Two-dimensional Fermi surfaces in Kondo
Insulator SmB;
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Topological Kondo insulators SmBy
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1.

WHY? Kondo Insulator SmBg

2. HOW? Torque magnetometry

Result?

Quantum oscillations in M

2 dimensional surface state
F ~ 1 /cos (angle)

Landau Levels index plots -
-1/2 Berry phase factor for
Dirac dispersion

Heavy Mass observed in
Floating-zone samples
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Kondo Insulator SmBy

Mixed valence: Sm3* and Sm?* both present

Kondo insulator
o Metallic properties at low T
o Non-magnetic insulator properties at low T

Behavior is attributed to mixing of localized f states
and conduction d states

Band hybridization leads to
a small gap

Conducting\\
d States

.....................................................

~ Local f States -




3D Topological Kondo Insulators

Theoretical Kondo Tl prediction:

¢ SmBg; Dzero, Sun, Galitski, Coleman, PRL 2010

Topological Insulator w weak interaction

® Robust (protected) surface state
® .

Insulating bulk
® 0dd number of Dirac cones

® Helical spin structure
Kane, Fu, Zhang, Xi, Moore, Balents ....



Surface conductance

a) —
%f Ll L) Ul'l' L) Al 1 L) l"l' L) Al 1 L
/\ ™~ a 1) ] L} ] L) -
| T \‘ —
b) e WE R, N\ T T
— : y \ & N
)] | : - \ g 1
‘ S r V22 -
T T ey Y N o 10 v 3 <
\\'/J g 3 Lar ‘z 13
C) V < - : \ ]
— —— —— =~ PR S 1 .g : il.\'h IS:
e — e — — 4..\:—4—'4—- &) l
E \
\4 = |
s 0.1 Lol L1 1L hn L1 111

= < 1 10
m Temperature (K)

Wolgast et.al.
arxiv: 2012, PRB 2013
Michigan



Surface conductance and bulk gap

DOS
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Advanced Calculation shows possible surface state
on the 100 cleavage plane
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Experimental approach demonstrating the
topological surface state

1. ARPES Hasan, Shen, ...
« Dirac dispersion

« Helical spin structure

2. STM Yazdani. ...

3. Quantum oscillations Ong, Ando, Fisher ...



Experimental approach demonstrating the
topological surface state in SmB;

1. ARPES shows Dirac dispersion
N. Xu, et al., Phys. Rev. B. 88, 121102 (2013).
M. Neupane, et al., Nat. Commun.4, 2991 (2013).
J. Jiang, et al., Nat. Commun.4, 3010 (2013).
E. Frantzeskakis, et al., Phys. Rev. X. 3, 041024 (2013).
J. D. Denlinger, et al., arXiv:1312.6637 (2013).
Z.-H. Zhu et al., Phys. Rev. Lett. 111, 216402 (2013).

2. STM Yayu Wang, PRL 2014,
S. Wirth, PNAS 2014
Hoffman, arXiv:2013

3. Quantum oscillations
Gang Li & L. Li, Science 2014
J. Xia etal....
Sebastian et al... Science 2015



Quantum Oscillations reveal

1. Dimensionality Bi,Se;
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Quantum Oscillations reveal

2. Signature of Dirac dispersion in the Landau Levels index plot

Landau index n
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Missing: quantum oscillation in magnetoresistance
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Challenge: how to measure the magnetic moment
of surfaces?



Challenge: how to measure the magnetic moment
of surfaces?
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Torqgque on moment: T=mxB



Torqgue magnetometry

Torqgque on moment: Tt=mxB

A

Deflection of cantilever: <t = k ¢

M= Tt/ uoHVsin(0)

19



Torque magnetometry

Torque on moment: T=mxB

A

Deflection of cantilever - torque t

M= Tt/ uoHVsin(0)

Only sensitive to magnetic anisotropy

20



Cantilever setup of bismuth

Cantilever

Gold Film

Substrate

1. Magnetic moment Am ~ 10" A.m?2at10 T (100 ug )
( SQUID MPMS, Am ~ 109 A.m?)
2. Works up to 45 Tesla, at20 m K~ 300 K

Li, Cava, Uher, Hebard, Ong ... Science (2008) 21



Cantilever setup of bismuth

Cantilever

R e~y Tk

Gold Film

Substrate
Magnetic moment Am ~ 10" Am2at10T (100 ug)

Fora 3 mm X2 mm X 0.2 mm SmBg crystal,
Am ~ 104 ug /u.c.
Susceptibility resolution (at 10 T ) Ay ~ 10° 22



Laboratory

18 mK-40 K o
Magnetic field up to 45T
Magnetic field upto 8 T gnetic field up to

23



Torque curve examples

Paramagnet

? 7 \'\ ‘\.\’7‘%»

A
& Se \0\ ¢J \N)ﬂ

M proportional to H
torque = MXH ~H?

torque ~M X H




Torque curve examples

2D electronic system

MAGNETIC FIELD (tesla)
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Torque curve examples

2D electronic system

B increases
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2DEG oscillation F ~ 1/cos(¢)

1. Dimensionality
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2DEG oscillation F ~ 1/cos(¢)

1/cos(¢)
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SmB; samples
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(101) plane

B (011) plane

(001) plane

G. Li, et al. Science 2014

29



Sketch Sample sideview
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Quantum oscillations in magnetic torque
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Magnetization resolved for surfaces
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Torque curve examples

2D electronic system

B increases
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Fourier Transform shows oscillation frequencies
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No oscillation frequencies observed above 2 kT
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Topological Kondo insulators SmBy
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Track the angular dependence of the frequency

FFT Amplitude

0.060

0.054

0.048

0.042

0.036

0.030 p/ W

0.024

0.018

0.012

0.006

0.000

SmB

6

Sample #1

172.0°

165.1°

o 154.6°

144.2°

133.7°
126.8°

7 116.3°

105.9°

95.4°

88.5°

85.0°
74.5°

. 641

53.6°

46.7°

36.2°
29.3°
2 22.3°

11.9°

1.4°

200 400 600 800 1000

Frequency (T)

FFT Amplitude

~ 10 degree between each trace

0.024

0.020

0.016

0.012 P/

0.008

0.004

0.000

161.0°

© 154.1°

| 143.6°

133.1°

122.7°
.. 115.8°

" 105.3°

94.9°

84.4°

77.5°
- 74.0°

© 63.5°

53.1°

42.6°

35.7°

252

T 1830
1130

o AB,E 0.9°

0 200 400 600 800 1000

Frequency (T)
G. Li, et al. Science 2014

37



FFT in logarithmic scale
helps track F vs. angle

(a) SmB, Sample 1

FFT amplitude in log scale(a. u.)

(b) smB, Sample2
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FFT in logarithmic scale
helps track F vs. angle

(a) SmB, Sample 1

FFT amplitude in log scale(a. u.)

(b) smB, Sample 2
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FFT in logarithmic scale
helps track F vs. angle

(a) SmB, Sample 1

FFT amplitude in log scale(a. u.)

(b) smB, Sample 2
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FFT in logarithmic scale
helps track F vs. angle

(a) SmB, Sample 1

FFT amplitude in log scale(a. u.)

(b) smB, Sample 2
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FFT in logarithmic scale
helps track F vs. angle

(a) SmB, Sample 1

FFT amplitude in log scale(a. u.)

(b) smB, Sample 2
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FFT in logarithmic scale
helps track F vs. angle

(a) SmB, Sample 1

FFT amplitude in log scale(a. u.)

(b) smB, Sample2
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(a) SmB, Sample 1 (b) smB, Sample 2
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(a) SmB, Sample 1 (b) smB, Sample 2
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Two-dimensional y pocket on (100) plane
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G. Li, et al. Science 2014



Two-dimensional § pocket on (101)
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Advanced Calculation shows possible surface state
on the 100 cleavage plane

()

b ki
/ > E—t

Y — m—_ ~

X! M 3

¥ z

o o

) K & -

kyx M

3 Dirac Cones, 2 Fermi Surface Areas

Lu, et al. PRL (2013) 48



Track the angular dependence of the frequency

FFT Amplitude
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Two-dimensional a pocket on (100) plane
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Surface states
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2D nature rotating from 100 axis to 011 axis
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Topological Kondo insulators SmBy
1. WHY? Kondo Insulator SmBj
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2. HOW? Torque magnetometry

Result?

Quantum oscillations in M

2 dimensional surface state
F ~ 1 /cos (angle)

Landau Levels index plots
- -1/2 Berry phase factor

for Dirac dispersion

Heavy Mass observed in
Floating-zone samples
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Index plot 2 -1/2 at infinite H limit
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Open question: Light effective mass
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Open question: Large Fermi Velocity

o I5] ¥
F(T) 29.344 202 +5 383+ 5
Crystalline Surface Origin (100) (101) (100)
kr ( nm™!) 0.28 + 0.04 0.941 + 0.008 1.08 + 0.01
— 0.119 + 0.007 0.129 + 0.004 0.192 + 0.005
vr (10° ms™1) 2.9 + 0.4 8.45 + 0.33 6.50 + 0.21
| (nm) 22 + 8 55 + 7 27 + 4
p (x10%cm?/V s) 1.2 + 0.6 0.89 + 0.12 0.38 £ 0.06
kpl 6.2 + 3.1 52 + 7 20 + 4
) -0.45 % 0.07 -0.44 % 0.06 -0.32 & 0.07

G. Li, et al. Science 2014
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Open question: Large Fermi Velocity

Polar surface at 100 ? But non-polar on 101 surface

Interaction driven renormalization?
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Topological Kondo insulators SmBy
1. WHY? Kondo Insulator SmBj
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2. HOW? Torque magnetometry

Result?

Quantum oscillations in M

2 dimensional surface state
F ~ 1 /cos (angle)

Landau Levels index plots -
-1/2 Berry phase factor for
Dirac dispersion

Heavy Mass observed in
Floating-zone samples

60



Conclusion
Surface states resolved at Kondo Insulator SmB,
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* Quantum oscillations in magnetization

« 2D surface state FS areas: 1 on (101) surface, 2 on (100) surface



