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Topological Semimetals ('TS)

* Gapless topological material
classitication.
o Dirac (DS)

(a) Dirac semimetal (b) Weyl semimetal

o Weyls (WS)
o Nodal-line (NLS)
o Luttinger semimetal (LS)

(¢) Nodal line semimetals
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Luttiger Semimetals (LS)

k) E

* LS hosts the excitation with eftective spin- 3/2 . (b) d 2[ F]mczo

: | £1/2
* The HgTe, a — Sn , Pryrir,0, and Y PtBi. Al

h? 5 5 )
H (k) = om V1+§V2 k* — 2y,(k.]) (1)
| Kkp|
| £3/2

* In the case |y;| < 2|ys|

[2]. Mauri, Achille and Polini, Marco. Dielectric function and plasmons of doped three-dimensional luttinger semimetals.
Physical Review B, 100(16):165115, 2019



Luttinger-Kohn k. p model (LK)

Considering the SOC at k = 0 every state is twofold degenerate (X T,Y 1,Z T Yand (X |,V |,Z )

so we have a 6 X 6 Hamiltonian.

H,, = y—y (cxVV):-p+ g (o xVV)-k
/P—Q R S 0
R* P—-0Q 0 S
g 0 P+Q -—R (SO|K.p|HH,LH)
Hso=| 0 S* —R* P+0Q
' _A+P 0
\ (HH, LH|Kk.p|SO) 0 A4 P

———

(2)

conduction
band )

valence band (p)

HH
£3)2 2
| F
+1/2
L5 '80 } j=1/2

k

[3]. Cukaric, Nemanja A. Modelling the electron and hole states in semiconductor nanostructures by the multiband k.p theory.

University of Belgrade, 2015
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Luttinger Hamiltonian (LH) in Spherical approximation

* General form of LH: products of jy, j, and jythe component of j= % produces 16 linearly

independent matrix.

2

H(K) =

5
o |1+ 7 v2)KE + 2y (K D? + 4(y2 = 73) Z{k k,}{fllj}‘ (4)

* Spherical approximation : In the case y, = V3.

h? 5
H(K) = T [(h"‘ZVz)kz + 2y, (k. ])2] : (5)

[4]. Luttinger, ] Mi. Quantum theory of cyclotron resonance in semiconductors: General theory. Physical Review, 102(4):1030,
1956 6



Green’s function and Born approximation

Green function used to solve DE in mathematic. While in QM 1t 1s a powertful tool for
solving

[id, —H]yp(r,t) =0 (6)

i, —H|G(rt,r't)Y=8(r—r")é(t—t') (7)
The answer 1s

Y(r,t) = [dr’ G(rt,r't") (', t"). (8)

[5]. Bruus, Henrik and Flensberg, Karsten. Many-body quantum theory in condensed matter physics: an introduction. OUP
Oxford, 2004.



Luttinger Hamiltonian Green’s function

* Green’s function for a given Hamiltonian:

—

lid, —H|G(rt,r't")y=6(r—r")6(t—t") (7)

So the Furrier transform 1is:

G(k w) = [w+in— HK)]™ (8)

—

* Luttinger Hamiltonian Green’s function:

— h2 [5
H,(k) = o [Zkz — (k. 1)2] —¢éF 9)
i (@* + E)70 — S5 Ry,
=> G, (k)= 10
Bl R I o



Self-energy

Interaction in the system :

_—

Go(k,w) = [w+in — H,(K)] ™! (11)
) Gin(k; w) — [w + i77 T Ho(k) — Vex]_1 (12)
Gin(K,w) ™t =Gy(kw)™ ! —2(iw) (13)




Borrn approximation

o First Borrn approximation: this approximation contains the single scattering process:

! ﬁ / :
R i) = TR i Goe 0y (14)
.'?_. kl

o Self-consistent approximation: we replace the interaction Green’s function with the
clean system.

P

. 4
ZSCBA(I,CU) = l\T;Lp Z uk_k’ Gin (k, (,U) uk/_k (15)
kl

Gin(K,w) 1 = Gy(k,w)™1 — 2°CPA(jw) (16)
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First Borrn approximation

* Impurity:
Nimp

U = u, z 5(r — Ry 17)

i
ZlBA (l(D) — yi\r;tp Zkl Uk K’ GO (k,, (U)uk/_k (18)

2 1y 1 1
YimpUo
$1BA(jg) = 2P x—szdk + 19
(iw) 22 2 ho +in + & — & | ho +in + & + & (19)
0
1 1\ — .
<5=P (3) F ims(x) (20)



o Real part :
2

a
mpUo? 1 1 1
ReS1PA(fgy) = Lmpeo x> j k2dk ]
0

21T 2 [hw+€F—€k+hw+€F+€k

Rex'P4(hw) = —Uy/|hw + & (21)

o Imaginary part: .

_ 2
ImZ1B4(hw) = — y‘"ﬁ‘" j k2dk [6(ha + & — &) + 8(hw + &5 + &) |
0
ImZP4(hw) = —U+/|Aw + & (22)

} 2
Where U = Zm220_ o (
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Self-consistent approximation

—

. Yi
NSCBA (o) = ‘\’:}P 2k Uk’ Gin(K', @)uyr _y

Gin(K,w) 1= Gy(k, )™t — Z5B4(iw)

—

e So we have :

02 hw+in+&p—25CBA(jw)

. VimpU
R SCBA(jg) = Yimp :
(hw+in+EF—ZSCBA(iw)) ~&°

2712

Jy k2dk

(23)

25CBA(iw) = —U(i + 1)\/|hw + &| — Z5CBA(jw) (24)



After solving this equation we found the real an imaginargy part of the self-energy in
the selt-consistent approximation.

25CBA(jw) = —U(i + 1)/ |hw + &| — ZSCBA(iw)

o Real part :

Ulhw + &|V2

ReX>BA(jw) = —
\/UZ + \/U4 + 4(|hw + ég|)>

(25)

o Imaginary part:

J3U4 + U2,/U* + 4(Jhw + &|)% + ZUZ\/2U4 +2U2,/U* + 4(|hw + )2

5 (26)

Im2°P4(iw) = —




Self-energy Real part in 1BA and SCBA

ReZ(fiw)

Real part of Self-energy plot as function of frequency in unit of Fermi energy.
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Self-energy Imaginary part in 1BA and SCBA

Im(#iw)

Imaginary part of Self-energy plot as function of frequency in unit of Fermi

energy.
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Spectral function

According to definition:

A(k, w) = —=ImTTG (k, )

For Free particles the Green’s function is as fallow :

GR(k, w) = — ii} s =>» Ak hw) = 6(w + &)

GR(K w) ~ —i(t)e ¥xte="t

/2

__l lwt ~R ~
Ak @) = = —1m [ dt e©'67 (k) e



(LS)’s Spectral function in the presence of Impurity

According to definition the clean system Spectral function is
A(k, w) = =~ ImTTG (K, )
Ak, hw) = 2[8(hw + §p — §i) + 8 (hw + §p + §io)]

In the interaction case(note that here & = & — ReZ(Aw):

A(k, w) _ _ 2 In}Z(Zhw) ln?Z(zhw)
T [(hw+&p—¢k) +ImZ(hw)?  (hw+&p+&g) +ImE(hw)?

(27)

(28)



(LS)’s Spectral function in the presence of Impurity

Spectral function for a constant wave vector:

Ak, fiew)

U/ir=0.8 U/¢r=0.5 U/ir=0.1

6 Clean 6 (Clean 6 (Clean

----- 1BA ----- 1BA ----- 1BA
5 st 5

----- SCBA ——— SCBA —---- SCBA
4( 4} 4
31 M 3 SR

1 <
2 21
1 1
Ohommemmmmmee™ T ] N
-10 -5 0 5 10 _10""_'5""[',""5""10 -10 -5 0 5 10
Tw(is fw /s hwfcr

19



wf¢F

LS’s Spectral function intensity in the 1BA
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(LS)’s Spectral function intensity in the SCBA
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Density of States (DOS)

e Definition:

According to definition we can calculate the DOS from the Green'’s function for the following
relation:

D(§) = ——Z 65 +§:(1)

Using the Green’s function :

D(£) = ———z ImTrG (K, )



LS’s DOS in the presence of impurity

* So the DOS of Luttinger Semimetals (LS) in the in absence of the impurity is:

DE) = ~£5, A0k w) = Dyy/Thw + &l

* In the presence of impurity:

D, |hw + é¢| — ReX(hw) + ImXZ(hw)

D(E) = -

e

|(1hw + &1 — ReS(hw))” + ImE(hw)?|

Where D, = gs 3/2




LS’s DOS in presence of Impurity
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