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® Band inversion and Tl

® MIX Valence COmPOund: Band inversion between d and f

bands; the important role of e-e interaction

® SmB6 ,YbB6,and YbBI2

® Conclusion
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Topological classification of band insulators

normal insulator: the electronic structure can be
smoothly transformed to isolated atoms

can not be smoothly transformed to isolated
atoms without going through a phase transition,
Z2 invariance defined for non-interacting T|

TI with interaction can be defined by the Theta
angle of of topological magneto-electric effect




Evolution of band structure from solid to isolated
atoms

Normal Insulator

opological Insulator
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Z2 invariance for non-interacting Tl with
Inversion symmetry

e Simple rules for TI with inversion symmetry:
strong index and weak indices; K=-K high symmetry points
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L. Fu and C. Kane, PRB 76,045302
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Tl and surface states
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Introduction: Band Inversion and TI
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The different types of band inversion

Band inversion between s and p bands: HgTe

Band inversion between bonding and anti-bonding p-
bands: Bi2Se3, Sb

Band inversion generated by valence fluctuation of 4{/5f
bands

Very strong correlation effects in f-electron materials:

Does these materials topologically non-trivial?



4f/5f compounds with intermediate valence

golden phase of SmS

SmB6,YbB6,YbB 12
PuTe and PuSe

Are these materials topological Kondo

INSU Iato I"? M. Dzero et al, Phys. Rev. Lett. 104, 119901,2010
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Intermediate Valence and band inversion:
from the band theory point of view

5d \ / 5d
4f — 4f

Rare earth compounds intermediate valence state

with divalence (not very stable), band theQr’y Point of view
Sm, Eu,Yb......
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Is the band description correct for these
compounds!

® from non-interacting band insulator to
strong coupling “Kondo insulator”

® how to capture the correct electronic
structure?

® how to describe its topological nature?
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How to compute the Z2
interacting system?

Formula derived from the topological field theory:
PRL.105,256803 (2010)

r (! * d*k
- Yo -1 -1
P; 6,[0 duj B ; [1e"[Ga,G GG

xGd,G 'Ga.G1Ga.G 1

Pole expansion of the self energy without k dependence PRB 85, 235135
(2012); EPL98 (2012) 57001

Using the eigenstate of HO+2(0), condition: there is no singularity along the
imaginary axis of self energy, PRB 85, 165126 (2012)
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Our method: LDA+Gutzwiller

Gutzwiller type of ground state wave function
Combined with first principle code

Suitable for the study of f-electrons

Has been applied to many correlated system:
LaOFeAS; NaXCOOZ; Ce, Pl s mmm e 79,075114 2009
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The structure of SmB6

~— Sm
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FIG. 3. Companson of the calculated 4f DOS of SmB, using
the LSDA + U approxmmation with the expennmental XPS spectra
from Ref. 18, taking into account the multiplet structure of the 4/°
and 4f* final states (see explanations in the text).

compare to XPS
The valence determined by XPS is 2.54
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Atomic multiplets or Band states?
H,,=H,, +H

total atom hopping

_ B
H :E) (nf )nf n i szoicﬁySfO-cl-fgfafy +28af;fa Hhopping — Zt:]x ']l;;][Jﬁ +hC.

-1
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ijop

.. nf=6  nf=5 5d

Both are non-fock states!
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Problem of Hatree-Fock treatment
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Problem of Hatree-Fock treatment

MF atomic state:
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The Gutzwiller Trial wave function used in this study

Rotational Invariant Gutzwiller Approximation

Gutzwiller variational wavefunction:

W) =P|¥o) = [ | Prl¥o)
R

Pr =) AR)rr[l,R)(I", R|
rr

IT'): eigenstates of atomic hamiltonian Hy
Uy: uncorrelated wave function (Wick’s Theorem holds)

Pr: projector operator modify weight of local configuration

Gutzwiller Constraints:
(Wo|PIP|Wg) =1
(WP Pnio|To) = (To|nia|To)

We only apply truncation respect to the occupation
number, for SmB6, we keep all the atomic states with
nf=5,6,7, about 8000 variational parameters!
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Effective Hamiltonian in Gutzwiller approximation

® Under Gutzwiller approximation, we can define

Eg =< 0|PHLpaP|0 > +Ejpy ~< 0[Hepf|0 >+ Y ArrEr
r

It can be easily proved that Heff is equivalent to HO+2(0) by
comparing the Green’s function in low frequency limit

z 1
G ) —— —
(Zw) iw—Heff iw/z—Heff/z

Hy + E(O) = —G_l(O) = Heff/z
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Main difficulties for the electronic structure calculation
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for f-electron systems

Strong interactions among f-electrons, which can be
expressed in terms of Slater integrals:FO,F2,F4,F6

for SmB6 FO=5.8eV, F2=9.9eV, F4=7.09eV, F6=4.99eV

Typical interaction strength is one order bigger than
the f-band width

Multiplet state VS the band state



The double counting problem

The total Hamiltonian treated in LDA+Gutzwiller

Hiotal = Hrpa + Hy + Hpe

Hpc = Vpce Z Il fro
ko

A commonly used form for DC term:
ye_ aa,,[a(ﬁc_ %) —J_(ﬁ‘:— %)]

Kotliar et al, RMP78, 865,2006
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Average

PRB: 1976
SMmB6 14, 4586

S B6 JAP: 1970 Mossbauer

m 41, 898 effect
Physica B: 1995 neutron

Sm B6 215, 99 experiments

JPCS: 2009 XAS
SmB6 176, 012034
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SmbBo6: Z, nt, Gap vs Parity

--—-I'sl

SmB6 LDA 25mev

SmB6 PA*¢ 10mev + - + + -

5.35

26.4 5.45 0.18 0.59
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Band structure obtained by LDA and LDA+G

LDA+SOC

LDA-+Gutzwiller
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Spin texture for surface states
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Renormalized Band structure
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By the eigenvalue of the Cn rotational
at high symmetry point

C4 C2

0.2

4712 jz=1/12 | exp(iTi/4) exp(iTT/2)

5d5/2 jz=-1/2 | exp(-iT1/4) exp(-iTr/2)
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C. Fang et al, PRL 108, 266802 (2012); R. Yu, et al, Phys. Rev. B 84,075119 (2011)
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"’..f,iperature dependance of the spectral functii‘gi’
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Surface

even number of Fermi surface

or even number of crossings between

two high symmetry points

13FE12812H EHIMY




13F12H12H 28T

T —————

Conclusions

® Mix valence TI SmB6, and YbB6

® TJopological Crystalline Kondo Insulator

with mirror Chern number 2 :YbB12

® The topological phases survive from the
Strong e-e interaction among f electrons

® More similar materials!



