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Our Goal ? @

Can we topologically classify all interacting electron models ? Q
Can we topologically classify all interacting lattice electron models ? @

Can we topologically classify all lattice-electron models e
with local interactions on infinite-dimensional lattices ?

Can we topologically classify, in infinite dimensions,
Hubbard-type lattice models derived from noninteracting prototypes
of the tenfold way?

Can we topologically classify at least one of the
prototype band models of the tenfold way, plus Hubbard-U, Q
on an infinite-dimensional lattice ?



Topological Hamiltonian

noninteracting system, M orbitals, dimension D
IBZ=TP" >k e(k) € GL(M,R)

equivalently classification can be based on the map
1

(0) _
k— G (k,w) o= eh)
interacting system: classification in terms of

(k,w) = G(k,w) = w— e(k) 1_ S(k,w)

1
e.g. forD=2: N, = Sy jdkOdeTr[ewGaMG—1GayG—lGapG-1]
a
_ _ Volovik, Zh. Eksp. Teor. Fiz.( 1988)
smooth interpolation Ishikawa and Matsuyama, ZPC (1986)
1—A n A
w—€k)—3(k,w) w—e€lk)—X(k,w=0)

) ) Wang, Zhang, PRX (2012) . . .
... if the self-energy is local topological Hamiltonian

Thunstrém, Held, arXiv (2019) H,, (k) = e(k) + Z(w = 0)
Savrasov, Haule, Kotliar, PRL (2006)

G(k,w, ) =



DMFT applied to TlI’s + U in D=2 or D=3

QWZ model + U
Kriger, Potthoff, PRL (2021)

BHZ model + U

Budich, Trauzettel, Sangiovanni, PRB (2013)

45
. trivial
band insulator
3.5 o
B Mott
3 3 : insulator
A\
25
m
2
1.5
1
0.5

Hofstadter butterfly + U
Markov, Rohringer, Rubtsov, PRB (2019)

Haldane model + U
Vanhala, Siro, Liang, Troyer,
Harju, Térméa , PRL (2016)

101

—MF
——FSED C=1
8 |---DMFT

| C=0 (Band insulator)

AAB

DFT + U for SmBe
Thunstrém, Held, PRB (2021)

-05
-0.4
-03 _
1$)
-02 =

-0.1

BHZ model + U

Amaricci, Budich, Capone,
Trauzettel, Sangiovanni, PRL (2015)

0.5

0.45

04F
E 0.35F
i

0.3F

0.25F

0.2

(2)

Uncorrelated

topological transition
[HgTe/CdTe quantum wells]

10



= Cartan \d 0o 1 2 3 4 5 6 7
Qi-Wu-Zhang (QWZ) model ==
A Z 0 Z 0 Z 0 Z 0
Alll 0 Z 0 Z 0 Z 0 Z
Real case:
D=2 square lattice, two-orbitals, broken TRS, made spinful 51 Z Z o o o 2 o Z
DI G zoZoz 0 0 0 om
M ATl W 0 Z, Z, Z 0 0 0
Ho=3 3" Y capb)eoperse (M =2) AR S -
k a,f=1o0=1.] CI o 0 0 22 0 Z, Z, Z
tsin k, T
e(k)=d(k) T d(k) = tsin k, T=\| 7 Qi, Wu, Zhang, PRB (2006)
m + tcos k, + tcosky T,
two bands: topological invariant:
1
er(k) = :I:\/t2(sin2 ke +sin® k) 4+ (m + tcos k, + t cos k)2 C = Dy 7{ d’k F(k)
T J1BZ
ap closes at: if: 0% (. ) . .
gap : : * topological phase diagram:
ky =0, k,=0 and m=-2¢ band Chern band
ka: — 0, ky =7 and m = 0 (07.0) O(m,0) insulator insulator insulator
ky =7, ky=0 and m= . C=0 , C=1 _ C=1 _ C=0
ky =7, ky=m and m =42t m=-2t m=0 m=+2t




Qi-Wu-Zhang (QWZ) model =5

W
=)}
~

(=]

A Z 0 Z
AIIT 0
Real case:

N
d
N o
(e}
N

D=2 square lattice, two-orbitals, broken TRS, made spinful b1 Zoz o0 0 0 om oo oo
D Z, Zp, Z 0 0 0 22 0 2z
DIl 0 Z, Z, Z 0 0 0 2Z 0
All 22 0 Zp, Z, Z 0 0 0 2Z
I 0 22 0 Z, Z, Z 0 0
Z35 3D S ITHCEIINUEE REEE LR

k «,B=1oc=T,]
tsink,
e(k)=d(k) T d(k) = tsin k,

m +tcos k; + tcosk,

can be written as (D=2)
D
) = (m +thoskr> O 4 tZsmkr'yD
r=1l

and with

7([)) =Tg 7(D2) =Ty 7(D0) =Tz = _iTxTy

Qi, Wu, Zhang, PRB (2006)

and
1 2 0
(YD A = (42 4 = (D 4 =0

(07 = () = (0p)) =1



QWZ model on the hypercubic lattice (even D)

Bloch Hamiltonian with generators of Clifford algebra
D
k) = (m—l-thoskT) (O)+tZsmkx,fyD {7%),713 } =26 for p,v = 0,1,...,D
vy = (=)PPAG

band dispersions

D
= (Z de)V%”) Zd (v =
pn=0

1/2 - 0.0
e(k) =+ ((m + thos kr)? + Zt2 sin? kr>
r T --0.5
gap closure for m = (D — 2ng)t --10&
--15
at (”) HSPs kn, = (0,...,0,m,...,7) inthe 1BZ
o —— - 20

no




D — oo limit and scaling of the hopping

free Green’s function of orbital o A and B orbitals
w32, du(F)Yp = MYV (k) 0 _ .
w? — Zu dy(k)? B Z wntl Yp = diag(+1,=1,.)
1
moments of the local DOS of orbital @ M (™ = 17 Z MM (k) = /dw W pe (W)
MY =1 ’

GO (k,w) =

n=0

Mél) _ mvé(g — 4+m band closures at
MP =D 2 — 2 2 m = (\/5—2ﬂ) t* ng =0,...,D
N +m +m JD (120 )

with the usual scaling
t =t*/v/D i =1

band edges
€max,min — i(|m‘ + \/Et*) — F00

I
S

Com = V2t%,0, —V2t*
L om o= —2t%, —t*,0,t%, 2t
. m =6t ,g\/ét ,g\/ét ,0,—3\/& ,—g\/ét ,—V/6t

O O ©
Il
W

|
o



DOS inthe D —» oo limit

1.0 —
m = —1.5t" =
| 0F====-mmm-
<
c
. 1-

0.0 -
| | |

p(w)

o
(O]

|

|
N -

o
f 3 24
N

Ul

local DOS of orbital & in the limit D — oo
2

1 1 1 w
pa(w) = 5 —F=06(|lw| — —=t7) signw
@) = 577200l = 75t Zi( =

there is a finite gap A = 4/2¢* independent of m!

<5 w? — %t*Q — m)
+Szo | €Xp | — 2



Irreps of Clifford algebra

Bloch Hamiltonian

D
e(k) = (m-l—tZCOSkT) (0)—|—tZsmkr7D {7%),7D>} 26(1v) for w,v = 0,1,...,
r=1
Theorem explicit iterative construction

® for even D, there is a unique irrep of the
complex Clifford algebra

® Clpyo = Mat(2,C) ® Clp

® dimension of the representation: M= 2b/2

Prodan, Schulz-Baldes (2016)
“Bulk and Boundary Invariant for
Complex Topological Insulators”

with generators of Clifford algebra

'7%12 = Tx®’7() forr=1,...,D

D D
AT = ey AN =, 01
75712 = 7, Q1

immediate consequences

e number of orbitals M = 2P (diverges for D — o)
e A- and B-orbitals (m: strength of staggered orbital field)
® degenerate band structure

D



iD/2 »
(D}2)! (27)D/2 /1BZD tr FP/

Cp =

F=dA+ A?
Aap(k) = (ua(k)|Ok|ug(k)) dk

K-theory yields: Prodan, Schulz-Baldes (2016)

Cp(ng) = (~1)™+= <D - 1)

no

interpretation

® (D-1)-dim. (1000...) surface hosts (Dn_ 1)
0
gapless edge states
e \Weyl nodes at surface-projected HSP's &,

in the (D-1)-dim surface BZ
® sign: chirality of the of the Weyl points

Chern number

0 //
1 — [ ) [ )
g - o . -35,
Q 64 0 -10 ,
4_
2 -1 \
| | | |
-3 -2 -1 0 1
m and closure

n= (7o)

with increasing lattice dimension:

® more and more topological phases
® with increasing Chern numbers
® in an ever narrower m-range

Am = 2t* /D

lim CD 7
D—oo



DMFT of QWZ+U

topological phase diagrams

topological
for even finite D at half-filling

Hamiltonian

® trivial band insulator, trivial Mott insulator
® nontrivial intermediate phases
® more phases with increasing D

p—p+ Yy (w=0)

m—m+X_(w=0)

|C4

® phase diagram symmetric m < — m
® at m=0: transition from an interacting

Chern insulator to trivial Mott insulator
® strong A-B orbital polarization:

1
Yy = §(ZA:|:ZB)

2, = U,25 > 0form - oo

o U(m)~ |m|form— £ o0

|Ce|




Chern density 10
gJo . 1.7
Chern number sum rule a 6d © 1
D—-1
on(D-1 1 {1 o
R C ] G B DF = A UDI :
o no=0 0
’ 2 | | I
-3 -2
define: / Moivre-Laplace theorem
1 (D—1\ poee [ 2 (D/2) — no)?
c(no) = 5D—1 ( o ) = —75 eXP (—2 5
2 1 m? 2t 1 1m?\ c(m)dm
=4/ —=exp| —= = exp | —= =
VoD P\ 282 ) = UDevar T\ 212
/ "
continuum limit
band closure co:dltlon Am = 2t* /D — dm Chern density
_ _ 9 10 ) 4= 1 m?2
= (V-2 ) clm) = — —e "t

every m is critical | t*\/2m




Phase diagram of the D - co QWZ+U model

10

Mottt
8 - insulator
6 -
)
4 -
c
27 band
insulator
| |
-5 -4 -3 =2 -1

* on iso-Chern lines: topologically equivalent systems

- 0.5

-0.4

» continuum of topologically different phases on paths crossing iso-Cherns



Electronic structure A = Vot

for m = (\/B _ 2&) +* the Bloch Hamiltonian

plw
o o
o ul
| 1
n
fu
|
!\)_
(9)]
o
3 S
N
ul

VD
D -4
e(k) = (m +thos kT> (0) —I—tZsm l{:T'yD
r=1
close to one of the (,i?)) equivalent HSPs &, = (0,. 0,7,...,m) inthe 1BZ

N e ¥

leads to a Dirac-cone dispersion

e (k) = j:\Z_)J > (kr = kng,r)?

r=1
local DOS at low frequencies

pa(w) = c(D,no)lw[PH/t*P
—

T

c(D,ng) = 0 for D — oo exponentially fast

log10p(wW)



Semimetal vs. topological insulator

finite dimension D:

BUMI Tl Tl _BI/M|

o — - JE— .

Y

SM SM SM SM SM
nO:D EmEm n():l nozo

infinite dimensions:
® Chern density ¢(m,U) varies continuously ~ Am = 2t*/ VD — dm
e distinction between SM and Tl not meaningful
® there is no “band closure at isolated k-points in the 1BZ”

1 D

Dirac cone: ey (k) = it*\l D Z(kzr — kng.r)? = £tk — k||

r=1
here |k|? = Jim —Zk2

but ||k =0#A k=0 |- isasemi-norm

» m,U

10~
gdo .-1.,7,

a 64 0. 1.

4_. O . -3 .
2_. O _1
3 -2 -1 o0 1
o
m=(vVD—-2— )t
(v2-275)
kn, = (0,...,0,7,...,m)
———
no



Conclusions

What survives D — o0 ? 10

* local correlations effects
* nontrivial topological classification 6
 the overall structure of the finite-D phase diagrams
* DMFT solves the problem exactly

Mott
insulator

band
insulator

What does not ? 5 -4 -3 -2 -1 0

D. Kriiger, M.P,, PRL (2021)

 distinction between semi-metal / insulator states

e arguments based on the discreteness of the topological invariant
e Chern density is positive: chirality of edge modes ?

* there is not the D — oo limit (only even D considered)



To do

Can we topologically classify all interacting electron models ? Q
Can we topologically classify all interacting lattice electron models ? @

Can we topologically classify all lattice-electron models Q
with local interactions on infinite-dimensional lattices ?

Can we topologically classify, in infinite dimensions,
Hubbard-type lattice models derived from noninteracting prototypes
of the tenfold way?

Can we topologically classify at least one of the
prototype band models of the tenfold way, plus Hubbard-U, Q
on an infinite-dimensional lattice ?
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