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D models of strongly correlated electrons




Physical Realization

C.K. Chiu, D. I. Pikulin, and M. Franz, Phys. Rev. B 91, 165402 (2015)
Liang Fu and C. L. Kane, Phys. Rev. Lett. 100 096407 (2008)



Physical Realization

Interaction term: Hint = Z Jijkl ViV Yk
ijkl T

real constants

The interaction term arises from Coulomb interactions

Interaction strength ¢ =~ (10.6 meV) x - d g

Hopping amplitude ¢ ~ ,ue_d2/ dmg”

Access the strong coupling regime |¢| < |g| by tuning u



Lattice structures for interacting Majorana fermions




Lattice structures for interacting Majorana fermions

A. Milsted, L. Seabra, I. C. Fulga, C. W. ]J. Beenakker, E. Cobanera,
Phys. Rev. B 92, 085139 (2015)

Majorana zero-modes
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Strong coupling limit

Nontrivial ground state!

Consider a model with alternating hopping and interaction terms:

H = Z(it’mﬂzjﬂ st Wohi iy g1y o1 s G900 k] Vo oy 3 e )
: l, Jordan-Wigner transformation

gt < &k ki  Cx i b
H =1t E O = E gl ) E :Uj0j+1_92§:‘7j‘7j+2
j J j j

Simplicity arises when g»>=0 and t;=0=t>

Combine every second o1 = (”723' i i’)/zj_|_1)/2
pair of Majorana’s to . ;
make a Dirac oy g 1 — QCjCj — 1 = QTL]' —1



Strong coupling limit




Strong coupling limit

Small nonzero t in the dimerised Hamiltonian:

H=» (tp; — gbjPji1)
j

The effects of the hopping term are different and depend on the sign of g

t>0 Empty Dirac levels

Attractive Interactions g>0 i First order transition with a jump in <ﬁj>at =0

t<0 Filled Dirac levels

Repulsive Interactions g<0 Degenerate ground states for |t1] =~ |g1\

There is a critical t above which the ground state
has either all levels empty or filled, depending on
the sign of t.

- : : = =
Spin chain representation ~ p; = 0;



Weak coupling limit

Low energy excitations with linear dispersion of slope v=4t at k=0 and k=mt

v; () = 2vr(vt — ) + (=1 2y (vt + j)

in W=l Relativistic moving Majorana fermion field

Massless conformal field theory

HO — / dx [’}/Rﬁx #is = a9 aac ’}/L] ~——2» with ¢=1/2, corresponding to the

transverse field Ising model

Hiny = —2506g / AT YROzYRYLOxYL—> RG scaling = 4

Extended massless Ising phase in the vicinity of g=0



Weak coupling limit
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Weak coupling limit

Low energy excitations with linear dispersion of slope v=4t at k=0 and k=mt

v; () = 2vr(vt — ) + (=1 2y (vt + j)

in W=l Relativistic moving Majorana fermion field

Massless conformal field theory

HO — / dx [’}/Rﬁx #is = a9 aac ’}/L] ~——2» with ¢=1/2, corresponding to the

transverse field Ising model

Hiny = —2506g / AT YROzYRYLOxYL—> RG scaling = 4

Extended massless Ising phase in the vicinity of g=0



Weak coupling limit
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Attractive Interactions
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Attractive Interactions
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Attractive Interactions

gapped Ismg+LL Ising %gapped
4-fold L c=3/2 | c=1/2 - 2-fold

generalized
C-IC




Repulsive Interactions g<0

0o DMRG
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Repulsive Interactions g<0
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linear fit

mean field




Repulsive Interactions g<0

V=4t + 12t/




Repulsive Interactions g<0

Effect of interactions

1 L / dwgo : U wLln
go = —16g(cosko — cos3kg) > 0 L—> Luttinger Liquid
o1 o
2TV
2 H.. =~ qi / dxyrvL(YrYL + ﬂ#ﬁ;)
RG scaling > 2

Irrelevant!



Repulsive Interactions g<0
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Repulsive Interactions g<0




Repulsive Interactions g<0
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Experimental Signatures

Experimental signatures using scanning tunnelling microscopy (STM)

Tunneling current <I > x ImG R(—eV)

Gr(w) = —i [ dte™ *{[y;()wo(t), 75 (0)¥4(0)])

1o  Annihilates an electron at the tip

IIsing X V
e o Sigm(V)\V|7/5
i X |Vv|1/3

E e



