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Our general aim

Spintronics

Topological Matter

An «eye open» on 
technology transfer…



Lv et al, “Experimental perspective on three-dimensional topological semimetal” Rev. Mod. Phys. (2021)

Timeline in topological matter

First experimental evidence

prediction



3D - TI 2009, prediction

Bi2Se3, Bi2Te3, Sb2Te3 and Sb2Se3 share the 

same rhombohedral crystal structure with the 

space group D5
3d (R3¯m) with five atoms in one

unit cell (→ quintuple layer, QL)

trivial Topo.

Topo. Topo.



Kumar et al, “Topological Quantum Materials from the Viewpoint of Chemistry” Chemical Reviews  (2021)

Bi2Te2Se

Strong spin-orbit coupling (SOC) with band inversion
(at G point) generate topologically protected surface 
electronic states crossing the bulk band gap

3D - Topological insulators
Ingredient #1

ARPES



…topologically-protected surface states show spin-momentum locking, which
prevents backstattering between states of opposite momenta with opposite spins….

W. Han, npj Quantum Materials (2018)

Ingredient #2

3D - Topological insulators



Wu et al, “Topological Quantum Materials from the Viewpoint of Chemistry” Phys Rev. Lett.  (2019)

Bi1-xSbxTe3

Doping / alloying is a possible way to tune the Fermi level position

Fermi level 

position

3D - Topological insulators



Spintronics: from concepts to devices (~10yrs)

Barla et al., J. of Comp. Electr. 20, 805 (2021)



2021

Spin Hall Angle

= 1.59 (from SOT)

= 1.09 (from FMR)

MBE

sputtering

3D-TI for SOT-MRAM

𝑱𝑪 = 1.4 × 106
𝐴

𝑐𝑚2

CHARGE-SPIN 

CONVERSION

𝑱𝑺

𝑱𝑪

Wu et al, Nat. Comm. (2021)



3D-TI for the MESO

Manipatruni et al., 
Nature (2019)

Promise for a 1aJ/switch technology

SPIN-CHARGE 

CONVERSION

2019



Growth methods To grow TIs over large areas is a necessary
prerequisite toward their technology transfer!!

Zavabeti et al., Nano-Micro Lett. 12, 66 (2020)
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Metal Organic Chemical Vapour Deposition (MOCVD)

M. Rimoldi et al., RCS Advances (2020)
M. Rimoldi et al., Cryst. Growth & Design (2021)

A. Kumar et al., Cryst. Growth & Design (2021)

4’’

• Large area (4’’) rotating substrate holder
• N2 is both carrier and process gas

No hydride precursors (simple +risk reduction)
• N2 purity: (<0.1 ppb for H2O and 0.5 ppb for O2)

Metalorganic sources

Sb Precursor 
(TRISDIMETHYLAMINOANTIMONY)
[N(CH3)2]3Sb

Bi Precursor 
(TRIMETHYLBISMUTH)
(CH3)3Bi

Te Precursor
(DIISOPROPYLTELLURIDE)
(C3H7)2Te

MOCVD is 
employed at 

industrial level

nearly epitaxial Sb2Te3 and Bi2Te3

Sb2Te3

Bi2Te3



Sb2Te3 by MOCVD: toward epitaxy

Si(111) 
substrates

Bragg-Brentano analysis→(00l) reflections sharpens 

Rhomboedral crystalline structure (R-3m)

From granular to nearly 
epitaxial Sb2Te3 thin 

films through 
appropriate thermal 

processing 

Sb2Te3 surface 
roughness strongly 

reduced

as dep
• RT dep.

Pre-ann
• Si(111)@500°C 
• RT dep.

Post-ann
• Si(111)@500°C 
• RT dep.
• Post @300°C

→ Possible integration of layers on top



MOCVD of Bi2Te3

❖ Rombohedral crystalline structure (R-3m)
❖ Bi2Te3 shows lower mosaicity

(less broadening) than Sb2Te3

Bragg-Brentano analysis

AFM

❖Within platelets rms is ~0.5 nm
❖ Steps of 1QL (~1 nm) every few

hundreads of nm



Sb2Te3 Bi2Te3

Weak
Antilocalization

(WAL) emerges at
low T in the MC 

curves

Characterization of topology: magnetotransport

L. Locatelli et al.,Sci. Rep. (2022)



WAL interpreted within the HLN model

• α : Proportional to the number of 2D conductive channel
(= -0.5 for one channel and = -1.0 for two channels)

• 𝒍ɸ: Spin coherence length

• C : Lorentzian contribution

B (T) B (T)

Sb2Te3 Bi2Te3

Δσ𝑠 = −𝛼
𝑒2

𝜋ℎ
Ψ

1

2
+

ℎ

8𝜋𝑒𝑙ɸ
2 𝐵

− 𝑙𝑛
ℎ

8𝜋𝑒𝑙ɸ
2 𝐵

Hikami-Larkin-Nagaoka (HLN) model
(Lorentzian part removed)

@5K

→2D-type of 
conduction

demonstrated

L. Locatelli et al.,Sci. Rep. (2022)



Sb2Te3 Bi2Te3

➢ Energy map

ARPES of our MOCVD 3D-TIs

❖Dirac Point only 0.1 eV above EF ❖Dirac Point 0.5 eV below EF

TSS
TSS

L. Locatelli et al.,Sci. Rep. (2022)



➢ Polar map at constant energy

Bi2Te3

Relevant (trigonal) 
bulk contribution 
at the Fermi level, 
coexisting with TSS

Sb2Te3

-only TSS 
contribute to 
the Fermi 
Energy

-no sign of 
trigonal-bulk 
contribution)

Bi2Te3Sb2Te3

Sb2Te3 is our 1st

choice to be used 
in devices

Bi2Te3→ need 
to be optimized

L. Locatelli et al.,Sci. Rep. (2022)

ARPES of our MOCVD 3D-TIs



Modulation of surface states in Sb2Te3/Bi2Te3 

topological insulator heterostructures: The 

crucial role of the first adlayers

M. Lanius et al, Crystal Growth & Design (2016)

P–N Junctions in Ultrathin Topological 

Insulator b2Te3/Bi2Te3 Heterostructures 

Grown by Molecular Beam Epitaxy

M. Eschbach et al, Nat. Comm. (2015)

Realization of a vertical topological p–n junction 

in epitaxial Sb2Te3/Bi2Te3 heterostructures

MOTIVATION: tuning EF in combined TIs

MOCVD of Sb2Te3/Bi2Te3
ARPES

• MOCVD growth of 30 nm epitaxial Sb2Te3 

4’’

Bragg-Brentano XRD 
map highlighting the 
00l peaks of Bi2Te3

• In situ over-growth of 90 nm Bi2Te3 at 350°C

Fermi level of Bi2Te3 rigidly shifted toward DP

V.M. Pereira, Phys. Rev. Mat. (2021)

Si/Bi2Te3 Si/Sb2Te3 /Bi2Te3

E. Longo. L. Locatelli et al., ACS Appl. 
Mater. Interfaces (2023)



Trigonal symmetry

indicates Bulk 

states

DIRAC POINT

MOCVD of Sb2Te3/Bi2Te3
ARPES

Only hexagonal TSS at EF E. Longo. L. Locatelli et al., ACS Appl. 
Mater. Interfaces (2023)
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𝑽𝒎𝒊𝒙 = 𝑉𝑆𝑦𝑚

∆𝐻2

∆𝐻2 + 𝐻 − 𝐻𝑟𝑒𝑠
2

+ 𝑉𝐴𝑠𝑦𝑚

∆𝐻 𝐻 − 𝐻𝑟𝑒𝑠
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2
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CONDITION

at room T



Following MOCVD of Sb2Te3 samples are quickly transferred to e-beam evaporator

MOCVD of large area Sb2Te3

topological insulators on Si(111)

e-beam evaporator: 
GROWTH of Co (or Fe) 
with Au interlayer

Simple Spin-Charge converters



S1S2S3

Set of samples for SP-FMR

It is fundamental 
to grow the 

reference and the 
“functional” 

samples 
simultaneously

E. Longo et al., Adv. Funct. Mater. (2021)
E. Longo et al., Adv. Mater. Interfaces (2021)

1) Broadband-FMR→ Kittel (f vs H), damping parameter a,…
2) Electrically detectd SP-FMR→S2C conversion



250% enhancement when
compared to reference
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E. Longo et al., Adv. Funct. Mater. (2021)
E. Longo et al., Adv. Mater. Interfaces (2021)



Rojas-Sanchez et al, Phys. Rev. Lett. (2016); A. Soumyanarayanan et al., Nature (2016); W. Han, npj Quantum Materials (2018)

2D Spin-Charge conversion at interfaces with TI
Efficiency

𝑱𝑪

𝑱𝑺
=lIEE

Inverse 
Edelstein 
Effect (IEE)

Inverse Edelstein Effect (IEE): Injecting a 3D-spin current
density JS into the surface states of a TI (along y) generates
an extra population Dk on one side of the Fermi countours
(along x) and a consequent 2D-charge current JC

𝑱𝑺

𝑱𝑪

The spin accumulation is perpendicular to current direction
(spin-momentum locking)

Energy
dispersion
surfaces in TI



S2C Conversion efficiency

𝝀𝑰𝑬𝑬 =
𝑱𝑪

𝟐𝑫

𝑱𝑺
𝟑𝑫 = 0.28 nm

(0.61 nm if within single frequency approach)

𝑹𝒆(𝒈𝒆𝒇𝒇,𝑺𝒃𝟐𝑻𝒆𝟑
↑↓ ) ሶ=

𝟒𝝅𝑴𝒔𝒕𝑭𝑴

𝒈𝝁𝑩
𝜶𝑺𝟏 − 𝜶𝑺𝟐 ሷ=

𝟐𝑴𝒔𝒕𝑭𝑴𝜸

𝒈𝝁𝑩𝒇
∆𝑯𝑺𝟏 − ∆𝑯𝑺𝟐

@Fixed 
10.5 GHz

Sanchez et al, PRL (2016)

𝑱𝑺
𝟑𝑫 =

𝑹𝒆 𝒈𝒆𝒇𝒇
↑↓ 𝛾2ℎ𝑅𝐹

2 ℏ

8𝜋𝛼2

𝜇0𝑀𝑆 − ൯(𝜇0𝑀𝑆
2

+ 4𝜔2

൫ )4𝜋𝑀𝑆 𝛾 2 + 4𝜔2

2𝑒

ℏ

Competitive to 
S2C in system 
produced by 

sputtering and 
MBE 

𝑱𝑺
𝟑𝑫

Material
Growth of 

HM or TI geff
↑↓ (m−2) lIEE (nm) Ref.

Sb2Te3(30nm)/Au/Co MOCVD 0.834 × 1019 0.28 Our work

Sb2Te3(30nm)/Au/Fe MOCVD 0.53 × 1019 0.27 Our work

a-Sn/(Ag/)/Fe MBE - 2.1 Sanchez 2016 PRL

Ag/Bi MBE 1.29-3.21 *1019 0.2-0.33
Sanchez 2016 

Nat Comm

Bi43Se57(12-2nm)/CoFeB Sputtering ~0.7 *1019 0.1-0.32
Mahendra 2019  

Nano Lett

Bi2Se3/Bi/Fe MBE ∼2.5 - 16.57 × 1020 0.125-0.28
Sun 2019 

Nano Lett
E. Longo et al., Adv. Funct. Mater. (2021)

E. Longo et al., Adv. Mater. Interfaces (2021)

(from Broadband-FMR)



Spin-Charge converter based on Sb2Te3/Bi2Te3
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The reference
Au/Co/Au sample is 
simultaneously 
deposited with the 
Sb2Te3/Bi2Te3 one

𝝀𝑰𝑬𝑬 =
𝑱𝑪

𝟐𝑫

𝑱𝑺
𝟑𝑫 = 0.44 nm

→ S2C conversion > the 0.28nm value in single Sb2Te3

→ Demonstrate the beneficial effect of moving EF close to DP

SP-FMR at 
room temperature 

E. Longo. L. Locatelli et al., ACS Appl. 
Mater. Interfaces (2023)
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Conclusions

• Large area (4’’) Sb2Te3, Bi2Te3, and Sb2Te3/Bi2Te3

TIs on Si(111) by MOCVD developed

- Epitaxial quality

- Topology verified (ARPES, MR)

• Very efficient spin-charge conversion
observed in Sb2Te3 and Sb2Te3/Bi2Te3

- Importance of protecting the TSS with 
interlayers (here Au)

- SCC efficiency comparable to state of the 
art methods (MBE, sputtering,…)
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Magnetic impurities break TRS → massive Dirac fermions 
at the gap-opened Dirac point → TI enters insulating 

massive Dirac fermion state, leading to exotic phenomena 
(point-charge magnetic monopoles, quantum Hall effects, 

"θ vacuum" state in a condensed matter, …)

Time reversal symmetry (TRS)→

massless Dirac fermions, immune 
to perturbations

Chen et al, Science (2010) → today >1300 citations…  …. …. Quite long-standing open issue

Opportunities at ISOLDE? Magnetic TIs

Liu at al, “Magnetic Topological Insulator Heterostructures: A Review”. Adv. Mat. (2023)



Gibertini et al, Nature Nanotech (2019) → today >1200 citations…  …. …. “newcomer” materials, high interest for applications

Strong geometrical anisotropy of vdW layered crystals leads to significant 
difference in magnitude between intralayer (J) and interlayer (JL) exchange coupling, 
thus manifesting in different kinds of interlayer spin alignment in different systems

Opportunities at ISOLDE? Magnetic 2D materials

These inter/intra-layers coupling leads to a plethora of new magneto-
optical/electrical effects

Gong et al, Science (2019) → today >1000 citations



https://www.topologicalquantumchemistry.com/#/

https://www.topologicalquantumchemistry.com/#/
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Technology Roadmap for spintronic devices

Write speed

Lateral dimension

Switching energy

Guo et al., PROCEEDINGS OF THE IEEE 109(8), 2021

Everspin and Samsung: 1-Gb STT-
MRAM on 28-nm CMOS (2019)

GlobalFoundries: 22-nm
40-Mb embedded STT-MRAM (2020)

1st MRAM generation
(some “niche” applications)

IMEC: 210-ps ultrafast switching with p-
MTJs in a 300-mm wafer, with high 
endurance (>5 × 1010) and very low 
operation power 350 fJ/bit (2018)



Kumar et al, “Topological Quantum Materials from the Viewpoint of Chemistry” Chemical Reviews  (2021)

Typically coexisting…. 

Electrical 
conduction

3D - Topological insulators



Broadband Ferromagnetic Resonance (BFMR)

• Relaxation mechanisms of the magnetization (𝑀)
• Magnetic Anisotropy (𝐾𝑒𝑓𝑓)

• Effective Magnetic Moment (𝑀𝑒𝑓𝑓)

• Damping Parameter (𝛼)
• Spin transport dynamic ( 𝐽𝑆 𝑠𝑝𝑖𝑛 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑐𝑢𝑟𝑟𝑒𝑛𝑡)

∆𝑯 = ∆𝑯𝟎 +
𝟒𝝅

|𝜸|
𝜶 𝒇𝒓𝒆𝒔

Damping constant determination (damping mechanisms of 𝑴)

Inhomogeneous broadening
(magneto-structural disorder) 0 2 4 6 8 10 12 14 16 18 20
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BFMR and SP-FMR set up

Electromagnet Poles

Mounted
Coplanar waveguide (CPW)

home-made CPW



BFMR first….

Broadening of the damping may suggest spin pumping in Sb3Te3……

S1

S2

E. Longo et al., Adv. Funct. Mater. (2021)
E. Longo et al., Adv. Mater. Interfaces (2021)



Spin-Charge interconversion at the core of devices…

Kondou K and Otani Y, Front. Phys. 11:1140286 (2023)



Wej et al, “Spin Hall voltages from a.c. and d.c. spin currents” Nat. Comm. (2014)

3D Spin-Charge conversion

Conversion occurs in the bulk of the material with high SOC

3D

NM= Ta,Pt, …

Efficiency
𝑱𝑪

𝑱𝑺
= QISHE  

(inverse spin 
Hall angle)

𝑱𝑺

𝑱𝑪



Rojas-Sanchez et al, “Spin to Charge Conversion at Room Temperature by Spin Pumping
into a New Type of Topological Insulator: α-Sn Films” Phys. Rev. Lett. (2016)

2D Spin-Charge conversion

Conversion occurs at the interface with TI or Rashba systems

Efficiency
𝑱𝑪

𝑱𝑺
=lIEE

Fermi contours

Energy dispersion
surfaces

IEE: Injection of a 
spin current density
JS along y generates
an extra population
Dk along x and a 
consequent charge
current JC



MESO device
proposed by
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Manipatruni et al., Nature (2019)



Sb2Te3 by MOCVD on different substrates

The aim is to control homogenous 
layers with the lowest surface 
roughness as possible!

M. Rimoldi et al., Cryst. Growth & Design (2021)



Sb2Te3 by MOCVD on different substrates
Remarkable role played by pre-deposition substrate annealing and post annealing

M. Rimoldi et al., Cryst. Growth & Design (2021)
AS DEPOSITED 



Sb2Te3 by MOCVD on different substrates

M. Rimoldi et al., Cryst. Growth & Design (2021)
PRE-ANNEALING

Remarkable role played by pre-deposition substrate annealing and post annealing



Sb2Te3 by MOCVD on different substrates

M. Rimoldi et al., Cryst. Growth & Design (2021)
POST-ANNEALING

Remarkable role played by pre-deposition substrate annealing and post annealing



Large-area epitaxial TIs on Si(111) are demonstrated
➢ TEM cross sectional view shows highly ordered crystallographic planes
➢ Fast Fourier Transform (FFT): identification of crystalline structure

Sb2Te3

Bi2Te3

❖FFT confirms hexagonal structure
❖High ordered quintuple layer structure

Oriented quintuple layer 
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Te
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Te 



Transport

In both cases there is a relevant conduction from the bulk

L. Locatelli et al.,Sci. Rep. (2022)

Sb2Te3: p-type conduction Bi2Te3: n-type conduction



Angular dependence

WAL
High mobility

&
High SOI

Sb2Te3 Bi2Te3

MC depends on 
perpendicular field 

Conductive bulk, 
heavy elements

Topological
channels

L. Locatelli et al.,Sci. Rep. (2022)

WAL origins from 
topological 2D-

conduction


