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» ARPES study on the surface states of
SmB6 and YbB6

» STM study on the surface states of BiTeCl

Tong Zhang, Fudan University, Spin 2014, Beijing



SmB, — a “mystery” Kondo insulator?

4f=5d hybridization Saturated resistivity Topological Kondo insulator
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Origin of the “in-gap” states?

J. Allen et al, PRB 20, 4807 (1979).
X. Dai et al, PRL110, 096401 (2013).
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SmB, —recent experiment evidence of TKI

Surface conductivity at low T Surface hall effect Point contact
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Sample characterization

X-Ray Diffraction Magnetoresistance vs. T

o 14_- g ° x  Experiment
+ 12t - -y Calculation 10 3
-xx 10 Devitation ‘
"E | § ! SI"I'IB6 a
3 8 = 1L
S 6} e
2
B 4
E 2 0.1
£ 9 i
1
0k ]
i —o— 2K ]
~ 4 ]
= i ]
x -8F i
= " ]
_12:_ ]
-16-_ i 1 i 1 i 1 i 1 i 1 i 1
0 20 40 60 80 100 120 140
H (kOe)
(100) face 1x1 Negative magnetoresistance in low temperature!

Tong Zhang, Fudan University, Spin 2014, Beijing



ARPES: Valence band structure
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Localized 4f band located at -18 meV, -150 meV and -950 meV.

A parabolic 5d band around X point.
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In-gap states: a

Fermi surface mapping Cut along X Cut along X, a band
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B and & bands should be originated from 5d band after hybridization.
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In-gap states: vy

E-E. (meV)

Surface states??

y bands more observable in 2"d BZ.

Intensity (arb. unit)

Linear dispersion of y bands.

Tong Zhang, Fudan University, Spin 2014, Beijing



k: dependence of a band

a band along cut #4
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ARPES: Circular Dichroism

(RCP-LCP)/(RCP+LCP) a band
TV ‘l' " ‘ .”“‘1 T p

X 401 25eV@Hisor.7;¢’ .,

[ ] LY

o [a W S”-.’...; - \\
Q..;' L] Al —_~
919 o of 35ev@sLs | =
1 + \ o o %oee ;0 S
% o \\ . ..0,'- 5

O - [ ] /00

o -40 - Yo ,," @
T .-I T I I :;
0 /2 1] 3m/2 21 g
Q(rad) g

(RCP-LCP)/(RCP+LCP) .
{1 ‘ TN
| | A F

k =0A" |
!
_/\,-»P,,\LQ_FL

-1 -1
[-0.084", 0.08}? ] ~ep

|
LCP

1

-08 -04 0 04 0.8

K, (A")

Possible topological origin!

1 _I 1 1 1
o o N : - ) _
Q (rad)

Chirality of orbital angular momentum in a band.

Intensity inversion between RCP and LCP data in y band.

Park et al, Phys. Rev. Lett. 108, 0468 (2012)
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ARPES: T dependence of a band
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a and 3 bands vanish or merge into one 5d band at
high temperatures.
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Possible Tl candidate
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ARPES: Valence band structure

Fermi surface mapping
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Non-dispersive Yb 4f bands are located at around 1 eV and 2.3 eV below Fermi energy.

An elliptical Fermi pocket located around X and a circular Fermi pocket around I are clearly observed.




Er dispersive states
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Both the a band around I' and B band around X show almost linear dispersion.

The band top of the y band overlaps with the band bottom of a band in some energy range.




Near Er dispersive states
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Bulk conduction ® band has been observed around the X point.




Intensity (arb. units)

kz dependence of a
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kz dependence of 3

Intensity (arb. units)

Negligible kz
dependence for 3 band.
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 SmBy, identified almost linear dispersive states around [ and
X,

« Circular dichroism of the surface states indicate their
possible topological origin;

« Temperature dependence data shows the hybridization of
4f-5d bands across the Kondo temperature.

« SmB; is likely a Topological Kondo Insulator.




» ARPES study on the surface states of
SmB6 and YbBG6

» STM study on the surface states of BiTeCl
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Structure of BiTeCl (Br, 1)

BiTeCl (Br, I)

I-term
(contaminated)

s

I-terminated Te-terminated
—a—8—8—8 B 8 oo
O—a---0- -y - -0
i|e|l @ @ & © o o o

e |6 o o © © o © ¢
&0—a 0 n PO 0O 0 0
y @ ¢ © © © o o ©

Inversion-symmetry breaking Polarized surface,
Rashba p-n junction

M. Sakano et al., PRL110,107204 (2013) C. T. Colletta et al., Phys. Rev. B 89, 085402 (2014)



Glant Rashba-type splitting in BiTeCl (Br,
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Possible topological surface states in BiTeCl

Y. L. Chen et al., Nat. Phys. 9, 704 (2013)
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Quasi - particle interference on BiTeCl

Scattering direction changes with energy!

-200mV---75mV: along I'-M direction

Above 75mV: along I'-K direction
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Dispersions of g vectors

-M direction -K direction
IR lf)' l'\ o |

i

:/

300

590mV
- l.'
530mV
500mV
470mV
440mV

——

e ._—--l.ﬁmmu((t&&

e ———— ——— e o

a)
|

410mV

smv
380mV
350mV
325mVv
300mV
275mV
250m

-200mV

mv
200mV
200mv
175mV
150mV
125mV

-375mV

Intensity(arb.units)

S500mvV

Intensity(Arb.units)

100mv
75mV
50mV
25mvV
omVy

== = =

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 15-10-05 00 05 10 1.5

q(1/angstrom) q(1/angstrom)

Tong Zhang, Fudan University, Spin 2014, Beijing



Origin of the two g vectors
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g2 could be a rashba like surface states, in which
the back scattering is still possible
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 Two branch of dispersive surface states are observed at
BiTeCl surface.

 One of them is likely to be topological surface states without
back scattering
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Angle-resolved photoemission spectroscopy
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A single topological Dirac fermion in BiTeCl
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Summary of YbBs

« |dentified almost linear dispersive surface states around I' and X;

« The total number of surface state is odd,;

«  Circular dichroism of the surface states indicate their possible topological
origin;

«  The bulk insulating gap might be around 100meV

. Unsolved issues

— Two fold symmetry of circular dichroism in a band?

Juan Jiang, Fudan University, 2014 ALS user meeting, Berkley, ARPES study on the surface states in hexaborides SmBe and YbBe.



photon source energy analyser
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Binding energy (eV)
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Spin polarized topological nontrivial surface states!
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Binding energy (eV)

Spin polarized topological nontrivial surface states!
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Binding energy (eV)

Spin polarized topological nontrivial surface states!
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Both a and y bands are likely to be topologically non-triviall

The total number of surface state is odd!

Topological Kondo Insulator
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Surface states??

Linear dispersion of a bands.
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RCP (RCP-LCP)/(RCP+LCP)
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k: dependence of 5d band
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E-E, (eV)

Intensity (arb. units)
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Obvious 2D nature of the a and B bands,

3D nature of y band.




The energy position of the crossing point shifted
about 500 meV.

B’ band is the lower cone of 37?
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RCP-LCP
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Surface reconstruction?

1x2 reconstruction

Shin-ichi Kimura et al, Phy. Rev. B 86, 075105 (2012)



Circular Dichroism ARPES

spin degenerate

The spin polarization of the initial state and the helicity
of light determines the matrix element and the intensity.



Circular Dichroism ARPES
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