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Bilan	des	cours	précédents

Réseaux	périodiques	à	deux	dimensions			

Lien	entre	la	topologie	d’une	bande		
d’énergie	et	la	conduc7vité	de	Hall

Exemple	d’une	bande	fondamentale	pleine,	toutes	les	autres	étant	vides

Ly

Iy

Iy

Fx

JyBz

Force	extérieure	appliquée	selon	l’axe	x
Courant	de	par8cules	selon	l’axe	y

�yx =
C

2⇡~
<latexit sha1_base64="/DYhcv4xVF7M/llVzXXa5+W8rk0="></latexit><latexit sha1_base64="/DYhcv4xVF7M/llVzXXa5+W8rk0="></latexit><latexit sha1_base64="/DYhcv4xVF7M/llVzXXa5+W8rk0="></latexit><latexit sha1_base64="XwZaJ7KNJJ3sBeaQCk220kswl0A="></latexit>

Jy = �yxFx
<latexit sha1_base64="d3a5AJ6ehcBTDlZh4KB2gudG1Mk="></latexit><latexit sha1_base64="d3a5AJ6ehcBTDlZh4KB2gudG1Mk="></latexit><latexit sha1_base64="d3a5AJ6ehcBTDlZh4KB2gudG1Mk="></latexit><latexit sha1_base64="7iEPDgWZIRXVCRlBFFy0Q4t9cLk="></latexit>

avec

C
<latexit sha1_base64="wFt3LLoJZIhO72FSC2IQaNsS2Jc="></latexit><latexit sha1_base64="wFt3LLoJZIhO72FSC2IQaNsS2Jc="></latexit><latexit sha1_base64="wFt3LLoJZIhO72FSC2IQaNsS2Jc="></latexit><latexit sha1_base64="BfGOxxoUv47Yt1/iw/dkufqnWV0="></latexit>

:	nombre	de	Chern	(en8er)	associé	à	la	bande	fondamentale
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Bilan	des	cours	précédents	(suite)

Topologie	et	courbure	de	Berry

Réseaux	périodiques	:	théorème	de	Bloch

Etats	propres	de	l’hamiltonien	: eiq·r uq(r)
<latexit sha1_base64="eOhSFdhDvgVOo+ZJ8+l6D7R1vXk="></latexit><latexit sha1_base64="eOhSFdhDvgVOo+ZJ8+l6D7R1vXk="></latexit><latexit sha1_base64="eOhSFdhDvgVOo+ZJ8+l6D7R1vXk="></latexit><latexit sha1_base64="Gm52mrm0cNK8IeoD3hamd8olKog="></latexit>

périodiqueuq :
<latexit sha1_base64="lBVGx48/24qPrsrTeWS0Jrn14WE="></latexit><latexit sha1_base64="lBVGx48/24qPrsrTeWS0Jrn14WE="></latexit><latexit sha1_base64="lBVGx48/24qPrsrTeWS0Jrn14WE="></latexit><latexit sha1_base64="PpIIE0GJQ9i+eIHedRaKqu2lBtw="></latexit>

Le	moment	de	Bloch	q	est	choisi	dans	la	zone	de	Brillouin	

Courbure	de	Berry	:																																																		orientée	selon	z⌦q = rq ⇥Aq
<latexit sha1_base64="/PTYBlDnIUnXWkx77XlP6IN60yo="></latexit><latexit sha1_base64="/PTYBlDnIUnXWkx77XlP6IN60yo="></latexit><latexit sha1_base64="/PTYBlDnIUnXWkx77XlP6IN60yo="></latexit><latexit sha1_base64="PgZifBOGQTuGtq75QHOUC7T9W1A="></latexit>

Connexion	de	Berry	:																																																vecteur	réel	du	plan	 (qx, qy)
<latexit sha1_base64="AxdehSHaZJIRoFePAtdVDFYtZHI="></latexit><latexit sha1_base64="AxdehSHaZJIRoFePAtdVDFYtZHI="></latexit><latexit sha1_base64="AxdehSHaZJIRoFePAtdVDFYtZHI="></latexit><latexit sha1_base64="ZxAzIDNSF1ESw8Fv9McOD9u1ejw="></latexit>

Aq = i huq |rquqi
<latexit sha1_base64="LQTrVLVf8N1lGHynyV2wjGx1udg="></latexit><latexit sha1_base64="LQTrVLVf8N1lGHynyV2wjGx1udg="></latexit><latexit sha1_base64="LQTrVLVf8N1lGHynyV2wjGx1udg="></latexit><latexit sha1_base64="1CVhPbyFvyTgEQpeKztUgmQ5y9Q="></latexit>

Le	nombre	de	Chern	s’écrit	: C =
1

2⇡

ZZ

ZB
⌦q d2q

<latexit sha1_base64="6B3MXpw0wPpLbObsB8qMe5gaxqY="></latexit><latexit sha1_base64="6B3MXpw0wPpLbObsB8qMe5gaxqY="></latexit><latexit sha1_base64="6B3MXpw0wPpLbObsB8qMe5gaxqY="></latexit><latexit sha1_base64="rPZ8CVJ72fXcesV3w4L+8vOCAJ0="></latexit>

Comment	obtenir																	ou	(encore	mieux)															?	⌦q 6= 0
<latexit sha1_base64="2vvd5u25OxuL33Gi7CBZ0tzlqDc="></latexit><latexit sha1_base64="2vvd5u25OxuL33Gi7CBZ0tzlqDc="></latexit><latexit sha1_base64="2vvd5u25OxuL33Gi7CBZ0tzlqDc="></latexit><latexit sha1_base64="F1hHJ768AwX5XAsl488i9g452Sk="></latexit>

C 6= 0
<latexit sha1_base64="mCERgihtKgtBGWp15mc98Szq6l4="></latexit><latexit sha1_base64="mCERgihtKgtBGWp15mc98Szq6l4="></latexit><latexit sha1_base64="mCERgihtKgtBGWp15mc98Szq6l4="></latexit><latexit sha1_base64="tdhQATPd0W8/duGc+QpaV4WqEUY="></latexit>
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Bilan	des	cours	précédents	(suite)

Régime	des	liaisons	fortes	et	sphère	de	Bloch	(réseau	bi-par=te)

A

B

aa1a2

Exemple	du	réseau	graphène,	avec	deux	sites/	cellule	unité

Fonc8on	périodique	sur	le	réseau

|uqi = ↵q

0

@
X

j

|Aji

1

A+ �q

0

@
X

j

|Bji

1

A

<latexit sha1_base64="vE2fEvY6LBeHANBBdkh9MWaqUfY="></latexit><latexit sha1_base64="vE2fEvY6LBeHANBBdkh9MWaqUfY="></latexit><latexit sha1_base64="vE2fEvY6LBeHANBBdkh9MWaqUfY="></latexit><latexit sha1_base64="239aPY37ZhHti2MQKW62rdQAxO4="></latexit>

pseudospin	1/2=

✓
↵q

�q

◆

<latexit sha1_base64="1m+mkNct3sium3sxlMkkZh7QSdo="></latexit><latexit sha1_base64="1m+mkNct3sium3sxlMkkZh7QSdo="></latexit><latexit sha1_base64="1m+mkNct3sium3sxlMkkZh7QSdo="></latexit><latexit sha1_base64="WKBj4fs8fHK5tfeHKko37RcbKiI="></latexit>

Hamiltonien	«	périodique	»	pour									:	matrice	2	x	2|uqi
<latexit sha1_base64="dVtMqdra1eY0xNzz8rsR7MR1afQ="></latexit><latexit sha1_base64="dVtMqdra1eY0xNzz8rsR7MR1afQ="></latexit><latexit sha1_base64="dVtMqdra1eY0xNzz8rsR7MR1afQ="></latexit><latexit sha1_base64="VfNsdkhQs5x2fL1WSVHgrOuCX9M="></latexit>

Ĥq = E0(q)1̂ � h(q) · �̂
<latexit sha1_base64="ZY0TbqXhvYYsFRg56GaAmnpTtx8="></latexit><latexit sha1_base64="ZY0TbqXhvYYsFRg56GaAmnpTtx8="></latexit><latexit sha1_base64="ZY0TbqXhvYYsFRg56GaAmnpTtx8="></latexit><latexit sha1_base64="XAkOKZgV4bnKB9M8Pr79UFnv+YA="></latexit>

• énergies	: E0 ± |h|
<latexit sha1_base64="lYKI2XKWryfvOeptTDzMJkinZ1Y="></latexit><latexit sha1_base64="lYKI2XKWryfvOeptTDzMJkinZ1Y="></latexit><latexit sha1_base64="lYKI2XKWryfvOeptTDzMJkinZ1Y="></latexit><latexit sha1_base64="VeUwQn2AVuoui/9oxYcUH2m2/8Q="></latexit>

• états	propres	déterminés	par	 n =
h

|h|
<latexit sha1_base64="/xbcd7SH9Um3m3C4xwVSxvrvqg4="></latexit><latexit sha1_base64="/xbcd7SH9Um3m3C4xwVSxvrvqg4="></latexit><latexit sha1_base64="/xbcd7SH9Um3m3C4xwVSxvrvqg4="></latexit><latexit sha1_base64="4SKd83OOb6Stt+M7QMHdo8B7/wk="></latexit>

C = � 1

4⇡

ZZ

ZB
n ·

⇥
(@qxn)⇥ (@qyn)

⇤
dqx dqy

<latexit sha1_base64="BpLLAriSFYWi7vdk588gxpZ1kME="></latexit><latexit sha1_base64="BpLLAriSFYWi7vdk588gxpZ1kME="></latexit><latexit sha1_base64="BpLLAriSFYWi7vdk588gxpZ1kME="></latexit><latexit sha1_base64="K/0UxGTI1r0BOL1o4I47K1531Mw="></latexit>

nombre	d’enveloppements	de	la	sphère



Buts	de	ce	cours

Présenter	un	modèle	de	réseau	topologique Haldane 1988

Liaisons	fortes,	cellule	unité	à	deux	sites	:	graphène	«	enrichi	»

Implémenta8on	du	modèle	de	Haldane	avec	une	modula8on	temporelle

Hamiltonien	effec7f	pour	une	modula7on	rapide	
Expérience	de	Zurich	(atomes	froids)

Lien	entre	topologie	et	canaux	de	bord
Systèmes	de	taille	finie	
Expérience	du	Technion	(photonique)
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1.	

Le	modèle	de	Haldane

F. D. M. Haldane  

Phys. Rev. Lett. 61, 2015 (1988)  

Model for a Quantum Hall Effect without Landau Levels :  
Condensed-Matter Realization of the "Parity Anomaly"
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Rappel	sur	le	réseau	graphène

Même	énergie	pour	A	et	B	:	 EA = EB = 0
<latexit sha1_base64="KXdmAFY02j7B/cElzpxRWsw1bpg="></latexit><latexit sha1_base64="KXdmAFY02j7B/cElzpxRWsw1bpg="></latexit><latexit sha1_base64="KXdmAFY02j7B/cElzpxRWsw1bpg="></latexit><latexit sha1_base64="DcbBl7WQKQy9ufC62bv6QMoUqfs="></latexit>

Couplages	entre	proches	voisins	uniquement

Un	site	A	est	couplé	à	trois	sites	B
Un	site	B	est	couplé	à	trois	sites	A

Ĥq = �J

✓
0 1 + e�iq·a1 + e�iq·a2

1 + eiq·a1 + eiq·a2 0

◆

<latexit sha1_base64="o1vjxqnzWDQja/pdH39qV265gFw="></latexit><latexit sha1_base64="o1vjxqnzWDQja/pdH39qV265gFw="></latexit><latexit sha1_base64="o1vjxqnzWDQja/pdH39qV265gFw="></latexit><latexit sha1_base64="zXKNXjggWHIJSj7rvjg5FB8LJ0M="></latexit>

A

B

aa1a2

= �h(q) · �̂
<latexit sha1_base64="jRnGxVzlYxiWOJ2GZYkiRW5/FK8="></latexit><latexit sha1_base64="jRnGxVzlYxiWOJ2GZYkiRW5/FK8="></latexit><latexit sha1_base64="jRnGxVzlYxiWOJ2GZYkiRW5/FK8="></latexit><latexit sha1_base64="WCAmsTCnAJVQ86xmrNttgHo0stc="></latexit>

avec	: h(q) = J

0

@
1 + cos(q · a1) + cos(q · a2)
sin(q · a1) + sin(q · a2)

0

1

A

<latexit sha1_base64="OIItZkt14OJS2pbINutAxgY2T7Q="></latexit><latexit sha1_base64="OIItZkt14OJS2pbINutAxgY2T7Q="></latexit><latexit sha1_base64="OIItZkt14OJS2pbINutAxgY2T7Q="></latexit><latexit sha1_base64="KcJsx7wxTD7SGzSq41a0rOGNAEo="></latexit>

Singularité	aux	points	de	Dirac		
tels	que	 1 + eiq·a1 + eiq·a2 = 0

<latexit sha1_base64="3tKACseZ950iJcMVxJFtp/2VyyQ="></latexit><latexit sha1_base64="3tKACseZ950iJcMVxJFtp/2VyyQ="></latexit><latexit sha1_base64="3tKACseZ950iJcMVxJFtp/2VyyQ="></latexit><latexit sha1_base64="p/jWARJFO8g6E5ZA6mI+MkTcuvw="></latexit>

�1 �0.8�0.6�0.4�0.2 0 0.2 0.4 0.6 0.8 1�0.5
0

0.5

�3

�2

�1

0

1

2

3

(a
p
3 /2⇡) qxqx

<latexit sha1_base64="Lnto8Z+qhf9yr9GS+R3xifRLvr0="></latexit><latexit sha1_base64="Lnto8Z+qhf9yr9GS+R3xifRLvr0="></latexit><latexit sha1_base64="Lnto8Z+qhf9yr9GS+R3xifRLvr0="></latexit><latexit sha1_base64="sdJJah6Pod+78tmE2EvXfK72P2M="></latexit>

qy
<latexit sha1_base64="9hlN5/KgVshIjiUhkZMlZgFLJTg="></latexit><latexit sha1_base64="9hlN5/KgVshIjiUhkZMlZgFLJTg="></latexit><latexit sha1_base64="9hlN5/KgVshIjiUhkZMlZgFLJTg="></latexit><latexit sha1_base64="MYeIDgPLiTX+BCwy/zcw27Bb3n0="></latexit>

Eq
<latexit sha1_base64="BTms4/fGiXO+mWWhT0FSP57fGOg="></latexit><latexit sha1_base64="BTms4/fGiXO+mWWhT0FSP57fGOg="></latexit><latexit sha1_base64="BTms4/fGiXO+mWWhT0FSP57fGOg="></latexit><latexit sha1_base64="Aa1mAnGRKToCUpjetiBBpgYyHno="></latexit>
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Comment	«	enrichir	»	le	réseau	graphène	?

On	recherche	un	hamiltonien																																																									où													recouvre	
l’ensemble	de	la	sphère	de	Bloch	

Ĥq = E0(q)1̂ � h(q) · �̂
<latexit sha1_base64="ZY0TbqXhvYYsFRg56GaAmnpTtx8="></latexit><latexit sha1_base64="ZY0TbqXhvYYsFRg56GaAmnpTtx8="></latexit><latexit sha1_base64="ZY0TbqXhvYYsFRg56GaAmnpTtx8="></latexit><latexit sha1_base64="XAkOKZgV4bnKB9M8Pr79UFnv+YA="></latexit>

h(q)
<latexit sha1_base64="jtn0f6PByHCB+K2kUIapYD7w52c="></latexit><latexit sha1_base64="jtn0f6PByHCB+K2kUIapYD7w52c="></latexit><latexit sha1_base64="jtn0f6PByHCB+K2kUIapYD7w52c="></latexit><latexit sha1_base64="j8a73b0nEZJkHBrhuJIgrazXmvE="></latexit>

Première	piste	:		
dissymétriser	les	sites	A	et	B	en	leur	donnant	une	énergie	différente	

Ĥq = �
✓

� hx(q)� ihy(q)
hx(q) + ihy(q) ��

◆

<latexit sha1_base64="la65g5W8tE/0BFYxC8vzX5MaKN0="></latexit><latexit sha1_base64="la65g5W8tE/0BFYxC8vzX5MaKN0="></latexit><latexit sha1_base64="la65g5W8tE/0BFYxC8vzX5MaKN0="></latexit><latexit sha1_base64="f6wZoGgq6D/oiizHHfnezAepAvo="></latexit>

EA = ��
<latexit sha1_base64="KbNT3NHGNC6hJ7zyAzDpHZjpgh0="></latexit><latexit sha1_base64="KbNT3NHGNC6hJ7zyAzDpHZjpgh0="></latexit><latexit sha1_base64="KbNT3NHGNC6hJ7zyAzDpHZjpgh0="></latexit><latexit sha1_base64="tgiljFuv2GY7GON2O/3fYrolzHs="></latexit>

EB = +�
<latexit sha1_base64="7RZ3dBxMmujo3gQpFkj+DYiO6Ww="></latexit><latexit sha1_base64="7RZ3dBxMmujo3gQpFkj+DYiO6Ww="></latexit><latexit sha1_base64="7RZ3dBxMmujo3gQpFkj+DYiO6Ww="></latexit><latexit sha1_base64="uQJM57hZysKTJHenrk2bwk6zjbc="></latexit>

hz(q) = �
<latexit sha1_base64="sOZElgMgTbTDI0HL9ceIojhRirU="></latexit><latexit sha1_base64="sOZElgMgTbTDI0HL9ceIojhRirU="></latexit><latexit sha1_base64="sOZElgMgTbTDI0HL9ceIojhRirU="></latexit><latexit sha1_base64="QLbvIRF0Fs3spIdiQl4CvUs2Ddo="></latexit>

Le	signe	de													est	constant	sur	toute		
la	zone	de	Brillouin		:	on	ne	couvre	au	plus		
qu’un	hémisphère	de	la	sphère	de	Bloch

hz(q)
<latexit sha1_base64="MhIecx49D/PZtkpvPWCXj9lbSJ0="></latexit><latexit sha1_base64="MhIecx49D/PZtkpvPWCXj9lbSJ0="></latexit><latexit sha1_base64="MhIecx49D/PZtkpvPWCXj9lbSJ0="></latexit><latexit sha1_base64="YnRPNseQ+vdpBj85Td/1e5wEI2I="></latexit>

Il	faut	que																						et																							dépendent	de	q	:	sauts	entre	seconds	voisins	[Ĥ(q)]AA
<latexit sha1_base64="PV7F1LI22PyjBExxSnPvTeMZbvw="></latexit><latexit sha1_base64="PV7F1LI22PyjBExxSnPvTeMZbvw="></latexit><latexit sha1_base64="PV7F1LI22PyjBExxSnPvTeMZbvw="></latexit><latexit sha1_base64="m4i3SfZMFP6KDPVtQiHpN7fFt6k="></latexit>

[Ĥ(q)]BB
<latexit sha1_base64="0G6imuiFQfQ0D1ToojwTtbDtFks="></latexit><latexit sha1_base64="0G6imuiFQfQ0D1ToojwTtbDtFks="></latexit><latexit sha1_base64="0G6imuiFQfQ0D1ToojwTtbDtFks="></latexit><latexit sha1_base64="qpuY3diCriaYcIu0u2fJ3qLsmYM="></latexit>
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Couplage	aux	seconds	voisins	pour	le	graphène

A

Six	seconds	voisins	pour	un	site	A	:	couplages	 A ! A
<latexit sha1_base64="q8xTSVXud1AuwdZdkoUZW5IZAD0="></latexit><latexit sha1_base64="q8xTSVXud1AuwdZdkoUZW5IZAD0="></latexit><latexit sha1_base64="q8xTSVXud1AuwdZdkoUZW5IZAD0="></latexit><latexit sha1_base64="k8RXGT1T/vyWoieUBcl1Oho1GiY="></latexit>

Idem	pour	B

On	sait	par	ailleurs	qu’il	faut	briser	l’invariance	par	renversement	du	temps

Sinon	:	 ⌦q = �⌦�q
<latexit sha1_base64="356md9GbMTT1xoC3TEZyxg3gPVE="></latexit><latexit sha1_base64="356md9GbMTT1xoC3TEZyxg3gPVE="></latexit><latexit sha1_base64="356md9GbMTT1xoC3TEZyxg3gPVE="></latexit><latexit sha1_base64="kaH8muXhV1wxY+gAV5yAGghRdC4="></latexit>

C =
1

2⇡

ZZ

ZB
⌦q d2q = 0

<latexit sha1_base64="gfX3qkQxeY51fcteuuK+yyGZXuc="></latexit><latexit sha1_base64="gfX3qkQxeY51fcteuuK+yyGZXuc="></latexit><latexit sha1_base64="gfX3qkQxeY51fcteuuK+yyGZXuc="></latexit><latexit sha1_base64="17QIdTYUT5jWNwswK4anpCEeDP8="></latexit>

Couplages	tunnel																	et																			avec	un	élément	de	matrice	complexeA ! A
<latexit sha1_base64="q8xTSVXud1AuwdZdkoUZW5IZAD0="></latexit><latexit sha1_base64="q8xTSVXud1AuwdZdkoUZW5IZAD0="></latexit><latexit sha1_base64="q8xTSVXud1AuwdZdkoUZW5IZAD0="></latexit><latexit sha1_base64="k8RXGT1T/vyWoieUBcl1Oho1GiY="></latexit>

B ! B
<latexit sha1_base64="poc/NMmQuDTlzNLXKXdTD6ah5pQ="></latexit><latexit sha1_base64="poc/NMmQuDTlzNLXKXdTD6ah5pQ="></latexit><latexit sha1_base64="poc/NMmQuDTlzNLXKXdTD6ah5pQ="></latexit><latexit sha1_base64="Z8dJkiPVUY+5qbSZnKThN1RlK3Q="></latexit>

représenta8on	graphique	:	 A1 A2

�J 0 �e+i�0 |A2ihA1| + e�i�0 |A1ihA2|
�

<latexit sha1_base64="Yzez3S2sEFwV+EnO2y4QDVAhB5w="></latexit><latexit sha1_base64="Yzez3S2sEFwV+EnO2y4QDVAhB5w="></latexit><latexit sha1_base64="Yzez3S2sEFwV+EnO2y4QDVAhB5w="></latexit><latexit sha1_base64="ByR2PUnw5pgqxGRRMZq4KoaoiR4="></latexit>
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Choix	des	couplages	aux	seconds	voisins

�J 0 �e+i�0 |A2ihA1| + e�i�0 |A1ihA2|
�

<latexit sha1_base64="Yzez3S2sEFwV+EnO2y4QDVAhB5w="></latexit><latexit sha1_base64="Yzez3S2sEFwV+EnO2y4QDVAhB5w="></latexit><latexit sha1_base64="Yzez3S2sEFwV+EnO2y4QDVAhB5w="></latexit><latexit sha1_base64="ByR2PUnw5pgqxGRRMZq4KoaoiR4="></latexit>

Couplage	d’un	site	A	à		
ses	six	seconds	voisins	:	
alternance	de	 e±i�0

<latexit sha1_base64="GdVaDpFp1ZZOi+ZZ80mkZw2WAfg="></latexit><latexit sha1_base64="GdVaDpFp1ZZOi+ZZ80mkZw2WAfg="></latexit><latexit sha1_base64="GdVaDpFp1ZZOi+ZZ80mkZw2WAfg="></latexit><latexit sha1_base64="DXk+heYBLUb6QHi4/ZrRyz08Gdk="></latexit>

Couplage	d’un	site	B	à		
ses	six	seconds	voisins	:	
alternance	de	 e±i�0

<latexit sha1_base64="GdVaDpFp1ZZOi+ZZ80mkZw2WAfg="></latexit><latexit sha1_base64="GdVaDpFp1ZZOi+ZZ80mkZw2WAfg="></latexit><latexit sha1_base64="GdVaDpFp1ZZOi+ZZ80mkZw2WAfg="></latexit><latexit sha1_base64="DXk+heYBLUb6QHi4/ZrRyz08Gdk="></latexit>

A1 A2
J 0 ei�0

<latexit sha1_base64="/5rxLTDxO5nh9C9GWuxzINxSFYI="></latexit><latexit sha1_base64="/5rxLTDxO5nh9C9GWuxzINxSFYI="></latexit><latexit sha1_base64="/5rxLTDxO5nh9C9GWuxzINxSFYI="></latexit><latexit sha1_base64="HwcrAhj/CTHoynX9F8f5RK6eplc="></latexit>
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L’hamiltonien	de	Haldane

• Les	énergies	sur	site Ĥ0,q =

✓
�� 0
0 �

◆

<latexit sha1_base64="85olxEOlF55YMhDkC1J0L7ZHRVI="></latexit><latexit sha1_base64="85olxEOlF55YMhDkC1J0L7ZHRVI="></latexit><latexit sha1_base64="85olxEOlF55YMhDkC1J0L7ZHRVI="></latexit><latexit sha1_base64="H+4hBO246gsVQD1ex1wOdinJsHk="></latexit>

• Les	trois	couplages	entre	premiers	voisins	du	graphène

Ĥ1,q = �J

✓
0 1 + e�iq·a1 + e�iq·a2

1 + eiq·a1 + eiq·a2 0

◆

<latexit sha1_base64="6t8xkD4zmKmWQI0sHPF4rmyriEc="></latexit><latexit sha1_base64="6t8xkD4zmKmWQI0sHPF4rmyriEc="></latexit><latexit sha1_base64="6t8xkD4zmKmWQI0sHPF4rmyriEc="></latexit><latexit sha1_base64="qlX0Y0HEp/zsL7wNZ9Wuec313WY="></latexit>

a1a2

• Les	six	couplages	addi8onnels	entre	seconds	voisins J 0 e±i�0
<latexit sha1_base64="aSARaosRbZvi3ILAmGBa/GZ10N0="></latexit><latexit sha1_base64="aSARaosRbZvi3ILAmGBa/GZ10N0="></latexit><latexit sha1_base64="aSARaosRbZvi3ILAmGBa/GZ10N0="></latexit><latexit sha1_base64="P5J4z5OBfY+E05lUgZjGNheuk9s="></latexit>

Ĥ2,q = �J
0
✓P3

↵=1 2 cos(q · ⇢↵ � �0) 0
0

P3
↵=1 2 cos(q · ⇢↵ + �0)

◆

<latexit sha1_base64="TqSNE3ODb1NJDbHZxI36pLDMn0Y="></latexit><latexit sha1_base64="TqSNE3ODb1NJDbHZxI36pLDMn0Y="></latexit><latexit sha1_base64="TqSNE3ODb1NJDbHZxI36pLDMn0Y="></latexit><latexit sha1_base64="Hy33Cy0vzgJpO1Idg8B9S21ujt0="></latexit>

⇢1

⇢2

⇢3

J 0 ei�0
<latexit sha1_base64="/5rxLTDxO5nh9C9GWuxzINxSFYI="></latexit><latexit sha1_base64="/5rxLTDxO5nh9C9GWuxzINxSFYI="></latexit><latexit sha1_base64="/5rxLTDxO5nh9C9GWuxzINxSFYI="></latexit><latexit sha1_base64="HwcrAhj/CTHoynX9F8f5RK6eplc="></latexit>
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Hamiltonien	de	Haldane	et	sphère	de	Bloch

L’hamiltonien	s’écrit	sous	la	forme	canonique	pour	un	(pseudo-)	spin	1/2:

Ĥq = E0(q) 1̂� h(q) · �̂
<latexit sha1_base64="lagFfrSLHbpAolcazcKoCJRKwPY="></latexit><latexit sha1_base64="lagFfrSLHbpAolcazcKoCJRKwPY="></latexit><latexit sha1_base64="lagFfrSLHbpAolcazcKoCJRKwPY="></latexit><latexit sha1_base64="TsedCM4qHpu8KW/6T2lCcM/xC0g="></latexit>

avec	:

hx(q) = J [1 + cos(q · a1) + cos(q · a2)]
<latexit sha1_base64="D5cbjczQ9LE1a1lR17SsOpCkksc="></latexit><latexit sha1_base64="D5cbjczQ9LE1a1lR17SsOpCkksc="></latexit><latexit sha1_base64="D5cbjczQ9LE1a1lR17SsOpCkksc="></latexit><latexit sha1_base64="cY26GNyR42ywvyA3Ipr9ljUoFuY="></latexit>

hy(q) = J [sin(q · a1) + sin(q · a2)]
<latexit sha1_base64="IQFfwgrbrbnCR+OO5A9ShjpJmEU="></latexit><latexit sha1_base64="IQFfwgrbrbnCR+OO5A9ShjpJmEU="></latexit><latexit sha1_base64="IQFfwgrbrbnCR+OO5A9ShjpJmEU="></latexit><latexit sha1_base64="nnfHLo+MMhdSxDjCXSDgdocE9AI="></latexit>

hz(q) = �+ 2J 0 sin�0 Sq
<latexit sha1_base64="bPUnNcR6IIf9+cRJxcT5xFHefmQ="></latexit><latexit sha1_base64="bPUnNcR6IIf9+cRJxcT5xFHefmQ="></latexit><latexit sha1_base64="bPUnNcR6IIf9+cRJxcT5xFHefmQ="></latexit><latexit sha1_base64="rJj4oMitT9dlUcv4Bl1xsQZrlvY="></latexit>

inchangés	par	rapport	
au	graphène

Sq =
3X

↵=1

sin(q · ⇢↵)

<latexit sha1_base64="YrsUb3JIxn7RIowjmnfI40IJCTA="></latexit><latexit sha1_base64="YrsUb3JIxn7RIowjmnfI40IJCTA="></latexit><latexit sha1_base64="YrsUb3JIxn7RIowjmnfI40IJCTA="></latexit><latexit sha1_base64="kmaDpW2v8T1m3TmWrbNhSXOoJTQ="></latexit>

avec

J 0 ei�0
<latexit sha1_base64="/5rxLTDxO5nh9C9GWuxzINxSFYI="></latexit><latexit sha1_base64="/5rxLTDxO5nh9C9GWuxzINxSFYI="></latexit><latexit sha1_base64="/5rxLTDxO5nh9C9GWuxzINxSFYI="></latexit><latexit sha1_base64="HwcrAhj/CTHoynX9F8f5RK6eplc="></latexit>

Condi8on	nécessaire	pour	couvrir	la	sphère	de	Bloch	:	
il	faut	aFeindre	les	pôles	

hx(q) = hy(q) = 0
<latexit sha1_base64="klDFV8KYjwLDfcADAYwEfMI96Jk="></latexit><latexit sha1_base64="klDFV8KYjwLDfcADAYwEfMI96Jk="></latexit><latexit sha1_base64="klDFV8KYjwLDfcADAYwEfMI96Jk="></latexit><latexit sha1_base64="TvyCouqnJrLadE1KgckmwHEC+sI="></latexit>

:	emplacement	des	points	de	Dirac

hz(q) > 0
<latexit sha1_base64="62RSmfQAVVaYMQ/HCkSTC0irdpA="></latexit><latexit sha1_base64="62RSmfQAVVaYMQ/HCkSTC0irdpA="></latexit><latexit sha1_base64="62RSmfQAVVaYMQ/HCkSTC0irdpA="></latexit><latexit sha1_base64="5gPhXVThx1SguzXDyyqDjJZBRq8="></latexit>

:	pôle	nord hz(q) < 0
<latexit sha1_base64="kb7l+pnwbtbkK8EvgCOwhfX4uns="></latexit><latexit sha1_base64="kb7l+pnwbtbkK8EvgCOwhfX4uns="></latexit><latexit sha1_base64="kb7l+pnwbtbkK8EvgCOwhfX4uns="></latexit><latexit sha1_base64="N+/zWUfbmcVndSE3LBOMx4tIyvo="></latexit>

:	pôle	sud
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Diagramme	de	phase	pour	le	modèle	de	Haldane

La	condi8on	d’aFeinte	des	pôles	est	en	fait	suffisante	pour	assurer	
le	recouvrement	en8er	de	la	sphère	de	Bloch

hz(q) = �+ 2J 0 sin�0 Sq
<latexit sha1_base64="bPUnNcR6IIf9+cRJxcT5xFHefmQ="></latexit><latexit sha1_base64="bPUnNcR6IIf9+cRJxcT5xFHefmQ="></latexit><latexit sha1_base64="bPUnNcR6IIf9+cRJxcT5xFHefmQ="></latexit><latexit sha1_base64="rJj4oMitT9dlUcv4Bl1xsQZrlvY="></latexit>

avec	aux	points	de	Dirac	 Sq = ±3
p
3

2
<latexit sha1_base64="ITLiqi+hevfyZ1rvxFR4nTBJgys="></latexit><latexit sha1_base64="ITLiqi+hevfyZ1rvxFR4nTBJgys="></latexit><latexit sha1_base64="ITLiqi+hevfyZ1rvxFR4nTBJgys="></latexit><latexit sha1_base64="vl7OQ5bcRURic/TWhicUbNoOJB8="></latexit>

Il	suffit	donc	que																																					soient	de	signe	opposé�± 3
p
3J 0 sin�0

<latexit sha1_base64="Hy2EdcpwxDo6gFcdfPHjCKmNvZQ="></latexit><latexit sha1_base64="Hy2EdcpwxDo6gFcdfPHjCKmNvZQ="></latexit><latexit sha1_base64="Hy2EdcpwxDo6gFcdfPHjCKmNvZQ="></latexit><latexit sha1_base64="YkbqopCutPldYajGQZvWRzV/Za8="></latexit>

0 0.5 1 1.5 2

�5

0

5

�0/⇡

|�
|/
J
0

C = +1
<latexit sha1_base64="63LwSJkrDVcYiqPAUhI1GSMbWmc="></latexit><latexit sha1_base64="63LwSJkrDVcYiqPAUhI1GSMbWmc="></latexit><latexit sha1_base64="63LwSJkrDVcYiqPAUhI1GSMbWmc="></latexit><latexit sha1_base64="dqIWGFMAbuWFF7HRnVs432tx4Ss="></latexit>

C = �1
<latexit sha1_base64="xpW81q2071oiyC+a3d7B1wSqOr8="></latexit><latexit sha1_base64="xpW81q2071oiyC+a3d7B1wSqOr8="></latexit><latexit sha1_base64="xpW81q2071oiyC+a3d7B1wSqOr8="></latexit><latexit sha1_base64="LsCf6ilflTkdrpNaAhFTTcr/7D4="></latexit>

C = 0
<latexit sha1_base64="nhDB+NPJbv9DwtzSszf8vJ72uBM="></latexit><latexit sha1_base64="nhDB+NPJbv9DwtzSszf8vJ72uBM="></latexit><latexit sha1_base64="nhDB+NPJbv9DwtzSszf8vJ72uBM="></latexit><latexit sha1_base64="30S9Od1CtIxOhvYkjPorPh9zbg0="></latexit>

�/J 0
<latexit sha1_base64="OA9m5Iv4dRHQ7NVfYDMKAzPA7Oo="></latexit><latexit sha1_base64="OA9m5Iv4dRHQ7NVfYDMKAzPA7Oo="></latexit><latexit sha1_base64="OA9m5Iv4dRHQ7NVfYDMKAzPA7Oo="></latexit><latexit sha1_base64="4nqQt/3w6xDMSxnS/Gh+Y6kdejs="></latexit>

�0/⇡
<latexit sha1_base64="Rog4ntYcnSRwyaBnoO+V9uvYohU="></latexit><latexit sha1_base64="Rog4ntYcnSRwyaBnoO+V9uvYohU="></latexit><latexit sha1_base64="Rog4ntYcnSRwyaBnoO+V9uvYohU="></latexit><latexit sha1_base64="WiX7cwEvsxl04fcui3qU0VE4K9A="></latexit>

J 0 ei�0
<latexit sha1_base64="/5rxLTDxO5nh9C9GWuxzINxSFYI="></latexit><latexit sha1_base64="/5rxLTDxO5nh9C9GWuxzINxSFYI="></latexit><latexit sha1_base64="/5rxLTDxO5nh9C9GWuxzINxSFYI="></latexit><latexit sha1_base64="HwcrAhj/CTHoynX9F8f5RK6eplc="></latexit>



Un	clone	du	réseau	graphène	:	le	réseau	«	mur	de	briques	»

A

B

a

a

a1a2 Calculs	plus	simples

Réalisable	expérimentalement	avec	des		
ondes	lumineuses	sta8onnaires	orthogonales

Zurich, 2012

Zone	de	Brillouin	carrée	avec	deux	points	de	Dirac	
comme	pour	le	graphène

�1 �0.5
0 0.5

1

�1
0

1

�2

0

2

qxa/⇡
<latexit sha1_base64="FfY05/tnwABVBiLTQGfArsPEKN0="></latexit><latexit sha1_base64="FfY05/tnwABVBiLTQGfArsPEKN0="></latexit><latexit sha1_base64="FfY05/tnwABVBiLTQGfArsPEKN0="></latexit><latexit sha1_base64="rhDFLHji8lS0XeGxycbp4D/dInA="></latexit>

qx

qy

⇡/a�⇡/a

b1b2
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Diagramme	de	phase	du	«	mur	de	briques	»

Même	structure	que	pour	le	modèle	de	Haldane,	avec	4	seconds	voisins	au	lieu	de	6

site	A	: site	B	:

0 0.5 1 1.5 2

�4

�2

0

2

4

C = +1
<latexit sha1_base64="63LwSJkrDVcYiqPAUhI1GSMbWmc="></latexit><latexit sha1_base64="63LwSJkrDVcYiqPAUhI1GSMbWmc="></latexit><latexit sha1_base64="63LwSJkrDVcYiqPAUhI1GSMbWmc="></latexit><latexit sha1_base64="dqIWGFMAbuWFF7HRnVs432tx4Ss="></latexit>

C = �1
<latexit sha1_base64="xpW81q2071oiyC+a3d7B1wSqOr8="></latexit><latexit sha1_base64="xpW81q2071oiyC+a3d7B1wSqOr8="></latexit><latexit sha1_base64="xpW81q2071oiyC+a3d7B1wSqOr8="></latexit><latexit sha1_base64="LsCf6ilflTkdrpNaAhFTTcr/7D4="></latexit>

C = 0
<latexit sha1_base64="nhDB+NPJbv9DwtzSszf8vJ72uBM="></latexit><latexit sha1_base64="nhDB+NPJbv9DwtzSszf8vJ72uBM="></latexit><latexit sha1_base64="nhDB+NPJbv9DwtzSszf8vJ72uBM="></latexit><latexit sha1_base64="30S9Od1CtIxOhvYkjPorPh9zbg0="></latexit>

�/J 0
<latexit sha1_base64="OA9m5Iv4dRHQ7NVfYDMKAzPA7Oo="></latexit><latexit sha1_base64="OA9m5Iv4dRHQ7NVfYDMKAzPA7Oo="></latexit><latexit sha1_base64="OA9m5Iv4dRHQ7NVfYDMKAzPA7Oo="></latexit><latexit sha1_base64="4nqQt/3w6xDMSxnS/Gh+Y6kdejs="></latexit>

�0/⇡
<latexit sha1_base64="Rog4ntYcnSRwyaBnoO+V9uvYohU="></latexit><latexit sha1_base64="Rog4ntYcnSRwyaBnoO+V9uvYohU="></latexit><latexit sha1_base64="Rog4ntYcnSRwyaBnoO+V9uvYohU="></latexit><latexit sha1_base64="WiX7cwEvsxl04fcui3qU0VE4K9A="></latexit>

exemple		
topologique
�0 = ⇡/2

<latexit sha1_base64="S/0oNn4l8XuYeUTujnk5KRxi0HE="></latexit><latexit sha1_base64="S/0oNn4l8XuYeUTujnk5KRxi0HE="></latexit><latexit sha1_base64="S/0oNn4l8XuYeUTujnk5KRxi0HE="></latexit><latexit sha1_base64="iVCoAkTKw+IluicopL3XGVctI2M="></latexit>

� = 0
<latexit sha1_base64="3HPe1NhdyLBNKyFFcZOS9HZW88A="></latexit><latexit sha1_base64="3HPe1NhdyLBNKyFFcZOS9HZW88A="></latexit><latexit sha1_base64="3HPe1NhdyLBNKyFFcZOS9HZW88A="></latexit><latexit sha1_base64="vmx0qZ/qg6zyKahI/ApBiQEyzm0="></latexit>

J 0 ei�0
<latexit sha1_base64="/5rxLTDxO5nh9C9GWuxzINxSFYI="></latexit><latexit sha1_base64="/5rxLTDxO5nh9C9GWuxzINxSFYI="></latexit><latexit sha1_base64="/5rxLTDxO5nh9C9GWuxzINxSFYI="></latexit><latexit sha1_base64="HwcrAhj/CTHoynX9F8f5RK6eplc="></latexit>

exemple		
non	topologique

� � J 0
<latexit sha1_base64="thT3BWJTrMTprAZbK4Ej5iYxhZo="></latexit><latexit sha1_base64="thT3BWJTrMTprAZbK4Ej5iYxhZo="></latexit><latexit sha1_base64="thT3BWJTrMTprAZbK4Ej5iYxhZo="></latexit><latexit sha1_base64="+WM9dsPhSFd+ZixYTZw4OHw8CCo="></latexit>

�0 = 0
<latexit sha1_base64="CFEZ6eX4OXOW3/rvzTHGMp+jIYE="></latexit><latexit sha1_base64="CFEZ6eX4OXOW3/rvzTHGMp+jIYE="></latexit><latexit sha1_base64="CFEZ6eX4OXOW3/rvzTHGMp+jIYE="></latexit><latexit sha1_base64="QCrVC/j9qKGlED+0I6p+/VoAt3Y="></latexit>



Courbure	de	Berry	du	réseau	«	mur	de	briques	»	

0 0.5 1 1.5 2

�4

�2

0

2

4

C = +1
<latexit sha1_base64="63LwSJkrDVcYiqPAUhI1GSMbWmc="></latexit><latexit sha1_base64="63LwSJkrDVcYiqPAUhI1GSMbWmc="></latexit><latexit sha1_base64="63LwSJkrDVcYiqPAUhI1GSMbWmc="></latexit><latexit sha1_base64="dqIWGFMAbuWFF7HRnVs432tx4Ss="></latexit>

C = �1
<latexit sha1_base64="xpW81q2071oiyC+a3d7B1wSqOr8="></latexit><latexit sha1_base64="xpW81q2071oiyC+a3d7B1wSqOr8="></latexit><latexit sha1_base64="xpW81q2071oiyC+a3d7B1wSqOr8="></latexit><latexit sha1_base64="LsCf6ilflTkdrpNaAhFTTcr/7D4="></latexit>

C = 0
<latexit sha1_base64="nhDB+NPJbv9DwtzSszf8vJ72uBM="></latexit><latexit sha1_base64="nhDB+NPJbv9DwtzSszf8vJ72uBM="></latexit><latexit sha1_base64="nhDB+NPJbv9DwtzSszf8vJ72uBM="></latexit><latexit sha1_base64="30S9Od1CtIxOhvYkjPorPh9zbg0="></latexit>

�/J 0
<latexit sha1_base64="OA9m5Iv4dRHQ7NVfYDMKAzPA7Oo="></latexit><latexit sha1_base64="OA9m5Iv4dRHQ7NVfYDMKAzPA7Oo="></latexit><latexit sha1_base64="OA9m5Iv4dRHQ7NVfYDMKAzPA7Oo="></latexit><latexit sha1_base64="4nqQt/3w6xDMSxnS/Gh+Y6kdejs="></latexit>

�0/⇡
<latexit sha1_base64="Rog4ntYcnSRwyaBnoO+V9uvYohU="></latexit><latexit sha1_base64="Rog4ntYcnSRwyaBnoO+V9uvYohU="></latexit><latexit sha1_base64="Rog4ntYcnSRwyaBnoO+V9uvYohU="></latexit><latexit sha1_base64="WiX7cwEvsxl04fcui3qU0VE4K9A="></latexit>

J 0 = 0.2 J
<latexit sha1_base64="XW2itIyC3ihq8unczyZ1aacHa0o="></latexit><latexit sha1_base64="XW2itIyC3ihq8unczyZ1aacHa0o="></latexit><latexit sha1_base64="XW2itIyC3ihq8unczyZ1aacHa0o="></latexit><latexit sha1_base64="BH52EhQ+UHp5m2+xA9um3E//oXk="></latexit>

�1 �0.5
0 0.5

�1�0.5
00.5

0

0.5

1

q · a1/⇡q · a2/⇡

⌦
q

0

0.2

0.4

0.6

0.8

C =
1

2⇡

ZZ

ZB
⌦q d2q = 1

<latexit sha1_base64="N88Uyy6US9HAhyCOeiVPZaeY5EY="></latexit><latexit sha1_base64="N88Uyy6US9HAhyCOeiVPZaeY5EY="></latexit><latexit sha1_base64="N88Uyy6US9HAhyCOeiVPZaeY5EY="></latexit><latexit sha1_base64="5PaSipO/EgamPI1YwCxiTPAzo9I="></latexit>

�1 �0.5
0 0.5

�1�0.5
00.5

�0.5

0

0.5

q · a1/⇡q · a2/⇡

⌦
q

�0.4

�0.2

0

0.2

0.4

C = 0
<latexit sha1_base64="Wwd4j4j/XV8kgci5H5KJKV0cULk="></latexit><latexit sha1_base64="Wwd4j4j/XV8kgci5H5KJKV0cULk="></latexit><latexit sha1_base64="Wwd4j4j/XV8kgci5H5KJKV0cULk="></latexit><latexit sha1_base64="rTOj0XDCPKRm3he1ppApEFT1gZI="></latexit>

� = J, J 0 = 0
<latexit sha1_base64="SrShwRcSvMSC2uUUpvGtk24qiXw="></latexit><latexit sha1_base64="SrShwRcSvMSC2uUUpvGtk24qiXw="></latexit><latexit sha1_base64="SrShwRcSvMSC2uUUpvGtk24qiXw="></latexit><latexit sha1_base64="Y80447Ih2PvO2HgTUTNy3xE/nyU="></latexit>

A

B

a

a

a1a2

qx

qy

⇡/a�⇡/a

b1b2
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Courbure	de	Berry	à	l’approxima8on	des	liaisons	fortes

Dans	l’approxima8on	des	liaisons	fortes,	on	a	une	cellule	unité	à	n	sites

• On	trouve	n	bandes	d’énergie

• On	calcule	la	courbure	de	Berry	pour	chaque	bande	 ⌦(j)
q , j = 1, . . . , n

<latexit sha1_base64="Fcrc/TwuU8t+1t17QWV2CUZkqGY="></latexit><latexit sha1_base64="Fcrc/TwuU8t+1t17QWV2CUZkqGY="></latexit><latexit sha1_base64="Fcrc/TwuU8t+1t17QWV2CUZkqGY="></latexit><latexit sha1_base64="1eYseIPKzIzRJOo2qZ89ofbWPMo="></latexit>

E(j)
q , j = 1, . . . , n

<latexit sha1_base64="tt38cuwLg3hOsv2VLpILGNG/8M0="></latexit><latexit sha1_base64="tt38cuwLg3hOsv2VLpILGNG/8M0="></latexit><latexit sha1_base64="tt38cuwLg3hOsv2VLpILGNG/8M0="></latexit><latexit sha1_base64="p/OCT/EBkj3Z0yjn/h3xeY2lNco="></latexit>

On	peut	alors	montrer	:	
nX

j=1

⌦(j)
q = 0

<latexit sha1_base64="xEgI/EBb10URSGxAxdj41OVGAt4="></latexit><latexit sha1_base64="xEgI/EBb10URSGxAxdj41OVGAt4="></latexit><latexit sha1_base64="xEgI/EBb10URSGxAxdj41OVGAt4="></latexit><latexit sha1_base64="UFYDlvpoa4/9BTRWsrajqmR9OuU="></latexit>

pour	tout	q	et	donc	:
nX

j=1

C(j) = 0

<latexit sha1_base64="K5H4bwN2paP8gX0bxnQ84rmuvZo="></latexit><latexit sha1_base64="K5H4bwN2paP8gX0bxnQ84rmuvZo="></latexit><latexit sha1_base64="K5H4bwN2paP8gX0bxnQ84rmuvZo="></latexit><latexit sha1_base64="oAx+OneGWp8yuQptDToGM+Ct/yE="></latexit>

Pour	une	cellule	unité	à	deux	sites	: C(+) = �C(�)
<latexit sha1_base64="bKV3yNMkf/zkkpdgIIE9+Bb+COA="></latexit><latexit sha1_base64="bKV3yNMkf/zkkpdgIIE9+Bb+COA="></latexit><latexit sha1_base64="bKV3yNMkf/zkkpdgIIE9+Bb+COA="></latexit><latexit sha1_base64="QKrRZv/JCmJkxv/vohvi139RO4Y="></latexit>

Un	conseil	pour	la	démonstra8on	:

⌦(j)
q = i

X

j0 6=j

hu(j)
q | rqĤq |u(j0)

q i ⇥ hu(j0)
q | rqĤq |u(j)

q i
⇣
E

(j)
q � E

(j0)
q

⌘2

<latexit sha1_base64="aPeiqCbmxf0hixS9pY8vGtupEmQ="></latexit><latexit sha1_base64="aPeiqCbmxf0hixS9pY8vGtupEmQ="></latexit><latexit sha1_base64="aPeiqCbmxf0hixS9pY8vGtupEmQ="></latexit><latexit sha1_base64="DMsaxIyn1oGoXTzbMpH+RWDCud4="></latexit>

U8liser	:
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2.	

Modula8on	temporelle	et	topologie

Ouverture d’un gap dans une feuille de  
graphène grâce à une lumière circulaire

T. Oka & H. Aoki 
Phys. Rev. B 79, 081406 (2009) 

Photovoltaic Hall effect in graphene
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Les	réseaux	secoués

Comment	créer	un	couplage	tunnel	complexe	du	type A1 A2
J 0 ei�0

<latexit sha1_base64="/5rxLTDxO5nh9C9GWuxzINxSFYI="></latexit><latexit sha1_base64="/5rxLTDxO5nh9C9GWuxzINxSFYI="></latexit><latexit sha1_base64="/5rxLTDxO5nh9C9GWuxzINxSFYI="></latexit><latexit sha1_base64="HwcrAhj/CTHoynX9F8f5RK6eplc="></latexit>

Une	réponse	possible	:	moduler	le	réseau	de	manière	chirale

Pour	des	atomes	froids,	cela	est	possible	en	modulant	la	phase	des	ondes	
sta8onnaires	formant	le	réseau	

ei(kx�!t)
<latexit sha1_base64="pzRk2yVyx36mwtlNvTspaXIS4yM="></latexit><latexit sha1_base64="pzRk2yVyx36mwtlNvTspaXIS4yM="></latexit><latexit sha1_base64="pzRk2yVyx36mwtlNvTspaXIS4yM="></latexit><latexit sha1_base64="0CX/nqfsgm8F4JyAkP7s+sy2Zic="></latexit>

ei(�kx�!t) ei'(t)
<latexit sha1_base64="KdBd1hl0LGX1aC9iqmg0Yv2bsXw="></latexit><latexit sha1_base64="KdBd1hl0LGX1aC9iqmg0Yv2bsXw="></latexit><latexit sha1_base64="KdBd1hl0LGX1aC9iqmg0Yv2bsXw="></latexit><latexit sha1_base64="q/HTdknqq14TYXizAoEMxTr4F3w="></latexit>

ventres	du	réseau	en	 kxj(t) = j⇡ + '(t)
<latexit sha1_base64="TyIMav6wWzCkpnNTFMrawnRB9y8="></latexit><latexit sha1_base64="TyIMav6wWzCkpnNTFMrawnRB9y8="></latexit><latexit sha1_base64="TyIMav6wWzCkpnNTFMrawnRB9y8="></latexit><latexit sha1_base64="sdP0up7vYh4pk6NVOQNiZVLUWBw="></latexit>
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Force	d’iner8e	dans	un	réseau	secoué

En	l’absence	de	modula8on	: Ĥimmobile =
X

↵

E↵P̂↵ �
X

↵,�

J
(0)
↵,� |r↵ihr� |

<latexit sha1_base64="wztNh5MmMn3lE0VkYz5iwyPnU1c="></latexit><latexit sha1_base64="wztNh5MmMn3lE0VkYz5iwyPnU1c="></latexit><latexit sha1_base64="wztNh5MmMn3lE0VkYz5iwyPnU1c="></latexit><latexit sha1_base64="lbyzByqjyQyk0iYuGhGJKBsnLTc="></latexit>

P̂↵ = |r↵ihr↵|
<latexit sha1_base64="1GIc+EGjQVDSXvFoJ9tpm4atk30="></latexit><latexit sha1_base64="1GIc+EGjQVDSXvFoJ9tpm4atk30="></latexit><latexit sha1_base64="1GIc+EGjQVDSXvFoJ9tpm4atk30="></latexit><latexit sha1_base64="ANkfdghroDgPUCWxt+gHxCSzETE="></latexit>

J (0)
↵,�

<latexit sha1_base64="hLCe332wT30cKIVd1aJz8Hiw9Xw="></latexit><latexit sha1_base64="hLCe332wT30cKIVd1aJz8Hiw9Xw="></latexit><latexit sha1_base64="hLCe332wT30cKIVd1aJz8Hiw9Xw="></latexit><latexit sha1_base64="sjom4vg7Wbi9R7pktM8D2aQLJ4A="></latexit>

:	réel	posi8f

Si	le	réseau	bouge	«	en	bloc	»	avec	la	trajectoire							,	on	se	place	dans	le	
référen8el	en	mouvement	:	force	d’iner8e	sur	les	par8cules	 F t = �m⇢̈t

<latexit sha1_base64="UvlcwHlfMWobNL2BVtCOSBXnuzs="></latexit><latexit sha1_base64="UvlcwHlfMWobNL2BVtCOSBXnuzs="></latexit><latexit sha1_base64="UvlcwHlfMWobNL2BVtCOSBXnuzs="></latexit><latexit sha1_base64="v2Caw1ypB2uceQ1Dne/dlcfSphY="></latexit>

⇢t
<latexit sha1_base64="BADWqFLk9ESJb+wmvs9Fh09q+Mc="></latexit><latexit sha1_base64="BADWqFLk9ESJb+wmvs9Fh09q+Mc="></latexit><latexit sha1_base64="BADWqFLk9ESJb+wmvs9Fh09q+Mc="></latexit><latexit sha1_base64="zbTv2NZSgPfRT5omw4oggxJz53Q="></latexit>

Hamiltonien	dans	ce	référen8el	: Ĥt = Ĥimmobile � F t · r̂
<latexit sha1_base64="9GcLkvGsiMUg2L8SClKmPUJxDiM="></latexit><latexit sha1_base64="9GcLkvGsiMUg2L8SClKmPUJxDiM="></latexit><latexit sha1_base64="9GcLkvGsiMUg2L8SClKmPUJxDiM="></latexit><latexit sha1_base64="Mn1bDVyDyJZ8Psv/jGLujK4JmZE="></latexit>

avec	: r̂ =
X

↵

r↵ P̂↵

<latexit sha1_base64="Rqvr4vgcb4sWYfD5VzOwagoXhek="></latexit><latexit sha1_base64="Rqvr4vgcb4sWYfD5VzOwagoXhek="></latexit><latexit sha1_base64="Rqvr4vgcb4sWYfD5VzOwagoXhek="></latexit><latexit sha1_base64="E/ozkSEl6FOBb0Bf1Nb0rlJUewY="></latexit>

Transforma8on	unitaire	(iden8que	au	cours	précédent)	:

Ût = exp[�i r̂ ·At]
<latexit sha1_base64="8uvhyLAT05YrCJitvLQ9/SGvDBc="></latexit><latexit sha1_base64="8uvhyLAT05YrCJitvLQ9/SGvDBc="></latexit><latexit sha1_base64="8uvhyLAT05YrCJitvLQ9/SGvDBc="></latexit><latexit sha1_base64="K4i6Oin4Vtkfahrz4DpNG8ZW5/8="></latexit>

At =
1

~

Z t

F t0 dt
0 = �m

~ ⇢̇t
<latexit sha1_base64="3eOpEXgS0aZwRP0ToXOwkTbw0VE="></latexit><latexit sha1_base64="3eOpEXgS0aZwRP0ToXOwkTbw0VE="></latexit><latexit sha1_base64="3eOpEXgS0aZwRP0ToXOwkTbw0VE="></latexit><latexit sha1_base64="ChaNjB1UdYDaZu1rsfhfTMo3MIg="></latexit>
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Force	d’iner8e	dans	un	réseau	secoué	(2)

Ût = exp[�i r̂ ·At]
<latexit sha1_base64="8uvhyLAT05YrCJitvLQ9/SGvDBc="></latexit><latexit sha1_base64="8uvhyLAT05YrCJitvLQ9/SGvDBc="></latexit><latexit sha1_base64="8uvhyLAT05YrCJitvLQ9/SGvDBc="></latexit><latexit sha1_base64="K4i6Oin4Vtkfahrz4DpNG8ZW5/8="></latexit>

Hamiltonien	après	la	transforma8on	unitaire																																									avec	 At = �m

~ ⇢̇t
<latexit sha1_base64="ZcO0xxJScVkrXwy7RilQSl4SNZg="></latexit><latexit sha1_base64="ZcO0xxJScVkrXwy7RilQSl4SNZg="></latexit><latexit sha1_base64="ZcO0xxJScVkrXwy7RilQSl4SNZg="></latexit><latexit sha1_base64="RKLOybeVTgl0uq2NFzGpajtPtew="></latexit>

Ĥimmobile =
X

↵

E↵|r↵ihr↵|�
X

↵,�

J
(0)
↵,� |r↵ihr� |

<latexit sha1_base64="1aBbi98lHOE1KjnsA4hVGhipHEE="></latexit><latexit sha1_base64="1aBbi98lHOE1KjnsA4hVGhipHEE="></latexit><latexit sha1_base64="1aBbi98lHOE1KjnsA4hVGhipHEE="></latexit><latexit sha1_base64="bt+ELOKSn4d1RDWKgZC++aYxzE0="></latexit>

ˆ̃
Ht =

X

↵

E↵|r↵ihr↵|�
X

↵,�

J↵,�(t) |r↵ihr� |
<latexit sha1_base64="KRbznOZ6U0nMCoqHE6urCC07cTM="></latexit><latexit sha1_base64="KRbznOZ6U0nMCoqHE6urCC07cTM="></latexit><latexit sha1_base64="KRbznOZ6U0nMCoqHE6urCC07cTM="></latexit><latexit sha1_base64="d581lKaJl5bQJcpQ3rLNv6ImOzA="></latexit>

J↵,�(t) = J (0)
↵,� eim(r↵�r�)·⇢̇/~

<latexit sha1_base64="I+cAme9d6HtxHQh8V1kDoO+cR0k="></latexit><latexit sha1_base64="I+cAme9d6HtxHQh8V1kDoO+cR0k="></latexit><latexit sha1_base64="I+cAme9d6HtxHQh8V1kDoO+cR0k="></latexit><latexit sha1_base64="isZTwRldWDTxzs/IUih8TLz5KPQ="></latexit>

Coefficients	tunnel	effec8fs	modulés	dans	le	temps	:

Limite	d’une	modula=on	à	haute	fréquence	ω	(comparée	aux	fréquences	de	Bohr)

On	développe								en	série	de	Fourier	:ˆ̃
Ht

<latexit sha1_base64="nA9U7CSs5a6GfH/kaAzZwkSThng="></latexit><latexit sha1_base64="nA9U7CSs5a6GfH/kaAzZwkSThng="></latexit><latexit sha1_base64="nA9U7CSs5a6GfH/kaAzZwkSThng="></latexit><latexit sha1_base64="w1ga0e2y/pqXbzbAsaBiI7igtQI="></latexit>

Ĥt = Ĥ
(0) +

X

n>0

⇣
Ĥ

(n)ein!t + Ĥ
(�n)e�in!t

⌘

<latexit sha1_base64="u7aybddl1vkCwsC9OaMLyjbudeg="></latexit><latexit sha1_base64="u7aybddl1vkCwsC9OaMLyjbudeg="></latexit><latexit sha1_base64="u7aybddl1vkCwsC9OaMLyjbudeg="></latexit><latexit sha1_base64="Bckx2Toia6LAVM+G2akbjnt/JOE="></latexit>

et	on	conserve	les	termes	d’ordre	0	et	1	dans	un	développement	en	puissances	de	 1/!
<latexit sha1_base64="ZIOlkYsJbBPHydRstwNZrUrGojY="></latexit><latexit sha1_base64="ZIOlkYsJbBPHydRstwNZrUrGojY="></latexit><latexit sha1_base64="ZIOlkYsJbBPHydRstwNZrUrGojY="></latexit><latexit sha1_base64="yviSTzb57YSHlUsHlH/ibAUnNWQ="></latexit>

Ĥe↵ = Ĥ
(0) +

1

~!
X

n>0

1

n

h
Ĥ

(n)
, Ĥ

(�n)
i
+O(1/!2)

<latexit sha1_base64="q0WgorZpmIwlUcG8peuLKfXwBsI="></latexit><latexit sha1_base64="q0WgorZpmIwlUcG8peuLKfXwBsI="></latexit><latexit sha1_base64="q0WgorZpmIwlUcG8peuLKfXwBsI="></latexit><latexit sha1_base64="72a6BepWPGWjgW4BFBI37TW05Fk="></latexit>

Modula=on	d’un	lien															Vibra=on	du	réseau	le	long	de	ce	lien



Emergence	d’un	couplage	aux	seconds	voisins

Couplages	dans	le	réseau	immobile	: �J
X

↵=1,2,3

|A↵ihB|+H.c.

<latexit sha1_base64="DbjY521PxnGtt3zzpuweYHACQ9c="></latexit><latexit sha1_base64="DbjY521PxnGtt3zzpuweYHACQ9c="></latexit><latexit sha1_base64="DbjY521PxnGtt3zzpuweYHACQ9c="></latexit><latexit sha1_base64="gpWWrx8nsC7L4zReh7nSAhog7pw="></latexit>

Couplage	vers	Aα	avec	modula8on:	 �J e
�i sin(!t+'↵)|A↵ihB|+H.c.

<latexit sha1_base64="9IX2kElKKnZQCnVj1rJM6tpXz9k="></latexit><latexit sha1_base64="9IX2kElKKnZQCnVj1rJM6tpXz9k="></latexit><latexit sha1_base64="9IX2kElKKnZQCnVj1rJM6tpXz9k="></latexit><latexit sha1_base64="uKYO5iQ2iRL0o3CoA+UUpN/YUrg="></latexit>

Premier	terme	en														de	l’hamiltonien	effec8f	:1/~!
<latexit sha1_base64="rdbOpxJ8jaOE/mvF2S7njIXgfbc="></latexit><latexit sha1_base64="rdbOpxJ8jaOE/mvF2S7njIXgfbc="></latexit><latexit sha1_base64="rdbOpxJ8jaOE/mvF2S7njIXgfbc="></latexit><latexit sha1_base64="Jc/85ZKFOkSEBNBRw4BP/YyHECY="></latexit>

1

~!

h
Ĥ

(1)
, Ĥ

(�1)
i

<latexit sha1_base64="cwebqUDsjwW/LztMFKIuLVXhVYA="></latexit><latexit sha1_base64="cwebqUDsjwW/LztMFKIuLVXhVYA="></latexit><latexit sha1_base64="cwebqUDsjwW/LztMFKIuLVXhVYA="></latexit><latexit sha1_base64="hPJZ4uZnDYcAisYywLe45YRGcgE="></latexit>

B

A1

A3A2

avec	(entre	autres)	:	 Ĥ
(1) = ei�y |A1ihB|+ . . .

<latexit sha1_base64="RzrFRWY9b45wV7/Y5seDShQ7pG8="></latexit><latexit sha1_base64="RzrFRWY9b45wV7/Y5seDShQ7pG8="></latexit><latexit sha1_base64="RzrFRWY9b45wV7/Y5seDShQ7pG8="></latexit><latexit sha1_base64="6bfPpc2EzGPot4bSekNwkm6mysQ="></latexit>

Ĥ
(�1) = e�i�x |BihA3|+ . . .

<latexit sha1_base64="WJizhGQRhgqWEvwWyaesm6XHkZ8="></latexit><latexit sha1_base64="WJizhGQRhgqWEvwWyaesm6XHkZ8="></latexit><latexit sha1_base64="nIC3lMtwz0O0RqDJ5bjjjMqkebE="></latexit>

qui	contribue	au	commutateur	comme	:	 ei(�y��x) |A1ihA3|+ . . .
<latexit sha1_base64="1rE9BK6VXMWZV+UBwnNif9Kxzfk="></latexit><latexit sha1_base64="1rE9BK6VXMWZV+UBwnNif9Kxzfk="></latexit><latexit sha1_base64="RKHfVO+YHBOYQx1i2R7kpj5Nk2g="></latexit>

Gagné	!

Choix	op8mal																															(modula8on	circulaire)	conduisant	à	:�y � �x = ⇡/2
<latexit sha1_base64="a1zp+iu0tDBbeKJC71S+WAOd1qI="></latexit><latexit sha1_base64="a1zp+iu0tDBbeKJC71S+WAOd1qI="></latexit><latexit sha1_base64="a1zp+iu0tDBbeKJC71S+WAOd1qI="></latexit><latexit sha1_base64="cbVAagTYURn/wWVfcSoEPFhpI9I="></latexit>

� J̄ 0
⇣
e
+i⇡/2|A2ihA1|+ e

+i⇡/2|A1ihA3|
⌘

+ H.c.
<latexit sha1_base64="vUPBvACjnjiPOKs1iAvUoZXEyZk="></latexit><latexit sha1_base64="vUPBvACjnjiPOKs1iAvUoZXEyZk="></latexit><latexit sha1_base64="vUPBvACjnjiPOKs1iAvUoZXEyZk="></latexit><latexit sha1_base64="T/b2eBbaQl9PV927OxfgeMbbWb4="></latexit>

J̄ 0 = 2
J2

~! J 2
1 ()

<latexit sha1_base64="xnDBWIs/SumA0Gu4BicqPLNcRdQ="></latexit><latexit sha1_base64="xnDBWIs/SumA0Gu4BicqPLNcRdQ="></latexit><latexit sha1_base64="xnDBWIs/SumA0Gu4BicqPLNcRdQ="></latexit><latexit sha1_base64="VbYhExIIcOMlgit4NoPsKDP0ZjA="></latexit>

 = ma⇢̇0/~
<latexit sha1_base64="aV8eXJv2+AFVnnsOkPX7itEsQW4="></latexit><latexit sha1_base64="aV8eXJv2+AFVnnsOkPX7itEsQW4="></latexit><latexit sha1_base64="aV8eXJv2+AFVnnsOkPX7itEsQW4="></latexit><latexit sha1_base64="/12lj6JZPFwLVdDTOn6M3F/G5X8="></latexit>

idem	pour	les	sites	B

x

y



L’expérience	de	Zurich

Atomes	de	40K	(fermions)	préparés	
un	paquet	d’ondes	au	centre	de	la	zone		
de	Brillouin	dans	la	bande	fondamentale

Réseau	«	mur	de	briques	»	oscillant	dans	
lequel	on	contrôle	l’énergie	sur	site ±�

<latexit sha1_base64="Nq5jFhv0Pto805GK6sO1HU70CWs="></latexit><latexit sha1_base64="Nq5jFhv0Pto805GK6sO1HU70CWs="></latexit><latexit sha1_base64="Nq5jFhv0Pto805GK6sO1HU70CWs="></latexit><latexit sha1_base64="I37WsrD8yRIe3KmpZBOsR1fCyMk="></latexit>

G. Jotzu et al., Nature 515, 237 (2014)

Principe	:	sonder	la	topologie	par	la	réponse	du	paquet	d’ondes	à	une	force	extérieure
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Topologique Normale



L’expérience	de	Zurich	(suite)

~ dq

dt
= F

<latexit sha1_base64="Nln2BEMCtJxDsEI9yJnYQUR2CNs="></latexit><latexit sha1_base64="Nln2BEMCtJxDsEI9yJnYQUR2CNs="></latexit><latexit sha1_base64="Nln2BEMCtJxDsEI9yJnYQUR2CNs="></latexit><latexit sha1_base64="8YtoZ86+Z6RLtNeMtMKeXS6bZDQ="></latexit>

~dr
dt

= ~v = rqE
(0)
q +⌦q ⇥ F

<latexit sha1_base64="Us7WSbszBnACMyN7dl/IsSxIxlo="></latexit><latexit sha1_base64="Us7WSbszBnACMyN7dl/IsSxIxlo="></latexit><latexit sha1_base64="Us7WSbszBnACMyN7dl/IsSxIxlo="></latexit><latexit sha1_base64="rielQoOC1xFD1KwZYDL11RNbSHw="></latexit> vitesse		
de	groupe

vitesse	
«	anormale	»	ou	
«	anomale	»

qx

qy

⇡/a�⇡/a

Gradient	de	champ	magné8que	créant	une	force												;	quelle	dérive	selon	y	?±Fx
<latexit sha1_base64="vddB7B6Sh/OkxKiuqyTBizJtu64="></latexit><latexit sha1_base64="vddB7B6Sh/OkxKiuqyTBizJtu64="></latexit><latexit sha1_base64="vddB7B6Sh/OkxKiuqyTBizJtu64="></latexit><latexit sha1_base64="khwwcsAEV4cDC+G0IQON892Fozg="></latexit>

0 0.5 1 1.5 2
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C = +1
<latexit sha1_base64="63LwSJkrDVcYiqPAUhI1GSMbWmc="></latexit><latexit sha1_base64="63LwSJkrDVcYiqPAUhI1GSMbWmc="></latexit><latexit sha1_base64="63LwSJkrDVcYiqPAUhI1GSMbWmc="></latexit><latexit sha1_base64="dqIWGFMAbuWFF7HRnVs432tx4Ss="></latexit>

C = �1
<latexit sha1_base64="xpW81q2071oiyC+a3d7B1wSqOr8="></latexit><latexit sha1_base64="xpW81q2071oiyC+a3d7B1wSqOr8="></latexit><latexit sha1_base64="xpW81q2071oiyC+a3d7B1wSqOr8="></latexit><latexit sha1_base64="LsCf6ilflTkdrpNaAhFTTcr/7D4="></latexit>

C = 0
<latexit sha1_base64="nhDB+NPJbv9DwtzSszf8vJ72uBM="></latexit><latexit sha1_base64="nhDB+NPJbv9DwtzSszf8vJ72uBM="></latexit><latexit sha1_base64="nhDB+NPJbv9DwtzSszf8vJ72uBM="></latexit><latexit sha1_base64="30S9Od1CtIxOhvYkjPorPh9zbg0="></latexit>

�/J 0
<latexit sha1_base64="OA9m5Iv4dRHQ7NVfYDMKAzPA7Oo="></latexit><latexit sha1_base64="OA9m5Iv4dRHQ7NVfYDMKAzPA7Oo="></latexit><latexit sha1_base64="OA9m5Iv4dRHQ7NVfYDMKAzPA7Oo="></latexit><latexit sha1_base64="4nqQt/3w6xDMSxnS/Gh+Y6kdejs="></latexit>

�0/⇡
<latexit sha1_base64="Rog4ntYcnSRwyaBnoO+V9uvYohU="></latexit><latexit sha1_base64="Rog4ntYcnSRwyaBnoO+V9uvYohU="></latexit><latexit sha1_base64="Rog4ntYcnSRwyaBnoO+V9uvYohU="></latexit><latexit sha1_base64="WiX7cwEvsxl04fcui3qU0VE4K9A="></latexit>

aqx
⇡�⇡

⇡

⇡

aqy

�0
<latexit sha1_base64="GJRp9DLtYZS3UIsbj4h9aIgrBgQ="></latexit><latexit sha1_base64="GJRp9DLtYZS3UIsbj4h9aIgrBgQ="></latexit><latexit sha1_base64="GJRp9DLtYZS3UIsbj4h9aIgrBgQ="></latexit><latexit sha1_base64="cf0xKw6sAYcUGCx/S1r/5htWV5Q="></latexit>

Topologique

aqx
⇡�⇡

⇡

⇡

aqy

� [Hz]
<latexit sha1_base64="22J/bp73xW6GBlU0HVqGBjbU6Dc="></latexit><latexit sha1_base64="22J/bp73xW6GBlU0HVqGBjbU6Dc="></latexit><latexit sha1_base64="22J/bp73xW6GBlU0HVqGBjbU6Dc="></latexit><latexit sha1_base64="x/+JotlGrmw7aiDIQ6XXroCOm/0="></latexit>

Normale



 25

3.	

Les	canaux	de	bord
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Etats	de	bord	:	1D	vs.	2D

Rappel	sur	le	cas	1D		
(par	exemple	SSH) E

<latexit sha1_base64="sVMFP9E1BuUoCpT+E7O6wTILeao="></latexit><latexit sha1_base64="sVMFP9E1BuUoCpT+E7O6wTILeao="></latexit><latexit sha1_base64="sVMFP9E1BuUoCpT+E7O6wTILeao="></latexit><latexit sha1_base64="zmqt4zYl8t497YyG9jIEfdcL5Nk="></latexit>

E
<latexit sha1_base64="sVMFP9E1BuUoCpT+E7O6wTILeao="></latexit><latexit sha1_base64="sVMFP9E1BuUoCpT+E7O6wTILeao="></latexit><latexit sha1_base64="sVMFP9E1BuUoCpT+E7O6wTILeao="></latexit><latexit sha1_base64="zmqt4zYl8t497YyG9jIEfdcL5Nk="></latexit>

Topologique TopologiqueNormal	
(ou	vide)

On	passe	à	2D	et	on		
suppose	que	la	bande		
fondamentale	est		
topologique	
(par	exemple	Haldane)

�1 �0.5 0 0.5 1

0
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1.5

qxa/⇡

E
q

B(�), C = +1

B(+), C = �1

Topologique

Normal	
ou	vide

y

qxa/⇡
<latexit sha1_base64="CxEbaW364Luly1rN7hRlb4EZsTA="></latexit><latexit sha1_base64="CxEbaW364Luly1rN7hRlb4EZsTA="></latexit><latexit sha1_base64="CxEbaW364Luly1rN7hRlb4EZsTA="></latexit><latexit sha1_base64="+9JhcfJznjdvHwWkto7gdiOn0XU="></latexit>

Eq
<latexit sha1_base64="W4jZoyTa63BcIzGhfVmocQJQPyc="></latexit><latexit sha1_base64="W4jZoyTa63BcIzGhfVmocQJQPyc="></latexit><latexit sha1_base64="W4jZoyTa63BcIzGhfVmocQJQPyc="></latexit><latexit sha1_base64="R9cAWyNksmChw/TqYIxrAYDCUu0="></latexit>

?

état		
localisé



Pourquoi	un	canal	de	bord	doit	exister

�1 �0.5 0 0.5 1
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qxa/⇡

E
q

B(�), C = +1

B(+), C = �1

qxa/⇡
<latexit sha1_base64="CxEbaW364Luly1rN7hRlb4EZsTA="></latexit><latexit sha1_base64="CxEbaW364Luly1rN7hRlb4EZsTA="></latexit><latexit sha1_base64="CxEbaW364Luly1rN7hRlb4EZsTA="></latexit><latexit sha1_base64="+9JhcfJznjdvHwWkto7gdiOn0XU="></latexit>

Eq
<latexit sha1_base64="W4jZoyTa63BcIzGhfVmocQJQPyc="></latexit><latexit sha1_base64="W4jZoyTa63BcIzGhfVmocQJQPyc="></latexit><latexit sha1_base64="W4jZoyTa63BcIzGhfVmocQJQPyc="></latexit><latexit sha1_base64="R9cAWyNksmChw/TqYIxrAYDCUu0="></latexit>

Pour	un	plan	infini	et	une	bande	pleine

Jy
<latexit sha1_base64="PTnPfD3r9Vpn7pU41XFATCfUta4="></latexit><latexit sha1_base64="PTnPfD3r9Vpn7pU41XFATCfUta4="></latexit><latexit sha1_base64="PTnPfD3r9Vpn7pU41XFATCfUta4="></latexit><latexit sha1_base64="ZTN5Th+u4R1XqkFxwyGOt6dTpdw="></latexit> q̇x =

1

~Fx
<latexit sha1_base64="lvTQx6LNMXscEmo+tWtWBkSra1o="></latexit><latexit sha1_base64="lvTQx6LNMXscEmo+tWtWBkSra1o="></latexit><latexit sha1_base64="lvTQx6LNMXscEmo+tWtWBkSra1o="></latexit><latexit sha1_base64="SJJnJusDrJgiv6nQ7uV3avG90rY="></latexit>

Fx
<latexit sha1_base64="2tVBs42b9si+Wb1Woy56kPcvHGQ="></latexit><latexit sha1_base64="2tVBs42b9si+Wb1Woy56kPcvHGQ="></latexit><latexit sha1_base64="2tVBs42b9si+Wb1Woy56kPcvHGQ="></latexit><latexit sha1_base64="IHEQn9fewiuZ9hFmu+GhpgxNF4Y="></latexit>

Pour	un	demi-plan,	on	conserve	l’invariance	par	transla8on	selon	x	:		
le	théorème	de	Bloch	est	toujours	valable	dans	ceFe	direc8on

Topologique

Videy
x

Fx
<latexit sha1_base64="2tVBs42b9si+Wb1Woy56kPcvHGQ="></latexit><latexit sha1_base64="2tVBs42b9si+Wb1Woy56kPcvHGQ="></latexit><latexit sha1_base64="2tVBs42b9si+Wb1Woy56kPcvHGQ="></latexit><latexit sha1_base64="IHEQn9fewiuZ9hFmu+GhpgxNF4Y="></latexit>

Jy ?
<latexit sha1_base64="lRMzMtTFN8ldwXUKiW2KF0Gj0MQ="></latexit><latexit sha1_base64="lRMzMtTFN8ldwXUKiW2KF0Gj0MQ="></latexit><latexit sha1_base64="lRMzMtTFN8ldwXUKiW2KF0Gj0MQ="></latexit><latexit sha1_base64="V8Z0+i2DDLg6diNzqi8efq0jjtY="></latexit>

Y	a-t-il	un	courant	selon	y	?

Si	c’est	le	cas,	comment		
éviter	l’accumula8on	de		
par8cules	sur	la	ligne	y=0	?
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Pourquoi	un	canal	de	bord	doit	exister	(2)

Topologique

Videy
x

Fx
<latexit sha1_base64="2tVBs42b9si+Wb1Woy56kPcvHGQ="></latexit><latexit sha1_base64="2tVBs42b9si+Wb1Woy56kPcvHGQ="></latexit><latexit sha1_base64="2tVBs42b9si+Wb1Woy56kPcvHGQ="></latexit><latexit sha1_base64="IHEQn9fewiuZ9hFmu+GhpgxNF4Y="></latexit>

Jy ?
<latexit sha1_base64="lRMzMtTFN8ldwXUKiW2KF0Gj0MQ="></latexit><latexit sha1_base64="lRMzMtTFN8ldwXUKiW2KF0Gj0MQ="></latexit><latexit sha1_base64="lRMzMtTFN8ldwXUKiW2KF0Gj0MQ="></latexit><latexit sha1_base64="V8Z0+i2DDLg6diNzqi8efq0jjtY="></latexit>

q̇x =
1

~Fx
<latexit sha1_base64="lvTQx6LNMXscEmo+tWtWBkSra1o="></latexit><latexit sha1_base64="lvTQx6LNMXscEmo+tWtWBkSra1o="></latexit><latexit sha1_base64="lvTQx6LNMXscEmo+tWtWBkSra1o="></latexit><latexit sha1_base64="SJJnJusDrJgiv6nQ7uV3avG90rY="></latexit>
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qxa/⇡
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B(�), C = +1

B(+), C = �1

E(bord)
qx

Eq
<latexit sha1_base64="W4jZoyTa63BcIzGhfVmocQJQPyc="></latexit><latexit sha1_base64="W4jZoyTa63BcIzGhfVmocQJQPyc="></latexit><latexit sha1_base64="W4jZoyTa63BcIzGhfVmocQJQPyc="></latexit><latexit sha1_base64="R9cAWyNksmChw/TqYIxrAYDCUu0="></latexit>

qxa/⇡
<latexit sha1_base64="CxEbaW364Luly1rN7hRlb4EZsTA="></latexit><latexit sha1_base64="CxEbaW364Luly1rN7hRlb4EZsTA="></latexit><latexit sha1_base64="CxEbaW364Luly1rN7hRlb4EZsTA="></latexit><latexit sha1_base64="+9JhcfJznjdvHwWkto7gdiOn0XU="></latexit>

Le	canal	de	bord	crée	un	«	détour	»	pour	envoyer	les	par8cules	
dans	la	bande	supérieure.	Une	fois	passées	dans	la	bande	
supérieure,	elles	repartent	vers	le	bas	car C = �1 ) Jy < 0

<latexit sha1_base64="vsynBxRU6kO8XBq9VMzpYigo9Yc="></latexit><latexit sha1_base64="vsynBxRU6kO8XBq9VMzpYigo9Yc="></latexit><latexit sha1_base64="vsynBxRU6kO8XBq9VMzpYigo9Yc="></latexit><latexit sha1_base64="EbWkw3JhhcxQ9XqmNrbbLtP+bVA="></latexit>

Canal	robuste	tant	que	les	deux	bandes	ne	se	touchent	pas

Exemple	simple	de	la	correspondance	coeur	-	bord	(bulk-edge)
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Etats	de	bord	et	orbites	sautantes

Plan			vs.			demi-plan	pour	le	réseau	«	mur	de	briques	»	(cas	topologique)
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�2
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aqx/⇡

E
/J
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�2
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aqx/⇡
E
/J

.

vide
états	se	propageant		
le	long	du	bord

aqx/⇡
<latexit sha1_base64="G7l1CcDok/fO+RsHjUqbRZshRR8="></latexit><latexit sha1_base64="G7l1CcDok/fO+RsHjUqbRZshRR8="></latexit><latexit sha1_base64="G7l1CcDok/fO+RsHjUqbRZshRR8="></latexit><latexit sha1_base64="pztAPsYraZhG/Md0wgLFnxuOxiA="></latexit>

aqx/⇡
<latexit sha1_base64="G7l1CcDok/fO+RsHjUqbRZshRR8="></latexit><latexit sha1_base64="G7l1CcDok/fO+RsHjUqbRZshRR8="></latexit><latexit sha1_base64="G7l1CcDok/fO+RsHjUqbRZshRR8="></latexit><latexit sha1_base64="pztAPsYraZhG/Md0wgLFnxuOxiA="></latexit>

E

J
<latexit sha1_base64="fI7frv/NKBuAD2fmxWYdzW0pTk8="></latexit><latexit sha1_base64="fI7frv/NKBuAD2fmxWYdzW0pTk8="></latexit><latexit sha1_base64="fI7frv/NKBuAD2fmxWYdzW0pTk8="></latexit><latexit sha1_base64="zfZw0+pgbTiMnAOG/vmj+9nslfo="></latexit>

Equivalent	pour	l’effet	Hall	quan7que	
des	orbites	sautantes

Canal	de	bord	mono-mode	avec	la	vitesse	de	groupe 1

~
dE(bord)

qx

dqx
<latexit sha1_base64="eUsHfR35JX3vxzkAH4N7Z+Ud3TM="></latexit><latexit sha1_base64="eUsHfR35JX3vxzkAH4N7Z+Ud3TM="></latexit><latexit sha1_base64="eUsHfR35JX3vxzkAH4N7Z+Ud3TM="></latexit><latexit sha1_base64="pfoNSZ6twFGvP2rv6TURTSP4f/c="></latexit>

J 0 = J/10
<latexit sha1_base64="RrnjAV7BzOVWMPULLsnGciGbcI0="></latexit><latexit sha1_base64="RrnjAV7BzOVWMPULLsnGciGbcI0="></latexit><latexit sha1_base64="RrnjAV7BzOVWMPULLsnGciGbcI0="></latexit><latexit sha1_base64="3POOg1PHOVscsPUoX8DQRbecyXE="></latexit>

�0 = ⇡/2
<latexit sha1_base64="S/0oNn4l8XuYeUTujnk5KRxi0HE="></latexit><latexit sha1_base64="S/0oNn4l8XuYeUTujnk5KRxi0HE="></latexit><latexit sha1_base64="S/0oNn4l8XuYeUTujnk5KRxi0HE="></latexit><latexit sha1_base64="iVCoAkTKw+IluicopL3XGVctI2M="></latexit>



Le	canal	de	bord	pour	un	ruban

Ruban	infini	selon	x	avec	6	lignes	selon	y	
															Diagonalisa8on	numérique	d’une	matrice	12x12	pour	chaque	valeur	de	qx
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vide

1
<latexit sha1_base64="/RLKuDt3FnejrAgw76hGX+xrL6k="></latexit><latexit sha1_base64="/RLKuDt3FnejrAgw76hGX+xrL6k="></latexit><latexit sha1_base64="/RLKuDt3FnejrAgw76hGX+xrL6k="></latexit><latexit sha1_base64="urQ2kanZiy1Tx0fghx6/PatEblI="></latexit>

1
<latexit sha1_base64="/RLKuDt3FnejrAgw76hGX+xrL6k="></latexit><latexit sha1_base64="/RLKuDt3FnejrAgw76hGX+xrL6k="></latexit><latexit sha1_base64="/RLKuDt3FnejrAgw76hGX+xrL6k="></latexit><latexit sha1_base64="urQ2kanZiy1Tx0fghx6/PatEblI="></latexit>
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aqx/⇡
<latexit sha1_base64="G7l1CcDok/fO+RsHjUqbRZshRR8="></latexit><latexit sha1_base64="G7l1CcDok/fO+RsHjUqbRZshRR8="></latexit><latexit sha1_base64="G7l1CcDok/fO+RsHjUqbRZshRR8="></latexit><latexit sha1_base64="pztAPsYraZhG/Md0wgLFnxuOxiA="></latexit>

E

J
<latexit sha1_base64="fI7frv/NKBuAD2fmxWYdzW0pTk8="></latexit><latexit sha1_base64="fI7frv/NKBuAD2fmxWYdzW0pTk8="></latexit><latexit sha1_base64="fI7frv/NKBuAD2fmxWYdzW0pTk8="></latexit><latexit sha1_base64="zfZw0+pgbTiMnAOG/vmj+9nslfo="></latexit>
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Réservoir	et	transport	quan8fié

Un	réservoir	impose	son	poten8el	chimique	μ	au	ruban	(toujours	6	lignes	selon	y)
Condi8ons	aux	limites	périodiques	selon	x	(ici	nx=20	sites)	:	qx	est	quan8fié

Courants	opposés	selon	l’axe	x	sur	les	bords	supérieurs	et	inférieurs	du	ruban
Pas	de	courant	selon	y

On	applique	une	force	Fx	selon	l’axe	x	:	que	se	passe-t-il	?

μ

�qx =
2⇡

nxa
<latexit sha1_base64="IkIf9jviZyOPWNjjOmzsQeI4iwQ="></latexit><latexit sha1_base64="IkIf9jviZyOPWNjjOmzsQeI4iwQ="></latexit><latexit sha1_base64="IkIf9jviZyOPWNjjOmzsQeI4iwQ="></latexit><latexit sha1_base64="mnj8CeFFQ38VFsir3B/ok10merw="></latexit>
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Réservoir	et	transport	quan8fié

μ

Force	Fx	:	oscilla8ons	de	Bloch	selon	x	:

En	un	temps																												,	les	moments	qx	ont	augmenté	d’un	quantum

~q̇x = Fx
<latexit sha1_base64="Kp96l7gOztnVJNBUQww4hHYi/PU="></latexit><latexit sha1_base64="Kp96l7gOztnVJNBUQww4hHYi/PU="></latexit><latexit sha1_base64="Kp96l7gOztnVJNBUQww4hHYi/PU="></latexit><latexit sha1_base64="f8Jep3OEzXdq4A+ucCjJ3KljVqs="></latexit>

�qx =
2⇡

nxa
<latexit sha1_base64="IkIf9jviZyOPWNjjOmzsQeI4iwQ="></latexit><latexit sha1_base64="IkIf9jviZyOPWNjjOmzsQeI4iwQ="></latexit><latexit sha1_base64="IkIf9jviZyOPWNjjOmzsQeI4iwQ="></latexit><latexit sha1_base64="mnj8CeFFQ38VFsir3B/ok10merw="></latexit>

éjectée	vers		
le	réservoir

injectée	par	
le	réservoir

Densité	de	courant	:	 Jy =
1/�t

nxa
=

Fx

2⇡~
<latexit sha1_base64="KWtB+Bgp0bnQSoY9lVh57yf32kc="></latexit><latexit sha1_base64="KWtB+Bgp0bnQSoY9lVh57yf32kc="></latexit><latexit sha1_base64="KWtB+Bgp0bnQSoY9lVh57yf32kc="></latexit><latexit sha1_base64="j1D919vQhTIggXFgT7Mznl3UTqo="></latexit>

�yx =
C

2⇡~
<latexit sha1_base64="/DYhcv4xVF7M/llVzXXa5+W8rk0="></latexit><latexit sha1_base64="/DYhcv4xVF7M/llVzXXa5+W8rk0="></latexit><latexit sha1_base64="/DYhcv4xVF7M/llVzXXa5+W8rk0="></latexit><latexit sha1_base64="XwZaJ7KNJJ3sBeaQCk220kswl0A="></latexit>

avec	 C = 1
<latexit sha1_base64="FLeiRbpoP06tD0QkmOsJ6aEyLrU="></latexit><latexit sha1_base64="FLeiRbpoP06tD0QkmOsJ6aEyLrU="></latexit><latexit sha1_base64="FLeiRbpoP06tD0QkmOsJ6aEyLrU="></latexit><latexit sha1_base64="akAvLqKEcqqi+bIEZJRzw7blVJY="></latexit>

�t =
2⇡

nxa

~
Fx

<latexit sha1_base64="MwElPZ5Eoi1zdYcubv9IFQIfBLk="></latexit><latexit sha1_base64="MwElPZ5Eoi1zdYcubv9IFQIfBLk="></latexit><latexit sha1_base64="MwElPZ5Eoi1zdYcubv9IFQIfBLk="></latexit><latexit sha1_base64="8/EK/kdnrYCSAdXjEmqZipbVdoI="></latexit>
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<latexit sha1_base64="POhZILanWufTgv+FZpz84ykFGdY="></latexit><latexit sha1_base64="POhZILanWufTgv+FZpz84ykFGdY="></latexit><latexit sha1_base64="POhZILanWufTgv+FZpz84ykFGdY="></latexit><latexit sha1_base64="a7rx79ld3zfFZ9vVYvgQzMCBLWY="></latexit>

Un	réseau	hexagonal	photonique

Guides	d’onde	gravés	par	laser	dans	de	la	silice	(indice	1.45),	générés	par	une	
légère	varia8on	d’indice	(10-3)	:	réseau	hexagonal	dans	le	plan	xy

Couplage	entre	guides	voisins	par	onde	évanescente	(distance	15	μm)

Propaga8on	sur	une	distance	de	10	cm	selon	l’axe	z

M. Rechtsman et al., Nature 496, 196 (2013) ; Technion & Jena

Iden=que	à	l’équa=on	de	Schrödinger	2D	pour	une	par=cule	massive	:	graphène
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Ouverture	d’un	gap	topologique

Guides	d’onde	de	forme	hélicoïdale	:	équivalent	d’un	réseau	modulé	

Pas	de	l’hélice	:	5mm	(20	cycles	sur	les	10	cm	de	propaga8on)	

Zone	éclairée	dans	le	plan		
d’entrée	des	guides	d’onde

Répar==on	de	l’intensité		
dans	le	plan	de	sor=e

Rayon	de	l’hélice	:	8	μm
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Zone	éclairée	dans	le	plan		
d’entrée	des	guides	d’onde

Répar==on	de	l’intensité		
dans	le	plan	de	sor=e

Etats	de	bord	chiraux

• La	lumière	n’a	pra8quement	pas	
diffusé	vers	le	centre	de	l’échan8llon

• La	lumière	a	progressé	le	long	du	bord	de	
manière	chirale,	en	partant	uniquement	
vers	la	droite	de	la	zone	d’excita8on

C’est	essen4ellement	le	canal	de	bord	qui	est	peuplé

• Ce	canal	de	bord	est	robuste	:	pas	de	rétro-
réflexion	au	niveau	du	coin	supérieur	gauche

L’insensibilité	à	d’éventuels	défauts	a	également	été	vérifiée



Conclusions

Construc8on	et	étude	d’un	modèle	(Haldane	
ou	«	mur	de	briques	»)	de	cellule	à	deux	sites	
conduisant	à	des	bandes	topologiques

Modèle	qui	peut	être	directement	implémenté	
avec	une	modula8on	temporelle	des	paramètres	
de	l’hamiltonien,	pour	des	atomes	ou	de	la	lumière

Nouveau	critère	physique	pour	la	caractérisa8on		
d’une	bande	topologique	:	canaux	de	bord	
conduisant	à	des	courants	circulant	de	manière	
chirale	à	la	fron8ère	de	l’échan8llon
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