Fisica de Semiconductores



Time reversal symmetry |

* Time dependent Schrodinger quzaptio(n t)
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* Take complex conjugate:
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Time reversal symmetry Il

e Choose ¢Zk (fr,_t): w:k (r)e—iEn(k)/h

* Then
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* This means that

Uu(r) vulr)
* have the same energy eigenvalue. Are they
different Bloch functions?



Time reversal symmetry Il

* For any Bloch function
(8 (r + R) — e”“'ank (r)
* Then * o
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* This meansthat .,
(r)

e is a Bloch function with wavevector —k and

T L v ()= B, (k)= B, (8



Spatial inversion symmetry |

* |f system has inversion symmetry V("“) — V(—r)
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Time-reversed Berry connection
e Let 7 be time-reversal operator. Then

A, (k) = [ ar [ (r) 3 o )
—zfdru_kr—ku_k =i [ dru_, (r) —ku_k (r)
i [ dru._,(r) 6’(—k:) u_(r) = A (-k)

e But if system has time-reversal symmetry
TA (k)= A (k)+ V(K|

"0 A (k)= A () + Vx(k)



Time-reversed Berry curvature
_ zf o (‘9u (r) y ou (r)
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e Soif there |s time reversal symmetry:
Q(k) = —Q(—k)



Point group symmetry
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: V(Sr)_ U (S7)=E, (k)v,,(Sr)

v, (Sr)=E (k)v,, (Sr)

 Therefore v, S?“) is an eigenfunction with
eigenvalue £ k)Now
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* Butsince ¢

a lattice vector,

R))= v, (Sr+ SR)

(Sr) is a Bloch function and SR is



Point symmetry (Il)
U, (Sr+ SR) =™y (Sr) =

_ ez’S_lSk-SR wnk ( S’I’) _ 6@5—%R wnk ( S’r')

* Sothat?, (57’) is a Bloch function with
energy E (k) and wave vector S 'k

V()= 0 (7)

* So

E (k)=E, (S k)



Inversion Berry connection

* |f the point symmetry is the inversion J

Ju,, (T) — U, (T)

e One can then show that

JA(k)= A(-k)
JN (k)= 2(—k)

* |f the system is invariant under inversion

JA(k) = A(k)+ Vx(k)= A~k
JN (k)= 2(k) = (k|



Chern number |
* If g, is not zero

irq, = {P(VxA)-dS = [ (4 - 4,)-dl
= [V (2,0)-di=2g, [ V(6)-dl=2q, (27

* The integral

1
C= 2qujljg(VxA)-alS

* isthen an integer.



Chern number Il

* By analogy we define the Chern number as

O:%ﬁﬂ(lz)-ds

* |f we identify the “surface” with the BZ, and
consider that the integral of an odd function
of k over the BZ is zero, then we conclude that
the Chern number is zero if there is time
inversion symmetry.



Chern number Il

 |fthere is both time reversal and inversion

symmetry
Q(k) - —Q(—k) -

Q(k) — Q(—k) Inversion



Effect on magnetic field

* |f we move an electron in a closed loop in the
presence of a magnetic field, the electron
picks up a phase

€ €
? chSE ch ff
 Under time reversal the phase changes sign,
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Phase with time reversal symmetry

If a system has time-reversal symmetry, we
tentatively say

e’ =e"=>p=—0p=>0p=0=B=0

e But true condition is
O =—0¢+2mm

So that to preserve time-reversal symmetry
we only need ¢ =mm , so we can have

B = %Zm@wé(r—r@.)



Application to Berry curvature

* Under time reversal symmetry

Q(k) = Zm@.w&(/@—@)



e Consider a hamiltonian

H =

F

\

* Eigenvalues: +v k
* Eigenvectors: u —i[
. + \/5

Dirac point

0
k + ik
z Y

k — ik
z Y

0

€

/

—i¢
1

]; .



Berry connection at Dirac point

* The Berry connection in polar coordinates has
components k and ¢:



Berry flux

[[2(k)-ds= ¢ A-d

* Taking a circle around k=0

fAdltf—M¢_w



Brillouin zone del grafeno
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 The hamiltonian matrix for graphene is
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(9, +9,+9,)

The prt submatrix
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Pauli matrix formulation
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The prt submatrix Il
Expanding
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Near K (1)

2
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Near K (1)

27

* We propose K=k = + Ok ik ——+6k

af

z] sin | —Z
3

ok
:me cos[Qg]cos((Sk a/\/_) sin ]sm(éka/\/_)—l—Z{cos[g]cos( Ok a/\/_) sm[g]sm( Ok a/\/—)}cos g—l—Ta]
' Sk
:me —% cos(ékza/\/g)—7Sin(6kma/\/§)+2 %cos(éékma/\/g)—gsin(%ékma/\/g) «cos[g]cos[Tya]—sm
ok ok
=V —l cos(ék: a/\/g)—ésin(ék a/\/§)+2<lcos(§6kz a/\/g)—ésin(éék a/\/g)»«lcos[—ya]ﬁsin[—ya”
ppm 2 . 2 . 2 . 2 . 2 2 2 2
_y |[-L —é(ék a/«@)+{1—x/§(§5k a/\/g)}[lﬁék aJ
bpm 2 2 o o 2 4 Y
_v |21 @Jr‘l@(ska—( 8k )}
ppm 2 2 2 4 2
V 3V ok
_y |-oke lﬁék ‘Sk—al R L o :—Lﬂa[%k 136k ]:— g 4 T
2 4 v 4 4 v 4 ’ v 4 | 3




Axis rotation K point
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* We propose K =k =
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We propose K =k = —=+6k;;k = ——+ 06k
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Alternative K' (Il)
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Axis rotation K" point
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Near Dirac point hamiltonian
* For the K point:
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Graphene second neighbors
o @ R, = 2{V3i+ )
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Second neighbor H

* Second neighbors belong to the same
sublattice, so this will only add diagonal
elements:

. = Zem(R)f dr(fo r)Hgbj’R (T)
- kadr¢J0 ¢Jnn ( )



Matrix element

* Let us now assume:

fd'r'¢;0 (T)HQSA,Rk ('r') — -

fdr gb;O (T)H%,Rk (fr') — -

Ve
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for2=1,3,4
for 1+ = 2,4,6
for 2=1,3,4
for 1 = 2,4,6



How do we get this?

arXiv:1310.0255v2



H(k)

Then
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New elements

* This second neighbor interaction contributes

an a[i((jlj)ﬁ_oﬁﬁ L)+ 1, (k)

2
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e We have

At K (1)

K=FkF =
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e We have

At |<(||)

H (k)= 2, siga[sin(k-Rl)+sin(k-R3)+sin(k-R )]

= 2V2 SIN ¢ |sin

= 2V2 SIn v |sin

= 2V COS (¢ |sin | —

= —3\/51/2 sin o
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At K (1)

 We have Kl 2T g 27

' a\/§7 ! 3a

1 (k) =2V, Sina[sin(k:-Rl) + Sin(kz-RB) + Sin(k-RE))}

. . 2T \/ga 21 |l a ) 27 —\/ga, 21 |l a . 27
:2V28mozs1n —|—1|—|+ sin —|—|—|4+sm|+|——
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: i - 78 . T |27
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Hamiltonian matrix

* The whole hamiltonian is

. H +H H —iH Hz:Ap—B\/gVZsinoz (K)
Hovill, H=H | =A +3J3Vsina (K
« with e, =H £ H'+ H+ H = H +H
* and .0 H = Hsinfcosyp
—sin —
I H = Hsinfsinyp
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