Surface states mediated spin-to-charge conversion in BiSb-based

topological insulators probed by THz emission speciroscopy

H. Jaffres', E. Rongione'23, S. Massabeau!, L. Baringthon'4, D. She', F. Bertran4, P. Le Fevre?,
G. Pafriarche», A. Lemaitre®, R. Lebrun'3, N. Reyren!, S. Dhillon?, J.-M. George'

I Unité Mixte de Physique CNRS-Thales UM (France) 4 Soleil synchrotron
2 Laboratoire de Physique de I'Ecole Normale Supérieure LPENS (France) °Centre de Nanosciences et Nanotechnologies C2N (France)

3 Thales Research and Technology TRT-Fr (France)

A S NEBULA

THALES unlverS|te LPENS

Buildingafuturewecanalltrust PARIS=SACLAY B 0o




General applications using spin-to-charge conversion
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I Spintronic THz emitters : fundamentals of THz emission process
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I Two different interconversion mechanisms for THz generation
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THz emission from ISHE based metallic spintronic emitter Co/Pt
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I Investigation of Bi,_,Sb, fopological insulator
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Angular Resolved Photo-Emission Spectroscopy (ARPES)
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Bi,_,Sb, Tl alloys as a template for spintronics devices
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Bi,_,Sb, Tl alloys as a template for spintronics devices
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Bi,_,Sb, topological insulator : complex Fermi surface

E. Rongione et al., adv. Sci. 2023, 2301124
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Bi,_,Sb, topological insulator : Electronics Band structure

L. Baringthon et al., Phys. Rev. Materials 6, 074204 (2022)
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" Bi,_Sb, topological surface states and spin-texture

] Spin-resolved ARPES

Measured by L. Baringthon, D. She, N. Reyren, J.-M. George and P. Le Févre (at SOLEIL synchrotron)
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Bi,_,Sb, is a favorable playground for highly-efficient IREE
Investigation of dynamical interconversion by THz emission spectroscopy
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I THz emission spectroscopy of Co | Bi,_,Sb, bilayers

Our study: studying ultrafast spin-charge mechanisms of TI/FM
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I THz emission features from Bi, ,Sb,/Co

E. Rongione et al., adv. Sci. 2023, 2301124
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~ Emission angular symmetries for Co | Bi,_Sb,

E. Rongione et al., adv. Sci. 2023, 2301124
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Role of the Bi,_Sb,/Co interface

THz signal (a.u.)

18

E. Rongione et al., adv. Sci. 2023, 2301124
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" Linear response theory for spin-charge interconversion in Co | Bi;_,Sb,

E. Rongione et al., adv. Sci. 2023, 2301124
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" Bi,_Sb, thickness dependence on the THz emission

E. Rongione et al., adv. Sci. 2023, 2301124

How to discriminate conversion mechanisms in TI/Co from THz emission?@
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" Bi,_Sb, alloy concentration dependence on the THz emission

] Experimental THz SCC

THz efficiency M1 (a.u.)
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| Role of the surface

states

Topological character might
not be necessary for IREE
conversion

Only hybridized Rashba-like
surface states

Perspectives for integrated
Tl-based spintronic devices

THz SCC via hybridized Rashba-like surface states




Bi,SnTe, topological insulators probed by THz

ER et al., Adv. Optical Mater., 10, 21020461 (2022)
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" Extraction of the emission symmetries for Co | SnBi,Te,

ER et al., Adv. Optical Mater., 10, 2102061 (2022)
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Necessity to separate THz contributions

Non-magnetic contributions
_S(+M) + S(—M)
o 2

[HY

Measured azimuthal dependence

[HEY
N

THz E-field sum S+ (a.u.)
o
k=1

5
s
= 9 | ‘ Typically 15-20% of the THz signal
3 6 240 S 300
£ 6 2 270 ,
g- 3- ISnBizTe4(SSL)/Co(4) ® Data = Fit[
: 0‘ ;? 12 4-49(»)“ ° ° °
S 3 = ; o G Magnetic contributions
3 6 i 6. 150/ 130 ¢ S(+M) — S(—M)
(1] 9- Q / \ - 2
v 4 s 3/ / \
N 12 5 oled ‘\
T g O~18({ 0
3 —— 5 3] | /
snBi,Te (ssL)/Co(4) * "V Sine :ft 2 6 21\0\,\ e Stronger THz signal for SnBiTe,
9 - Si0g It & g \\ compared to its parent material Bi,Te,
|.|I_| L I
] 200~~_1__—"300
y 12 270
- SnBi,Te,(55L)/Co(4) ® Data == Fit
Bi,Te,(5QL)/Co(1.5) ® Data === Fit

IE’ N Spin-charge related contribution: main component isotropic vs. cyrstalline orientation



Conclusion and perspectives

THz spintronic emitters based on heavy-metal based heterostructures
Gapless broadband emission ; polarization tuned by magnetic field ; nm-thin passive emitters

Impact of material properties and interfaces on THz emission

- THz emission spectroscopy: powerful tool to investigate spin-to-charge interconversion efficiency
- Key emission parameters = interface quality with g, + g, and spin Hall conductivity oy

For more information about this work: T. H. Dang, ER et al., Appl. Phys. Rev., 7, 041409 (2020)
J. Hawecker, ER et al., Adv. Optical Mater., 2100412 (2021)

New type of emitters based on Tl surface-states - Spectroscopy

- Tl are interesting candidates for high power emitters due to strong interfacial conversion

—> Isotropic conversion mapped by isotropic crystalline emission and thickness-independent emission
—> Demonstration of strong THz emission : Bi, Sb | Co

- Reliable technique to measure spin-charge interconversion

For more information about this work: L. Baringthon et al., Phys Rev Materials (2022)

E. Rongione et al., Advanced Science 2023
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" Perspectives on THz spintronics

| THz engineering
R. I. Herapath et al., Applied Physics Letters, 6, (2019)
M. Talara et al., Appl. Phys. Express, 14, 4, 042008 (2021) »
ER et al., in preparation (2023) - == 1 L.
cavities, antenna, anti-reflective coatings, efc. [ ||| COMBINIng all enhancement fracks fogether

e (ps)” 3 - spin-sink: x2.5 in power
- THz cavity (ARC): x2.6 in power
- NIR Bragg mirror: x4 in power
- THz antenna : x2 in amplitude

I | Heterostructure engineering

Laser Excitation

50 gum
Ere 38=60°
L

20.0 um/div

Femtosecond
pUMR. K THz pulse

Total : x25-50 enhancement in THz power
Medium term

Sio, MoS,  THz polarizer

| Enhancing THz spintronics

functionalities

M. T. Hibberd et al., Appl. Phys. Lett., 114, 3, 031101 (2019)
O. Gueckstock et al., Optica, 8, 7, 1013 (2021)
G. Lezier et al., Appl. Phys. Lett., 120, 15, 152404 (2022)

Polarization control, THz modulation, narrowband

emission, spintronic photomixing, etc.
- Find stronger SCC: Pure interfacial systems: 2D materials

Laser
pump ﬂwr—'
pulse
(b) (©)  Ep, (d) o & Ev L. Cheng et al., Nat. Phys., 15, 4, 347-351 (2019)
= ?-// X L. Nadvornik et al., arXiv:2208.00846 (2022)
. . —— . E. Rongione et al., in prepration (2023)
| 25  Terahertz Spintronics: towai %\ﬁ 1g¢lheim, Oct. 10-12 2023

| Ulirafast SCC

Two-fold objectives

Sapphire

y B Co

- Study the spin diffusion properties at the very short timescales
- Access to spin interfaces




I Spectroscopy tool in ultrafast magnetism

(] [ ] (] (]
] Recent spectroscopy tool ] Link with spintronics
. . S HSHE /
Ultrafast demagnetization - - - % Js m
E. Beaurepaire et al., Phys. Rev. Lett., 76, 22, 4250-4253 (1996) 1.0 W(2)/CoFeB(LE)PH2) | \¢ AN t
‘E 05 Configuration o
. : s 0. — 0, +,
Probing ultrafast spin transport 2 e o
A. Melnikov et al., Phys. Rev. Lett., 107, 7, 076601, (2011) ‘c_: 0.0 — LJS’ =
M. Battiato et al., Phys. Rev. B, 86, 2, 024404, (2012) < 1T
T. Kampfrath et al., Nature Nanotech., 8, 4, 256-260 (2013) X7
N -0.5
T
" | [ Eqppdt « 05y (jg x m)|
o 9 g 2At X s Xm N
ISHE + spin-transport > towards THz emission -1.04 i S T ) { m

1. Seifert ef al., Nat. Phot., 10, 483-488 (2016) 0 3 2 : wl
T. J. Huisman et al., Nat. Nanotech., 11, 455-458 (2016) Time (ps)

AN

Femtosecond 7 o
pump (NIR) THz pulse

« Determination of the spin Hall angle Osyg

A [ | g « Determination of the spin current sign ji
] « Determination of the magnetization signm
Bz ()

FM NM l

Recent reviews (2022) Probe new interconversion
C. Bull et al., APL Materials 9, 090701 (2021 H H H
T. S:ife?'r :t al., Appcli.(la’rl:(;: Lett. 120, 1(8040% (2022) meChqnlsms qnd THZ fUthlondllfleS
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" State-of-the-art of pulsed THz sources

S. S. Dhillon et al., J. Phys. D: Appl. Phys., 50, 043001 (2017)
M. Tonouchi, Nature Photonics, 1, 97-105, (2007)

Pulsed THz - obtained with ultrashort (fs) laser pump

1= —
: InTe GaP Photoconductive antennas &  Non-linear crystals &
Optical-gap semiconductors InTe, GaP, GaSe
Electron-hole recombination time Limited by phonon absorptions

Spintronic THz emitters MW

T. Seifert et al., Nat. Phot., 10, 483-488 (20164)
T. J. Huisman ef al., Nat. Nanotech., 11, 455-458 (2016)

Gapless broadband THz generation (0.3-30 THz)
Polarization control by B-field

THz amplitude

Pulsed emission > demonstrated
CW emission = preliminary results (IEMN)

0 2 4 6 8 10 12 14
w/ 21 (THz)

Spintronic THz emitters are technological-friendly THz sources:
cheap, modulable and patternable sources

Iz Terahertz Spintronics: toward Terahertz Spin-based Devices, SPICE, Ingelheim, Oct. 10-12 2023



I THz speciroscopy of spin-injection and charge conversion

Collab. nano-THz team, S. Dhillon (LPENS)

] THz emission spectroscopy | Time-resolved THz pulse

THz generation

Femtosecon o - - 14 I‘— W(Znm)/(IZoFeB(l.Snm)/Ptl(an)‘_
pump (NIR) ) THz pulse a] C g
i i Ery, ar Osue(sX o) 2 05 | .
—_— B ] — L N X Etpz(t) —5— Osupjs(t)
Pump Ery (1) h
- O ~T
M M 2 210
'T; go.s
g 0.5 £oe e Spectrum
B04
- S 0.3-3 THz
Crystal probe THz emission Z 1 Sooll——5—y—
. , . , Freguency (TI;lz)
0 2 4 6
Time (ps)

« Spectroscopy of sub-picosecond currents
Access to the amplitude and phase
- Determination of the charge current sign and dynamics

Non-linear crystal Detection
InTe (110) 500 ym Electro-optic sampling l
Change of the probe polarization Access to fundamental relaxation

A\ 4

Balanced photodetection times in spintronic THz emitters
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I Spectroscopy tool in ultrafast magnetism

(] (] (] (]
] Recent spectroscopy tool ] Link with spintronics
. . N GSHE /
Ultrafast demagnetization 10 - - - % Js— "
E. Beaurepaire ef al., Phys. Rev. Lett., 76, 22, 4250-4253 (1996) d W(2)/CoFeB(1.8)/Pt(2) | % T T
‘g Configuration o
. . ‘6 0'5 +eSHEI +j5/ +M
Probing ultrafast spin transport c oM
A. Melnikov et al., Phys. Rev. Lett., 107, 7, 076601, (2011) ‘c_: 0.0 — LJS’ =
M. Battiato et al., Phys. Rev. B, 86, 2, 024404, (2012) < 1T
T. Kampfrath et al., Nature Nanotech., 8, 4, 256-260 (2013) X7
N -0.5
I
" | [ Expadt o Oy (e X m)|
. .. Etydt X Osyp(js X m :
ISHE + spin-transport > towards THz emission -1.01 ’ ) 1 ¥ m
T. Seifert et al., Nat. Phot., 10, 483-488 (2016) 0 2 a A \\ -+ i
T. J. Huisman et al., Nat. Nanotech., 11, 455-458 (2016) Time (ps) <

« Determination of the spin Hall angle Osyg

v Determination of the spin Hall Gng|e BSHE - Determination of the spin current sign j

« Determination of the magnetization signm

!

Recent reviews (2022) Probe new interconversion

C. Bull et al., APL Materials 9, 090701 (2021 H o ope
T. S:ife?'r :t al., Appcli.(la’rl:(;: Lett. 120, 1(8040% (2022) meChqnlsms qnd THZ fUthlondllfleS
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"~ Outlook of the 3d/5d THz emitter optimization

T.H. Dang, J. Hawecker, ER et al., Appl. Phys. Rev. 7, 041409 (2020)

| Wave-diffusion model: an alternative to the superdiffusive model

Finite-difference time-domain method
Modelling of the dynamical SCC-based THz pulse

ﬁw Co Pt
4 : .
A A Transient
3 -3 = E|ectric field
ny,n : i i
] /l T Iy Js (t) L > — 2 s Spin accumulation
1 | - 1 3' === Charge current 1
0 T~ 0 s 04
= L = —
L (¢] s Experiment]
-2 - -2 = c -2 1 —Si:mulation l
) -3 - -3 ?é %o
-4 - -4 E -4+ i
-5 - -5 -
TNy el | -
0 1 2 3 4 5
71 - -7 8 Frequency (THz)
0 1 2
« Spin-dependent pumping ny # ny Time (ps)

+ Hot electron spin diffusion I;f =~ 2 = 3 nm
« Spinrelaxation Ogyg = 5%

Dynamical spin-relaxation processes can be studied
Engineering of multilayers and interfaces

S. Kaltenborn et al., Phys. Rev. B 85, 235101 (2012)
M. Battiato et al., Phys. Rev. B 86, 024404 (2012)
R. Rouzegar et al., Phys. Rev. B 106, 144427 (2022)
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" THz azimuthal conversion profile

Angular resolved photoemission spectroscopy (ARPES) ER et al., Adv. Optical Mater., 10, 2102061 (2022)

Near M point

- g gp | How fo discriminate conversion mechanisms in Tl/Co from THz emission?

S’rcmdf:lrd EOS= Azimuthal crystalline dependence

<
<

.
.
.
.
.
.
.
.
.
.
3
.
.

01 00 01 02
KA

Topological
surface states (TSS)

[EEN
N

Interconversion
symmetry mapping

SnBi,Te,/Co

Co(4nm)

O o0 Ww o wo

THz peak-peak amplitude (a.u.)
[
N

® +M == Sine fit
® -M == Sine fit

SnBi,Te,(55L)/Co(4)

Femtosecond NIR pump

Complex THz emission azimuthal dependence > where is the spin-charge process?
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Investigation of SnBi,Te, and Bi,_,Sb, fopological insulators

S. Fragkos et al., Phys. Rev. Materials, 5, 014203 (2021)

SnBi,Te,

Band structure pinning at Fermi level « Bi/Sn ratio

0.2 oo
< 0.0 -
0.2 02
-0.3 0.0 03 !
kAA) 04-
Q g - - ]
X}; Er 0.6
4 08 I synchrotron
B at 15K
| R RS ALY RALE LALY RALE
-06-04-0200.02 04 06
ky (A)

MBE growth of SnBi,Te, made by S. Fragkos, A. Dimoulas team - INN (Greece)

H. Benia et al., Phys. Rev. B, 91, 161406(R) (2015)

Bi, . Sb,
Angular Resolved Photo-Emission Spectroscopy (ARPES)

L4

0.1 M
Near M point O C:__-S-?} C_TSLDMC
1 I e T T SF {'\ 0.0? ¢X<0.13 9 0-21

{b) s1

52

T H L
Experimental characterization of the TSS

0.0 0.1
KA

-0.1 /
Bip.798b¢.2;(15nm) .,

0.0 0.2 0.4 0.6 0.8 1.0 1.2
I KA MY
MBE growth of BiSb made by L. Baringthon, P. Lefevre team - SOLEIL (France)

Investigation of dynamical Tl interconversion properties > THz emission spectroscopy
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I Investigation of Bi,_,Sb, fopological insulator

L. Baringthon et al., Phys. Rev. Materials 6, 074204 (2022) B. Lenoir et al., Semiconductors and Semimetals, Elsevier, 69:101-37 (2001)

MBE growth of Bi,,Sb,: L. Baringthon, P. Le Févre's team - SOLEIL (France) H. Benia et al., Phys. Rev. B, 91, 161406(R) (2015)
N. H. D. Khang et al., Nature Materials 17, 9, 808-13 (2018)

] A topological insulator with | 1SS mapping and strong SCC efficiency
stoichiometric conirol N

02/l ' e (3)] ¥ = o M
) Z 04l I C) C> —-d
2 : . . > A 007<x<013 P> 0.21
-01 L [y e e |
A — '0 : . Experimental
% ‘ CB: i TS o— characterization
< \ of the TSS
A 3_0 1
® - 3 T L
B o)
A 302 .
—Svh; c B a Bij g5Sbg 15(5nm)
b B =\
H CIEJ pBiSb = 400 }JQCI’T]
- pBish ~ 52 (=+5200%)

00 02 04 06 08

Hexagonal unit cell, with a bilayer structure (1 BL = 0.4 nm) k (A7)

Stoichiometric changes . . Angular Resolved Photo-Emission Speciroscopy (ARPES)

= Tuning the infer (and infra) layers disfances (strain) Sweep concentration across the topological window

> Modification of the hopping ferms between neighbours Thickness variations: ultrathin Bi;,Sb, (2.5 nm) mastered at SOLEIL

- Accounting in TB model (empirical Rashba surface terms)
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