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I Outline
Quest for amorphous superconductors of Bi-Sb ... )

Spoiler Alert:s

We have not yet succeeded

& Introduction and Background | inmaking amorphous and
. . superconducting Bi-Sb
&% Experimental techniques material

& Experimental results (up to now) I |
& Ongoing experiments

& Conclusion and Outlook
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Introduction and Background

Quest for amorphous superconductors of Bi-Sb ...

Why Bi-Sb materials?

& Bi and Bi-Sb alloys: interesting materials per se
— pure bismuth is the strongest diamagnetic material,
It is semimetallic, and the liquid state is denser
than the solid (crystal)

& Promising thermoelectric materials
— promising thermoelectric figure of merit:

72T = S22T
K

+ Potential amorphous topological superconductors
— In amorphous state Bi and Bi-Sb alloys are
superconductors with T. > 6 K'!
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I Introduction and Background

Quest for amorphous superconductors of Bi-Sb ...

Amorphous
Topological @

Superconductors
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Introduction and Background Topological Insulators

Quest for amorphous superconductors of Bi-Sb ...

QUANTUM MATERIALS

Momentum

>

[Rodriguez-Vega, Vergniory and Fiete,
Physics Today 2022]
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Introduction and Background Amorphous Topological Matter

Quest for amorphous superconductors of Bi-Sb ...
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Introduction and Background Topological Superconductors

Quest for amorphous superconductors of Bi-Sb ...
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Introduction and Background

Quest for amorphous superconductors of Bi-Sb ...

Majorana qubits
for topological
guantum computing

[Physics Today, 73, 6, 44 (2020) |

Researchers are trying to store robust
quantum information in Majorana
particles and are generating quantum
gates by exploiting the bizarre
non-abelian statistics of Majorana zero
modes bound to topological defects.

n i Superconductor m Tunnel gate Super gate

— Semiconductor

Tunnel gate Super gate

FIGURE 1. (a) THE NANOWIRE PROPOSAL: takes a nanowire of

a semiconductor, such as indium arsenide or indium antimonide,

that has strong spin-orbit coupling and places it in contact with an

s-wave superconductor, such as aluminum, in the presence of an

external magnetic field B. As in the original model for one-dimensional

p-wave superconductors,’ the nanowire device experiences a topological
nontrivial phase with exponentially decaying Majorana bound states, denoted y,, at both ends of the nanowire. (b) An actual device from Delft
University of Technology includes various metallic gates for tuning it to the topological phase by adjusting the nanowire’s chemical potential.

(Panel a adapted from ref. 3, R. M. Lutchyn, J. D. Sau, S. Das Sarma; panel b adapted from H. Zhang et al., Nature 556 74, 2018.)
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Introduction and Background
A topological Dirac insulator in a quantum spin Hall

Quest for amorphous superconductors of Bi-Sb ... phase

D. Hsieh', D. Qian’, L. Wray', Y. Xia', Y. 5. Hor?, R. J. Cava® & M. Z. Hasan'"

Vol 452|24 April 2008 |dei:10.1038 /nature 06843

& Amorphization of Bi,,,_,Sb, films: :

k-Pak.20j-L=&

Low

Intrinsic Topological superconductors?

TOPOLOGICAL INSULATORS: Topological materials are insulating in the bulk but
conduct an electrical current on the surface or edges.

* One of the first examples of experimentally observed Topological Insulators:
Bi;0.,Sb, (7 < x < 22)

TOPOLOGICAL SUPERCONDUCTORS: They have a superconducting energy

gap instead of an insulating gap. They are expected to show “Majorana zero
modes”, very promising for QUANTUM COMPUTING:

* Biyg.,Sb, alloys are superconducting only in amorphous state!

Ey (arhitrary units)

—> CHALLENGE: To amorphize Bi,,, Sb,
crystals or films by ion irradiation
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Introduction and Background

Quest for amorphous superconductors of Bi-Sb ...
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Introduction and Background

Quest for amorphous superconductors of Bi-Sb ...
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Figure 1. Resistance of the in-sine peepared Bi film, measured

immediaely after preparstion and dunng anncaling. Symbols; ——

ireversible changes: «— reverable changes of the ressstance. The

cxpenmental data plosted with open symbols are after anncaling and
refer 10 the revemsible stte

Amorphization of Bi,,,_,Sb,

10P Publishing

Superconductor Science and Technology

Supercond. Sci. Technol. 30 (2017) 015013 (3pp)

doi:10.1088,/0953-2048,/30,/1/ 015013

Superconductivity in the amorphous phase
of topological insulator Bi,Sbgo_x alloys

J Barzola-Quiquia"z, C Lauinger:’, M Zoraghi', m Stiller', S Sharma” and
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I Introduction and Background

Quest for amorphous superconductors of Bi-Sb ...

—> CHALLENGE: To amorphize Bi,,,_,Sb,
polycrystalline samples by ion-beam irradiation
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Experimental Techniques by thermal evaporation

Quest for amorphous superconductors of Bi-Sb ...

a Bi/Sb 1 !
(99 995 %) " "’"‘a_”M :,EH] gedmm i
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B e
Edwards E306 527 e et

32 mm
Vacuum chamber E
Mask Substrate E

200
-

4 mm :_L ol I =

Evaporated
material
W/\Solid % — Trying different substrates,
pesiel ) maere y evaporation procedures, etc.
acuum
pumps
Voltage supply P "
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Experimental Techniques Structural and morphological

Quest for amorphous superconductors of Bi-Sb ...

Melt spinning

° Bi 012) Thermal evaporation
by (202
~1 O IJm = thiCk PrOfllometry g 3) (104) (110) o
crystalline films Scanning Electron =
Microscopy (SEM) + EDX £
x=0,5,10, 15 X-ray diffraction o H
20 25 30 35 40 45 50
: 8 mm =: 260 (degrees)
EleCtrOdeS . —— Melt spinning )
BIQOSbm (104)7 Themmal evaporation
| @03 ey (005)(202)
3_:;; (110)  (015)
£ wwﬂu
1 mm NW
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Experimental Techniques Growth by melt spinning

Quest for amorphous superconductors of Bi-Sb ...

Vicente Madurga U p n a
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Experimental Techniques Low-temperature electrical resistivity

Quest for amorphous superconductors of Bi-Sb ...

1.75 T T : T : T B
As-grown pure Bi (b)

1.50 1 7

E Stripe 1

@ 125 -

2

Z 1001 i

= —— Cooling

E Heating

- 0.751

| o nectﬁ 7 Y "1 A N ‘ ‘ 4 / |
B ‘ < 0.50 : . —
; 0 50 100 150 200 250 300
Heater thermometer Temperature, K

p’ S v Vo cCs

[Andrino-Gémez et al.,
Low Temp. Phys. 50, 389 (2024)]

e *He cryostat (with a “1K pot”)
oT~2K-300K
e P <107 mbar

Silver paint

e 4-point resistance measurements R Vs
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Experimental Techniques lon beam accelerator

Quest for amorphous superconductors of Bi-Sb ...
Ernax=EexttVT:(1+0)-e  — Energy: 10’s of MeV

E, (MeV)=1-VT-e E, (MeV)=q-VT-e g= charge state
@ = Center for Micro-Analysis of Materials - . . A N
Voltaje
(@ UAM) © | terrljinal_

Eext =Vexr'1-€

Two ion sources:

— IEI
* Duoplasmatron: H, He \ _@

e Sputtering: Solid targets,
many beam species used
& molecular beams

 Unique energy range in lberian
peninsula

* High stability (ripple below 10™)
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Experimental Techniques lon beam accelerator

Quest for amorphous superconductors of Bi-Sb ...

NUCLEAR PHYSICS
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Experimental Techniques

Quest for amorphous superconductors of Bi-Sb ...
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I Experimental Techniques lon beam accelerator

Quest for amorphous superconductors of Bi-Sb ...

lon Beam Analysis (IBA)
lon Beam Moadification of Materials (IBMM)
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Experimental Techniques

Quest for amorphous superconductors of Bi-Sb ...

lon Beam Analysis (IBA)
lon Beam Modification of Materials (IBMM)

 Electronic and nuclear stopping force

[— SRIM simulations] *
* Non-trivial variation vs. depth (Bragg peak), um scale
* Area affected by single ion has nm lateral dimensions
* Choose species, energy, fluence, dose rate

lon beam accelerator

(ATOMS/em3) / (ATOMS/em2)

Number/(Angstrom-Ion)

* http://www.srim.org/

‘35 MeV [Br*] / diamond ‘

Ion Range = 4.1 um Skewnass =-1.4BB%
Straggls = 16624 KEurtosi= = 74085

ION RANGES

F000n

25000

oo

15000

1o0nn

5000

[ Layer 1

COLLISION EVENTS

Target Displacements (5689 Ton)
Replacement Collisions (253 Ton)
C Target Vacancies
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Experimental Techniques Objectives and working plan

Quest for amorphous superconductors of Bi-Sb ...

&% Explore the possibility of obtaining (robust) subsurface amorphous (= superconducting)
regions in Bi and Bi-Sb alloys by irradiation with Swift heavy ions

x 102!

=
~

&% Prepare (polycrystalline) samples of

1
Energia (MeV) // Fluencia (x 10" ion/cm?) |

s
(&)}

Bi; 00, Sb, (x = 0—15) by different methods 2 50 e
& Irradiate ~1 cm? samples at CMAM | B
(mainly by 10-40 MeV Bi or | ions) (| Total 125

- N
w o
Atomic percentage of vacancies (%)

Number density of vacancies (cm %)
5]

& Characterize samples before and after
irradiation by:
- SEM, EDX, XRD, profilometry
- electrical conductivity (2—300 K)

1
o (4]

3 4 5
Target BigySbyg depth (um)

(+2]

N
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Experimental Results (up to now) Films by thermal evaporation

Quest for amorphous superconductors of Bi-Sb ...

Il;(l)'l‘;vs-ll;:esm perature ARTICLE pubs.aip.org/aip/Itp

Low-temperature electrical conductivity

of ion-beam irradiated Bi-Sb films —> Irradiation

with Bi ions

Cite as: Fiz. Nizk. Temp. 50, 427-433 (May 2024); dloi: 10.1063/10.0025622 @ I-l-l @
Submitted: 26 March 2024 VowCrle  Expart Ciiaton

A. Andrino-Gémez, ' #*“ (2} M. Moratalla,'** {2 A. Redondo-Cubero,>** (&} N. Gordillo,>** 2 and M. A. Ramos ' **='

8 mm

Electrodes

Bi100-bex
~10 um - thick
crystalline films

x=0,5,10,15
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Experimental Results (up to now) by thermal evaporation

Quest for amorphous superconductors of Bi-Sb ...
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Experimental Results (up to now)

Quest for amorphous superconductors of Bi-Sb ...

cm?)

22

Density of vacancies (10

by thermal evaporation

& |rradiation of evaporated films with 10—30 MeV Bi self-ions

&% Nominal 40% atomic vacancies in the range ~1-3 um

Bi

1.5 T T T T T T T T
13 . 2 I~ 50
Energy (MeV) // Fluence (x10"" ion/cm®)
1.2 1 —30// 1.7
| —25// 1.0 40
—20//0.6
0.9 - —15// 0.5
——10// 0.5 - 30
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0.6 - / - 20
0.3+ ot - 10
0.0 . = ! 0
0 1 2 3 4 5 6
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(94) sapuedeA jo abejuadiad di1woly
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22

Density of vacancies (10

BigyShy

Energy (MeV) // Fluence (x1013 ion/cmz)

- 50

—30//1.7
—25//1.0
—20//0.6
——15// 0.5
—10//0.5
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40

- 30

1-5 I I
i5.]
NN
0.9—/
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0.3 _//
l—=
0.0

- 20
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Intensity (a. u.)

Intensity (a. u.)

Quest for amorphous superconductors of Bi-Sb ...

Experimental Results (up to now)

X-ray diffraction
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: by thermal evaporation
Experimental Results (up to now) Y g

_ 0 50 100 150 200 250 300
Quest for amorphous superconductors of Bi-Sb ... S L e S S B s s
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Resistivity (mQ:cm)

Experimental Results (up to now)

Quest for amorphous superconductors of Bi-Sb ...

4.0

0.5

0.0

As-grown samples

50

100 150 200

Temperature (K)

300

by thermal evaporation

Electrical resistivity

2.0

BigsShi; o,

(d =900 nm)

BigySbye
(t =23 pum)
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£2em
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(t =27 pm) 0
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K

1, 2, 3: foils.

[A. Nikolaeva et al. 2019]

4,5: wires.

N,
5.’.. FACULTAD
@ DE CIENCIAS

UAM




: by thermal evaporation
Experimental Results (up to now) y g

Quest for amorphous superconductors of Bi-Sb ... Electrical resistivity
40 T T T T T T T I ' !
2.5
e - —
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: by thermal evaporation
Experimental Results (up to now) y g

Quest for amorphous superconductors of Bi-Sb ...
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: by thermal evaporation
Experimental Results (up to now) Y i
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by melt spinning

Experimental Results (up to now)

Quest for amorphous superconductors of Bi-Sb ...

~10-40 pm - thick
crystalline ribbons
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Experimental Results (up to now) Exhaustive study with different

Total

Quest for amorphous superconductors of Bi-Sb ... methods of sample prepa ration
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Experimental Results (up to now) Exhaustive study with different
Quest for amorphous superconductors of Bi-Sb ... methods of sample prepa ration

SEM
(Electronic microscopy)
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Experimental Results (up to now) Exhaustive study with different
Quest for amorphous superconductors of Bi-Sb ... methods of sample prepa ration

E-=m= - IR i Tl ol A Bl P T
= | 200 k¢ |15 pA LTLD | SE | 3.8 mm | 25 000X | 508 The IMN X-SEM Lab % | 200kv | 13pA | TLD | SE | 4.0 mm | 25000x | 5.08 ym | 0° | The IMN X-SEM Lab

UAM

N
5"“*‘% FACULTAD
®® DE CIENCIAS



Experimental Results (up to now)

Quest for amorphous superconductors of Bi-Sb ...
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Resistivity (mQ:cm)

Experimental Results (up to now)

Quest for amorphous superconductors of Bi-Sb ...
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Experimental Results (up to now) Another turn of the screw

Quest for amorphous superconductors of Bi-Sb ...

& (now focusing on melt-spun ribbons)
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Experimental Results (up to now)

Quest for amorphous superconductors of Bi-Sb ...
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Resistivity (mQ:cm)

Resistivity (mQ-cm)

Experimental Results (up to now) Irradiation with lodine ions
(40% / 80% vacancies)
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Ongoing experiments

Quest for amorphous superconductors of Bi-Sb ...

% We have irradiated further samples:

- new, longer and thinner ribbons by melt spinning
- comercial foils of pure Bi

&% ... with 25—40 MeV lodine with x2 and x3 the reference fluences (40%)

&% We are currently characterizing those samples...
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Summary and conclusions

Quest for amorphous superconductors of Bi-Sb ...

&% We have prepared, irradiated and characterized different types of Bi,y,_,Sb, samples
(Materials Science Matters!)

& We have irradiated all types of Bi-Sb samples with 10—-30 MeV Bi ions, aiming to generate
damage ~3 um in depth (with nominally 40% atomic vacancies)
— Only melt-spun ribbons exhibited the electrical behaviour of bulk crystals
— Low-T resistivity curves typically decreased with increasing irradiation

&% Focusing only on melt-spun ribbons, we also have irradiated with 25—40 MeV | ions,
aiming to generate damage in a deeper range ~3.5—7 um (with nominally 40% and also
80% atomic vacancies)

— These irradiations further improved (slightly) the electrical conductivity

& Structural and electrical measurements show that irradiated samples still remain
polycrystalline (not amorphous) and hence non-superconducting, but rather semimetallic

(Bi) or small-gap semiconducting (Bi-Sb) - -
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I Oulook
Quest for amorphous superconductors of Bi-Sb ...

&% Concluding measurements and characterization on new samples with
higher I-ion fluences for all studied compositions of Bi,y, ,Sb, (x = 0-15).

&% Planned similar I-ion irradiations but at lower temperatures (77 K)
@HZDR

% Trying to conduct irreversible densification of Bi,,, ,Sb, samples
(before and after irradiation)
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I Quest for amorphous superconductors of Bi-Sb alloys
by irradiation with swift heavy ions

jGracias!

Thank You!
Tack!
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