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 Introduction
« 3D topological insulators (TIs)

« Breaking time reversal symmetry by magnetic proximity effect (MPE)
« Demand for a reproducible growth method

* Manipulating the Fermi level (Eg) toward the Dirac point
« Motivation

* Bi,Se; / Rare earth iron garnet (RelG)
« Advantage of RelGs
* Yttrium iron garnet (YIG) & thulium iron garnet (TmIG)
Growth method: Se-buffered low-temperature (SBLT) growth
Improvement in crystallinities (vs. conventional two-step growth)

Enhancement of interfacial exchange coupling
* Observation of anomalous Hall effect (AHE)
« Large negative shift in H,., probed by ferromagnetic resonance (FMR)
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Outline

» Characterization of structural properties
« Higher-temperature growth of Sb,Te; & (Bi,Sb),Te,

» Evidences of manipulating E¢ toward bulk-insulating features
» Detection of two conductive transport channels
« Band structure engineering revealed by ARPES

» Electronic transport & magnetoresistance analysis
* Observation of room-temperature AHE

e Conclusion



3D topologlcal Insulators (TIs)
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Breaking TRS by MPE
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Features
* Quantized plateau (e%) N Py

« Approaching zero resistivity in p,,

« Dissipationless transport



Breaking TRS by MPE

Breaking Time Reversal Symmetry (TRS) in Tls
® Quantum anomalous Hall effect (QAHE)
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Breaking TRS by MPE

Breaking Time Reversal Symmetry (TRS) in Tls
® Quantum anomalous Hall effect (QAHE)

: Transition metal dopin
Ways to break TRS in Tls: Ping

Introducing magnetic moments _ o
Magnetic proximity effect (MPE)

Magnetic proximity effect TI/MI hetero-st_ructure with a
very small lattice mismatch

Advantages of MPE: - Persistence of MPE to room temperature

« Higher T, than that of * Low T (=17 K)

magnetic doping  In-plane magnetic anisotropy (IMA) of EuS

* No crystal defects EuS 5 P T et 1480
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Breaking TRS by MPE

Breaking Time Reversal Symmetry (TRS) in Tls
® Quantum anomalous Hall effect (QAHE)

: Transition metal dopin
Ways to break TRS in Tls: Ping

Introducing magnetic moments _ o
Magnetic proximity effect (MPE)
Tensile-strained Tm;Fe:O,,

Magnetic proximity effect
agnetic pro y EIEE (thulium iron garnet, TmIG)

Advantages of MPE: - Magnetic insulator
« Higher T, than that of * High T (above 500 K)
magnetic doping » Perpendicular magnetic anisotropy (PMA)
* NO Crysta| defects C. N. Wu et al., AIP Adv. 8 (5), 055904 (2018).
e Uniform magnetization - C N. Wu et al., Sci. R’ep. 81(2), 11087 (2018).
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Breaking TRS by MPE

Breaking Time Reversal Symmetry (TRS) in Tls
® Quantum anomalous Hall effect (QAHE)

: Transition metal in
Ways to break TRS in Tls: ansition metal doping

Introducing magnetic moments _ o
Magnetic proximity effect (MPE)
Tensile-strained Tm;Fe:O,,

(thulium iron garnet, TmIG)
* Magnetic insulator

However, * High T (above 500 K)
* Perpendicular magnetic anisotropy (PMA)
« Complicated surface atomic C. N. Wu et al., AIP Adv. 8 (5), 055904 (2018).
arrangement C. N. Wu et al., Sci. Rep. 8 (1), 11087 (2018).
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Breaking TRS by MPE

Conventional two-step growth

b

15t step: Low temp.
Ordered and smooth initial layer

2"d step: High temp.
Atoms with more kinetic energy
=) Better film quality

N. Bansal et al., Thin Solid Films 520 (1), 224 (2011).

Applied on rare earth iron garnets (RelGs):
m) Atoms tend to bond to the surface dangling bonds first




Breaking TRS by MPE

Conventional two-step growth leads to:
Large variation of T,
of MPE properties

Interlayer with poor crystallinity

Urgent demand for a reproducible growth method

 Narrowing the variation of film qualities
« High-quality interface
« Strong exchange coupling



Manipulating E¢ toward D rac Qomt
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584-588 (2010). 4002—-4007 (2010). 874-880 (2010).
Bi,Se, Bi,Te, Sb,Te,
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Bulk states dominate the transport properties.
sy °* TSSfeatures are diluted by the bulk contribution.
« Itis hard to distinguish the contributions between
the TSS and the bulk.
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Manipulating E toward Dirac point

Ways to eliminate/reduce the
bulk contribution in Tls
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* Tuning E¢ by the field effect
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J. S. Lee et al., npj Quantum Mater. 3, 51 (2018).
M. Lang et al., Nano Lett. 13, 48-53 (2013).

Electric gating effect

» Affecting only one side of the Tl
* No modification on the band structure



Manipulating E toward Dirac point

. Electric gating effect
Ways to eliminate/reduce the J J

bulk contribution in Tls _ _
Chemical doping / alloy

(Bi,Sb),Te, (BST)

« Tuning the position of the E.
* Introducing different amounts
of defects

 Modifying the band structure
of Tl

Bi,Te, Sh,Te,
Teg; anti-site Sb, anti-site
\ 4 \ 4
n-type p-type
doping doping
J. Zhang, et al., Nat. Commun. 2, 574 (2011).

-02 —01 0 01 02 -02 01 0 01 02 —02 -01 0 0.1 02 —02 —01 O O\ 02

J. M. Zhang et al. Phys. Rev. B 88, 235131 (2013) ke (Vh) o (1A i ke Ry

Manipulating the E- into the bulk band gap s bulk insulating TI



Motivation
Molecular Beam Epitaxy (MBE)

Base pressure:

4x1010 torr
O(-A|203 (2x10-19torr)
Bi1,Se;
® ] ®
m e ©0 o
3\‘(7 o0
<’.>(2> .'.
Reflection High-Energy © ®e
Electron Diffraction
(RHEED) Se Bi

Qoited svithfilament

2D diffraction
Streaks: smooth surface & Great crystallinity

Rings or Spots: polycrystalline or rough surface
10



Motivation

(b)

Bi,Se,
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Toward bulk-insulting

I
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I: Bi,Se,/TmIG
&
Bi,Se,/YIG

* Bi,Se; / Rare earth iron garnet (RelG)
« Advantage of RelGs

« Growth method: Se-buffered low-temperature (SBLT) growth

* Improvement in crystallinities (vs. conventional two-step growth)
« Enhancement of interfacial exchange coupling

NTH U/NTU Advanced Nano Thin Film E%i'tgiftggl3




RelG substrate preparation

* Thulium iron garnet (TmsFe:O,,, TMIG)

* Perpendicular magnetic anisotropy (PMA) (induced by tensile strain)

* Yttrium iron garnet (Y;Fe;O,,, YIG)
* In-plane magnetic anisotropy (IMA) and low damping constant
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Sputter

\. J
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Without
chemical
cleaning

Outgassing

150 °C 15 min

/
/
4
/

r

MBE

~\

J

___,

Growth temp.

—
Garnet structure

Outgassing
Bi,Se,/YIG at 500°C

H. Wang et al., Phys. Rev. Lett. 117, 076601 (2016).
(Bi,Sb),Te,/YIG at 600°C, 1hr
Z. Jiang et al., AIP Adv. 6, 055809 (2016).

(Bi,Sb),Te,/TmIG  at 600°C, 1hr

C. Tang et al., Sci. Adv. 3 (6), e1700307 (2017).

RHEED patterns:
350°CTring (polycrystalline)

Residual gas analysis:
300°ctC,0, compounds

14



Demand for a reproducible growth method

Conventional two-step growth

st .
« Complicated surface atomic 15" step: Low temp.
arrangement Ordered and

smooth initial layer

However,

* Huge lattice mismatch with
Bi,Se,

2nd step: High temp. k&
Atoms with more

Kinetic energy
=) Better film quality

s

Interlayer with
poor crystallinity

N. Bansal et al., Thin Solid Films 520 (1), 224 (2011).

Urgent demand for a reproducible

growth method

 Narrowing the variation of film
gualities

« High-quality interface

e Strong exchange coupling

Z. Jiang et al., AIP Adv. 6 (5),
055809 (2016).
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The SBLT growth

The Se-buffered low-temperature (SBLT) growth:

oo Bi,Se;

¥ Amorphous Se

~50°C

TmIG(111) (=50°C)

amorphous

The substrate was
covered by a layer
of amorphous Se
and ~1 nm Bi, Se, ,.

16



The SBLT growth

The Se-buffered low-temperature (SBLT) growth:

LX) .
28 Bi,Se, 250°C

¥ Amorphous Se

N\
)

The high-quality Bi,Se,
at the 1st QL serves as a
great template for the

amorphous ~1 QL Bi,Se, further Bi,Se,; growth.

16



The SBLT growth

The Se-buffered low-temperature (SBLT) growth:

oo Bi,Se;

¥ Amorphous Se

Sharper and brighter
RHEED patterns were
obtained in thicker

~1 QL Bi,Se, ~7 QL Bi,Se, |EESSERLUS

16



Comparison of RHEED patterns

Spotty ring feature Grain growth, Reaching a good-
=) poly crystalline forming 2D surface quality surface

Two-step growth

TmiG

SBLT growth

Bi,Se, (-1 QL) | Bi,Se, (=3 QL) | Bi,Se, (-7 QL)

Line feature More distinct RHEED patterns
=) petter crystallinity =) achieving excellent

and smooth surface crystallinity of thin films -



Comparison of RHEED patterns

Two-step growth

SBLT growth

Bi,Se, (-1 QL) | Bi,Se, (=3 QL) | Bi,Se, (-7 QL)

It works on Bi1,Se,/YIG !

17



Structural analyses

Bi,Se;
/nm
TmIG

GGG

Roughness = 2.58 nm
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Structural analyses

an Top surface:

g © Smooth surface

gatawd ©  Clear triangular
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Structural analyses

SB LT growth

(Biy 5Sb, ;),Te,/YIG

Bi,Se; :

2 A Top surface:

TmIG ¥ Smooth surface
GGG

¥R - Clear triangular
Relyy domain

]
Roughness = 0.77 nm
| C. Tang et al., Sci. Adv. 4, eaas8660 (2018).

Bi28e3 BizSe3/Y|G

/nm
YIG

GGG

Roughness = 0.71 nm Roughness = O 58 nm I 500 1000
osition (nm
| H. Wang et al., Phys. Rev. Lett. 117 (7), 076601 (2016). | it
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Structural analyses
HRTEM images

Cs-corrected
STEM images

e Interface:

» ~1nm amorphous
interlayer

% Films:
» Clear atomic
structures

Interface;

el > Se buffer layer
evaporated
%, 0, | > Visible atoms in

the 1st QL
19



Intensity (kcps)

Intensity (kcps)

Interfacial analyses

XPS spectra of 4 nm Bi,Se; on TmIG

152

44
Fe 2 20f :
P R Bi 4f
~~ (46} H —~~
4.2 1815} 2 o Bi 4f5/zgaf”
(&) 9 Q_‘_' Q_MU) n
X g ™ ™ L‘EN
b 28 sf| 2
1= . o .
4.0 % 2 : o%
] 5' q-) "
E 0p) N
3.8} 1 J : N—
740 730 720 710 168 164 160 156
Binding Energy (eV) Binding Energy (eV)
3l Bis5d . Se 3d
2 2l (elemental Se) SBe 2d5/2
1£ se 3d, A (B:5€)
> ‘N[
2 Se 3d3/25
| p& 1 Lo
2
R
35 30 28 26 24 22 Q0B85 865 57 52 50 a8

Binding Energy (eV)

No elemental Se was detected at the interface!

Binding Energy (eV)

Bi,Se; 4 nm
TmIG
GGG
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Bi,Se,

Observation of AHE

TmIG Anomalous Hall Magnetic proximity effect (MPE):
ccc effect (AHE) loops

R, .. (MQ)

Magnetization of
- the bottom
M’ topological surface
B state (TSS)

C. Tang et al., Sci. Adv. 3 (6), e1700307 (2017).
1"}," Spin current effect has been precluded

220 K
ARV ﬂ"

! ", ”.ﬁ‘ﬂl‘ “\

v

180 K

™ \'“ A ,\

K

- In our other work
A Lo \‘ 1ok {117 Xy W
ST o I A VAN |
100 K BiSepppas  BiSessasss 0
ve _38(()T) e e -%sin% (T:)B ° 0

S. R. Yang et al., arXiv: 1811.00689 (2018).
(Accepted by Phys. Rev. B)

T Enhanced exchange coupling at the interface!

-300 0
B (Gs) 21



Enhanced interfacial exchange coupling

| Two-step growth |

— TMIG(15)

137 Oe

o Bi28e3(7)/Tm IG(1

normalized di/dH(a.u.)

4000

4400

24800

H (Oe)

| SBLT growth |

365 Oe

/

— TMIG(15)

A

e Bi>Se3(7)/TMIG(15)

normalized dl/dH(a.u.)

3600

4000

24400

H (Oe)

Our previous work
TSS-induced interfacial anisotropy

0.04
Ferromagnetic
< 000r | resonance
5004 | (FMR)
GE; 0.08}{l /i—ﬁ/ | ¥
;—_0_12 | Spin dynamics
016] at the interface

12 18 24 30 36 42
ss (NM)

Y. T. Fanchiang et al., Nat. Commun. 9, 223 (2018)

Bi,Se; grown on TmIG
¥
Negative shift in H,,, of TmIG
¥
Enhancement of IMA at the interface
¥

Stronger interfacial exchange coupling !
22



Summary |
Our SBLT growth attained:

Bright and distinct RHEED at the 15t QL
Smoother surface and sharp triangular domains

scitation_orglfjournaliapl

High-quality interface
Observation of AHE Enhan
Larger shift in H, }

4
2
7]
o)
kY
£
[a
2
-
Q
g

Topological insulator
Bi_2Se_3 films on rare earth
iron garnets and their
high-quality interfaces

Apgl. Phys. Lett 114, 031601 (2019): dok.org/10.10631 5054329

C.C. Chen K. H.M. Chen, Y. T. Fanchiang, C. C. Tseng, S. R Yang, C. N. Wiy,
M. X Guo, C. K. Cheng, S. W. Huang, K_Y. Lin, C. T Wu, M. Hong, and J. Kwo

C. C. Chenetal., Appl. Phys. Lett. 114, 031601 (2019).
(Featured, cover story)
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&
(Bi,Sb),Te,/TmIG

* (Bi,Sb),Te; / a-Al,O; & (Bi1,Sb),Te; / TmIG
« Characterization of structural properties
« Evidences of manipulating Er toward bulk-insulating features
 Electronic transport & magnetoresistance analysis

NTH U/NTU Advanced Nano Thin Film E%itgifthZZl



Manipulating E toward Dirac point

M-T -M

 Bulk states dominate the transport
properties.

* Itis hard to distinguish the
contributions between the TSS and
the bulk.

Ways to eliminate/reduce the bulk
contribution in TIs: (Bi,Sb),Te,

* Tuning the position of the E.
* Introducing different amounts of defects
 Modifying the band structure of Tl

-0.2 0.0 0.2

K//(A-l) B|2T63 szTeS
Bi,Se. (our work) Teg; anti-site Sb, anti-site
2 3 $ . g
Bulk conduction band n-type p-type
+ doping doping

Surface states J. M. Zhang et al. Phys. Rev. B 88, 235131 (2013)

Manipulating the E; into the bulk band gap  bulk insulating Tl
25



Excellent crystallinities of BST films

Sb(x) 0 0.25 0.50 0.71 1

« Streaky RHEED patterns from the very first
guintuple layer (QL) to ~15 QL grown by MBE

26



Excellent crystallinities of BST films

Sh(x) 0

» Streaky RHEED patterns from the very first
QL to ~15 QL grown by MBE

« Large domains with sharp triangular shapes

Intensity (a. u.)

» Clear RHEED oscillations indicating the
layer-by-layer growth

0 10 20 30
Time (min)
26



In-plane lattice constant

Composition characterization

4.38

4.35¢

(a) (A)
o~

429}

4.26

w w w w w
o o o O o
o N N o o)

Normal lattice constant (c) (A)

)
©
o)

XRD (ex-situ)

— - _
. Bi,Te;
e a=4.38A]
.
Sb2T93 . ‘\
a=4.26A e
0.0 05 1.0

Sb(x) determined by the flux gauge

-_E__i g B i

Bi,Te, Sb,Te,
c =30.49 Ac=3043A]

0.0 05 10
Sh(x)

XPS (in-situ)
o
X 0.8} m
P “w
< 0.6}
g "
©
é 0.4F
S o2} -
/>'<\ AN
< 0.0} =
n

4.26 4.29 4.32 4.35 4.38
in-plane lattice constant(A) (measured by XRD)

» Compositions of (Bi,Sb),Te; can be
both in-situ and ex-situ calibrated
by X-ray photoelectron
spectroscopy (XPS) and X-ray
diffraction (XRD), respectively.
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Te capping layer & R-T curves
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—y |
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To prevent the

oxidation of Tls

Semiconductor-like

* Resistance increasing with the
temperature decreasing
« Higher value of resistance

Metal-like

0

150 200 250 300

T(K)

50 100

* Resistance decreasing with
the temperature decreasing
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25
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J. Zhang et al., Nat. Commun. 2, 574 (2011).

Temperature (K)

(Big 29Sbg 71),Tes
' Biy 5Sby5),Te; ]

Bi,Te

i ]

0

50

100

150

T(K)

200 250

300

Semiconductor-like

* Resistance increasing with the

o A L i A L i L i i L i i L i L I
0 100 200 0 100 200 O 100 200 O 100 200 O 100 200 O 100 200 O 100 200 O 100 200 300

temperature decreasing
« Higher value of resistance

Metal

-like

* Resistance decreasing with
the temperature decreasing
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2.8
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23

22
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sheet

25p

24

Te capping layer & R-T curves

(Big29Sbg 71),Tes |
(.) 5.0 1(.)0 1;0 2;)0 2;0 3(.30
)

(Big 29Sbg 71),Tes
' Biy 5Sby5),Te; ]

Bi,Te

I i

0 50 100 150 200 250 300

T(K)

c 1 N 1
total —

R, = 2172 Q
A=4.7Q/T

R, =7010Q

A=59 meV @ activation energy

Semiconductor-like

* Resistance increasing with the
temperature decreasing
« Higher value of resistance

Metal-like

* Resistance decreasing with
the temperature decreasing
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Te capping layer & R-T curves

2.8
c 1 N 1
27} total —
Ry + AT A
2o Ryexp (i)
g Ry =2172Q
o 24f A:4.7Q/T
23k i R]_ — 701 Q
| (Big.29Sbg.71),Tes A=59 meV @ activation energy
(.) 5.0 1(.)0 12.30 2(.)0 2;0 3(.30
T(K)
,:’/ \\\ / \ * Network of p-n junction
| BN
. ~ ] I « Activation energy =~ energy from E¢
- — ———————-—-  to E, (effective E,)
. A - G T ’ ’
y  —————t—————— e ——— - _
' ‘ [ ~ A ¢ Larger A of aTl=> better quality
E, C —/ N\ / k - /
R, « The largest achievable A of doped TI
W / is 0.15E, ~ 50meV according to

B. Skinner et al., Phys. Rev. Lett. 109, 176801 (2012).

simulations.
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Very low Nyp & boosted mobility

1
N

1
N

n,, (x10”°cm™)(2K)(15 nm)

)

PR N
o N 03 o
L] L]

n,. (x10”°cm™)(2K)(5 nm)

A o »

~15 nm (2K) -
Nsp- |
| (P-type) | '+ Demonstration from n-type to
(n-type) A N p-type
* The lowest value of
A — 1.2 x 10'% em™2 (15 nm)
N ' and —1.5 x 102 ecm™2 (5 nm)
0.0 02 04 06 08 L0
_She) .
~5 nm (ZK) A Co_nbduc;-ion
A A - an _EF
A
A without capping - = -
e Te capping (LT) l
Te capping (HT) | ~ # Valence
 (p-type) . .
(n-type) -
A

00 02 04 06 08 10 29



Very low n,5 & boosted mObI|ItX

I\/Iob|I|ty

Enhanced value with
capping layers

« Boosted value with high-
temp. growth

« Higher value at Dirac point
stemmed from the feature
of Dirac fermion

f 500} At
~ 400} /1
Ic>"’ 300} —
E 200 /
= 100f*

0

05 06 0.7 08 09 1.0
Sb concentration x

=
(@]
(@)
O

(0]
o
o

Mobility(cm?®/Vs)(2K)(15 nm)

0o
o
O

Mobility(cm?®/Vs)(2K)(5 nm)

=
N
o
o

600 f

400

200

| ~15 nm (2K)
*
A
*
A A A
A
00 02 04 06 08 10
_Sb(x)
~5 nm (2K) "
A
A
A without capping | o
e® Te capping (LT) A
Te capplng (HT)
00 02 04 06 08 1.0 30




Two conductive transport channels

HLN equation: a~ — 0.5: one channel with weak
anti-localization (WAL)

e’ h 1 h :
— | — il 2 a~ —1:two channel with WAL
AGyy = <nh> [1/) <4elzB + 2) In <4elzB>] + cB |
| : phase coherence length

(1) the Sb composition dependence A w/o capping (15 nm)
(2) the effect of the capping layer ® with capping (15 nm) (LT)
_ with capping (15 nm) (HT)
(3) the BST thickness dependence O w/o capping (5 nm)
O with capping (5 nm) (LT)
with capping (5 nm) (HT)

surface state

I

=> Bulk conductive

.

surface state

surface state

——————— > Bulk insulating

S

0.0 02 04 06 08 1.0 surface state
Sh(x) 31




Two conductive transport channels

€ £
S 600k : : 4 S 600} : :
0 A A without capping (15 nm) | |w A A without capping (5 nm)
= 500} * Te capping (15nm)(LT) | JE 500} e Te capping (5 nm)(LT)
S Te capping (15 nm)(HT) | {= Te capping (5 nm)(HT)
< 400} 4%, 400}
> ’ 5
2 300} A {5 300}
‘
S 200f 16 200}
O [} A
S 100} $ {5 100}
o & 8 A
8 O 'l g O 'l 'l 'l » » »
e 00 02 04 06 08 10 O 00 02 04 06 08 1.0
s Sb(x) o Sb(x)
| 7\ J", “'\.I
| Low phase coherence length of (Bi,Sb),Te,
~N A/ S/ |+ Network of p-n junction
U \.@5,, - 12— \»/——* Transport by means of hopping or
En e ] D U A tunneling between charge puddles
E, T =~ 1 —  Enhanced coherence length with the
\I1/\ / R, high-temperature growth
\r/ J/ i ./

B. Skinner et al., Phys. Rev. Lett. 109, 176801 (2012).
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Tuning Er and band structures

Bi,Te; (BigsSbps),Tes  (Big2oShgsg),Tes Sb,Te;

E-E,

g— — v —— - — — T — —

-0.2 -0.2

-0.4

' | ] ] ] 1 . L
1 1T 1T 1 1 T T 1
-0.2 -0.1 00 0.1 0.2 -0.2 -0.1 00 01 0.2 -0.2 -0.1 0.0 0.1 0.2 -0.2 -0.1 0.0 0.1 0.2
Sh(x) 0 0.50 0.78

* Tuning Eg across the Dirac point
« Clear surface states shown in all samples

Condition:
e Helhv=21.2eV e Thickness =~20 nm
At 300K e K=T=-K
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Modified SBLT growth (Te-based TI)

Low-temperature growth

Te (modified from Se-buffered low-temp. (SBLT) growth)
(Bi, Sb)zTeg Lower flux ratio | Higher flux ratio
— | —

TmIG (Initial layer)

Low temp. High temp.
GGG =4

Breaking TRS by MPE ) _ . *

Te Bi,Sb BiSb,Te Te Bi,Sb Bi,Sb

3D Bulk open open close open open close
\/ nm
10-—

/, gapped
helical
surface

states

TmIG (~ 40°C)

)

. 0

H.-Z. Lu et al., PRL 107, 076801 (2011). | SRILINVFA0N®)

Roughness = 1.42 nm
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Observation of AHE up to RT

~ one order larger R, than that in Bi,Se;/TmIG

(Bl, Sb)zTe3/Tm|G (|n this work)

400F T = 1OOK
—_—
&
T .
m<-2oo _ ﬂj%qﬂ%u@fﬂ@%mﬂ%
(Bi, Sb),Te,
TmIG
4007 SEEENO 600 -8
-150 -100 -50 O 50 100 150
H (Oe)

BIZSe3/TmIG (our prewous work)

GGG

30557160 50 0 50 100 150
H (Oe)
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Observatlon of AHE uQ to RT

) O,o\ -o- (Bi, Sb) Te, 15 nm/TmIG ’ (Biy, 2Sb0 8)2Te35 nm/TmIG
O | -0~ (Bi,Sb),Te, 5nm/TmIG ~ i (Biy 5Sb, ;),Te; 5 nm/TmIG
0.15 C, = 1.5} -
o_ (our group) | & 19t (J. Shi’s group) -
0.10F o, AN ; _
O 0-0~o__ SN 05l
®)
_ \o\o © - (Bi, Sb),Te,
0.05F ' (Bi, Sh),Te, O—q ool Tmic
Ui . SGGG .
GGG 0 100 200 300 400
000 100 200 300 T (K)
T(K) C. Tang et al., Sci. Adv. 3 (6), 1700307 (2017).
100l B [ E
—=« | | i Factors affect the extent of Ry,: '
w70 K M
50 e 100K| o = _
—wx | 1o Stronger PMA induced by SGGG
g o 20| - « Larger tensile strain
< : + Eg closer to Dirac point
T .l 1: M. Lietal, Phys. Rev. B 96, 201301(R) (2017).
: » Interface quality
100} close to Dirac point :

4 2 0 2
B (T)
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R-T curves of (BI, Sb)ZTeSITmIG

DT cUpye  —————————
4.2F
- 3.9t { : . .
15nm N i« Semiconductor-like
L E >0 feature in both samples
’ 2°%3 ~ 3.3} J E - . .
TmIG x” i« Similar to the previous work
GGG 3.0} ]
2.7}
0 00 200 300 :
T (K .
12 9 -~ 14 T
—5nm 1l | i3 ol (Biy,Sby g),Te; 5 nm/TmIG
Te —_
(Bi, Sh),Te, g 101
TmIG o 9}
GGG o
st : !
| |: 0 100 200 300 400
0 100 200 300 : T (K)
T (K) :C Tang et al., Sci. Adv. 3 (6), e1700307 (2017):
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MR analysis by HLN equation

llllllllllllllllllllllllllllllllllllllllllllllllllllll

MR e BIZSe3/TmIG (our Work)
52| L 1
~15nm “‘§<1'02' BipSe3 9 nm/Sapphire
Te o481 : 2 BirSe3 9 nm/TmIG
(Bi, Sb),Te, = S~
TmIG a4k ‘—’§
GGG
™ 1 oo}
4.0} |
9 6 3 0 3 6 9 -: 9 6 3 0 3 6 9
B (T) : B (T)
: . S. R. Yang et al., arXiv: 1811.00689 (2018).
16~ NO negative MR | , : : _
& nm : Negdttye MR WL"-
g | o Ma 9 tlzatlo,n—gap
e — - |
: o 14} 1 -
B e §%T8H ocakization (Rg:> Jl/ez)
GGG o 13f 1 = J tblagé al., . tt.*1~14<
> : 216
« Hylori |zaW(é\rLg‘ap -

550 5 5 :  H.Z Luepal, Phys. Rey_» Cett. 107, 4
B (T) 076801 (2011). B (T)

*
llllllllllllllllllllllllllllllllllllllllllllllllllllll



MR analysis by HLN equatlon

No negative MR
Suppressed WAL

Smaller magnitude of a in
(B1,Sb),Te,/TmIG than those on
Sapphire

% BST 5nm/TmIG
% BST 15 nm/TmIG

A BST 5nm/Sapphire"§

* * <o * *
* * *
X X Pa)
A
¢ VvV VvV v v

v BST 15 nm/Sapphire |

02 03 04 05 06
Fitting Range (T)

llllllllllllllllllllllllllllllllllllllllllllllllllllll

S 1
\';<1 02F Bi2Se3 9 nm/Sapphire
n:>< BioSe3 9 nm/TmIG
=
m 1.01
S

x
n:><

1.00p

(B1,Sb),Te,/TmIG (this Work)

1.4 (BI Sb)zTe3 15 nm/sapphlre
(Bi,Sb),Te; 15 nm/TmIG

Rs(B)/Rg(0)

1.0f

*
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MR analysis by HLN equation

% BST 5nm/TmIG
0.2} * BST15nm/TmIiG |

' A BST 5nm/Sapphire
When the top surface and the v BST 15 nm/Sapphire

bottom surface are decoupled, =3 -0.4}

* & x Kk %
A _ -0.6F
Ototal = * * * X &
Otop surface T Opottom surface -0.8} A A
e v v v v

-1.0F

02 03 04 05 06
Fitting Range (T)

llllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

. surface state

=" Otop surface — WAL (¢ =—-0.5)

Bulk

*
| |

insulating

§=-’ Opottom surface = WAL (=0.5 < a < 0) +WL (0 < a < 0. 5)§

- surface state



Summary Il

Excellent crystallinity in (Bi,Sb),Te; on a-Al,O,

surface state

e

« Transport: lowest n,y, two conducting channels Bulkinsulating

 ARPES: closer to Dirac point

Excellent crystallinity in (Bi,Sb),Te; on TmIG

Room-temperature AHE
Weak thickness dependence = insulating bulk

No negative MR with smaller magnitude of a

I

surface state

surface state

Bulk insulating

surface state

= \VIPE only affected the bottom surface %%

. T=300K]
SR

\n -
n\ |
0, _O<g

0=n n’°>‘E

—

2000 2000 0 2000 4000
B (Oe) 40



Conclusion

N T H U/N TU Advanced Nano Thin Film Ecp:itgk)s:lr_]g[])“



Bi,Se;
RelG

(B1,Sb),Te,
(X-A|203

(B1,Sb),Te,
TmlG

Conclusion

Breaking time reversal symmetry

« Improvement of the interface quality

Enhancement of the interfacial exchange coupling

Toward insulating bulk state
Two conductive transport channels
Band engineering revealed by ARPES

Modifying the growth from Bi,Se,;/RelG
Pushing the T~ up to room temperature (AHE)
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