0J6rFZ7C/G/Xj/R4e0gpTxONOE4fyhMGNQCLhYDh1QSrNnMEIQlNT+EeIwkwtqsr2Kiu6tB10nnqu5e1xsPjWqzViyhDM7AObgELrgBTXAPWqANMHgBb+ATfFnP1qv1bn3k1pJVzJyCJVjff+6unKQ=</latexit> hn
i"
n
i#
i

<latexit sha1_base64="2iqFvlZ/nwB2YKRnJraewFwO1mY=">AAAB5HicbVDLSgMxFL3js9ZX1aWbYBFcSJ2Roq6k4MZlBacttKVk0kwbmpkMyR2hDP0DNyJuFPwef8G/MW1n09YDgcM5J9x7bpBIYdB1f5219Y3Nre3CTnF3b//gsHR03DAq1Yz7TEmlWwE1XIqY+yhQ8laiOY0CyZvB6GHqN1+4NkLFzzhOeDeig1iEglG0UtO/wl52P+mVym7FnYGsEi8nZchR75V+On3F0ojHyCQ1pu25CXYzqlEwySfFTmp4QtmIDng2W3JCzq3UJ6HS9sVIZupCjkbGjKPAJiOKQ7PsTcX/vHaK4V03E3GSIo/ZfFCYSoKKTBuTvtCcoRxbQpkWdkPChlRThvYuRVvdWy66ShrXFe+mUn2qlmuX+REKcApncAEe3EINHqEOPjAYwRt8wpcTOq/Ou/Mxj645+Z8TWIDz/QfPForr</latexit>

U/t>
<latexit sha1_base64="2iqFvlZ/nwB2YKRnJraewFwO1mY=">AAAB5HicbVDLSgMxFL3js9ZX1aWbYBFcSJ2Roq6k4MZlBacttKVk0kwbmpkMyR2hDP0DNyJuFPwef8G/MW1n09YDgcM5J9x7bpBIYdB1f5219Y3Nre3CTnF3b//gsHR03DAq1Yz7TEmlWwE1XIqY+yhQ8laiOY0CyZvB6GHqN1+4NkLFzzhOeDeig1iEglG0UtO/wl52P+mVym7FnYGsEi8nZchR75V+On3F0ojHyCQ1pu25CXYzqlEwySfFTmp4QtmIDng2W3JCzq3UJ6HS9sVIZupCjkbGjKPAJiOKQ7PsTcX/vHaK4V03E3GSIo/ZfFCYSoKKTBuTvtCcoRxbQpkWdkPChlRThvYuRVvdWy66ShrXFe+mUn2qlmuX+REKcApncAEe3EINHqEOPjAYwRt8wpcTOq/Ou/Mxj645+Z8TWIDz/QfPForr</latexit>

U/t>

-1.8

-1.4

-1.0

 1  2  3  4
 0.1

 0.2

 0.3

 1  2  3  4

<latexit sha1_base64="56prZlZa6gACNQN+JxM8Cut3XrA=">AAAB73icbVBbSwJBGP3Wbma3rR57GZLAXmRX7PISCEH4aNCqoLbMjrM6OHtpZlaQxd/RS0QvBf2T/kL/plH3Re3AwOGcM3zf+byYM6ks69fIbWxube/kdwt7+weHR+bxSVNGiSDUIRGPRNvDknIWUkcxxWk7FhQHHqctb3Q/81tjKiSLwic1iWkvwIOQ+YxgpSXXNJ07xyXPaVcEqFR/uJy6ZtEqW3OgdWJnpAgZGq750+1HJAloqAjHUnZsK1a9FAvFCKfTQjeRNMZkhAc0ne87RRda6iM/EvqFCs3VpRwOpJwEnk4GWA3lqjcT//M6ifJveykL40TRkCwG+QlHKkKz8qjPBCWKTzTBRDC9ISJDLDBR+kQFXd1eLbpOmpWyfV2+eqwWa5XsCHk4g3MogQ03UIM6NMABAmN4g0/4Ml6MV+Pd+FhEc0b25xSWYHz/Aagpjik=</latexit> U
=

U
(
H
F
)

c

<latexit sha1_base64="DTegzmZwa+iaMAEYiys7i1F5tTM=">AAAB83icbVDLSgMxFL3js9bX+Ni5SS1C3ZSZ4msjVFzosoLTFjp1yKRpG5p5kGSEOvRL3Ii4UfA//AX/xrSdTVsPBA7nnHDvPX7MmVSW9WssLa+srq3nNvKbW9s7u+befl1GiSDUIRGPRNPHknIWUkcxxWkzFhQHPqcNf3A79hvPVEgWhY9qGNN2gHsh6zKClZY889BxC9duwfHIU+qKAJXubk5Hnlm0ytYEaJHYGSlChppn/ridiCQBDRXhWMqWbcWqnWKhGOF0lHcTSWNMBrhH08nOI3SipQ7qRkK/UKGJOpPDgZTDwNfJAKu+nPfG4n9eK1Hdq3bKwjhRNCTTQd2EIxWhcQGowwQlig81wUQwvSEifSwwUbqmvD7dnj90kdQrZfuifP5wVqxWshJycATHUAIbLqEK91ADBwi8wBt8wpeRGK/Gu/ExjS4Z2Z8DmIHx/Qe2k49F</latexit> U
=
U

(G
A
)

c

<latexit sha1_base64="56prZlZa6gACNQN+JxM8Cut3XrA=">AAAB73icbVBbSwJBGP3Wbma3rR57GZLAXmRX7PISCEH4aNCqoLbMjrM6OHtpZlaQxd/RS0QvBf2T/kL/plH3Re3AwOGcM3zf+byYM6ks69fIbWxube/kdwt7+weHR+bxSVNGiSDUIRGPRNvDknIWUkcxxWk7FhQHHqctb3Q/81tjKiSLwic1iWkvwIOQ+YxgpSXXNJ07xyXPaVcEqFR/uJy6ZtEqW3OgdWJnpAgZGq750+1HJAloqAjHUnZsK1a9FAvFCKfTQjeRNMZkhAc0ne87RRda6iM/EvqFCs3VpRwOpJwEnk4GWA3lqjcT//M6ifJveykL40TRkCwG+QlHKkKz8qjPBCWKTzTBRDC9ISJDLDBR+kQFXd1eLbpOmpWyfV2+eqwWa5XsCHk4g3MogQ03UIM6NMABAmN4g0/4Ml6MV+Pd+FhEc0b25xSWYHz/Aagpjik=</latexit> U
=

U
(
H
F
)

c

<latexit sha1_base64="DTegzmZwa+iaMAEYiys7i1F5tTM=">AAAB83icbVDLSgMxFL3js9bX+Ni5SS1C3ZSZ4msjVFzosoLTFjp1yKRpG5p5kGSEOvRL3Ii4UfA//AX/xrSdTVsPBA7nnHDvPX7MmVSW9WssLa+srq3nNvKbW9s7u+befl1GiSDUIRGPRNPHknIWUkcxxWkzFhQHPqcNf3A79hvPVEgWhY9qGNN2gHsh6zKClZY889BxC9duwfHIU+qKAJXubk5Hnlm0ytYEaJHYGSlChppn/ridiCQBDRXhWMqWbcWqnWKhGOF0lHcTSWNMBrhH08nOI3SipQ7qRkK/UKGJOpPDgZTDwNfJAKu+nPfG4n9eK1Hdq3bKwjhRNCTTQd2EIxWhcQGowwQlig81wUQwvSEifSwwUbqmvD7dnj90kdQrZfuifP5wVqxWshJycATHUAIbLqEK91ADBwi8wBt8wpeRGK/Gu/ExjS4Z2Z8DmIHx/Qe2k49F</latexit> U
=
U

(G
A
)

c



Concluding remarks 
⇒ Strain applied along armchair direction modifies DOS without 

opening a gap; possibility for Mott semimetal-insulator transition


⇒ Different numerical approaches (HF, GA, GWF, CPA…) predicts 
the critical  to decrease with the strain


⇒ A modified Su-Schrieffer-Heeger model for graphene predicts 
the parameters  stay in a semimetal range; for 
maximum possible strains   the effects of electron 
correlations (such as the reduced ) are noticeable. 


Uc

(Uc, tx, ty)
εy ≈ 0.15

⟨ni↑ni↓⟩
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